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INTRODUCTION

Shredding is the process of dividing mate-
rial into particles, with the use of working units 
of machines overcoming the cohesion forces of 
the material. The result of shredding is the for-
mation of particles with smaller dimensions than 
the initial ones. Shredding of materials is used in 
order to increase the surface area of the particles 
to be shredded and to accelerate the speed of such 
processes as drying, mixing, dissolving, material 
transfer and their storage.

We are commonly dealing with the above-
mentioned processes in the agro-food or chemical 
industry. Of the many types of shredders, i.e. disc-
shredders, roller shredders and hammer shred-
ders, hammer shredders are the most widely used 
due to their shredding efficiency, especially for 
granular materials, what is repeatedly presented 

in the work of the authors of the article [1, 2]. 
In the earlier reports on experimental studies of 
the process of shredding granular material, a new 
design solutions of hammer shredders in terms of 
the impact of the selected design features on the 
shredding efficiency and quality of the material 
obtained is described by them. Zastempowski and 
Bochat [3] also present a test stand constructed 
by them for the purpose of verifying the devel-
oped mathematical models and the selection of 
design features and operating parameters. Ana-
lysing the available literature, it can be concluded 
that other researchers often analyse other design 
solutions of shredders. The aim of the works by 
Tomporowski [4] was to analyse and evaluate the 
technical conditions of the operating process of a 
disc mill used in the chemical and food industry. 
In this study, the relationships of the operational 
movement, states and transformation of particles 
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of the shredded granular material were analysed. 
Additionally, in the papers [5, 6] Kruszelnicka 
presented the results of research into the process 
of shredding rice grains carried out in an inno-
vative plate-roller mill design, where, depend-
ing on the angular velocity of the rollers and the 
width of the gap, the demand for power, yield 
and product quality were analysed, which made it 
possible to develop a model of integrated energy 
consumption. 

The objective of other researches on hammer 
shredders is also to minimise the energy input for 
the implementation of the process. Tekgular [7] 
analysed in his paper hammer shredders during 
the shredding of grain products, but in particu-
lar new screen solutions comparing round holes 
with longitudinal holes were analysed. Similar 
studies were conducted by Paraschiv [8], where 
the performance and design parameters of ham-
mer shredders for different hammer design solu-
tions and screen holes were analysed. From the 
analysis of the literature, the topic of the energy 
demand of the shredding process of grain mate-
rial is noted worldwide, and hammer shredders 
are the most common design in the implementa-
tion of the industrial grain milling process. This 
is also demonstrated by the studies presented by 
Wang [9, 10], who carries out an analysis of the 
mechanical properties of maize grain and iden-
tifies the key factors affecting the operation of 
a hammer shredder. Also the analysis of a new 
shredder screens design in order to improve the 
process efficiency has been conducted. Similar 
topics are covered by Kruszelnicka [11], where 
the mechanical properties of the material being 
shredded have been described and the issue of 
fracture energy of the material being shredded, 
which has implications for the design of new pro-
cessing machine designs, was discussed. The is-
sue of modelling and computer simulation of the 
bulk materials behaviour using DEM was dealt by 
the author in many works, as an important issue 
in the described shredding processes of granular 
materials is to have a reliable database of simula-
tion results is the acquisition of data in numerous 
scientific experiments [11, 12]. 

In many scientific papers, the impact of 
shredded material on the quality of food and feed 
products is also analysed, as the size of shredded 
particles plays a key role in animal growth and 
affects the overall health [13]. For this reason, 
three shredding technologies were analysed by 
Thomas in order to optimise the particle size [14]. 

The shredding process itself does not only refer to 
materials of plant origin, but is also related to the 
processing operations carried out within the re-
cycling of polymeric materials [15]. This is why 
this process is so important and topical in terms of 
technology, design, economics and impact on the 
environment. This is why many papers deal with 
the issues related to the construction materials 
used for the production of machine working as-
semblies due to their durability [16], to the mak-
ing of processing machine components taking 
into account the durability and geometry of tools 
[17], which finally influences the total manufac-
turing costs of processing machines and operating 
costs, e.g. energy consumption of the shredding 
process in terms of tool consumption, electricity 
and durability of working assemblies [18]. When 
analyzing the grinding process, one should also 
take into account the grinding of larger-sized 
materials, e.g. pieces of wood, as described by 
Warguła [19]. However, for this type of materi-
als machines and devices of a different design are 
used, as described in Spinelli’s works [20, 21].

However, there are no studies concerning the 
determination of the impact of the features and 
design parameters of the hammer mill on the ma-
terial circulation rate kr in the shredding cham-
ber and the unit load of the hammer mill work-
ing chamber qr. These are two very important 
indicators describing the structural design of the 
hammer shredder, which testify to the correct-
ness of its design. They determine the efficiency 
of the machine’s operation. In practice, the aim 
should be to reduce the circulation rate kr, as this 
guarantees a significant reduction in energy input 
for shredding the material and unnecessary time 
spent in the shredding chamber despite obtaining 
the correct granulometric composition. However, 
an increase in the load qr in the shredding cham-
ber indicates that it is functioning well. 

Therefore, as the aim of this study, it was as-
sumed to carry out experimental research on a tra-
ditional and a new design of a hammer shredder 
(design developed by the co-author according to 
the author’s patent [22] in the aspect of determin-
ing the value of the circulation rate kr of the mate-
rial in the shredding chamber and determining the 
load qr). At this point, it must be stated unequivo-
cally that in the available literature relating to this 
subject, if the circulation rate kr and the load qr of 
the grinder chamber are mentioned, it is nowhere 
stated what specific values these ratios assume.
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So, the research conducted should provide an-
swers to the research problems formulated in the 
form of questions:
1.	Shall the use of the new design of the ham-

mer shredder working unit reduce the material 
circulation rate kr in the shredding chamber 
and the shredding chamber unit load qr when 
shredding granular material?

2.	What impact do the selected features and de-
sign parameters of the hammer shredder work-
ing unit have on the material circulation rate 
kr in the shredding chamber and the shredding 
chamber unit load qr?

INDICATORS CALCULATION MODELS

In the available literature, there is no refer-
ence anywhere to the circulation value kr of the 
material in the shredding chamber of a shredder. 
However, it is only stated that the circulation rate 
kr should be as low as possible and can theo-
retically be calculated from the relationship de-
scribed in the paper [23]:

𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘 =
𝑡𝑡𝑡𝑡𝜐𝜐𝜐𝜐𝑚𝑚𝑚𝑚
2𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋

=
𝑀𝑀𝑀𝑀𝑘𝑘𝑘𝑘𝜐𝜐𝜐𝜐𝑚𝑚𝑚𝑚
𝑀𝑀𝑀𝑀𝑟𝑟𝑟𝑟2𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋

 

𝑀𝑀𝑀𝑀𝑟𝑟𝑟𝑟 =
𝑀𝑀𝑀𝑀𝑘𝑘𝑘𝑘

𝑡𝑡𝑡𝑡
 

𝑀𝑀𝑀𝑀𝑘𝑘𝑘𝑘 = 2𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋ℎ𝑚𝑚𝑚𝑚𝜚𝜚𝜚𝜚𝜚𝜚𝜚𝜚 

𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘 =
𝜋𝜋𝜋𝜋ℎ𝑚𝑚𝑚𝑚𝜚𝜚𝜚𝜚𝜚𝜚𝜚𝜚𝜐𝜐𝜐𝜐𝑚𝑚𝑚𝑚

𝑀𝑀𝑀𝑀𝑟𝑟𝑟𝑟
 

𝜚𝜚𝜚𝜚 =
𝑄𝑄𝑄𝑄𝑚𝑚𝑚𝑚
𝑄𝑄𝑄𝑄𝑝𝑝𝑝𝑝

 

𝑞𝑞𝑞𝑞𝑟𝑟𝑟𝑟 =
𝑀𝑀𝑀𝑀𝑟𝑟𝑟𝑟  
𝐷𝐷𝐷𝐷𝜋𝜋𝜋𝜋

 

𝑀𝑀𝑀𝑀𝑟𝑟𝑟𝑟 =
𝑚𝑚𝑚𝑚𝑠𝑠𝑠𝑠

𝑡𝑡𝑡𝑡𝑐𝑐𝑐𝑐
 

𝑡𝑡𝑡𝑡𝑐𝑐𝑐𝑐 = 𝑡𝑡𝑡𝑡𝑘𝑘𝑘𝑘 − 𝑡𝑡𝑡𝑡𝑝𝑝𝑝𝑝  

𝑀𝑀𝑀𝑀𝑟𝑟𝑟𝑟���� =  
∑𝑀𝑀𝑀𝑀𝑟𝑟𝑟𝑟

𝑘𝑘𝑘𝑘
 

𝐸𝐸𝐸𝐸𝑟𝑟𝑟𝑟 =
𝑁𝑁𝑁𝑁
𝑀𝑀𝑀𝑀𝑟𝑟𝑟𝑟

 

𝐸𝐸𝐸𝐸𝑟𝑟𝑟𝑟 =
𝑀𝑀𝑀𝑀𝑊𝑊𝑊𝑊𝑛𝑛𝑛𝑛

9549.30 𝑀𝑀𝑀𝑀𝑟𝑟𝑟𝑟
 

 

 

(1)

where: t − time the material stays in the shredding 
chamber; 			    
υm − the average velocity of the material 
circulating mass (according to experimen-
tal data it amounts to 0.4-0.5 of the periph-
eral speed of the hammers’ ends [23]); 	  
R − rotor radius; 	  
Mk − material mass that is temporarily in 
the shredding chamber;			     
Mr − capacity of the shredder.

Whereby the relationship occurs:
𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘 =
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𝑀𝑀𝑀𝑀𝑟𝑟𝑟𝑟2𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋

 

𝑀𝑀𝑀𝑀𝑟𝑟𝑟𝑟 =
𝑀𝑀𝑀𝑀𝑘𝑘𝑘𝑘

𝑡𝑡𝑡𝑡
 

𝑀𝑀𝑀𝑀𝑘𝑘𝑘𝑘 = 2𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋ℎ𝑚𝑚𝑚𝑚𝜚𝜚𝜚𝜚𝜚𝜚𝜚𝜚 

𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘 =
𝜋𝜋𝜋𝜋ℎ𝑚𝑚𝑚𝑚𝜚𝜚𝜚𝜚𝜚𝜚𝜚𝜚𝜐𝜐𝜐𝜐𝑚𝑚𝑚𝑚

𝑀𝑀𝑀𝑀𝑟𝑟𝑟𝑟
 

𝜚𝜚𝜚𝜚 =
𝑄𝑄𝑄𝑄𝑚𝑚𝑚𝑚
𝑄𝑄𝑄𝑄𝑝𝑝𝑝𝑝

 

𝑞𝑞𝑞𝑞𝑟𝑟𝑟𝑟 =
𝑀𝑀𝑀𝑀𝑟𝑟𝑟𝑟  
𝐷𝐷𝐷𝐷𝜋𝜋𝜋𝜋

 

𝑀𝑀𝑀𝑀𝑟𝑟𝑟𝑟 =
𝑚𝑚𝑚𝑚𝑠𝑠𝑠𝑠

𝑡𝑡𝑡𝑡𝑐𝑐𝑐𝑐
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(2)

The mass of a circulating layer of material 
with a ring-shaped cross-section can be expressed 
by the formula:
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𝑀𝑀𝑀𝑀𝑟𝑟𝑟𝑟 =
𝑀𝑀𝑀𝑀𝑘𝑘𝑘𝑘

𝑡𝑡𝑡𝑡
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𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘 =
𝜋𝜋𝜋𝜋ℎ𝑚𝑚𝑚𝑚𝜚𝜚𝜚𝜚𝜚𝜚𝜚𝜚𝜐𝜐𝜐𝜐𝑚𝑚𝑚𝑚
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𝑡𝑡𝑡𝑡𝑐𝑐𝑐𝑐
 

𝑡𝑡𝑡𝑡𝑐𝑐𝑐𝑐 = 𝑡𝑡𝑡𝑡𝑘𝑘𝑘𝑘 − 𝑡𝑡𝑡𝑡𝑝𝑝𝑝𝑝  

𝑀𝑀𝑀𝑀𝑟𝑟𝑟𝑟���� =  
∑𝑀𝑀𝑀𝑀𝑟𝑟𝑟𝑟

𝑘𝑘𝑘𝑘
 

𝐸𝐸𝐸𝐸𝑟𝑟𝑟𝑟 =
𝑁𝑁𝑁𝑁
𝑀𝑀𝑀𝑀𝑟𝑟𝑟𝑟

 

𝐸𝐸𝐸𝐸𝑟𝑟𝑟𝑟 =
𝑀𝑀𝑀𝑀𝑊𝑊𝑊𝑊𝑛𝑛𝑛𝑛

9549.30 𝑀𝑀𝑀𝑀𝑟𝑟𝑟𝑟
 

 

 

(3)

where: L − rotor length;	  
hm − thickness of the circulating material 
layer (equal to the value of the hammer 
gap between the hammer ends and the 
screen hm = s); 				     
ϱ − shredded material density;	   
λ − material concentration factor.

Therefore, after transformations we have:

𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘 =
𝑡𝑡𝑡𝑡𝜐𝜐𝜐𝜐𝑚𝑚𝑚𝑚
2𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋

=
𝑀𝑀𝑀𝑀𝑘𝑘𝑘𝑘𝜐𝜐𝜐𝜐𝑚𝑚𝑚𝑚
𝑀𝑀𝑀𝑀𝑟𝑟𝑟𝑟2𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋

 

𝑀𝑀𝑀𝑀𝑟𝑟𝑟𝑟 =
𝑀𝑀𝑀𝑀𝑘𝑘𝑘𝑘

𝑡𝑡𝑡𝑡
 

𝑀𝑀𝑀𝑀𝑘𝑘𝑘𝑘 = 2𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋ℎ𝑚𝑚𝑚𝑚𝜚𝜚𝜚𝜚𝜚𝜚𝜚𝜚 

𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘 =
𝜋𝜋𝜋𝜋ℎ𝑚𝑚𝑚𝑚𝜚𝜚𝜚𝜚𝜚𝜚𝜚𝜚𝜐𝜐𝜐𝜐𝑚𝑚𝑚𝑚

𝑀𝑀𝑀𝑀𝑟𝑟𝑟𝑟
 

𝜚𝜚𝜚𝜚 =
𝑄𝑄𝑄𝑄𝑚𝑚𝑚𝑚
𝑄𝑄𝑄𝑄𝑝𝑝𝑝𝑝

 

𝑞𝑞𝑞𝑞𝑟𝑟𝑟𝑟 =
𝑀𝑀𝑀𝑀𝑟𝑟𝑟𝑟  
𝐷𝐷𝐷𝐷𝜋𝜋𝜋𝜋
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𝑡𝑡𝑡𝑡𝑐𝑐𝑐𝑐
 

𝑡𝑡𝑡𝑡𝑐𝑐𝑐𝑐 = 𝑡𝑡𝑡𝑡𝑘𝑘𝑘𝑘 − 𝑡𝑡𝑡𝑡𝑝𝑝𝑝𝑝  
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(4)

While the values of L, hm and υm result from 
the features and design parameters of the shredder, 
the value of 𝜚 can be adopted from the literature or 
determined experimentally. On the other hand, the 
quantities λ and Mr require experimental determi-
nation. At this point, it is stated by the authors that 
a detailed study of the concentration factor value 
λ for hammer shredders was conducted by Kal-
waj [24]. It was assumed by the researcher that the 
value of λ is described by the relation:
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where: Qm − mass stream of material to be shred-
ded, [kg]; 				     
Qp − stream of air mass, [kg].

On the basis of conducted experimental stud-
ies, it was presented that the value of the λ coef-
ficient during grinding of barley (spring Antek) 
for the diameters of the holes in the screen of the 
hammer shredder: 3; 4; 5 and 6 mm were respec-
tively: 0.92; 1.26; 1.48 and 1.52. 

To summarise, at the stage of designing ham-
mer shredders, in order to achieve greater effi-
ciency and lower specific energy consumption for 
material shredding it is necessary to strive for a 
reduction in the circulation rate.
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(6)

where: D − rotor diameter.

It follows from relation (6) that if the values 
of D and L are constant for a given design form of 
the shredder, then in order to calculate the qr in-
dex, it is necessary to know the shredder capacity 
Mr, which should be determined experimentally. 
This issue was addressed by the authors specifical-
ly for the purpose of this study and the impact of 
independent variables of the adopted experiment 
(chapter 4) on the value of Mr, which in effect al-
lows for kr and qr was determined by them.
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ESSENCE OF THE TRADITIONAL AND 
NEW HAMMER SHREDDER DESIGN

The basic components of a typical hammer 
shredder are the rotor with pendulum or rig-
idly mounted hammers, the shredder screen or 
screens, the shredding plate or plates and the sup-
port structure with the drive system. In hammer 
shredders, the material is moved from the feed 
hopper into the working space where the rotor 
with the hammers is located. The supplied mate-
rial under the impact of the hammers reaches a 
considerable speed (40–110 m s-1) and moves on 
a circular path hitting the shredding plates, if any, 
the screen and also each other [23]. As a result 
of the impact forces, the material to be shredded 
remains in the shredding chamber for as long as 
the particle size is smaller than the screen holes. 

The disadvantage and inconvenience of the 
known traditional design solutions of hammer 
shredders is their low efficiency in relation to en-
ergy consumption which was described in papers 
[25]. This is determined mostly by the rotor design, 
where the hammers have the shape of rectangular 
plates. As an effect of this, under the impact of the 
beating hammers, the material particles start to 
move along a path approximating that of a circle. 
They form a thin swirling layer around the inner 
circumference of the shredding chamber , which 
means that, although the degree of comminution 
is sometimes sufficient, the material still circulates 
for quite a long time before it passes through the 
screen holes. The design of a traditional hammer 
shredder rotor is resented in Figure 1.

The essence of the new design is that the work-
ing unit of the shredder consists of a disc-shaped 

Fig. 1. Design solution of a conventional hammer shredder rotor with rectangular hammers α = 0°: 1-rotor 
shaft, 2-rotor carrier disc, 3-prismatic key, 4-stopper ring, 5-hammer, 6-pin, 7,8-spacer ring, 9- stopper ring

Fig. 2. Design solution of the new hammer shredder rotor with hammers in the shape of a circular section 
φ = 45° (construction developed by co-author of the paper according to own patent [22]; 1-rotor shaft, 
2-rotor support disc, 3-prismatic key, 4-stopper ring, 5-hammer, 6-pin, 7,8-spacer ring, 9-stopper ring)
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rotor mounted on a shaft, to which the beaters 
are pendulously attached. The hammers have the 
shape of plates in the form of a circular section 
with the opening angle of 45°, while the hammer 
mounting hole is located on the symmetry axis of 
the circular section near its arch base (construc-
tion developed by the co-author of this paper ac-
cording to own patent; Patent of the Republic of 
Poland no. 173497). Such a design of the rotor of 
a hammer shredder will result in the particles of 
the material to be shredded, hit by the hammers, 
not moving along a circular path and not forming 
a spinning ring, but moving approximately radi-
ally in relation to the screens and immediately hit-
ting them. This results in faster passage of materi-
al through the screen holes. The new design of the 
hammer shredder rotor is presented in Figure 2.  
The geometrical features of hammers analyzed by 
the authors are presented in Figure 3.

THE RESEARCH METHODOLOGY

Experiment

For the implementation of the experiment, a 
research design was adopted that assumes a cor-
relation between the independent variables and 
the dependent variable.

The following were adopted as independent 
variables in the experiment:
	• hammers angle φ […˚],
	• screen holes diameter d [mm], 
	• hammer gap value s [mm],
	• the peripheral speed of the hammer ends υ [m s-1].

However, as dependent variables defining the 
shredder design, the following were adopted:
	• material circulation rate in the shredding 

chamber kr;
	• shredder chamber unit load qr [kg s-1m-2].

In addition, it was assumed in the experiment 
that the following would be controlled:
	• shredder output Mr,
	• unit shredding energy Er,
	• share of the individual fractions in the shred-

ded material X.

The following were adopted as fixed factors:
	• relative air humidity w [%],
	• air temperature t [C˚].

The experiment was carried out under con-
stant ambient conditions, with an average ambi-
ent temperature of 22.4 °C and an average humid-
ity of 45.6%.

For the implementation of the study, the ma-
terial adopted was: barley grain (spring Antek). 
This material was chosen for the study because 
of the [1, 2]: 
	• widespread cultivation and use for food and 

feed purposes,
	• the highest resistance to mechanical stress 

among cereal seeds.

The main physical properties of the barley 
grains were determined prior to the implementa-
tion of the experimental shredding process and 
are presented in Table 1.

The independent variables adopted in the ex-
periment were defined as follows:

Fig. 3. Geometric features of hammers: a) a hammer in the shape of  
a circular result φ = 45°, b) rectangular hammer φ = 0°
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1.	The hammers angle φ, in the conducted ex-
periment, two design solutions of the rotor were 
tested: the traditional solution with rectangular 
hammers and three new designs of the rotor with 
hammers in the circular section shape. A charac-
teristic geometric feature of the tested designs 
was the hammers angle (φ), measured between 
the opposite face surfaces. For a conventional 
design of a hammer shredder rotor with rectan-
gular hammers, the hammer angle is 0°;

2.	The holes diameter in the screens d is a val-
ue that determines the shredding degree. 
The screens used in the conducted tests were 
smooth screens with hole diameters of 3 and 
5 mm, screen thickness of 3 mm and a 360° 
shredder chamber wrap angle;

3.	The hammer gap s is the space contained be-
tween the ends of the rotating hammers and the 
shredder screen inner surface;

4.	The peripheral speed of the hammers υ is de-
fined as the product of the angular speed of the 
shredder shaft and the radius traced by the ends 
of the rotating hammers. 

The independent variables and their values 
have been selected based on the extensive litera-
ture studies carried out in the field of agro-food 
and chemical industry machinery theory and de-
sign, as well as on numerous own studies carried 
out by the authors of the paper. 

Experimental tests were planned for two rotor 
design solutions of the hammer shredder, three 

values of the hammer gap, two values of screen 
hole diameters and five values of hammer ends 
peripheral speed. The values of these figures are 
presented in Table 2.

When selecting the values of the independent 
variables, the following criteria were followed:
1.	The traditional design of the rotor with ham-

mers in a rectangular shape (φ = 0°) is com-
monly used in currently manufactured hammer 
shredders. The new design of the shredder ro-
tor is equipped with hammers in the shape of a 
circular section (φ = 45°).

2.	The size of the hammer gap was adopted on the 
basis of empirical studies carried out to date, as 
a result of which the range of values used was 
determined;

3.	Depending on the type of material to be shred-
ded and the expected degree of shredding, 
screens with different hole diameters are com-
monly used in industrial hammer shredders. 
The holes diameter in the screens determine 
the shredding degree and the shredder output. 
In the experiment conducted, smooth screens 
with hole diameters of 3 and 5 mm were used, 
which are commonly used for shredding barley;

4.	The range of peripheral speeds of the hammer 
ends was selected on the basis of the conducted 
preliminary studies of the author. The selection 
criterion of the shredding speed consisted in 
determining the minimum hammer ends pe-
ripheral speed at which the process of barley 
grain shredding occurs without disturbances. 

Table 1. Main physical properties of the material to be shredded
Parameter Unit Value

Type of cereal - barley

Cereal variety - spring Antek

Length [mm] 9.57

Width [mm] 3.62

Thickness [mm] 2.59

Alternate diameter [mm] 3.85

Bulk density [kg m-3] 641.05

Relative humidity [%] 12.68

Table 2. Summary of independent variable values

Variables
Values of independent variables

x1 x2 x3 x4 x5

In
de

pe
nd

en
t 

va
ria

bl
es

φ  [...°] 0 45

s [mm] 10 15 20

d [mm] 3 5

𝜐 [ms-1] 38 45 52 59 66
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In the course of the conducted research, the 
following were recorded automatically using a 
computer system:
	• shredding time of the material sample,
	• mass of the sample material before and after 

shredding,
	• humidity of the material before shredding,
	• percentage share of each fraction in the shred-

ded material,
	• the material temperature before and after 

shredding.

Furthermore, the following values were 
measured:
	• rotation speed of the rotor with the hammers,
	• torque at the rotor shaft with hammers. 

Whereby the measurement of the rotational 
speed, torque on the rotor shaft and the weight 
of the shredded material at a given time were 
carried out in order to comply with the imposed 
conditions of the experiment, as well as the cur-
rent control of the efficiency and specific energy 
consumption of the shredder.

Additionally, in order to maintain the same 
external test conditions, the temperature and hu-
midity in the laboratory were controlled. 

The necessary number of replications during 
the fundamental tests was set at k = 6. 

The experiment was scheduled according to 
a four-factor cross classification of the type 2 × 
(3 × 2 × 5). 

Test stand

In order to conduct the research on the pro-
cess of barley shredding with a hammer shredder, 
a test stand was designed and constructed, con-
sisting of the following components:
	• a modified hammer shredder of the WIR RB-

1.3 type, in which the working unit - rotor was 
changed (a traditional rotor or a rotor with a 
new design was used),

	• apparatus and measuring instruments,
	• computer system for data archiving and 

processing. 

The object of the experimental tests was the 
WIR RB-1.3 hammer shredder, equipped during 
the tests with the traditional or new rotor design, 
the technical data of the shredder is presented in 
Table 3.

Measurements methods

In order to carry out the experimental tests, the 
following measurement methods were applied:

Fig. 4. View of test stand: 1-Hammer shredder WIR RB-1.3, 2-Poly-Norm claw coupling, 3-torque meter with 
tachometer type MIR20, 4-belt gearbox, 5-electric motor 7 kW, 380V, 6-control box including Lenze SMD 
frequency converter, 7-transmission cable for torque, 8-transmission cable for rotational speed, 9-two-channel 
meter MW2006-4, 10-transmission cable USB type, computer system with data recording program PP203 and 
author’s calculation program RB01, 12-supporting structure
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1.	Measurements of humidity and air temperature 
in the laboratory were taken with a HUMI-
PORT 10 meter; 

2.	Measurements of the moisture content and 
temperature of the barley samples to be shred-
ded were taken using a halogen moisture anal-
yser HR83;

3.	Measurement of the bulk density of the bar-
ley grains tested was taken with a WGILAB 
- RDW - 143 densitometer;

4.	Measurement of the weight of the grain sam-
ples before and after shredding was taken using 
an Axis B15 platform balance;

5.	Method for determining the rotational speed of 
the hammer shredder rotor. According to the ad-
opted research plan, 5 peripheral speeds of the 
hammer ends were determined. The peripheral 
velocity υ is the product of the angular velocity 
of the rotor 𝜔 and the radius encompassed by the 
rotating rotor of the hammer shredder R. There-
fore, υ = ωR. The rotor of the hammer shredder 
is driven by an electric motor via a belt transmis-
sion with toothed belt. The rotational speed of the 
electric motor is controlled by a Lenze frequency 
converter. The measurement of the shredder ro-
tor speed and the torque on the rotor shaft was 
carried out using test equipment MW2006-4 
and MIR20. During the implementation of the 
experimental tests with the PP203 software, the 
torque, rotational speed of the hammer shredder 
rotor and the time were registered;

6.	The method for measuring the shredder capac-
ity. The hammer shredder capacity Mr was deter-
mined experimentally by measuring the grinding 

time of the test samples and their weight. An 
Axis B15 platform balance was used to measure 
the weight of the shredded material. The sam-
ples shredding time was read out from the graph 
showing the torque as a function of the shredding 
time. The beginning and end of the shredding 
process are determined from the torque diagram. 
The shredding start time tp and shredding end 
time tk are automatically provided by the soft-
ware for the indicated points on the time axis tr. 
The shredder output during shredding of the test 
sample was calculated from relation (7), while 
the arithmetic mean shredder output taking into 
account the number of replications was calcu-
lated according to the equation:
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9549.30 𝑀𝑀𝑀𝑀𝑟𝑟𝑟𝑟
 

 

 

(7)

𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘 =
𝑡𝑡𝑡𝑡𝜐𝜐𝜐𝜐𝑚𝑚𝑚𝑚
2𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋

=
𝑀𝑀𝑀𝑀𝑘𝑘𝑘𝑘𝜐𝜐𝜐𝜐𝑚𝑚𝑚𝑚
𝑀𝑀𝑀𝑀𝑟𝑟𝑟𝑟2𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋
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𝑄𝑄𝑄𝑄𝑝𝑝𝑝𝑝

 

𝑞𝑞𝑞𝑞𝑟𝑟𝑟𝑟 =
𝑀𝑀𝑀𝑀𝑟𝑟𝑟𝑟  
𝐷𝐷𝐷𝐷𝜋𝜋𝜋𝜋

 

𝑀𝑀𝑀𝑀𝑟𝑟𝑟𝑟 =
𝑚𝑚𝑚𝑚𝑠𝑠𝑠𝑠

𝑡𝑡𝑡𝑡𝑐𝑐𝑐𝑐
 

𝑡𝑡𝑡𝑡𝑐𝑐𝑐𝑐 = 𝑡𝑡𝑡𝑡𝑘𝑘𝑘𝑘 − 𝑡𝑡𝑡𝑡𝑝𝑝𝑝𝑝  
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(8)

𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘 =
𝑡𝑡𝑡𝑡𝜐𝜐𝜐𝜐𝑚𝑚𝑚𝑚
2𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋

=
𝑀𝑀𝑀𝑀𝑘𝑘𝑘𝑘𝜐𝜐𝜐𝜐𝑚𝑚𝑚𝑚
𝑀𝑀𝑀𝑀𝑟𝑟𝑟𝑟2𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋

 

𝑀𝑀𝑀𝑀𝑟𝑟𝑟𝑟 =
𝑀𝑀𝑀𝑀𝑘𝑘𝑘𝑘

𝑡𝑡𝑡𝑡
 

𝑀𝑀𝑀𝑀𝑘𝑘𝑘𝑘 = 2𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋ℎ𝑚𝑚𝑚𝑚𝜚𝜚𝜚𝜚𝜚𝜚𝜚𝜚 

𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘 =
𝜋𝜋𝜋𝜋ℎ𝑚𝑚𝑚𝑚𝜚𝜚𝜚𝜚𝜚𝜚𝜚𝜚𝜐𝜐𝜐𝜐𝑚𝑚𝑚𝑚

𝑀𝑀𝑀𝑀𝑟𝑟𝑟𝑟
 

𝜚𝜚𝜚𝜚 =
𝑄𝑄𝑄𝑄𝑚𝑚𝑚𝑚
𝑄𝑄𝑄𝑄𝑝𝑝𝑝𝑝

 

𝑞𝑞𝑞𝑞𝑟𝑟𝑟𝑟 =
𝑀𝑀𝑀𝑀𝑟𝑟𝑟𝑟  
𝐷𝐷𝐷𝐷𝜋𝜋𝜋𝜋

 

𝑀𝑀𝑀𝑀𝑟𝑟𝑟𝑟 =
𝑚𝑚𝑚𝑚𝑠𝑠𝑠𝑠

𝑡𝑡𝑡𝑡𝑐𝑐𝑐𝑐
 

𝑡𝑡𝑡𝑡𝑐𝑐𝑐𝑐 = 𝑡𝑡𝑡𝑡𝑘𝑘𝑘𝑘 − 𝑡𝑡𝑡𝑡𝑝𝑝𝑝𝑝  
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(9)

where: Mr – shredder capacity when grinding the 
test sample [kg s-1];			     
ms – shredded test sample mass [kg]; 	  
tc – duration of shredding of a single test 
sample [s]; 				     
tk – completion time of single test sample 
grinding [s];				     
tp – starting time of single test sample 
grinding [s]; 			    
Mr – shredder mean arithmetic capacity 
[kg s-1];	  				     
k – number of replications.

Table 3. Technical data of the shredder WiR RB-1.3
Technical specification Value Unit

Maximum number of shredder rotor revolutions 3000 [rev. min-1]

Number of hammers 16 [pcs.]

Number of exchangeable screens 2 [pcs.]

Dimensions of screen holes 3; 5 [mm]

Width of screens 106 [mm]

Diameter of rotor with hammers:

- for a hammer gap equal to 20 mm 414 [mm]

- for a hammer gap equal to 15 mm 424 [mm]

- for a hammer gap equal to 5 mm 434 [mm]

Maximum number of motor revolutions 1455 [rev min-1]

Engine power 7 [kW]

Height of the baghouses 730 [mm]

Height of the hopper edge 1200 [mm]

Electric motor marking Sg112M4 -
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7.	Method of the unit energy consumption deter-
mination. The unit energy required to carry out 
the material shredding process is a function of 
the power consumption of the working unit of 
the hammer shredder relative to the amount of 
material shredded. When considering this pro-
cess in relation to a unit of mass, the formula 
for specific energy takes the form of (10):

𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘 =
𝑡𝑡𝑡𝑡𝜐𝜐𝜐𝜐𝑚𝑚𝑚𝑚
2𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋

=
𝑀𝑀𝑀𝑀𝑘𝑘𝑘𝑘𝜐𝜐𝜐𝜐𝑚𝑚𝑚𝑚
𝑀𝑀𝑀𝑀𝑟𝑟𝑟𝑟2𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋

 

𝑀𝑀𝑀𝑀𝑟𝑟𝑟𝑟 =
𝑀𝑀𝑀𝑀𝑘𝑘𝑘𝑘

𝑡𝑡𝑡𝑡
 

𝑀𝑀𝑀𝑀𝑘𝑘𝑘𝑘 = 2𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋ℎ𝑚𝑚𝑚𝑚𝜚𝜚𝜚𝜚𝜚𝜚𝜚𝜚 

𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘 =
𝜋𝜋𝜋𝜋ℎ𝑚𝑚𝑚𝑚𝜚𝜚𝜚𝜚𝜚𝜚𝜚𝜚𝜐𝜐𝜐𝜐𝑚𝑚𝑚𝑚

𝑀𝑀𝑀𝑀𝑟𝑟𝑟𝑟
 

𝜚𝜚𝜚𝜚 =
𝑄𝑄𝑄𝑄𝑚𝑚𝑚𝑚
𝑄𝑄𝑄𝑄𝑝𝑝𝑝𝑝

 

𝑞𝑞𝑞𝑞𝑟𝑟𝑟𝑟 =
𝑀𝑀𝑀𝑀𝑟𝑟𝑟𝑟  
𝐷𝐷𝐷𝐷𝜋𝜋𝜋𝜋

 

𝑀𝑀𝑀𝑀𝑟𝑟𝑟𝑟 =
𝑚𝑚𝑚𝑚𝑠𝑠𝑠𝑠

𝑡𝑡𝑡𝑡𝑐𝑐𝑐𝑐
 

𝑡𝑡𝑡𝑡𝑐𝑐𝑐𝑐 = 𝑡𝑡𝑡𝑡𝑘𝑘𝑘𝑘 − 𝑡𝑡𝑡𝑡𝑝𝑝𝑝𝑝  

𝑀𝑀𝑀𝑀𝑟𝑟𝑟𝑟���� =  
∑𝑀𝑀𝑀𝑀𝑟𝑟𝑟𝑟

𝑘𝑘𝑘𝑘
 

𝐸𝐸𝐸𝐸𝑟𝑟𝑟𝑟 =
𝑁𝑁𝑁𝑁
𝑀𝑀𝑀𝑀𝑟𝑟𝑟𝑟

 

𝐸𝐸𝐸𝐸𝑟𝑟𝑟𝑟 =
𝑀𝑀𝑀𝑀𝑊𝑊𝑊𝑊𝑛𝑛𝑛𝑛

9549.30 𝑀𝑀𝑀𝑀𝑟𝑟𝑟𝑟
 

 

 

(10)

𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘 =
𝑡𝑡𝑡𝑡𝜐𝜐𝜐𝜐𝑚𝑚𝑚𝑚
2𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋

=
𝑀𝑀𝑀𝑀𝑘𝑘𝑘𝑘𝜐𝜐𝜐𝜐𝑚𝑚𝑚𝑚
𝑀𝑀𝑀𝑀𝑟𝑟𝑟𝑟2𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋

 

𝑀𝑀𝑀𝑀𝑟𝑟𝑟𝑟 =
𝑀𝑀𝑀𝑀𝑘𝑘𝑘𝑘

𝑡𝑡𝑡𝑡
 

𝑀𝑀𝑀𝑀𝑘𝑘𝑘𝑘 = 2𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋ℎ𝑚𝑚𝑚𝑚𝜚𝜚𝜚𝜚𝜚𝜚𝜚𝜚 

𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘 =
𝜋𝜋𝜋𝜋ℎ𝑚𝑚𝑚𝑚𝜚𝜚𝜚𝜚𝜚𝜚𝜚𝜚𝜐𝜐𝜐𝜐𝑚𝑚𝑚𝑚

𝑀𝑀𝑀𝑀𝑟𝑟𝑟𝑟
 

𝜚𝜚𝜚𝜚 =
𝑄𝑄𝑄𝑄𝑚𝑚𝑚𝑚
𝑄𝑄𝑄𝑄𝑝𝑝𝑝𝑝

 

𝑞𝑞𝑞𝑞𝑟𝑟𝑟𝑟 =
𝑀𝑀𝑀𝑀𝑟𝑟𝑟𝑟  
𝐷𝐷𝐷𝐷𝜋𝜋𝜋𝜋

 

𝑀𝑀𝑀𝑀𝑟𝑟𝑟𝑟 =
𝑚𝑚𝑚𝑚𝑠𝑠𝑠𝑠

𝑡𝑡𝑡𝑡𝑐𝑐𝑐𝑐
 

𝑡𝑡𝑡𝑡𝑐𝑐𝑐𝑐 = 𝑡𝑡𝑡𝑡𝑘𝑘𝑘𝑘 − 𝑡𝑡𝑡𝑡𝑝𝑝𝑝𝑝  

𝑀𝑀𝑀𝑀𝑟𝑟𝑟𝑟���� =  
∑𝑀𝑀𝑀𝑀𝑟𝑟𝑟𝑟

𝑘𝑘𝑘𝑘
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𝑁𝑁𝑁𝑁
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𝐸𝐸𝐸𝐸𝑟𝑟𝑟𝑟 =
𝑀𝑀𝑀𝑀𝑊𝑊𝑊𝑊𝑛𝑛𝑛𝑛
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(11)

where: Er – unit shredding energy [kJ kg-1]; 	  
N – power consumption of the shredder 
working unit [kW]; 			    
Mr – shredder capacity [kg s-1];	   
MW – torque necessary to overcome shred-
ding resistance [Nm]; 			    
n – shredder rotor rotational speed [rev 
min-1].

8.	The method for the shredded fractions of bar-
ley grains measuring. In order to determine the 
percentage share of shredded grain fractions, 
samples of 100 g were taken for each replication 
at the test point analysed. Then, screening anal-
ysis was conducted using a laboratory shaker 
LPZE-01, in accordance with Polish Standard 
PN-R-64798. The shredded grain fractions on 
the shaker base, screens with square mesh sizes 
of 0.8; 1 and 2 mm, were weighed by using an 
Axis AD510R precision balance. The shredded 

grains were divided into three major fractions: 
dusty X1JE, fine X2JE, coarse X3JE. In Figure 5, an 
example of a photo of shredded barley with the 
specific features and design parameters of the 
tested hammer shredder is shown.

RESULTS

The results of the conducted experimental 
tests and the relevant calculations are included 
in table 4. At the stage of calculations, the rotor 
diameters with hammers were assumed to be D 
= 414; 424 and 434 mm, which correspond to the 
dimension of the hammer gap s = hm = 20; 15 i 
5 mm. On the other hand, the length of the rotor 
with hammers in each case was L = 80 mm.

On the basis of the obtained tests results pre-
sented in Table 4, their statistical analysis was 
conducted. The analysis showed that a significant 
effect on the circulation rate kr of the material in 
the hammer shredder shredding chamber at the 
significance level α = 0.05 has been exerted by all 
the adopted independent variables, i.e.: hammer 
angle φ (traditional or new design of the hammer 
shredder, diameter of holes in screens d, hammer 
gap s value, hammer ends υ peripheral speed. The 
same applies to the shredding chamber load anal-
ysis, where all the assumed independent variables 
have a significant impact on the value qr.

From the analysis of the bar graphs presented 
in Figures 6 and 7, it clearly appears that together 
with an increase in the peripheral velocity of the 

Fig. 5. Exemplary photo of shredded barley accumulated on the screen of a laboratory shaker with square mesh 
size ds = 2 mm for peripheral velocity of hammer ends 𝜐 = 59 m s-1, hammer gap s = 15 mm, screen holes d = 5 
mm, hammers’ angle α = 45°
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Table 4. Results of experimental tests obtained during the implementation of the experiment

No.

Independent variables Dependent variables Controlled variables

Hammers’ 
angle

Value 
of the 

hammer 
gap

Diameter 
of 

holes in 
screens

Peripheral 
speed of the 

hammer ends

Circulation 
rate of the 
shredded 
material

Shredder 
chamber 

load

Shredder 
capacity

Unit 
shredding 

energy

Share of individual fractions 
in the shredded material X

X1 - dusty, X2 - fine,
X3 - coarse

φ [°] s [mm] d [mm] 𝜐 [m s-1] kr
qr 

[kg s-1m-2]
Mr 

 [kg s-1]
Er  

[kJ kg-1] X1 [%] X2 [%] X3 [%]

1 2 3 4 5 6 7 8 9 10 11 12

1 0 10 3 38 458.50 1.13 3.91.10-2 40.76 23.89 45.85 30.26

2 0 10 3 45 388.12 1.58 5.47.10-2 37.22 25.89 47.12 26.99

3 0 10 3 52 303.99 2.32 8.07.10-2 30.74 27.45 50.51 22.04

4 0 10 3 59 300.27 2.67 9.27.10-2 29.21 31.65 54.79 13.56

5 0 10 3 66 283.06 3.17 1.10.10-1 27.46 33.24 55.54 11.22

6 0 15 3 38 914.67 0.87 2.94.10-2 42.70 25.83 47.79 26.39

7 0 15 3 45 621.97 1.52 5.15.10-2 39.98 27.92 52.80 19.28

8 0 15 3 52 502.71 2.16 7.32.10-2 41.95 30.52 56.46 13.02

9 0 15 3 59 467.54 2.63 8.93.10-2 35.98 33.76 54.87 11.37

10 0 15 3 66 406.13 3.39 1.15.10-1 34.17 36.21 54.03 9.76

11 0 20 3 38 1096.48 0.99 3.27.10-2 37.59 27.45 47.55 25.00

12 0 20 3 45 832.54 1.54 5.10.10-2 32.68 30.98 50.08 18.94

13 0 20 3 52 639.69 2.32 7.67.10-2 27.44 34.34 52.05 13.61

14 0 20 3 59 576.88 2.91 9.65.10-2 26.11 35.21 53.52 11.27

15 0 20 3 66 566.13 3.35 1.11.10-1 23.64 37.34 53.75 8.91

16 0 10 5 38 445.05 1.87 6.48.10-2 17.04 17.40 32.00 50.60

17 0 10 5 45 401.79 2.45 8.50.10-2 18.24 18.76 35.24 46.00

18 0 10 5 52 362.07 3.14 1.09.10-1 17.34 21.12 38.87 40.01

19 0 10 5 59 315.34 4.09 1.42.10-1 17.50 21.44 40.41 38.16

20 0 10 5 66 294.65 4.90 1.70.10-1 17.18 28.56 43.66 27.77

21 0 15 5 38 379.47 3.36 1.14.10-1 17.90 16.01 36.95 47.04

22 0 15 5 45 348.49 4.33 1.47.10-1 17.55 15.27 40.11 44.62

23 0 15 5 52 346.18 5.04 1.71.10-1 16.25 16.16 45.15 38.69

24 0 15 5 59 327.64 6.04 2.05.10-1 16.92 21.59 47.53 30.88

25 0 15 5 66 326.67 6.78 2.30.10-1 16.39 22.75 48.61 28.64

26 0 20 5 38 645.91 2.70 8.93.10-2 13.83 18.80 47.45 33.75

27 0 20 5 45 578.85 3.56 1.18.10-1 13.84 19.95 43.21 36.84

28 0 20 5 52 535.80 4.98 1.65.10-1 12.88 24.05 46.40 29.55

29 0 20 5 59 529.91 5.10 1.69.10-1 13.67 24.54 50.32 25.14

30 0 20 5 66 535.86 5.10 1.70.10-1 14.53 34.60 53.73 11.67

31 45 10 3 38 384.71 1.34 4.66.10-2 39.73 19.54 35.36 45.10

32 45 10 3 45 256.71 2.38 8.27.10-2 30.22 20.90 37.72 41.38

33 45 10 3 52 227.15 3.11 1.08.10-1 28.47 21.78 39.64 38.58

34 45 10 3 59 163.73 4.90 1.70.10-1 22.09 22.87 41.47 35.66

35 45 10 3 66 162.17 5.53 1.92.10-1 22.41 24.53 48.31 27.16

36 45 15 3 38 441.56 1.80 6.09.10-2 37.64 17.66 38.10 44.24

37 45 15 3 45 415.19 2.26 7.67.10-2 35.94 19.94 40.71 39.35

38 45 15 3 52 370.58 2.93 9.93.10-2 32.84 20.19 41.47 38.34

39 45 15 3 59 289.94 4.25 1.44.10-1 27.14 23.52 46.38 30.10

40 45 15 3 66 253.83 5.42 1.84.10-1 26.80 25.47 51.52 23.01

41 45 20 3 38 953.59 1.14 3.76.10-2 29.05 19.88 38.70 41.42

42 45 20 3 45 629.97 2.04 6.74.10-2 21.77 21.08 39.49 39.43
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43 45 20 3 52 485.79 3.05 1.01.10-1 18.58 23.13 41.03 35.84

44 45 20 3 59 428.23 3.93 1.30.10-1 17.65 25.25 49.54 25.21

45 45 20 3 66 399.20 4.71 1.56.10-1 16.78 27.32 52.72 19.96

46 45 10 5 38 213.62 3.89 1.35.10-1 12.44 6.96 26.92 66.13

47 45 10 5 45 196.27 5.01 1.74.10-1 12.28 9.31 31.93 58.76

48 45 10 5 52 194.41 5.85 2.03.10-1 13.39 13.28 34.10 52.62

49 45 10 5 59 178.39 7.23 2.51.10-1 12.76 13.65 36.07 50.29

50 45 10 5 66 160.03 9.01 3.13.10-1 11.80 15.28 39.52 45.20

51 45 15 5 38 337.97 3.77 1.28.10-1 12.68 8.06 29.45 62.48

52 45 15 5 45 318.19 4.75 1.61.10-1 12.78 10.24 32.64 57.13

53 45 15 5 52 291.61 5.98 2.03.10-1 12.90 14.94 34.43 50.63

54 45 15 5 59 288.27 6.87 2.33.10-1 13.25 16.26 36.86 46.87

55 45 15 5 66 265.49 8.34 2.83.10-1 12.63 19.55 40.43 40.02

56 45 20 5 38 607.16 2.87 9.50.10-2 13.30 13.87 33.11 53.01

57 45 20 5 45 573.99 3.59 1.19.10-1 12.57 16.81 34.32 48.87

58 45 20 5 52 464.29 5.13 1.70.10-1 11.62 17.22 36.67 46.11

59 45 20 5 59 422.43 6.40 2.12.10-1 11.58 19.83 37.22 42.95

60 45 20 5 66 424.49 7.13 2.36.10-1 11.22 21.86 43.03 35.11

Table 4. Cont. 

Table 5. Numerical ranges of ambient parameter values 
recorded during the implementation of the fundamental 
tests

Parameter Value

Minimum ambient humidity wmin [%] 43.9

Average ambient humidity [%] 45.6

Maximum ambient humidity wmax [%] 47.3

Minimum ambient temperature tmin [˚C] 21.2

Average ambient temperature [˚C] 22.4

Maximum ambient temperature tmax [˚C] 23.6

Fig. 6. Influence of the hammers 𝜐 peripheral velocity for a given design of the rotor hammers φ1 = 0° or φ2 = 45° 
on the circulation rate kr value of the shredded material in the shredder chamber for screens with hole diameter 
d1 = 3 mm

hammers 𝜐 in the range from 38 to 66 m s-1 the 
rate of circulation kr of the shredded material in 
the chamber of the shredder definitely decreases 
(approximately linearly), which is a positive ef-
fect on the efficiency of the shredding process. 
The same is true for the effect of the gap size s 
between the end of the hammer and the screen. 
The greater is the gap s the higher is the mate-
rial circulation rate kr and this applies to each 
analysed peripheral velocity of the hammers 𝜐. 
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Fig. 7. Influence of the hammers 𝜐 peripheral speed for a given rotor hammer design φ1 = 0° or φ2 = 45° on the 
circulation rate kr value of the shredded material in the chamber of the shredder for screens with hole diameter d2 = 5 mm

Fig. 8. Influence of the hammers 𝜐 peripheral speed for a given rotor hammer design φ1 = 0°  or φ2 = 45° 
on the shredding chamber load value of the shredder qr , for screens with hole diameter d1 = 3 mm

Fig. 9. Influence of the hammers 𝜐 peripheral speed for a given rotor hammer design φ1 = 0° or 
φ2 = 45° on the shredding chamber load qr value for screens with hole diameter d2 = 5 mm
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Similar dependencies are observed when screens 
with hole diameter d2 = 5 mm, are used in the 
shredder, however, in this case the circulation rate 
kr decreases significantly, which can be observed 
in Figure 7. The detailed values of the circula-
tion rate kr can be read in Table 4. The maximum 
value of kr = 1096.48 was obtained for a con-
ventional shredder rotor design φ1 = 0°, ham-
mer gap s = 20 mm, screen hole diameter d1 = 
3 mm and the hammer ends peripheral speed υ1 
= 38 m s-1 . This corresponds, according to table 
4, to the controlled variables values: Mr = 3.27 ∙ 
10-2 kg s-1; Er = 37.59 kJ kg-1; X1 = 27.45%; X2 
= 47.55%; X3 = 25.00%. However, the minimum 
value of kr = 160.03 was obtained for the new 
shredder rotor design φ2 = 45°, hammer gap s = 
10 mm, screen hole diameter d1 = 5 mm and the 
hammer ends peripheral speed υ1 = 66 ms-1 . This 
corresponds, according to table 4, to the values of 
the controlled variables: Mr = 3.13 ∙ 10-1 kg s-1; 
Er = 11.80 kJ kg-1; X1 = 15.28%; X2 = 39.52%; 
X3 = 45.20%. Thus, this clearly indicates that the 
new rotor design with circular shaped hammers is 
more energy-efficient when compared to the tra-
ditional design with rectangular shaped hammers.

From the analysis of the bar graphs presented 
in Figures 8 and 9, it clearly shows that as the 
hammers 𝜐 peripheral speed in the range from 
38 to 66 ms-1 increases, the load on the shredder 
chamber qr definitely increases in an approxi-
mately linear manner, which results from the in-
creasing shredder capacity Mr. In the case of a 
rotor fitted with hammers φ1 = 0° the load on the 
shredding chamber qr falls within the range of 
values from 0.99 to 6.78 kg s-1m-2. However, in 
the case of a rotor fitted with hammers φ1 = 45° 
the load on the shredding chamber qr falls within 
the range of values from 1.34 to 9.01 kg s-1m-2. 
The experimental studies clearly showed, that 
the load of the shredder chamber qr is also sig-
nificantly influenced by the holes diameter in the 
screens d. A higher load of the shredder chamber 
qr was obtained for diameter d2 = 5 mm than for 
d1 = 3 mm. The maximum load qr = 9,01 kg s-1m-2  
was obtained for d2 = 5 mm. This corresponds, 
according to the table 4, to the value of the con-
trolled variables: Mr = 3.13 ∙ 10-1 kg s-1; Er = 11.80 
kJ kg-1; X1 = 15.28%; X2 = 39.52%; X3 = 45.20%. 
However, for d1 = 3 mm the maximum load is 
qr = 5.53 kg s-1m-2. This corresponds, according 
to the table 4, to the value of the controlled vari-
ables: Mr = 1.92 ∙ 10-1 kg s-1; Er = 22.41 kJ kg-1; X1 
= 24.53%; X2 = 48.31%; X3 = 27.16%. 

The same applies to the effect of the size of the 
gap s between the hammer and the screen ends. 
Therefore, the smaller the gap s, the higher the 
load on the chamber of the hammer shredder qr.

The authors of this article do not have the op-
portunity to directly relate their research results, 
analyses and model calculations to the data pre-
sented in the literature. In the available published 
items, there is no information on data related to 
the load of the shredding chamber and the shred-
ded material circulation ratio. The data available 
in the literature regarding the process carried out 
with the hammer shredder relate to energy con-
sumption and process efficiency. When analysing 
the data in this area, it can be concluded that they 
are comparable to the studies conducted earlier 
by the authors of this article [1, 2], with regard to 
classic designs of the working unit of the shred-
der. Attention should be drawn to the fact that the 
working unit presented in the article is the origi-
nal design of the author of the article, therefore 
the analyses presented by other researchers are 
not available in the literature.

CONCLUSIONS

Based on the results obtained in the course of 
implementing the tasks adopted in this study, the 
following conclusions were drawn:
1.	This study represents an original achievement, 

as within the scope of its implementation, the 
values of the material circulation rate in the 
shredding chamber kr and the unit load of the 
shredding chamber qr were established experi-
mentally for the first time. Until now, no infor-
mation on this subject has been found in the 
available literature, which is very important at 
the stage of designing new, innovative hammer 
shredder designs;

2.	From the experimental studies carried out, it 
appears that the material circulation rate in 
the shredding chamber kr and the unit load of 
the shredding chamber qr have a significant 
effect on:

	• hammer unit design form (hammer angle φ) ,
	• hammer ends υ peripheral speed
	• holes diameter in screens d, 
	• hammer gap s value.

3.	The application in the hammer shredder of a 
new rotor design fitted with circular-shaped 
hammers resulted in a reduction in the shredder 
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chamber kr material circulation rate For exam-
ple, by 13.03% (for υ1 = 38 m s-1; d1 = 3 mm; 
s3 = 20 mm) and 29.49% (for υ1 = 66 m s-1; d1 
= 3 mm; s3 = 20 mm). In contrast, for example 
by 6% (for υ1 = 38 m s-1; d2 = 5 mm; s3 = 20 
mm) and 20.78% (for υ1 = 66 m s-1; d2 = 5 
mm; s3 = 20 mm);

4.	The application in the hammer shredder of a 
new rotor design fitted with circular-shaped 
hammers resulted in the increase in the shred-
der chamber qr unit load for all the hammer υ 
peripheral speeds. For example, by 40.59% for 
υ5 = 66 m s-1; d1 = 3 mm and s3 = 20 mm. In 
contrast, for example by 112.84% for υ1 = 66 
m s-1; d2 = 5 mm and s3 = 20 mm; This shows 
an increase in the efficiency of its operation 
through increased productivity.

5.	The use of the hammer shredder working unit 
new design significantly reduces the circula-
tion rate kr of the material in the shredding 
chamber and increases the unit load of the 
shredder chamber qr when shredding granular 
material, which is primarily due to a reduction 
in the time taken to shred granular material. 
The particles of the shredded material which 
are hit by the new type of hammers in the shape 
of a circular section, do not move along a cir-
cular path and do not form a rotating ring as in 
the traditional design of the rotor, but instead 
move approximately radially in relation to the 
screens and immediately hit them. This results 
in faster passage of material through the holes 
in the screens in the working chamber of the 
hammer shredder, and less heating of the mate-
rial to be shredded.
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