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Abstract. The market for renewable energy from forest residues has
developed since the signing of the Kyoto Protocol to combat global climate
change and due to the significant increase in hydrocarbon prices, which has
also affected Russia. Many countries, such as Finland and Sweden, have
developed technologies to utilise bio-resources, in particular wood, as fuel.
This circumstance, as well as the tendency of domestic fuel prices to
equalise with the cost of energy carriers on the world market, has
contributed to an increased interest in the use of various fuels made from
waste wood. In order to use this type of fuel, the raw material is chopped
into chips of a certain size. The wood raw material is crushed by crushing
machines, which differ in their mobility, type of cutting equipment and the
type of chips produced. More than 70 % of the waste wood raw material is
found in clearcuts. For this reason, mobile chipper technology is the most
widely used in the forestry sector to produce the final product in the form
of wood chips.Significant design range of this equipment and high
efficiency proves the priority of its use in the production of fuel chips. The
existing methods of designing wood chipping equipment cannot fully
satisfy modern requirements for the development of new types of wood
chopping machines. In the practice of wood raw material chopping the
most widespread use has received straight knives, but they are
characterised by high energy consumption of the cutting process, and the
resulting chips do not meet the requirements for use in modern boiler units.
Therefore, the proposed design of stepped knives will allow levelling the
disadvantages of wood chopping by straight knives. The computer
modelling of the working process of wood chips production from wood
waste used in the research allows to carry out with a high degree of
accuracy a comparative automated analysis of the efficiency of wood waste
chopping by straight and stepped knives.

1 Introduction

The currently used cutting elements for chopping wood raw materials with different types
of equipment can be divided into the following types:
- chopping knives;
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- chip knives;

- crushing knives;

- hammer knives.

Chopping knives are used in chopping machines of hydrolysis-paper-pulp production.
They are intended for production of technological chips. They can also be used for
chopping of logging and sawmill waste.

Chopping knives are produced in the following types:

- knives with straight cutting edge;

- knives with an inclined cutting edge;

- knives with triangular cutting edge;

- knives with arc-shaped cutting edge.

Knives for chopping machines with straight cutting edge (GOST 17342-81) are
manufactured in two sizes:

-3116-0005: length 300 mm, width 85 mm, thickness 6 mm;

-3116-0006: length 460 mm, width 85 mm, thickness 10 mm.

Chipping knives according to TU14-1-1999-76 are a two-layer model: the cutting layer
is made of 6XC steel, and the body is made of 10 grade carbon steel according to GOST
1050-88.

Chipping knives are designed for production of technological chips from wood waste.

Chipping knives are subdivided into:

- knives with a straight cutting edge;

- comb knives with vertical cutting elements;

- comb knives with inclined cutting elements;

chip knives are manufactured in the following standard sizes:- length L = 276 - 525,5
mm;

- width B = 30-100 mm;

- thickness S =2 - 6 mm,;

- hardness 55-59 HRC.

The main technical documents for production of these tools are GOST 17315-71 and
TU 14-19-114-91. Chipping knives are made of alloyed tool steel 6XC.

Wood crushing is the last stage of processing of the initial material at one-stage or two-
stage production of chips for particleboards [1]. Chipper knives are manufactured in two
types:

- knives for chipboard with a straight cutting edge;

- knives for OSB with a straight cutting edge.

Chipboard knives with a straight cutting edge are made of DS steel and are designed for
finishing in one-stage or two-stage production of chipboard chips. The knives can also be
used for crushing wood waste (wood fuel). Knives are replaceable cutting parts of knife
drums used on crushing machines. They have a hardness of 55 - 57 HRC.Knives for OSB
with a straight cutting edge are made of DS steel and are designed for crushing wood in the
production of OSB boards.

The knives are also used for crushing wood waste and wood fuel production. Knives
with hardness 55 - 58 HRC are replaceable cutting parts of knife drums used on crushing
machines.

Morbark grinding hammer (website: www. niva-odin .ru / katalog /mobilnye
izmelchiteli morbark /mobilnyj izmelchitel morbark cyclone 8/) is designed for grinding
of complex materials and is the most wear-resistant hammer.

The hammer is coated with a layer of tungsten carbide compound, which allows the
hammer to be used for a longer period of time. The hammer is made of hardened steel with
heat-treated cutting edges, making this type of hammer wear-resistant and moderately
resistant to inclusions.
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On the basis of the study of forms and designs of knives used in cutting mechanisms of
mobile chippers it can be concluded that in the practice of wood waste shredding knives
with straight or slanted cutting edges are the most common and their design features do not
allow their full use in the shredding of felling residues in the conditions of clearcuts.

2 Review of existing work

The development of the theory of wood cutting is presented in the works of Deshevoy M.
A., Vernadsky A.L., Voskresensky S.A., Ivanovsky E.G., Grube A.E., Manzhos F.M. A
number of scientists, such as Valshchikov N. V., Litzman E.P., Rushnov N.I., Zavoyskikh
G.I, Popov N.I, and others. V., Litzman E.P., Rushnov N.I., Zavoyskikh G.I., Popov N.L.,
Avksentyev M.P. and others, investigated the process of wood chipping by chopping
machines. A significant contribution to the study of wood material processing processes
was made by such foreign researchers as: F. Kuhlmann and G. Palich (Germany), E.
Kivimaa (Finland), B. Tunnel (Sweden).

The analysis of these works allowed to identify the most significant problems, the
solution of which is aimed at increasing the efficiency of the process of wood raw material
grinding in disc chippers. Further development of the theory of creating chopping machines
can be the application of modern research technologies based on mathematical modelling
with the use of applied software [2].

Therefore, it is necessary to conduct additional research aimed at solving the problem of
designing chopping equipment based on computer simulation methods with subsequent
visualisation of the working process.

3 Materials and methods

A computer programme developed at the Department of Forestry and Landscape
Construction of the Federal State Budgetary Educational Institution of Higher Education
"Vavilov University" was used for a comparative automated analysis of the efficiency of
the working process of chopping forest residues with straight and stepped knives [3]. The
programme complex is written in the FORTRAN algorithmic language. The total volume of
the software package, including source and executable modules and database files, does not
exceed 130 Kb.

For the work of the complex (with possible subsequent processing of the obtained data
by graphic and textual means of information processing Windows) the minimum
requirements for a computer are: availability of the operating system Windows XP and
above, preferably the presence of interactive control system FAR Manager, Norton
Commander, Windows Commander or others. The amount of RAM is not less than 8 Mb.
The complex includes the following programme modules:

The main software module, which carries out numerical calculation of parameters of
cutting processes of felling residues with combined and traditional knives according to the
developed formulas, relations and algorithms.

This programme module contains a file of initial data, in which geometric, physical and
other characteristics and parameters necessary for calculations of parameters of cutting
processes are set.

2. the Main executable file at start of which the parameters of the constructed
mathematical model, the results of calculation and comparative characteristics of cutting
processes by combined and traditional knives are given out on the monitor screen,
calculated on initial data.
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Justification of the main parameters of the working process of forest residue shredding
was carried out on the basis of comparison of different characteristics (forces, moments,
power) of the stepped and straight knives [4]. At the first stage, the relative errors of the
considered characteristics were introduced in the following form:

n=%2r100% |, (1)

Xtr

where Xy is the characteristic of a three-blade combination knife (Figure 1); Xy is the
characteristic of a traditional single-blade knife (Figure 2).

¥ %
X /
‘ !
— I 1I
ﬁ. ~ 111 a
(O] (051 a (05}
o= -
by by b3
—T 1 |
Yy o

- m Il [

Fig. 1. General view of a cutting knife with three blades (stepped knife).

Let us carry out a qualitative comparative analysis of the basic formulae for all spatial
(x,y,z) forces acting on a stepped and straight knife in three-dimensional space and
separately for the cutting resistance forces (y direction only) of a stepped and straight knife
[5]

To compare the spatial (x,y,z) vectors of the forces acting on the stepped and straight
knife, the formula of the form (2) was used to relate the geometric angular characteristics of
the knives:

24 oin2 2 oin2
_ Xkxyz __[COSgtsing+2cosysing

nkxyz -

Xerxyz 1+3sinlz? ’ @)

where a is the angle of inclination of the cutting pad; f is the knife sharpening angle.
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Fig. 2. General view of a single-blade cutting knife (straight knife).

In the numerator of formula (2) is expressed the characteristic of the stepped knife, and
in the denominator - the characteristics of the straight knife.To compare the vectors of
cutting resistance forces (only y direction) acting on the stepped and straight knife, we
obtain a formula of the form (3), linking the geometric angular characteristics of the knives:

Xicy cosé+sinf3

n=2 Tl 3)

Xtry 1 +sinf3

where a is the angle of inclination of the cutting pad; f is the knife sharpening angle.

4 Results

According to the results of calculations carried out by formula 2, the topogram of the
function of two variables in the range of parameter variation 0 < a < 30°; 10 < £ < 300,
presented in Figure 3, is constructed.

Figure 4 shows the topogram of the function of two variables according to formula (3)
in the range of parameter variation 0 < a < 30°; 10 < < 30°.As we can see, in order to
reduce, i.e. to improve the characteristics of the knives, it is necessary to maximise the
angle of inclination of the cutting areas o and preferably to reduce the sharpening angle .

For example, at o = 30° and f = 10°, the cutting resistance forces will be reduced by
almost 25% compared to a straight knife when o = 0°. At & = 8° and f = 30°, the effect is
much smaller - cutting resistance forces will be reduced by 1+2 % compared to a straight
knife when a = 0° [6].
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Fig. 4. Dependence 7 (a,f3) for the vector of cutting resistance forces on y.

Let us perform more accurate numerical calculations using the constructed
mathematical model and the developed software package [7]. The main initial data for
justification of cutting process parameters of felling residues by different types of knives
and approximate ranges of their variation are presented in Table 1.

When substantiating the design elements of the mechanism of chopping of felling
residues of the disc chipper [3], the parameters with the following ranges were taken into
account:

- radius of the disc with knives R, m- 0,3...0,5;

- number of knives 7 , pcs.- 2...4;

- the size of the chop residue feeding window bx b, m - 0,3x0,3 ... 0,6x0,6.

At substantiation of technological parameters of the working process of chopping of
felling residues [4] of the disc chipper the parameters with the following ranges were taken
into account:

- angular speed of rotation of the disc with knives w, -s 60...100;

- feed of felling residues P, m- 0,01...0,03.
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When determining the best parameters for the groups presented above, the following
parameters were taken into account:

- for 1 and 3 groups of indicators the smallest value of the cutting force component Fy,
N;

- for the 2nd group of indicators the highest values of the disc chipper productivity P,
kg/s and cutting power N, W.

Table 1. Basic input data for justification of cutting process parameters of felling residues with

different types of knives.

Ne Designation Name 1, 2 knife

1 o1 Geometric parameter 8% 0°

2 02 Geometric parameter 4% 0°

3 B Geometric parameter 30°

4 L Geometric parameter 0,2+0,4 m;

5 bi Geometric parameter 0,1 m

6 b2- by Geometric parameter 0, m

7 bs - b2 Geometric parameter 0,1 m

8 aj Geometric parameter 0,007 m

9 a Maximum blade height 0,12 m

10 1) Maximum knife thickness 0,018 m

1 0 Average density of the solid medium of felling| 400+800 kg/m?

> residues 0,4+0,8 g/sm>

12 pN Knife material density 70702 /l;%l/ ;vl ’
13 pD Knife material density 70702 /1;%1/ 3M ’
14 ® Angular rotation speed of the blade disc 42,4+104,6 1/s
15 u Dynamic viscosity 0+10 N's/m?
16 f Dry sliding friction coefficient 0+10 N's/m
17 Vz Cutting residue feed rate 0,1+1 m/s
18 n Number of blades on the disc 2+4+8

19 h Thickness of the cut la.yer in the chopping 0,005-0,03 m

machine

20 R Radius of blade disc 0,48+0,76 m
21 hp Thickness of disc with knives 0,02+0,05 m
22 kn Cutting loss factor 0,8+0,95
23 ao Feeding window size for felling residues 0,3 m

23 bo Feeding window size for felling residues 0,3 m

Since the combined knife consists of three sections, the average value of the cutting
force component Fy was taken to determine the calculated parameters. To identify the
relationship between the factors affecting the cutting force component Fy of the slope angle
of the combined chopping blade sections o and geometric parameters b, the results of
computer calculation were processed using mathematical statistics methods [8].

After selection of mathematical models that adequately describe the relationship of the
above factors affecting the cutting force component Fy, N, response surfaces were
constructed, the analysis of which showed that the structural elements of the combined
chopping blade have the following parameters:

- knife inclination angle on the 1st section a1, deg.- 13...14;

- knife inclination angle on the 2nd section a1 , deg.- 5...5,5;

- knife inclination angle on the 3rd section a3, deg.- 0...0,005;

- geom. parameter of the knife on the 1 section b;,m- 0,02...0,14;

- geom. parameter of the knife on the 2nd section b,,m-0,04...0,13;



BIO Web of Conferences 145, 03012 (2024) https://doi.org/10.1051/biocont/202414503012
Forestry Forum 2024

- geom. parameter of the knife on the 3 site »3,m-0,04...0,10.

At the same time, the greatest value of the cutting force component Fy, N has on the 2nd
section of the combined knife and changes its values from 1104 N to 1111 N. The
minimum values of the cutting force component Fy are on the 3rd section and vary from 5,7
N to 502 N depending on the parameters of the knife inclination angle and geometric
parameter of the knife. At the same time, the significant factor is the angle of inclination a
of the combined knife sections. Based on the conducted experiments, it can be concluded
that for further research it is advisable to adopt the following design parameters of the
combined knife:

- the angle of inclination of knives on 1 section a1, deg.- 10;

- the angle of inclination of knives on the 2nd section a1», deg.- 5;

- knife inclination angle on the 3rd section a3, deg.- 0;

- geom. parameter of the knife on the 1 site ;,m- 0,1;

- geom. parameter of the knife on the 2nd section b,,m-0,1;

- geom. parameter of the knife at the 3rd site b3,m-0,1.

After selection of mathematical models, adequately describing the relationship of the
above factors affecting the productivity of the machine for chipping residues P, kg/s and
power N, W, response surfaces are constructed. The analysis of the obtained dependencies
showed that the productivity of the disk chipper increases with the following parameters:

- radius of disk with knives R, m- 0,25...0,55;

- number of knives 7 , pcs.- 2...6;

- the size of the feeding window of felling residues bx b, m - 0,2x0,2 ... 0,3x0,3.

It is established that the cutting power by knives of the new design has the maximum
value at the following parameters:

- radius of disk with knives R, m - 0,35...0,6;

- number of knives 7 , pcs.- 2...6;

- the size of the chop residue feeding window bx b,m - 0,35x0,35...0,6x0,6.

In this case, the significant factors are for the indicators:

- productivity of the disk chipper - the size of the chipper feeding window bx b, m;

- cutting power by knives of new design - number of knives n , pcs.

On the basis of the conducted experiments we can conclude that for further research it is
advisable to adopt the following design elements of the mechanism of chopping residues
chopping of the disk chipper:

- radius of disk with knives R, m- 0,3;

- number of knives # , pcs.- 4;

- the size of the feeding window of chipping residues bx b,m - 0,3.

Selection of mathematical models that allow to adequately assess the relationship of
design and technological parameters affecting the cutting force Fy, N, an apromoxy model
was built. Its analysis showed that the cutting force Fy decreases at the following
parameters:

- angular speed of rotation of disk with knives w, 1/-s 40;

- feed of felling residues P, m- 0,03.

The significant factor is the angular speed of rotation of the disk with knives w, !/s,
which affects the values of cutting force Fy, N, which increases 10 times (from 137.4 N to
1374.4) with a 4-fold increase in the angular speed of rotation of the disk with knives w, '/s.

On the basis of the conducted experiments it is possible to draw a conclusion that for
further researches it is expedient to accept the following technological parameters of the
working process of chopping of felling residues of the disk chopping machine:

- angular speed of rotation of disk with knives w, !/s 30...40;

- feeding of felling residues P, m- 0,001...0,06.
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The results of the conducted computer experiments fully confirmed the preliminary
theoretical numerical estimates of the parameters of the working process of wood chopping
by knives of different types. The analysis of the calculation results showed that the stepped
knife with the given parameters is more effective than the straight knife.

So the total moment of all forces of resistance to cutting, forces of viscous friction and
dry friction of sliding at the stepped knife on = 9,4 % less, than at the straight knife at their
given geometrical characteristics.

At the same time, the “contribution” of various components to such improvement of
characteristics of the stepped knife is different:

- reduction of forces and moment of cutting resistance forces proper amounted to = 0.4
and 0.2 %, respectively.

- reduction of forces and moment of viscous friction forces amounted respectively =~ 3,5
and 3,3 %.

- reduction of forces and moment of dry sliding friction forces amounted respectively =
4,9 and 5,9 %.

By the same % the energy characteristics (power of resistance forces) in the case of a
stepped knife are improved. The mass of the stepped knife is less than that of the straight
knife by = 6%. The index 2 = 0.63 s’!, which characterizes the duration of transient
processes at acting moments of resistance forces, practically did not change when using the
stepped knife [7].As can be seen from Table 2, the use of stepped knives is positive for all
performance indicators. Taking into account that the standard error in the theoretical study
is about 5%, the improvements of P, N and py are statistically significant.

Equipping the chopping disk with stepped knives instead of straight knives allows to
increase productivity by 10.3 %, which is achieved by cutting branches and reducing the
incidence of plucking and breaking them. The better the cutting workflow is expressed, the
higher the speed at which the branches of the cuttings can move in the machine, and
consequently the higher the productivity of the machine.

Table 2. Efficiency indicators of the chipper with straight and stepped knives.

. . . . Effect of equipping

Indicator Straight knives Stepped knives with stepped knives
Capacity P. kg/min 68 75 10.3 %
Average chip size d. sm 2.0 1.9 5.0%
Power consumed by the o
nachine N. kW 43 3.7 14.0 %
Chlppmg 'res1due velocity af] 073 077 559
the exit window. m/sec.
De'nsn.y of WOOd- pulp a}t the] 530 590 113 %
exit window. p exit. kg/m

The use of stepped knives allows to significantly (by 14.0 %) reduce the power
consumed by the machine. The reason is probably the same - stepped knives reduce the
number of branch detachment and breaking, which require high energy (and consequently
power) inputs. In addition, due to the more efficient movement of the branch along the
cutting edge, the cutting process itself is carried out with less energy, which also reduces
power consumption.

Due to more stable chopping, when using stepped knives, the wood pulp in the feed
chuck makes less chaotic movements, so it moves at a higher speed (5.5 % higher than with
straight knives) and is better compacted in the exit window area (11.3 % more dense).
Thus, equipping the chipper with stepped knives instead of straight knives allows to
significantly (from 5 to 14 %) improve the efficiency of the machine.
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5 Discussion

Previously, researchers have established that the method of determining cutting forces
through the specific forces of wedge introduction and specific friction forces of the side
edges of the knife with wood is the most acceptable and accurate method of calculating
cutting forces. However, the analytical calculations of cutting forces did not take into
account the nature of change in the specific forces of interaction between the side edges of
the knife and wood. Experimental methods of cutting force determination did not allow
measuring friction forces and normal lateral pressure in any position of the knife in the
section. The proposed algorithm for calculating cutting forces allows to eliminate these
shortcomings.

So the conducted computer research allowed the authors to establish that the best are the
following parameters of the cutting edge of the stepped knives: a1 = 10-15°; ap = 5,0-7,5°;
o3 = 5,0-7,5 mm, and for the values of the parameter 5;=0 and ;=100 mm, at which there
was no boundary between the first and second sections, the indexes of efficiency of
chopping of felling residues are worse than in the presence of the boundary, even displaced
towards the first or second section.

Therefore, dividing a stepped knife into three sections is more efficient than dividing a
knife of the same length into two sections. The best position of the boundary between the
first and second sections of the stepped knife is when b = 50 mm, when the lengths of the
first and second sections are the same [9,10]. The best rotational speed of the chopping disk
is 15-16 1/s, and the rotational speed of the rollers is 15-16 1/s. At such modes of operation
of the disk chipper the productivity is high enough and the power consumption is low, and
the chopped residues are reliably chopped without cases of back out [11,12].

6 Conclusion

On the basis of automated calculation the improvement of characteristics of cutting
processes at application of the considered stepped knife in comparison with a straight knife
is defined (on = 9 % on the sum of all moments of forces of resistance to cutting, forces of
viscous and dry friction). Computer researches of process of cutting by the stepped knife it
is established, that at its use occurs: reduction of forces and moment of forces of resistance
to cutting accordingly on 0,4 and 0,2 %; reduction of forces and moment of forces of
viscous friction made accordingly on 3,5 and 3,3 %; reduction of forces and moment of
forces of dry friction of sliding made accordingly on 4,9 and 5,9 %.

Indicator 4 = 0,63 s, characterizing the duration of transients at acting moments of
resistance forces, practically did not change when using a stepped knife.Equipping the
chipper with stepped knives instead of straight knives allows to improve the efficiency of
the machine: to increase productivity by 10.3%, reduce power consumption by 14.0% and
increase the density of wood pulp at the output of the device by 11.3%.The best parameters
of the cutting edge of the stepped knife are: a; = 10-15°; a, = 5.0-7.5°; a3 = 5.0-7.5 mm. If
the values of the parameters are higher or lower, cutting conditions worsen, and branch
detachment and fracture become more frequent.

The optimum rotation speed of the chopping disk is about 15-16 !/s, as in this range
stepped knives are 1.5-2 times more efficient than straight knives (in terms of productivity
and chip size).The division of the cutting edge of the knife into three sections, compared to
the division of the knife of the same length into two sections (with straight and inclined
edge) allows to improve the efficiency by 5-10 %. The best position of the boundary
between the sections of the knife with inclined cutting edges is the case »; = 50 mm, when
the lengths of the sections are the same. The following can be recommended as design

10
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parameters for stepped knives: section length 5 = 50 mm; section inclination angle a; = 10-
15°; a2 = 5.0-7.5°; a3 = 0°; knife length 150 mm.
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