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Abstract: Reducing the particle size of biomass is of great significance for rational and efficient utilization of biomass.  In this 

study, maize grain, stover, and cob were comminuted at different speeds (2000-2800 r/min) by hammer mill with a mesh size of 

2.8 mm.  The mechanical energy for smashing three selected samples was obtained directly through the sensor and data testing 

system.  Experimental results demonstrated that the maize cob had the highest total specific energy while the maize grain had 

the lowest (135.83-181.10 kW·h/t and 27.08-36.23 kW·h/t, respectively).  In addition, for the same material, higher hammer 

mill speed generated more specific energy consumption.  And the effective specific energy of maize stover had a similar trend 

to the total specific one.  However, the effective specific grinding energy of maize cob and grain increased initially and then 

decreased with the increase of rotating speed.  The fitting curves of the specific energy to mill speeds were determined, and the 

range of determination coefficients of the regression equation was 0.933-0.996.  Particle size distribution curves were drawn 

by sieving the pulverized particles of the three samples based on a series of standard sieves.  Fourteen relevant parameters 

characterizing the particle size distribution were calculated according to the screening data.  Calculation results demonstrated 

that larger rotational speed leads to smaller particle sizes.  Combining the size parameters, distribution parameters, and shape 

parameters, it was found that the distributions of the three samples all exhibit a distribution of “well-graded fine-skewed 

mesokurtic”.  The Rosin-Rammler function was considered to be suitable for characterizing the particle size distribution of 

maize grain, stover, and cob particles with a coefficient of determination between 0.930 and 0.992. 
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1  Introduction

 

Maize was the largest planted agricultural crop in China, and 

the yield ranked second in the world.  Maize, composed of grain, 

stover, cob and the like, is the main economic and feed crop[1,2].  

Among them, maize grain was not only one of the most important 

foodstuffs but also could be used in industrial production such as 

fuel, feed and other energy products.  Maize stover and maize cob, 

as by-products of maize, were major sources of lignocellulosic 

biomass, which can be used for fuel, fertilizer, feed and energy 

production[3,4].  In addition, as a type of renewable and clean 

energy, the utilization of fuel production could effectively reduce 

the use of fossil fuels and greenhouse gas emissions[5].  Therefore, 

the rational use of maize grain, stover, and cob was of great 

significance for the full utilization of maize, and will also bring 

ecological and economic benefits[6].  However, direct use of those 

samples could lead to a series of problems in storage, transportation, 

handling and processing[1].  Therefore, the biomass needs to be 
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pretreated. 

Particle size reduction was a critical pre-treatment process for 

biomass use, which may generate new surface area, increase 

porosity and bulk density, and improve flow properties[7].  

Moreover, pretreatment could also improve its digestibility and the 

accessibility of the enzymes to increase conversion and yield[8,9].  

Mechanical power was required to overcome friction resistance and 

destroy the structure of biomass in the process of the biomass size 

reduction[10].  Ghorbani et al.[11] pointed out that the measurement 

of smashing energy was very useful to lessen input power during 

bio-energy conversion.  Therefore, studying the energy for 

grinding was very necessary for biomass conversion.  The 

hammer mill was usually used for pretreatment because it was 

inexpensive, easy to operate and could produce various particle size 

and distributions.  However, crushing or reducing size was an 

energy-intensive process, which had a significant impact on raw 

feedstock costs.  Gil et al.[8] also reported that grain size had a 

critical impact on the energy conversion technique.  Hence, 

analyzing the grinding energy consumption of different maize 

products and the size distribution of crushed grain were important 

for the downstream processing.  

Energy consumption of grinding biomass was affected by 

many factors, such as initial particle size, moisture content, 

material properties, feed quantity, and machine variables[12].  

Soucek et al.[13] reported that energy consumption increased from 

53.0 kW·h/t to 232.0 kW·h/t as the moisture content of various 

forest residues and agricultural straws increased from 9.2% to 

19.6%.  Mani et al.[14] followed that effective energy of hammer 

mill (with 3.2 mm screen) for grinding switchgrass was the highest 
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while grinding maize stover was the least.  They also reported that 

with decreasing particle size, there was an increase of specific 

energy.  Himmel et al.[15] found the smaller the sieve size, the 

fewer the wheat straw particles retained on 60 mesh screen, 

indicating that the distribution curve was skewed to the finer 

granularity.  Gil et al.[8] studied particle and cumulative size 

distributions of poplar and maize straw, which were showed by the 

log-normal plots.  In addition, they found that as mathematically 

expected, the value of the median diameter is always larger than the 

geometric mean diameter due to the fine distribution skewed.  

Brita et al.[9] pointed out that the total specific energy for grinding 

three biomass samples increased as hammer mill speed increased.  

Additionally, they reported that ‘well-grade fine-skewed 

mesokurtic’ particles were produced by grinding.  Mani et al.[14] 

pointed out that the distribution curve of wheat grinds liked those 

of maize stover[15], wheat straw, and alfalfa grinds[16]. 

In previous studies, the energy consumption of grinding was 

obtained by taking various measurements[11].  Himmel et al.[15] 

used the wattmeter to measure the total specific energy without 

considering the efficiency of the motor.  Arthur et al.[17] indirectly 

obtained the total specific energy by measuring the fuel 

consumption rate of the engine, without considering the energy 

conversion of the internal combustion engine.  Naimi et al.[18] 

studied the factors affecting the energy requirements of ground 

biomass and developed mechanical model equations to predict the 

energy input of the mill to achieve a specific particle size.  It was 

found that most of the researches used indirect methods to measure 

energy consumption.  Indirect measurement was not only difficult 

to operate, but also had large error.  Therefore, it was necessary to 

use a new method to measure grinding energy consumption. 

This study aimed to: (1) Determine the specific grinding 

energy of maize grain, stover, and cob by directly measuring the 

energy of the input to hammer mill, establish the polynomial 

equations between specific energy and mill speed, thereby 

improving the efficiency and reducing the overall process energy 

cost; (2) Study the distribution of grain size of maize grain, stover 

and cob, respectively, and provide data reference for the full value 

utilization of maize; and (3) Evaluate the particle size distribution 

of biomass in combination with empirical equations based on the 

data of sieving. 

2  Materials and methods 

2.1  Samples preparation 

Three samples were used for the experiments: maize grain, 

stover, and cob (Figure 1).  Maize samples were acquired from 

Jilin University Agricultural Experiment Base, China 

(43°56ʹ45.99ʹʹN, 125°14ʹ52.44ʹʹE) in October 2018 and dried 

outdoors.  Firstly, the maize ears were removed and subjected to 

threshing treatment, and the separated maize cob and maize grain 

were respectively used for subsequent experiments.  Then the 

maize cob and maize stover were cut into 30-50 mm long pieces 

(Figure 1) with a band saw.  The average diameter of maize cob 

except the top was 26.4±0.01 mm.  The average taper of maize 

cob top was 6.1°, and its average bottom diameter was 23.2±   

0.01 mm.  The average diameter of maize stover was 25.5±   

0.01 mm.  Finally, maize grain, stover, and cob were placed in 

labeled transparent bags and grouped according to the test protocol.  

And the samples of each group were weighed (±0.02 g accuracy) 

and recorded.  In each experiment, maize grain, stover and cob 

were randomly weighed from each group, and their mass was about  

400 g, 200 g, and 100 g, respectively.  Among them, the weight of 

100 maize grains was about 27 g.  The moisture content of maize 

grain, stover, and cob was measured to be 8.76%, 15.20%, 6.34% 

(wet basis), respectively, by comparing sample weight before and 

after drying at (103±2)°C for 24 h[19]. 

 
a. Maize grain b. Maize stover c. Maize cob 

 

Figure 1  Samples of maize grain, stover, and cob 
 

2.2  Test apparatus and test procedures 

The test equipment used in this experiment consists of a power 

platform, a data test system and a hammer mill, as shown in 

Figures 2 and 3.  

 
Figure 2  Flow diagram of test equipment 

 
Figure 3  Schematic diagram of test equipment 

 

Power was transmitted from the power platform to the hammer 

mill through the V-belt drive.  The engine and the drive shaft were 

connected by a coupling, and a torque and speed sensor (±0.08%) 

(CYB-803S/A500, Beijing Westzh Science and Technology Co., 

Ltd.) was mounted thereon (Figure 2).  The sensor was connected 

to a data acquisition and processing module (Multichannel 

Measurement System, Westzh, 809I) and a laptop that could record 

torque and speed.  During the stable operation of the machine, the 

raw data were continuously acquired for 90 s, and then torque-time 

and speed-time data could be obtained by analysis.  The hammer 

mill (9FZ-300, China) consisted of a rotor, a screen and other 

components.  The rotor was composed of 24 hammers mounted 

on a rotating shaft with four pins on its periphery.  Each hammer 

had a length of 72 mm and a thickness of 3 mm.  The screen 

installed around the rotor was replaceable and its aperture size was 

2.8 mm.  The gap between the hammer and the screen was     

6.4 mm.  An electromagnetic clutch was installed at the end of the 

drive shaft.  This reduced the time and complexity requred for the 

test and also ensures the safety of the test. 
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Before the experiment begins, the experiment samples were 

placed manually into the hammer mill, which could ensure that the 

test samples were shattered and reduce the generation of dust.  

After the grinding test, the biomass particles were collected in a 

storage bag for later sieving test.  The sieve series were selected 

according to the range of particles in samples.  Chinese series 

sieves that is numbered 8, 16, 24, 40, 70, 100, 140, and 200 

(corresponding nominal sieve sizes: 2.5 mm, 1.25 mm, 0.85 mm, 

0.45 mm, 0.3 mm, 0.15 mm, 0.105 mm, and 0.075 mm, 

respectively) were used in this test.  Figure 4 shows the grinds of 

maize grain, stover, and cob.  Due to the different bulk densities, 

particle size analysis was carried out using 200 g of maize grain,  

100 g of maize stover and 50 g of maize cob, respectively.  Then, 

the mass of the particles remaining on each sieve after sieving was 

weighed (±0.02 g) and recorded.  Test was repeated three times.  

Finally, according to the standard, geometric mean diameter and 

geometric standard deviation were calculated. 

 
a. Maize grain b. Maize stover c.Maize cob 

 

Figure 4  Grinds of maize grain, stover, and cob 
 

2.3  Data analysis 

Total energy consumption of grinding was obtained by 

integrating the power with the time.  And total specific energy 

was expressed as the ratio of total energy to total mass.  Then the 

effective specific energy was evaluated by effective power obtained 

by subtracting the no-load power from the total power[1,12].  The 

regression equations of specific energy were also fitted. 

In this study, the Rosin-Rammler equation was applied to 

describe the distribution of ground maize grain, stover, and cob 

about their sizes.  The Rosin-Rammler equation is given as: 

Mcu = 100{1–exp[–(Dp/a)b]}              (1) 

where, Cu was the cumulative percentage mass of undersized 

particles, %; Dp was the particle size assumed to be equivalent to 

the diagonal of the sieve opening, mm; a was the Rosin-Rammler 

size parameter, mm; and b was the Rosin-Rammler distribution 

parameter.  

Also, fourteen parameters were calculated and divided into 

three groups: size parameters, shape parameters and distribution 

parameters.  Among them, size parameters include: geometric 

mean diameter, median diameter and effective diameter; shape 

parameters include: skewness and kurtosis; distribution parameters 

include: geometric standard deviation, geometric standard 

deviation of high, low and total region, mass relative span, 

coefficient of uniformity, uniformity index, coefficient of gradation, 

and size guide number.  These parameters was calculated based 

on the sieving data. 

To further understand and explain the influence of test factors 

on test results, nonlinear regression fitting and variance analysis 

were performed.  

3  Results and discussion 

3.1  Specific energy   

As shown in Figure 5, no-load power of operating the hammer 

mill increases from (271.99±3.75) W to (378.41±2.29) W with the 

speed increases from 2000 r/min to 2800 r/min.  The coefficient of 

determination of the no-load power equation is 0.997, which means 

the equation fits very well. 

 
Figure 5  No-load power of the hammer mill as a function of 

speed 
 

Figure 6 shows the total specific energy (Et) of grinding maize 

grain, stover, and cob at a rotating speed of 2000-2800 r/min by a 

hammer mill.  There is a growth of total specific energy with the 

increasing speed.  The reason for this phenomenon is that the 

increased speed will increase the energy requirement (no-load) for 

moving the mill rotor, and biomass particles that move freely along 

the screen increase the energy consumption.  Maize cob consumes 

the highest total specific energy of 135.83-181.10 kW·h/t as the 

hammer mill speed ranging 2000 to 2800 r/min, while maize grain 

requires the least energy of 27.08-36.23 kW·h/t among three 

biomass samples.  The middle layer of the maize cob (the mid-cob 

called by Anazodo[20]) is particularly hard and it is not easy for size 

reduction.  Therefore, grinding maize cob feedstock in the 

hammer mill requires the highest total specific energy, and the 

maize grain at the low moisture is equivalent to a brittle material 

that is easy to break, requires the least total specific energy for 

crushing.  However, the total energy of maize stover is between 

maize cob and maize grain, because the straw contains less fiber 

and more sponge vascular tissues[12].  Datta[21] reported that it took 

18-24 MJ/Mg energy to break brittle materials like coal into 

100-200 mesh sized particles.  Bitra et al.[9] found that the total 

specific energy for three biomass was 114.4 MJ/Mg, 125.1 MJ/Mg, 

and 103.7 MJ/Mg respectively at   2000 r/min.  Therefore, it was 

found that because of the different fracture mechanisms, the 

crushing of lignocellulosic fibrous biomass materials requires 

higher energy than brittle materials. 

 
Figure 6  Total specific energy of grinding maize grain, stover, 

and cob at different speeds 
 

Figure 7 shows the effective specific energy required to 

pulverize selected biomass at different speeds.  The energy of 

maize cob and maize grain increases first and then decreases with 

increasing speed from 2000 r/min to 2800 r/min.  When the 

hammer mill rotates at a higher speed, the ground maize cob and 

maize grain can rapidly pass through the classifying screen, and 
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less material were accumulated in the chamber because of higher 

centrifugal force.  Therefore, the shear strength for grinding 

feedstock is reduced and the effective specific energy decreases.  

However, the effective energy consumption of maize stover 

increases by 73.8% from 20.88 kW·h/t with the same increase in 

speed.  It may be attributed to the residual maize stover filaments 

accumulated in the hammer mill chamber, making the hammer 

continues to hit and shear with them.  Thus, the torque acting on 

the shaft of hammer mill increases and finally increases the 

effective specific energy.  Hence, it was considered that the type 

of material and the speed of the hammer mill have an important 

influence on the effective specific energy. 

 
Figure 7  Effective specific energy of grinding maize grain, stover, 

and cob at different speeds 
 

The polynomial relationships between Et and Ee and hammer 

mill speeds of maize grain, stover, and cob are listed in Table 1.  

R2 values of the second-order polynomial equations of maize grain, 

maize stover and maize cob are ranging from 0.933 to 0.996, 

indicating that the equations were fitted very well. 
 

Table 1  Polynomial relationship between total and effective 

specific energy of maize grain, stover and cob with speeds 

Biomass 

feedstock 
Model 

Speed 

ranges/r·min
-1

 
R

2
 

Maize grain 
Et = –3.8045E–6n

2
+0.03027n–18.8327 

Ee = –2.7219E–6n
2
+0.01448n–14.0343 

2000≤n≤2800 

2000≤n≤2800 

0.984 

0.933 

Maize stover 
Et = 5.9907E–5n

2
–0.2408n+3219.767 

Ee = 1.7016E–5n
2
–0.06247n+77.8125 

2000≤n≤2800 

2000≤n≤2800 

0.977 

0.996 

Maize cob 
Et = 1.2069E–5n

2
 + 3.2707E–5n+86.2133 

Ee = –3.8119E–6n
2
+0.02368n+32.8734 

2000≤n≤2800 
2000≤n≤2800 

0.994 
0.958 

Note: Et = Total specific energy (kW·h/t), Ee = Effective specific energy(kW·h/t), 

n = Speed (r/min). 
 

3.2  Particle size analysis 

3.2.1  Particle size distribution 

Figures 8-10 show the distribution of the mass percentage of 

materials remained on each screen relative to the geometric average 

diameter.  And the abscissa of the distribution is a logarithmic 

scale.  It was found from the figures that there are significant 

differences in the log-normal distribution of maize grain, stover and 

cob pulverized particles.  Also, for the same biomass, the 

distribution curve is different due to the change in the speed of the 

hammer mill.  All the graphs depict that the curve is positively or 

finely skewed.  This is because there are more small particles 

compared to biggish particles[22].  Similar results were also 

observed for ground biomass, for example, maize stover[9,15], 

alfalfa[16], switchgrass, wheat, and barley straw[12]. 

The mean inclusive graphic skewness, GSi, can characterize 

asymmetry of the grain size distribution.  As seen from Table 2, in 

all tests the values of the inclusive graphic skewness are between 

+0.1 and +0.3, which means the particle size distributions for three 

biomass samples show a ‘fine skewed’[23].  However, there is no 

specific trend between skewness and hammer mill speed.  

Furthermore, for maize cob and maize grain, there is no significant 

difference between the values of GSi corresponding to different 

hammer mill speeds.  The graphic kurtosis, Kg, is another shape 

parameter, used to measure the peakedness or flatness of a 

log-normal distribution.  From Table 2, Kg presents values of 

0.961 to 0.965 for maize stover, 0.960 to 0.967 for grain and 0.968 

to 0.971 for maize cob. 

 
Figure 8  Log-normal particle size distribution of maize grain 

grinds at various speeds 

 
Figure 9  Log-normal particle size distribution of maize stover 

grinds at various speeds 

 
Figure 10  Log-normal particle size distribution of maize cob 

grinds at various speeds 
 

However, there is no specific relationship between kurtosis and 

speeds.  Folk[23] pointed out that the values of kurtosis ranged 

from 0.90 to 1.11 represented that the particle size distribution was 

a ‘mesokurtic’ distribution (it had the same peak level of normal 

distribution).  In this study, all values of Kg are between 0.90-1.11 

(Table 2).  Therefore, the particle size distribution of maize grain, 

maize stover and maize cob grinds is a ‘fine-skewed mesokurtic’ 

distribution.  Different hammer mill speeds have no significant 

influence on GSi and Kg values of maize grain and maize cob 

(p>0.05) but have a significant effect on maize stover (p<0.05).  
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The corresponding cumulative undersize mass curve is used to 

understand the relationship between cumulative undersize mass 

percentage and sieve aperture size (assume the same size as 

nominal mesh) (Figures 11-13).  From these figures, it is observed 

that the distribution is continuously evolving without irregular 

changes or jumps.  It is believed that the distributions of selected 

biomass for hammer mill at 2000-2800 r/min are ‘well-graded 

distribution’.  About 55%, 70% and 58% of maize grain, maize 

stover and maize cob and grinds have a particle size of less than   

1 mm for all speeds, which means that there are enough fine 

particles available for chemical reactions[18]. 

3.2.2  Size parameters  

The relationship between the average geometric mean diameter  

(Xgm) and hammer mill speeds for maize grain, stover, and cob 

grinds are shown in Figure 14.  As seen from the graph, the 

geometric mean diameter of grinds decreases as speed increases.  

This result agrees with the report presented by Bitra et al.[9] that the 

particle size of three biomass grinds decreased with increasing 

speed.  Conversely, more coarse particles were obtained at low 

speed.  Geometric average diameter of selected biomass grinds 

increases from 0.718, 0.648, and 0.686 to 0.832, 0.699, and 0.788, 

respectively, as the speed decreases from 2800 r/min to 2000 r/min 

(Table 2).  It is observed that at the same speed, Xgm of maize 

grain grind is the largest while the maize stover grind is the 

smallest.  It is attributed to the difference in the mechanical 

properties of three biomass. 
 

Table 2  Size and shape parameters of maize grain, stover, and cob grinding by hammer mill with different speeds 

Biomass             

feedstock 

Mill speed,  

n/r·min
-1

 

Geometric mean 

diameter, Xgm
*
/mm 

Median diameter, 

D50
*
/mm 

Effective size, 

D10
* 
/mm 

Size guide number, 

Nsg
* 

Inclusive graphic 

skewness, GSi
*
 

Graphic kurtosis, 

Kg
*
 

Maize grain 

2000 0.832a 0.883a 0.364a 88.264a 0.132a 0.960a 

2200 0.824a 0.866a 0.320ab 86.569a 0.176a 0.965a 

2400 0.742b 0.801b 0.281b 80.076b 0.193a 0.967a 

2600 0.729b 0.792b 0.280b 79.190b 0.191a 0.966a 

2800 0.718b 0.784b 0.288b 78.386b 0.177a 0.965a 

Maize stover 

2000 0.699a 0.802a 0.292b 80.243a 0.180a 0.965a 

2200 0.691a 0.807a 0.320a 80.697a 0.149b 0.961b 

2400 0.673b 0.790a 0.289b 79.010a 0.179a 0.965a 

2600 0.666b 0.775a 0.302ab 77.519a 0.158ab 0.962ab 

2800 0.648c 0.752b 0.290b 75.241b 0.159ab 0.962ab 

Maize cob 

2000 0.761a 0.790a 0.278ab 78.982a 0.205a 0.967a 

2200 0.764a 0.795a 0.288a 79.455a 0.183a 0.961a 

2400 0.680b 0.732ab 0.241ab 73.152ab 0.216a 0.971a 

2600 0.713b 0.736ab 0.249ab 73.609ab 0.208a 0.966a 

2800 0.669c 0.700b 0.227b 69.985b 0.219a 0.974a 

Note:* indicates that the value of the same letter in each column is not significantly different at p<0.05.  Values with different letters indicate that these values have 

significant differences. 
 

 
Figure 11  Cumulative percent undersize of maize grain particles 

at various speeds 

 
Figure 12  Cumulative percent undersize of maize stover particles 

at various speeds 

 
Figure 13  Cumulative percent undersize of maize cob particles at 

various speeds 
 

Median diameter, D50 (considered as the characteristic size), of 

maize grain, stover and cob are listed in Table 2.  It is found that 

median diameter and hammer mill speed have similar trends to 

geometric mean diameter.  Also, it is observed that D50 is greater 

than Xgm because of the fine skewness of the distribution.  

Effective size (D10) is a percentage representation of the 

distribution of fine fractions[8].  The rotational speed has a 

significant effect on it, which is similar to the median diameter and 

the geometric mean diameter.  Generally, lower speed leads to 

larger particle sizes.  From Table 2, it follows that the size guide 

number, Nsg, of maize grain, stover and cob decreases with an 

increase in speed.  The trend is similar to the median diameter, 

which is because the value of the size number is obtained by 
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multiplying the median diameter by 100. 

 
Figure 14  Variations of the geometric mean diameter of maize 

grain, stover, and cob at various speeds 
 

3.2.3  Dispersion parameters 

The geometric standard deviation (Sgm) is one of the main 

distribution-related parameters used to describe the log-normal 

distribution.  It is observed from Table 3 that Sgm of pulverized 

particles of three samples obtained at all speeds are all greater than 

1.  Hinds[24] reported that if the values of Sgm were greater than or 

equal to 1.0, comminuted particles of maize grain, stover and cob 

were a wide distribution.  It is seen that the geometric standard 

deviation of maize stalks is at least 2.038 to 2.126, while the 

geometric standard deviation of maize grain is at most 2.227 to 

2.298.  That means, among the three biomasses, the maize grain 

has the widest particle distribution, followed by the maize cob, 

while the maize stover has the narrowest particle size distribution.  

The ground particles of maize stover are relatively uniform while 

the uniformity of maize grain is poor.  However, there is no 

specific trend between the geometric standard deviation and the 

hammer mill speeds.  This may be because the fracture of 

lignocellulosic biomass is unpredictable. 

GSD1, GSD2, and GSD12 are used to analyze the dispersion of 

coarse, fine, and total particles, respectively.  In Table 3, the 

values of GSD2 are larger than GSD1, which means the GSD2 

presents a higher average dispersion than GSD1.  Therefore, the 

fine particles are more than the coarse ones, so that the distribution 

is finely skewed.  This is why Xgm is always greater than D50 in all 

cases.  However, there is no established relationship between 

hammer mill speeds and the value of GSD1, GSD2 and GSD12. 

The mean mass relative span, RSm, of maize grain, stover and 

cob does not form the specific relationship with hammer mill 

speeds (Table 3).  However, maize cob has the largest values of 

the relative span among the three samples, which represents the 

maize cob particles have the widest distribution.  That means, 

higher span leads to more heterogeneous particle size.  In addition, 

from Table 2 and Table 3, the larger the relative span, the larger the 

skewness.  Also, RSm is inversely proportional to the distribution 

parameter (b) of the Rosin-Rammler equation.  In this study, the 

relative span of the three biomasses was all larger than 1.0, which 

indicates that it is wide distribution.  Brita et al.[9] had similar 

results in the study of wheat straw, switchgrass and maize stover. 

The uniformity index, Iu, of maize grain, stover and cob change 

irregularly with an increase in speeds from 2000 r/min to 2800 

r/min (Table 3).  However, it can be observed that the uniformity 

index is inversely proportional to the relative span and skewness 

for all biomass materials.  Moreover, the value of the uniformity 

index is very low, less than 20%, possibly because the particle 

distribution is skewed or finely skewed.  The uniformity 

coefficient (Cu) indicates the uniformity of the particle size after 

grinding, and its values are generally greater than 1.0.  Also, when 

the Cu value is closer to 1.0, the particles become more uniform.  

It is observed from Table 3 that the values of the uniformity 

coefficients of all the tests are all greater than 1 and less than 4, 

which means that the particles are uniformly mixed[25].  It 

represents a well-graded particle size distribution as shown in the 

cumulative distribution curve.  There is no specific relationship 

between the uniformity coefficient of maize stover, grain and cob 

at different rotating speeds.  But the uniformity coefficient and the 

uniformity index are inversely proportional. The coefficient of 

gradation, Cg, does not follow a certain trend with the increase of 

speeds (Table 3).  Budhu[25] pointed out that the grading 

coefficient ranged from 1 to 3 indicated a well-graded distribution.  

In this study, all the values of the coefficient of gradation are 

between 1-3, which indicates that all the particles of the test have a 

well-graded distribution.  Different hammer mill speeds have no 

significant influence on RSm, Iu, Cu and Cg values of maize grain 

and cob (p>0.05), but have a significant effect on maize stover 

(p<0.05). 
 

Table 3  Values of the dispersion parameters of maize grain, stover, and cob grinds at various speeds 

Biomass 

feedstock 

Mill speed,  

n/r·min
-1

 

Geometric standard,  

deviation, Sgm
*
 

Mass relative span,          

RSm
*
 

Uniformity index,  

Iu 
*
/% 

Uniformity  

coefficient, Cu
*
 

Coefficient of  

gradation, Cg
*
 

GSD1 GSD2 GSD12 

 2000 2.227a 1.346a 16.754a 2.767a 1.139a 1.583 1.920 1.744 

 2200 2.253a 1.529a 13.527a 3.182a 1.158a 1.695 2.116 1.894 

Maize grain 2400 2.298a 1.597a 12.095a 3.324a 1.166a 1.716 2.153 1.922 

 2600 2.260a 1.584a 12.289a 3.296a 1.164a 1.710 2.142 1.914 

 2800 2.269a 1.530a 13.222a 3.170a 1.158a 1.685 2.097 1.880 

 2000 2.104a 1.538a 13.026b 3.186b 1.159a 1.684 2.095 1.878 

 2200 2.055b 1.408b 15.452a 2.897a 1.145b 1.616 1.976 1.787 

Maize stover 2400 2.126a 1.533a 13.125b 3.175b 1.159a 1.682 2.092 1.876 

 2600 2.038b 1.449ab 14.610ab 2.986ab 1.150ab 1.636 2.011 1.813 

 2800 2.042b 1.451ab 14.575ab 2.991ab 1.150ab 1.637 2.013 1.815 

 2000 2.190b 1.594a 12.159a 3.319a 1.165a 1.730 2.177 1.941 

 2200 2.155b 1.551a 12.950a 3.223a 1.161a 1.698 2.120 1.897 

Maize cob 2400 2.264ab 1.707a 10.591a 3.600a 1.177a 1.768 2.245 1.992 

 2600 2.239ab 1.660a 11.201a 3.482a 1.172a 1.747 2.207 1.963 

 2800 2.327a 1.724a 10.316a 3.643a 1.179a 1.776 2.259 2.003 

Note: * indicates that the value of the same letter in each column is not significantly different at p<0.05.  Values with different letters indicate that these values have 

significant differences. 
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3.2.4  Rosin-Rammler function 

The Rosin-Rammler function, after years of use and research, 

is considered to be the best mathematical function for describing 

various particle size distributions.  Typically, the distribution 

parameter (b) and the size parameter (a) are used to characterize 

the function.  Table 4 lists the values of the coherent parameters 

for the equation. 
 

Table 4  Related parameters and fitting coefficients of 

Rosin-Rammler equation of maize grain, stover, and cob at 

different speeds 

Biomass             

feedstock 

Mill speed, 

n/r·min
-1

 

Rosin-Rammler 

size parameter, 

a
*
/mm 

Rosin-Rammler 

distribution 

parameter, b
*
/mm 

Coefficient of  

determination,  

R
2
 

Maize grain 

2000 1.049a 2.130a 0.930 

2200 1.052a 1.902a 0.965 

2400 0.982b 1.801a 0.966 

2600 0.969b 1.815a 0.975 

2800 0.953b 1.880a 0.946 

Maize 

stover 

2000 0.976a 1.866b 0.992 

2200 0.966ab 2.037a 0.980 

2400 0.961ab 1.873b 0.987 

2600 0.941b 1.978ab 0.989 

2800 0.906c 1.975ab 0.990 

Maize cob 

2000 0.968a 1.805a 0.989 

2200 0.968a 1.861a 0.991 

2400 0.908ab 1.694a 0.981 

2600 0.909ab 1.738a 0.988 

2800 0.871b 1.675a 0.981 

Note: * indicates that the value of the same letter in each column is not 

significantly different at p<0.05.  Values with different letters indicate that 

these values have significant differences. 
 

The Rosin-Rammler distribution parameter, the slope of the 

distribution, of maize grain, stover, and cob (Table 4) at different 

speeds are determined.  But there is no specific trend.  The 

smaller the value of b, the lower the slope of the Rosin-Rammler 

equation, the wider the distribution there are (the larger the RSm), 

resulting in a higher diversity of particle sizes.  Table 2 and Table 

4 show that as the distribution parameter increases and the kurtosis 

value gradually decreases, this signifies that the reduced 

distribution parameters represent a wider distribution range.  

Williams et al.[26] reported that comminution resulted in an increase 

in the uniformity of the sample particles, which was the same as 

that expressed by the high values of b.  R2 of maize cob and maize 

stover is greater than 0.98, while the maize grain is greater than 

0.930.  This means that the Rosin–Rammler equations for the 

three biomasses fit very well.  Similar trends have been reported 

in published studies[16,26].  The higher the coefficient of 

determination, the better the Rosin-Rammler function of maize cob 

particle size distribution is fitted.  This is probably because 

Rosin–Rammler expression is ideal for a tilted particle size 

distribution.  From Table 4, hammer mill speeds have no 

significant effect on Rosin-Rammler distribution parameters of 

maize grain and cob, while there is a significant effect on 

Rosin-Rammler distribution parameters of maize stover. 

The Rosin-Rammler size parameter of selected samples 

gradually decreases as the speed increases from 2000 r/min to 2800 

r/min (Table 4).  The geometric mean diameter and the median 

diameter have the same trend.  Moreover, it is observed that the 

value of the Rosin-Rammler size parameter is greater than D50 and 

greater than Xgm (Tables 2-4).  The median diameter determined 

by the trend of the fitted curve, the geometric average diameter 

calculated from the linear portion of data points and the positive 

skew of the distribution curve lead to this trend[27].  As the value 

of a increases, D50 and Xgm of the particles increase, which may be 

caused by the increasing amount of coarse particles and decreasing 

number of fine ones at low rotational speeds.  For three biomass 

samples, hammer mill speeds have significant effects on 

Rosin-Rammler size parameters. 

4  Conclusions 

1) Maize cob had the highest total specific energy and maize 

grain had the lowest total specific energy (135.83-181.10 kW·h/t, 

27.08-36.23 kW·h/t).  In addition, for the same material, the 

higher the hammer mill speed, the greater the total specific energy.  

Effective specific energy had a similar trend with the total specific 

one.  However, the effective specific energy of cob and grain 

increased initially and then decreased with the increase of speed.  

This may be because of a large amount of straw filament remained 

in the mill chamber during the grinding process. 

2) The particle size distribution curves of the samples were 

obtained based on sieving.  And 14 related parameters were 

calculated to characterize the particle size distribution.  The 

results showed that larger speed leads to smaller particle sizes.  

Through observing the size parameters, distribution parameters and 

shape parameters, it was found that the distributions of the three 

samples all exhibit a distribution of “well-graded fine-skewed 

mesokurtic”. 

3) Rosin-Rammler equation was very appropriate for 

characterizing the distribution of grain size of maize grain, stover, 

and cob particles with a coefficient of determination between 

0.930-0.992. 

Specific energy and distribution of grain size of maize grain, 

stover, and cob could offer key data support for improving the full 

value utilization of maize. 
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