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Figure 9. Loading corn stover. 

 

Loading-unloading Sled 

 Unloading materials after drying was also a major issue affecting the overall suitability of the 

trailer to drying corn cobs and stover. In peanut drying, the unloading was done by placing the trailer 

at a certain degree of inclination. We did not have an inclined dump mechanism available to use. The 

clumpy-ness of the material was more evident after drying and as shown in Figures 10 and 11, the 

material retains the form of the trailer even after the gate was opened. The design of the gate also 

complicated the unloading process as it only allowed one-half of the height of a full load to pass 

through. A laborious and time consuming effort was required to manually rake out the material. We 

doubt that an inclined dump mechanism would be effective with corn cobs and corn stover. 
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Figure 10. Low flowability of dried material. 

 

 

 

 

 

 

 

 

 

 

Figure 11. Laborious manual raking required to unload material. 

 To partially overcome the problems during unloading, a wooden sled was designed and 

constructed to drag out the material from the back of the trailer (Figure 12). This device was built 
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slightly lower than the height of the clearance at the gate and was placed at the front of the trailer 

prior to loading material. The sled was hooked up to a telescopic handler by a chain that would pull 

the sled out and the materials with it. Figure 13 illustrates this process. Unloading was easier when 

half load of materials were involved as this sled easily pushes out most of the materials without much 

labor. The technical drawing for the wooden sled can be found in Appendix E. 

 

 

 

 

  

 

 

 

Figure 12. Wooden sled with chains that was hooked on to a tractor 

 

 

 

 

 

 

 

 

 

 

Figure 13. Unloading aided by wooden sled. 

 

Sled dimensions: 

213 cm (84 in) x 99 cm 

(39 in) 
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Conclusions 

The Advanced Trailer semi-trailer-based peanut dryer system was effective in drying wet 

corn cobs, corn stover and woodchips. However, the energy requirement was very high. Test 

12/2/2009 (Half load stover) was found to be the test with the highest energy requirement and Test 

11/17/2009 (Full load cobs) required the least amount of energy. Plugging numerous air leaks around 

the trailer would decrease the drying energy requirements. Environmental conditions also influence 

the energy requirement. In the trailer‘s present configuration, loading and unloading corn cobs and 

stover was not convenient. 
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4. Unloading sled. The use of this device was tested during the experiment in Chapter Two and 

it is the cheapest and easiest way of solving a large portion of the unloading problem. Details 

and drawing of the sled can be seen in Appendix E. This device would be much more useful 

if the doors at the back of the trailer are changed to the full/wide door. This would enable the 

sled to be used for the unloading of full loads of materials.  
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of their physical properties. Tsang-Mui-Chung et al. (1984) investigated the method of measuring 

coefficients of friction for grain and Brubaker and Pos (1965) determined the static friction of grains 

on different surfaces. The studies done on wheat are more extensive and cover a multitude of aspects 

in actual field practices. Moore et al. (1984) determined the friction of wheat on corrugated metal 

surfaces, where the coefficient of friction is dependent on the how the grain is positioned in the bin 

and how fast the bin is emptied. Thompson et al. (1988) studied the variation in the apparent 

coefficient of friction of wheat on galvanized steel and found that friction behavior of material on 

galvanized steel is different from other surfaces and requires a wearing-in process to account for the 

variation. 

 In this particular study, the goal is to obtain a procedure that can be used to measure static 

and dynamic coefficient of friction of biomass material on different surfaces. This will help designers 

of machinery and equipment that handle bulk volumes of harvested biomass to determine the best 

source of material based on the data that was obtained. The coefficient of friction is a dimensionless 

scalar value that describes the ratio of friction between two bodies and the force pressing them 

together. A low value of friction coefficient means that there is no or little friction between the two 

materials and the value increases as the friction increases. Dry materials have values of friction 

coefficient between 0.3 to 0.6. Static coefficient of friction is the ratio of force that must be overcome 

to enable the object to move on the surface and the dynamic friction coefficient is the ratio of forces 

when the two surfaces are moving (or sliding) in relation to each other. 

Objective 

To develop a procedure to determine static and dynamic friction coefficients of corn harvest 

residue on different surfaces using a scaled-up wheat friction apparatus. 

Materials and Methods 

Test Apparatus 

 The apparatus is a scaled-up version of a test apparatus that was used to determine the 

coefficient of friction of wheat (Ross et al., 1987). This apparatus was scaled up 5.4 times based on 

the ratio of average lengths of corn cobs and wheat (35.3mm/6.5 mm). The structure is made of 2 x 6 

dimension lumber and 0.75–in thick particle board. It consisted of 3 frames, a bottom plate that was 

attached to one of the frames, and a top pressure plate (Figure 16). Test material was placed into the 

apparatus up to the second frame. Strips of test material were placed between the bottom frame and 
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the middle frame (Figure 17). The apparatus had outside dimension of 101 cm (40 in) wide x 215 cm 

(85.75 in) long. The technical drawings for the whole apparatus can be found in Appendix A.  

 

 

 

 

 

 

 

 

 

Figure 16. Scaled-up coefficient of friction test apparatus 
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Figure 17. Schematic diagram of apparatus setup 
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Material Testing Station 

 The test apparatus was connected by a metal cable to a 500-lb load cell. The force measured 

by the load cell is fed to a software program onboard the MTS, model SINTECH 60/D ® material 

testing workstation (MTS Systems, Eden Prairie, MN). The software program used was Testworks ® 

3 that runs on a Windows 3.1 workstation (Figure 18). 

 

 

 

 

 

 

 

 

 

 

Figure 18. The Material Testing System onboard a Windows 3.1 workstation. 

 

Trial Run Test Material 

 As a proof of concept, a trial run was completed to test the procedures that were developed 

for this purpose. The material consisted of corn grain harvest residue that was collected from a 

prototype John Deere 9750 single-pass dual-stream combine October 2, 2010. The corn variety was 

Dekalb DKC 52-59 VT3 that was planted on April 15 at 32,200 seed per acre on the Bruner Farm, 

16km west of Iowa State University campus.  
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Moisture Content 

 Moisture content for the procedure obtained from oven moisture tests (103°C, 24 h) and were 

conducted following ASABE Standard S358.2 (ASABE Standards, 2008). The average moisture 

content of the three samples was 17.8%. 

Bulk Density 

Bulk density of the material being tested can be estimated by weighing the material placed 

into the test apparatus and dividing it by the volume of the material. The volume was calculated by 

ensuring that the material was properly loaded into the test apparatus according to the procedure. 

Experimental Procedure 

 The procedure was developed by Al-Mahasneh and Lane (1997) and was adapted for the 

determination of friction coefficient in this experiment. The main change was the use of additional 

weights to be placed on the apparatus during the experiment.  

 Based on the method used by Ross et al. (1987), test material was subjected to additional 

weights on top of the top plate to generate adequate grain pressure on the test material. This ensured 

that there was adequate horizontal force by the material acting on the test surface so that the force that 

was needed to overcome the friction can be calculated. For the scaled-up test, an equivalent weight of 

1.5-m depth of test material was chosen as the assumed horizontal force, since bulk materials are 

often moved and transported in this volume. The additional weights to be added corresponding to the 

test strips used are summarized in Table 12. Calculations can be seen in Appendix B. Seven types of 

materials that are sometimes used as building materials to handle the test materials were chosen. The 

choices were two types of plastic surfaces: HDPE (High-density polyethylene) and UHMW (Ultra-

high-molecular-weight polyethylene), Three types of metal surfaces: GS (Galvanized steel), MS 

(Mild steel) and SS (Stainless steel), and two types of wood surfaces: oak and pine, both in the 

direction of the wood grain. Test strips are all 234 cm (96in) long and each type has different width 

and thickness due to limitations of material supply. Dimensions can be seen in Table 12 as well. For 

the galvanized steel and stainless steel strips, the thickness of the individual strip was a composite of 

2 ply of the metal sheet with a layer of pine in between. This was to provide support to the metal 

sheets  and prevent it from warping as using a single ply of metal sheet would be too thin and the strip 

would not be flat on top of the test material during test. 
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Table 12. Additional weights for corresponding test strips 

Test Strip Additional Weight, kg Thickness, 

cm 

Width, 

cm 

High-density polyethylene, 

HDPE 

101.0 1.5 42.0 

Ultra-high-molecular-

weight polyethylene, 

UHMW 

101.1 1.5 42.0 

Galvanized steel, GS 93.8 1.5 42.5 

Mild steel, MS 98.1 0.2 42.0 

Stainless steel, SS 95.2 1.4 42.5 

Oak 101.7 1.2 36.0 

Pine 99.9 1.7 40.0 

 

A. MTS and computer setup 

1. Attach the 500-lb load cell to the MTS crosspiece and plug in the load cell cable into the 

MTS at the back of the crosspiece. 

2. Turn on the MTS machine and then the computer. 

3. Click on ‗TEST‘ icon. 

4. Click on ‗CALIBRATE‘. 

5. Select ‗500 lb Interface cell‘. 

6. Click ‗OK‘, then ‗EXIT‘. 

 

B. Apparatus setup 

1. Fill the bottom of the frame with test material, level the material with a long strip and 

remove excess material (Figure 20). 
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2. Place the test strip on the test material and make sure the strip does not come into contact 

with the frame. Hook up test strip to load cell with a cable and be sure to align the strip 

and the base of the MTS machine (Figure 21). 

3. Place the second and third frames on top of the bottom frame and fill with test material 

up to the level of second frame (Figure 22). 

4. Place the pressure plate on top of the test material (Figure 23). 

5. Place additional weights on top of the pressure plate (Figure 24). 

 

  

 

 

 

 

 

Figure 19. Bottom frame      Figure 20. Fill test material up to frame level 

 

 

 

  

 

 

Figure 21. Test strip on bottom material    Figure 22. Place second and third frame  
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Figure 23. Place pressure plate      Figure 24. Place additional weights 

 

C. Machine Operation 

1. On the computer screen, select application method. Click on ‗METHOD‖ then 

‗COEFFICIENT OF FRICTION‘. 

2. Click ‗SAMPLE‘ icon and name the experiment and sample number. 

3. Click ‗INPUTS‘ and choose ‗CALCULATION‘. Select ‗SLED WEIGHT‘ and enter 

amount of weight on the plate (Total weight = top plate + additional weight). 

4. Exit ‗SLED WEIGHT‖. 

5. Select ‗TEST‘ and click on ‗CROSSHEAD SPEED‘. Enter 130 mm/min (5 in/min). 

6. Still under ‗TEST‘, select ‗EXT LIMIT HI‘ and enter 50 mm (2 in). 

7. Exit ‗INPUTS‘ 

8. Using hand control, move load cell up until the pre-load force on the screen is 

approximately 2 to 5-kg (5 to 10-lb). 

9. Zero the crosshead position by clicking ‗ZERO‘ on the screen. 

10. Click ‗RUN‘ and enter a crosshead speed of 130 mm/min (5 in/min). 

11. As observed by Thompson et Al., 1988, to obtain a correct reading and to ensure the 

material goes through a wearing in period, steps 8 to 10 are repeated at least 3 times. 

12. After wearing in process is done, run the test by repeating steps 8 to 10 and then noting 

down the values for Static Coefficient of Friction, Dynamic Coefficient of Friction. 

13. Click next to prepare to run next replication. 
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D. Material set-up in between tests 

  

1. Remove all the materials from the apparatus and weigh the material to calculate bulk 

density based on the known apparatus volume. Record the weight. 

2. Mix material thoroughly before refilling the apparatus for a test apparatus. Once mixed, 

steps B1 to B5 is repeated to set up material for the next test. 

3. Steps C8 to C13 are repeated. 

 

 

Results And Discussion 

 

 From the results obtained, the experiment (Table 13, Figures 25 and 26) in contact with 

material other than grain (M.O.G.) at 17.8% moisture content, we were able to determine the static 

and dynamic coefficients of friction for all the test strips. All the results except for galvanized steel 

conform to the expected results where plastic surface (HDPE) was the least resistant to frictional 

forces and wood surfaces (oak and pine) were the highest valued coefficients. For galvanized steel, 

the results were not as expected due to the ‗slip-stick‘ phenomena (Bucklin et.al., 1996) and the effect 

was more pronounced as this was a new strip of metal without any wear. The summary of results can 

be seen in Table 13 and Figures 25 and 26. The test for UHMWP was not done because the test strip 

was deformed and warped. This deformity might result in incorrect results as the test strips need to be 

flat and slides smoothly across the test materials. Test datasheet can be seen in Appendix C. 

 

Table 13. Summary of Static and Dynamic Coefficient of Friction  

 

Test Strip Coefficient of Friction Bulk 

density, 

kg/m
3 

Bulk 

density 

std. dev.  

Static Dynamic 

Oak 0.44 0.21 52.2 8.96 

Pine 0.41 0.22 52.9 1.64 

Mild steel 0.40 0.25 52.9 1.69 

Stainless steel 0.37 0.31 54.3 4.98 

Galvanized steel 0.66 0.34 54.1 2.35 

HDPE 0.23 0.16 55.2 2.72 
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Figure 25. Static coefficients of friction of 17.8% moisture content M.O.G. for all test strips for 

3 replications 

 

 

 

 

 

 

 

 

 

Figure 26. Dynamic coefficients of friction of 17.8% moisture content M.O.G. for all test strips 

for 3 replications 
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 Statistical analysis was done to determine whether there is a significant difference in means 

of all the results obtained for all the test strips. Based on a one-way ANOVA procedure, all test strips 

were found to be significantly different from each other at F = 0.0003 and a coefficient of variation of 

17.1 %. As for the dynamic coefficient of friction tests, the ANOVA table provides evidence to 

support the conclusion of a statistically significant difference among all tests at an F = 0.0004 and a 

coefficient of variation of 14.2%.  The ANOVA tables can be found in Appendix D. 

 The experiment was initially designed measure the values of coefficient of friction of three 

types of corn harvest residues: corn stover, corn cobs and material other than grain (M.O.G.), on 

seven different types of test surfaces. The experiment will also compare the measurement taken from 

three different moisture contents (10 %, 17.81%, 25% wet basis). However, the test station of the 

MTS Sintech 60/D ® suffered hardware failure. Repair duration and cost were beyond the period and 

budget of the experiment. The experiment was subsequently terminated. 

Conclusions 

 This procedure can be used to estimate the values of coefficient of friction of biomass on 

different surfaces. HDPE and oak was found to be the material with the smallest and highest static 

friction coefficient respectively. This result was also true for the dynamic friction coefficient. The 

slip-stick phenomena was found to affect the friction coefficient of M.O.G. on galvanized steel. 
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