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Abstract. Biomass utilization for bio-energy, bio-fuels or bio-based products requires reduction
of the material size within specific ranges depending on feedstock specie, handling and further
processing / conversion processes. Biomass size reduction is a mechanical treatment process that
refers to either cutting or comminuting processes that significantly change the particles size, shape
and bulk density of organic material.
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Rotary equipment such as knife mill, hammer mill and disc mill perform the above-mentioned
processes in various ways, as function of physical-mechanical properties of the material, tools
geometry, feeding parameters and dynamics of particles separation.
This paper is intended as a comprehensive review of rotary machines design and process
investigation that is closely related to material properties as well as requirements for further
mechanical or bio-chemical processing.
Keywords. Cutting, Disc mill, Grinding, Hammer mill, Knife mill, Process, Shearing, Size Reduction.
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Introduction
Efficient and environmentally sound bio-based power, fuels and other products are expected to
represent a major contribution to U.S energy security and economic development (DOE, 2002;
Boateng and Hicks, 2005; Dien et al., 2005; McLaughlin and Kszos, 2005; Wyman et al., 2005).
Two primary research pathways for developing bio-based products refer to:
• Feedstock supply logistics that includes material handling, size reduction, drying and
storage systems for a range of biomass feedstock and condition;
•

Fragmentation and separation that isolate high value or target constituents to improve
subsequent bioconversion processes of the biomass (DOE, 2002).

Feedstock handling and bioconversion processes require different degrees of biomass size
reduction and separation. Following comminution, the improvement of organic materials
biochemical treatments can be explained by (Palmovski, 2001; Sun, 2002; Dien et al., 2005):
• Generation of new surface area resulting in a better microorganism accessibility
•

Release of dissolved organic components, which are directly bioavailable

•

Destruction of material structures which limit the availability for microorganisms / acids.

Size reduction process for certain chemical conversion processes imply grinding the biomass to
particle size on the 1 mm order, which requires one third of the required conversion power
(Walsum et al., 1996). The size of waste-materials is usually 10 to 30 mm after chipping and 0.2
to 2 mm after milling or grinding (Sun, 2002).
Although milling and grinding represent old methods for feedstock processing, very little is
known about comminution processes of biomaterials and interactions within the grinding
equipment at a micro-scale. Grinders have generally been analyzed at an overall performance
level and treated somewhat as a “black box”.
The main objective of this paper is to present a comprehensive review of literature in respect to
the following:
• Analysis of physical and mechanical properties of selected biomass materials as
influence factors on the comminution processes;
•

Inventory and analysis of substantial experimental data obtained from testing of different
equipment to reduce the size of biomass;

•

Analysis of design of rotary equipment that is suitable for biomass comminution.

Analysis of comminution processes performed by selected rotary equipment with emphasis on
material feeding, interactions of material with active elements of equipment, and integration of
comminution and separation processes. Moreover, ideas for future research are suggested.

Methods
This comprehensive review is based on identifying and studying a variety of articles from the
ASABE and Science Direct databases, as well as using services of University of Tennessee
libraries. In search activity, a multitude of keywords related to biomass properties, materials size
reduction processes and corresponding equipment have been used. Information layout takes
into account comprehensive results data from the literature then presented in a unified unit
system for an easy comparison.
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Data has been organized and structured in an original manner for a better understanding of size
reduction related processes as well as an update upon design experience of equipment used for
different materials and related comminution processes.

Results
Biomass Physical and Mechanical Properties
Physical and mechanical properties of biomass species and varieties are very important when
size reduction is performed. A long-term desire in description of biomass size reduction
processes would be the modeling of these processes in dependence of inherent material
properties.
The first issue in biomass properties research is that physical measurements are extremely
difficult in pinpointing exact failure stress and required energy due to differences in terms of
material initial size, shape, surface, morphology, etc. this may lead to errors in subsequent
modeling of comminution process, which is dynamically performed by a machine such as a
knife-mill, hammer-mill, disc-mill etc. (Prince et al., 1968; Womac et al., 2005).
Although 62 species of biomass have been considered (Ebeling and Jenkins, 1985), 35
herbaceous crops were evaluated (Lewandowski et al., 2003). The Integrated Biomass Supply
Analysis and Logistics (IBSAL) Model represent an important tool that helps in feedstock
selection (Sokhansanj, 2005).
Biomass is mainly composed of non-brittle materials whose behavior can be classified between
elastic-plastic and elastic-viscous at a low temperature and high stressing velocity. Depending
on moisture content, some brittle particles (fine or small particles) may occur during
comminution process. Figure 1 shows a general stress-strain diagram for biomass materials
(adapted from Schubert and Bernotat, 2004).

Figure 1. Stress-strain diagram for biomass materials
(Adapted from Schubert and Bernotat, 2004)
It can be noted that stress decreases with constant strain (relaxation) or strain increases under
constant stress (creeping), (Schubert and Bernotat, 2004).
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Table 1 presents a synthesis of representative biomass properties as reflected in literature. The
analysis of this data led to the following conclusions:
1. Size reduction studies (Yu et al., 2003) at the University of Tennessee of the weakestmode-of-failure of switchgrass indicated that mean shear strength was approximately
one-fifth of the tensile strength. That means shear dominant size reduction will be much
more efficient (Womac et al., 2005).
2. Up to a 10-fold difference in shear strength was observed between corn stover and
hickory wood, with hickory wood requiring larger stresses (Womac et al., 2005).
3. Tensile strength, shear strength and specific cutting energy are significantly influenced
by decreasing moisture content of the material due to the changes from a dominant
elastic-plastic behavior of the material to a dominant elastic-viscous behavior.
4. Cutterhead bevel angle influences both the failure stress and specific cutting energy,
(Sitkei, 1986; Womac et al., 2005).
5. There are significant differences of mechanical properties when measured at the
internode or node of the stem (O’Dogherty, 1995; Yore et al., 2002). Therefore, it is
necessary to develop methods or models that normalize a certain mechanical property
for the whole plant of biomass.
6. Igathi et al. (2005) evaluated 6 isotherm models for describing the moisture sorption
characteristics of corn stover components such as corn leaf, stalk skin and pith as
functions of equilibrium relative humidity (ERH) and temperature. The moisture content
of all components was proportional to ERH and inversely proportional to temperature.
Development of a comprehensive database of biomass properties will definitely help in
designing and optimizing size reduction equipment and associated processes.

Biomass Mechanical Processing Data
Yu et al. (2003) presented a good review of published studies related to biomass size reduction
using knife mills, hammer mills and disc mills. Table 2 presents a unified illustration of the most
substantial data that characterizes the biomass mechanical processing with such equipment.
Most of the studies focused on characterizing the overall performance of the tested machines,
mainly based on required processing energy versus final size of the material.
Paulrud et al., (2002) evaluated specific surface area of milled wood particles.
Using the ANSI/ASAE S424.1 Standard, Miu and Kutzbach, (2000) proposed a method to
quantify the material-other-than-grain (MOG) particle size versus sieve openings size.
According to this work, the fragments passing through concave / grates openings (at 84%
cumulative probability) shall be considered to have a geometric mean length of one-half
opening’s diagonal. Warren et al. (1985) show that, in particulate solids screening, the average
particle diameter is 60% of the opening’s diagonal. No other experimental data of biomass
particles size separation through sieves has been identified in the literature. This was noted as
a limitation in results reported by Li et al., (2004) and Sun and Cheng, (2004).

Biomass Size Reduction Processes withRotary Equipment
Biomass utilization for bio-energy, bio-fuels or bio-products requires reduction of material size
within specific ranges, depending on the feedstock species, handling and further material
processing / conversion.

4

Size reduction of biomass offers the following advantages (Mani, 2005; Womac 2005; Yu,
2005;):
•

Easy handling and drying of bulk material;

•

Initial densification (to a certain extent);

•

Facile densification through subsequent processing (briquetting, pelleting);

•

Reduced costs of transportation;

•

Facile sorting of material by size through separation;

•

Increased reactive surface area of biomass particles, which are exposed to bio-chemical
processing.

Biomass size reduction refers to mechanical treatment processes that significantly change the
particle size, shape and bulk density of the material. These processes may involve one or a
combination of the following types of actions (Figure 2): cutting, shearing, tearing, impact stress,
compression and friction (as in disc milling).

Figure 2. Types of actions and corresponding particle shapes
The difference between cutting and shearing is defined by the way of deformation that occurs
into the cross-section of material. Sharp knives are used for cutting while working tools with a
wedge angle of 75° to 90° do the shearing. During cutting process the fracture of material is the
result of splitting effect of the knife, while the shearing is the result of shear and tensile stress
(Schubert and Bernotat, 2004; Woldt et al., 2004).
During cutting process the deformation of material occurs locally and progressively, close to the
tool tip, while during shearing the deformation zone extends before fracture between wedges of
cutterhead and stationary knife. As a consequence, the cross-section of cut material is smooth,
whereas for a sheared material the cross-section has a specific roughness.
The combination of tensile stress with bending and torsion of the material is called tearing.
(Woldt et al., 2004; Schubert and Bernotat, 2004).
Impact loading occurs when a moving tool, such as a hammer, strikes the material. Then the
material is usually fired against a fixed rigid target such as perforated surface of a sieve (Austin,
2002).
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Comminution process of biomass can be described as a combination of shearing, torsion,
compression and friction of the material with the active elements of equipment. There are three
distinguished results of comminution:
a. Particle sizing and classifying (coarse and intermediate size reduction)
b. Particle shaping and
c. Breaking connections between different material components (e.g. cell components).
Therefore, new reactive surfaces for subsequent bio-chemical treatments are created
(Palmowski et al., 2001; Müller, 2003; Nikolov, 2004).
Biomass particles have different shapes as a consequence of the stress loadings combination
and magnitude applied to a certain material. Mohsenin, (1978) and Sitkei, (1986) presented a
general and theoretical study of particle shapes as well as mathematical relationships to
quantify an equivalent dimension such as equivalent diameter.
Paulrud et al., (2002) systematically researched wood particle shapes.
Different rotary equipment perform differently the comminution processes as one or more
phenomena become dominant in the grinding / milling space. An ideal equipment is the one
that, through an innovative combination of stress loadings, it will efficiently disintegrate the
material to a certain biomass fineness that corresponds to optimal working / reacting
circumstances with microorganisms or chemical substances.
Although rotary equipment is being used, further studies on material fragmentation process
(action on stems, deformation, crack propagation etc.) as well as integration with particle
separation need to be done. The rationale behind this statement consists in the imperative
needs to:
•

Understand the comminution and separation processes,

•

Quantify the process indices of selected equipment and

•

Optimize both the equipment specifications and process parameters.

Not to mention that the results of research done on hard, brittle materials can only be
transferred partially to the comminution of biomass materials due to substantial differences in
material properties (Palmowski et al., 2001; Müller, 2003).
According to one of paper objectives, in the following section the design of rotary equipment will
be analyzed.

Comminution Equipment Classification, Design, and Selection
In the previous section, we have mentioned different types of stress loadings during size
reduction processes. Different equipment design involves applying different combinations of
stress loadings. Scubert and Bernotat, (2004) and Woldt et al. (2004) have done a systematic
classification of such machines. In the following, the Table 3 and Figure 4 present an extended
layout of this classification to better illustrate global experience in material comminution and to
suggest further different pathways of biomass processing equipment design and research.
Following this classification, we suggest that the knife mill, hammer mill and disc
mill are proper equipment for biomass comminution. There are couples of rationales in support
of this selection, as follows:
• Knife mills work successfully for shredding forages under various crops and machine
conditions (Ige and Finner, 1976; Zhang et al., 2003)
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•

Hammer mills are widely used for materials comminution because of their high size
reduction ratio, easy adjustment of particles size range as well as a relative good ‘cubic’
shape of particles (Nikolov, 2004, Mani, 2005). Many researches (Rypma, 1983; Hill and
Pulkinen, 1988; Paulrud et al., 2002; Djordjevic et al., 2003; Austin, 2002 and 2004)
have used hammer mills in studies of grinding of different materials.

•

Disc mills produces very small particles and study of their biomass milling process is
therefore very important especially in connection to the size of input material (that might
be provided by knife mills or hammer mills) and required specific processing energy.

Cutting, Shearing and Separation Processes in a Knife Mill
The schematic of a knife mill with a cylinder-type cutterhead is given in the Figure 4a. Based on
the literature, the knife mill working process can be characterized as follows (Ige and Finner,
1976; Kepner et al., 1978; Sitkei, 1986; Shinners et al., 2000):
•

Particle size depends mainly on feeding velocity and rotational speed of the rotor.

•

Required specific cutting energy depends mainly on: material properties, rotational
speed of the rotor, mounting longitudinal angle of the knife and bevel angle of the knife.

Comminution and Separation Processes in a Hammer Mill
In a hammer mill the comminution process is performed through an impact-induced material
fragmentation (Austin, 2002 and 2004; Djordjevic, 2003).
In a steady operating state, the throughput of material into the mill can be considered constant.
That is mathematically translated to the formula:

dq
=0
dt

(1)

where:
q = material throughput, (kg/s)
t = time, (s).
Since there is a time interval between feeding moment and separation moment of considered
material, a certain quantity of material is always found in the grinding space that is called ‘filling’
(Sitkei, 1986). Figure 5 illustrates the graphs of charged and separated quantities of material.
Let t1 be the moment when the process becomes stable. That means (Sitkei, (1986):

q=

Mf
ts

(2)

where:
Mf = filling amount, (kg)
ts = stationary time of material, (s).
We can interpret the time ts as being the time period within the material has one complete
revolution.
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Material leaving contact with the hammers reaches the sieve and if small enough it separates
through; if it is too big is recirculated to the hold-up (Vogel and Peukert, 2005). There it is mixed
with the fed material and the milling process resumes.
At this point we have to emphasize that the time ts is different than the real grinding time tg, a
small quantity of material spends into the milling space until it separates completely through the
screen. During the time tg, this quantity of material (small enough to preserve the overall
material properties) covers a certain number nr of revolutions inside the milling space (nr > 0).
The number of material revolutions depends on design and functional parameters of the
hammer mill. It can be quantified by mathematical modeling of the process and confirmed
through experimental testing.

Comminution and Separation Processes in a Disc Mill
Disc mills are fine media mills that are becoming standard particle dispersion equipment in
industry (Farber and Graves, 2001). They are built in a single or double disc version with both
straight and profiled blades. Material is fed into the mill through a central orifice coaxial with
rotation axis, and then following acceleration by means of rotating blades, material is
fragmented between the discs and flows to their periphery. The discs can have straight or
profiled blades. Other disc mills perform the final fragmentation of material between the rotating
disc and a ring-like stator coaxial with the rotor (Eskin & Kalman, 2000). Extensive testing has
confirmed that shear and compression are predominant comminution mechanisms in these
types of mills.
In studying the process of disc mills the following assumptions are taken into consideration
(Eskin and Kalman, 2000; Farber and Graves, 2001):
•

Material is uniformly distributed with a low numerical concentration of particles; therefore
particle interaction is neglected;

•

The effect of gravity is neglected;

•

Material flows parallel to the rotating disc surface, without rolling, that intensifies the
shearing process of particles.

The percentage of required energy for particle acceleration is approximately the same for all
types of the blades (Eskin and Kalman, 2002).

Conclusions
This paper analyses the state-of-art of biomass size reduction using rotary equipment, as
presented in literature. The following biomass species have been mostly investigated:
switchgrass, cornstover, hickory wood, wheat, barley and rice straw.
A long-term desire in quantifying of biomass comminution processes would be:
•

Development of a comprehensive database of biomass properties (summary presented
in Table 1)

•

Imbedding biomass properties in mathematical models of size reduction processes
performed by different equipment.

Previous researches on hammer mill and knife mill reported some experimental results of
mechanical processing of biomass (Table 2) in terms of required specific processing energy.
Much more efforts and resources need to be spent in this direction.
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Analysis of type of actions (loadings), Figure 2), of active organs of rotary equipment lead to the
conclusion that further studies on material fragmentation processes as well as integration with
particle separation need to be done.
Following the classification and design analysis of existing rotary equipment (Table 3 and Figure
4), the paper presents the reasons in support of knife mill, hammer mill and disc mill selection
as the most appropriate equipment for biomass processing. Optimization of comminution
processes of such equipment as well as development of new equipment represent logical
research steps to be taken in the future.
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Appendix or Nomenclature
Table 1. Representative biomass physical and mechanical properties.
Mechanical Properties
Material
Type,
Variety

Material
parts,
Diameter
mm

Moisture
content,

Tensile
strength

Blade
angle,

MPa

°

% w.b.

Shear
strength
MPa

Yonge’s
modulus

Specifi
c

GPa

proces
s.
energy,

Authors /
Comments

KN/m
Switchgras
s, Alamo
Kanlow
Switchgras
s, Alamo
Kanlow

~ 55.3

72.2

-

21.2

~ 59.9

66.3

-

17.7

-

Switchgras
s, Alamo
Kanlow
Switchgras
s, Alamo
Kanlow
Switchgras
s, Alamo
Kanlow

~ 45.3

81.1

~ 48.5

92.4

-

21.5

Yu, M et al.,

19.3

2003;

~ 37.5

103.0

-

20.0

~ 35.4

72.1

-

17.7

~ 21.7

113.9

-

21.1

~ 21.5

102

-

17.7

~ 11.7

112.8

-

17.3

~ 14.1

120.5

-

19.2

Womac, A.R. et
al.,

Switchgras
s (dry)

Average

~ 9

127.3

30

25.8

78.00

3.2

~ 9

147.3

45

12.8

95.20

Cornstover
(dry)

Average

~ 9

30

1.85

27.94

18.9

~ 9

45

2.08

34.19

Hickory

Average

~ 13

30

16.77

121.99

(dry)

9.2

~ 13

45

24.92

160.07

Hickory

Average

~ 35

30

10.94

91.90

(fresh)

10.9

~ 35

45

13.41

114.31

8.2

26.8

5.46

6.39

Winter

9.9

23.4

5.14

5.89

Wheat
Straw

12.0

25.8

6.03

5.70

13.9

31.0

6.55

6.01

16.3

26.5

6.32

5.99

Variety
Mercia

Internode
diameter:

Womac et al.

O’Dogherty et
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Mercia,
(Fourth
stage of
maturity
Winter
Wheat
Straw
Var. Mercia
(Fourth
stage of
maturity)

Wheat
internodes
(dry)

al.

17.7

24.3

6.39

6.23

20.1

31.2

6.47

5.73

22.0

22.7

6.51

5.89

2.56 –
2.71

9.3

23.8

5.74

5.21

3.32 –
3.51

8.3

28.4

6.29

6.59

3.70 –
3.80

7.8

28.2

5.58

6.04

3.94 –
4.06

7.5

21.2

4.91

6.14

2.6 mm

26.9

5.10

3.70

12.90

3.8 mm

17.9

4.60

3.00

20.76

3.9 mm

15.0

4.40

2.60

15.70

3.5 mm

3.5

4.40

3.20

15.65

118.7

8.47

13.1

Kronbergs,
2000

4.8 - 6.6

Oran, 2002

4.1 –

Lakes, 2004

0.99-1.3

Hamman, 2005

0.26-

Wright, 2005

3.70 –
3.80

Wheat

10

Wheat
straw
Corn stover
Rice

1995

O’Dogherty et
al. 1995

8.36

4.17

Annoussamy et
al.,
2000

Palmowski

Table 2. Biomass mechanical processing data - a review.
Material
Type
Variety
Switchgrass

Initial / Final
size
mm
Bale / 2.510 cm

Moisture
content,
% w.b.

Equipment /
Process

7.5 –

- Chopping

N/A

14.9

- Fine grndg.

2.78 mm sieve
opening

55.9

5.6 mm opng.

44.9

10.3

2.5-10 cm /

Hammermill
/ 0.794
/ 1.588

Switchgrass

/ 3.175
/ 0.794

Bulk /
Particle
Density,
kg/m3

- Pelleting

Switchgrass

Equipment
Specifications

Required
Processing
Energy
kwh/t

Authors /
Comments

Jonasch,

74.5
Samson,
2000

62.62
8

51.83
Hammermill

23.50

Mani et al.

55.63

2002

13

/ 1.588

58.57

12

/ 3.175
Cornstover

/ 0.682

27.17
7

Hammill

/ 0.407
7.15 / 0.794
7.15 / 1.588
Cornstover

6.2
Hammermill

12

2003

6.96

Mani et al.

34.30

2002

11.04

/ 1.60

Hammermill

14.00

/ 3.20

9.60

/ 3.20

20.00
Knife mill

/ 6.35
/ 9.50
7.67 / 1.588

8.3

39.59
Hammermill

7.67 / 0.794
12

10.77

Mani et al.

45.32

2002

43.56

7.67 / 3.175
20.52 /0.794

Lopez,
1989

51.55

7.67 / 3.175
7.67 / 1.588

15.00

Cadoche
and

3.20

7.67 / 0.794

Barley straw

130.30
/ 1210

19.84

7.15 / 3.175

Wheat straw

3.18 mm sieve
opening

Mani et al.

14.79

7.15 / 0.794

Cornstover

111.73
/ 1085

22.07

7.15 / 3.175
7.15 / 1.588

6.35 mm sieve
opening

24.66
6.9

Hammermill

53.00

Mani et al.
2002

20.52 /1.588

27.09

20.52 /3.175

13.56

20.52 /0.794
20.52 /1.588

12

99.49
42.82
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Table 3. Classification of biomass comminution equipment
Equipment
Type

Description

Speed

Clearance

Specifications

Cylinder
cutterhead

20 m/s

Radial
gap

4 – 8 cutterhead knives
Knife rake angle
Knife helix angle
1 stationary knife
4 – 6 cutterhead knives
4 stationary knives or
counterhead knives

Rotary cutters
Wiley mill

Radial
gap

Schematic
representation
Figure 4-a

Figure 4-b

One-rotor shear
Figure 4-c

Axial gap
Rotary shears

Two-rotor shear
Indexable knife
shear
Block knife shear
Swing-hammer mill

Rotary
shredders

Shredders w/ pins
Shredders w/
knives
Shredders w/
toothed slats

Figure 4-d
Figure 4-e

Radial
gap
Radial
gap

4 – 8 rows w/knives

Figure 4-f

Axial gap
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a

b

c

e

d

f

Figure 4. Design of rotary equipment for biomass size-reduction
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Figure 5. Operation diagram of a hammer mill
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