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ABSTRACT 
Grinding process is one of the major steps in production of powders for food, chemical 

and energy use. It still characterized by insufficient operation indicators such as efficiency, 
energy consumption, quality of product. Bering it in mind the aim of the work is to analyze the 
multi-disc grinding process of grainy biomass and search the dependence between operation 
parameters, like angular speed of cutting edge, feeding speed, and operation indicators. 
Research problem formulated as a question: how the angular speed of cutting discs affects real 
efficiency, energy consumption and grinding product quality? To resolve the problem an 
experiment on five disc mill was done considering variable disc angular speed and measuring in 
real time the changes of power demand and angular speed of each disc, product weight 
increase. The test allows to say that disc speed has an influence on the energy consumption and 
the product quality. It was observed that the lower disc speed the lower energy consumption 
and bigger the product particles. For real efficiency, based on the results obtained, the 
dependence on the angular discs speed cannot be clearly determined. 
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Introduction  

From mechanical point of view grinding, milling, crushing are terms for deliberate 

actions of breaking a material structure by two elements moving relative to each other (Austin & 

Trass, 1997; Bergman, 2005; Brożek & Naziemiec, 2012; Flizikowski & Sadkiewicz, 2013; Loh et 

al., 2015; Miu et al., 2006; Niedzwiecki, 2012). Grinding operations are one of most  popular 

processes in preparation of raw materials for their further processing, for example: burning, 

compressing, fermentation, suspensions preparation etc. It plays a significant role in energy 

industry (coal crushing). The importance of the research on comminution is expressed by its 

intensity and actions aimed at improving the process and the grinding product quality and has 

been described in various publications including (Austin & Trass, 1997; Gil et al., 2015; Johnson, 

2006; Liu et al., 2015; Liu et al., 2016; Tamura et al., 2014).  

Research forms the base for improvement, development of innovative design solutions, meeting 

the market and the users’ (customer) requirements in terms of efficiency, operation and 

maintenance cost, energy consumption and quality (Kłos, 2016; Macko et al., 2016). Specificity 

of the grinding processes application areas involves the need to provide it with some required 

features, which can be considered as qualitative criteria for the obtained product such as: size 

and shape of particles, appropriate grain size distribution, appropriate surface area obtained 

(Niedzwiecki, 2012). 

It is not easy to know  properties of the feeding material, machine and mutual relations and 

interactions of the grinding machine with the feeding material  due to the complexity of the 

phenomena and processes involved in the mass flow. Attempts to structure and explain these 

relationships have been undertaken for many years, however, they have not brought  sufficient 

and complete results (Dabbour et al., 2015; Dziki & Laskowski, 2005; Mohd Rozalli et al., 2015; 

Shashidhar et al., 2013; Song et al., 2014; Tavares, 2004). 

We need to remember that the  aim of the work is to analyze the multi-disc grinding process of 

grainy biomass and find the dependence between operation parameters, like angular speed of 

cutting edge, feeding speed, and operation indicators. The research problem has been 

formulated in the form of the question: how does  angular speed of cutting discs affect real 

efficiency, energy consumption and grinding product quality? To resolve the problem an 

experiment on five disc mill was done, taking into consideration the disc  variable angular speed 

and measured  in real time the changes of power demand and angular speed of each disc 

measured in a real time as well as the  product weight increase. 
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Materials and methods 

1- Materials 

The study involved 8 samples of rice, weighing 1 kg each. Grinded rice is used to make 

products such as rice floor, noodles. It can also be a valuable energy source in combustion 

processes. Rice wastes are most commonly used in the form of briquettes (Fang et al., 2017; 

Pode, 2016). The moisture content of rice grain was 13,6 %, and characteristic grain size D80 = 

2,16 mm – the size of the screen through which 80% of the grain feeds pass. The granulometric 

distribution of rice grains is shown in the Fig. 1. 

Figure 1: Granulometric distribution of rice grains 

 

 

2- Research methods 

Taking into account the main purposes of grinding process and further destination of 

comminuted material it is necessary to provide some special technical and operational 

conditions, which will guarantee (Flizikowski & Bielinski, 2012): 

 the high quality: of process, products, energy and power, wastes during grinding 

process, 

 high efficiency in three aspects: energy (low energy consumption, drives systems 

efficiency, low power demand etc.), ecological (hazardous substances emission 
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reduction, dust emissions reduction, environmental safety, waste recycling) and 

economic (low costs of consumed energy, low cost of waste utilization, low cost of 

O&M), 

 high harmlessness resulting from the operation of devices – local and global (influence 

on human health, climate safety, operator safety, low emission technology). 

The main features affecting energy demand in grinding process are the mechanical (strength) 

parameters and the material internal structure (Dziki & Laskowski, 2005). For a multi-disc mill, 

regarding the material strength parameters, the force occurring on the grinding unit shaft can be 

expressed as (Tomporowski, 2012): 
2  R j R q R RRP ek v F vF                                                        (1) 

 

kj – idling coefficient [N·s·m-1], 

vR – linear speed of the cutting edge [m·s-1], 

τq – stresses in the material during quasi-cutting [MPa], 

FR – surface area of the grinding section [m2], 

e – dynamic secondary grinding index [N·s-2·m-4], 
2

RF  – cross-section of secondary grinding in the inter-disk gap [m2]. 

Analyzing the dependence (eq. (1)) it can be said that the force, and hence the energy of 

grinding, depends on the time of grinding, the material properties and geometrical features of 

grinding unit. The quality of the product depends on the time of grinding and intensity of the  

material contact with the cutting edges (Flizikowski et al., 2015).  

Real machine energy consumption during the grinding process is different – higher – than 

estimated by, for example, Kick’s, Bond’s laws. It’s connected with phenomena that occur in the 

machine during the grinding process such as: energy dissipation, energy losses by elements 

connection, grinding irregularity. Irregularity of the machine operation results from its idle 

periods while successive  batches of the material, dispensed by the grinding elements, pass 

through it. Presence of variable amount of material between the elements causes an increase in 

power consumption (in the case when a large amount of material is located between the cutting 

edges causing significant resistance of the elements) or its decrease (in the case of a smaller 

amount of material) (Opielak et al., 2013; Opielak & Tomporowski, 2012). According to this 

statement, power consumption of the multi-disc mill includes power consumption for the idle 

run of the device and power consumption for grinding (Tomporowski, 2010) 
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cPR u bjN N N       (2) 

where: 
Nu – useful power consumption [W], 
NcPR – total power demand in the grinding process [W], 
Nbj – power demand for idling [W]. 
The work of grinding can be presented in the form of dependance (Sykutera, 2016): 

 u jL m E       (3) 

where: 
Lu – grinding work value [J], 
m – weight of feeding material [g], 
Ej – specific energy consumption [J·g-1]. 

The research included determination of the grinding process effectiveness indicators, such as 
(Tomporowski et al., 2017): 

 mass grinding efficiency Qr (g·s-1), described by the function of angular disc speed ωn, 
disc number n, disc diameter Dn, number of holes in the n-th disc ln, diameter of holes 
in the n-th disc dn, speed of material feeding Vp, material properties Mp and time of 
grinding t: 

 , , , , , , ,r n n n n p pQ f n D l d V M t     (4) 

which in observation time Δt of product weight changes Δm can be calculate basing 
on the formula:  

r

m
Q

t





                                                          (5) 

 specific energy consumption Ej (j·g-1), expressed as: 

cPR
j

r

N
E

Q
            (6) 

 80% grinding degree, –, described as: 

80
80

80

D
i

d
             (7) 

where: 
D80 – dimension of the sieve hole, through which 80% of the feed material passes, 
d80 – dimension of the sieve hole, through which 80% of the grinding product passes. 

Grinding degree i80 was determined on the basis of a granulometric analysis and curves obtained 
for the feed and the product grain size distribution reading to 80% of the grains. The above 
characteristics provide the basis for an analysis, evaluation and intelligent development of the 
structure and the milling process according to the new concept of a multi-disc mill. 
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3- Research plan 
The research consists of three parts: I – experiment on five disc mill, II – granulometric analysis 
of product and III – analysis of the results. The detailed plan was presented in the Fig. 2. 
 

4- Test stand 
The research of grinding process was carried out on a five disc mill. It consists of a feed chamber, 
worm feeder, grinding unit in the form of five discs  with holes driven by electric motors, one 
motor for each disc, which facilitates controlling the angular velocities of the discs, grinding 
product basket, scale for measurement of the product weight changes in time and control unit 
(Fig. 3.). Tab. 1. shows a configuration of the discs angular speed used during the tests. 
After grinding, a granulometric analysis of the grinding product was performed for each 
configuration. It was conducted with the use of digital image processing on the CAMSIZER device. 
This analysis was done to estimate the product particle characteristic size d80 (the size of the 
screen through which 80% of the particles pass) and then calculate the fragmentation degree i80. 

Figure 2: Research plan 

 
Source: own work 
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Figure 3: Multi-disc mill: 1-,2-,3-,4-,5- electric motor, 6- five-disc grinding unit, 7- feeder, 8- basket 
for grinding product, 9- scale, 10- stepper motor, 11- control unit 

 

 
Source: own work 

 

 

Table 1: Configurations of angular discs speed 

Case 
No of 
config. 

Vp ω1 ω2 ω3 ω4 ω5 

kg·h-

1 rad·s-1 rad·s-1 rad·s-1 rad·s-1 rad·s-1 

I 

1 

102 

100 90 80 70 60 

2 90 80 70 60 50 

3 80 70 60 50 40 

4 70 60 50 40 30 

II 

1 60 70 80 90 100 

2 50 60 70 80 90 

3 40 50 60 70 80 

4 30 40 50 60 70 

 
 

 
It was important to use discs with a different number of holes ln with different diameters dn. The 
details about disc design are shown in Tab. 2. 

Source: own work 
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Table 2: Details of disc design 

Parameter Unit Disc 1 Disc 2 Disc 3 Disc 4 Disc 5 

Disc diameter Dn mm 274 274 274 274 274 

Number of holes 
ln 

pcs. 14 22 27 33 39 

Holes diameter 
dn 

mm 30 23 21 17,5 17,5 

 

Results and Discussion 

During grinding, such parameters as: power demand on each disc and product weight 
in the basket for the grinding product time changes were recorded for each disc speed 
configuration. Fig. 4 presents the results of energy consumption observed for each disc in 
dependence on the disc speed, for case I, in Fig. 5. – the results of energy consumption observed 
for each disc, in dependence on the disc speed for case II. Each point of disc represents one 
configuration of disc speed.  

Figure 4: Energy consumption for each disc in five disc mill in dependence on disc speed – case I; 
each point of disc represents one configuration 
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Basing on the results shown in Fig. 4 and 5, it can be said that the highest energy consumption 
occurred for the disc with the highest speed: for the case I – first disc, for the case II – fifth disc. 
The lowest energy consumption for both cases occurred for second disc. The results also allow 
to say that as the angular velocity of the discs increases, the energy consumption during grinding 
increases. For case I lower energy consumption was observed on each disc than for case II.  

 

Figure 5: Energy consumption for each disc in five disc mill in dependence of disc speed – case II; 
each point of disc represents one configuration 

 
 
 
 
Tab. 3. presents the results of monitoring of specific energy consumption Ej, real efficiency Qr 
and grinding degree i80 for each disc speed configuration. Considering case I, the highest specific 
energy consumption Ej (241151 J·kg-1) was observed for the first configuration of the disc speed, 
the lowest for the fourth configuration (152185 J·kg-1). The highest grinding degree i80 for this 
case was obtained for the first configuration (1,29), the lowest for the fourth configuration 
(1,14). Real efficiency Qr for case I, was highest for the third disc speed configuration (14,73 g·s-

1), the lowest for the second configuration (12,65 g·s-1) 
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Table 3: Results of monitoring the specific energy consumption, real efficiency and grinding 
degree for each disc speed configuration  

Case 
No of 

config. 
Ej i80 Qr 

J·kg-1 – g·s-1 

I 

1 241151 1,29 14,05 

2 216508 1,24 12,65 

3 166015 1,15 14,73 

4 152185 1,14 13,66 

II 

1 358053 1,41 14,20 

2 486424 1,28 13,71 

3 467425 1,18 13,80 

4 303850 1,15 12,55 

 
Considering case II, the highest specific energy consumption Ej (358053 J·kg-1) was 

observed for the second configuration of disc speed, the lowest for the fourth configuration 
(303850 J·kg-1). The highest grinding degree i80 for this case was obtained for the first 
configuration (1,41), the lowest for the fourth configuration (1,15). Real efficiency Qr for case II 
was highest for the first disc speed configuration (14,20 g·s-1), the lowest for the fourth 
configuration (12,55 g·s-1). Also the grinding time was longer for case II for the each disc speed 
configuration.  
Comparing the specific energy consumption for each disc speed configuration in two cases, it 
was found that higher specific energy consumption (almost twice as large) occurred in case II 
for each configuration (Fig. 6.) than in case I. It was also observed that while the disc angular 
speed decreases, the specific energy consumption decreases too. Similar effect was observed 
for other mills ex. impact mills, crushers (Guo et al., 2012; Ismail & Elhenaway, 2009; Smejtkova 
& Vaculik, 2018). Different results was obtained for roller mill with inter roller plate developed 
by authors (Tomporowski et al., 2017). For that roller mill the specific energy consumption 
decreases, while the roller speed increases, what was caused by the higher dynamic of efficiency 
growth than increases in energy demand. 

 

 

 

Source: own research 
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Figure 6: Specific energy consumption for grinding for each disc speed configuration 

 

 

Figure 7: Grinding degree i80 for each disc speed configuration 
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In turn, considering the grinding degree, it turned out to be higher in case II for each 
configuration (Fig. 7.) as compared to case I. Similarly as for specific energy consumption, while 
the disc angular speed decreases, the grinding degree i80 decreases too, which is consistent with 
previously conducted research for disc mills published for example in (Smejtkova & Vaculik, 
2018). 
For real efficiency Qr, based on the obtained results, the dependence on the angular discs speed 
cannot be clearly determined (Fig. 8.) 

Figure 8: Real efficiency for each disc speed configuration 
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interstitial joints. The phenomena occurring in the five-disc unit with such a variable disc design 
are difficult to describe, especially in the aspect of material flow through the discs and 
trajectories of its motion. Part of this issue is described in the paper (Tomporowski, 2011). What 
is important, this observation allows to state that the disc speed in multi disc grinders cannot be 
selected randomly. The sequence of disc speed is important, especially if the discs structures 
differ, like in analyzed mill.  

Conclusion 

The aim of this work has been achieved through analysis of  the rice multi-disc grinding 
process and determination of a dependence between the cutting edge angular speed and 
operation indicators such as real efficiency, specific energy consumption and grinding degree. In 
result of the conducted experiment obtained the answears to the pre-formulated research 
problem have been obtained:  

 as the angular velocity of the discs increases, the energy consumption during grinding 
increases 

 while the disc angular speed decreases, the specific energy consumption decreases 
too. 

 while the disc angular speed decreases, the grinding degree i80 decreases too 

 for real efficiency Qr the dependence on the angular discs speed cannot be clearly 
determined. 

The conducted experiment proves that not without significance is the direction of the velocity 
gradient in the disk assembly. This observation allows to state that the disc speed in multi disc 
grinders cannot be selected randomly. The sequence of disc speed is important, especially if the 
discs structures differ. According to this, it can be said that grinding unit structure affects 
significantly on grinding process operational parameters such as real efficiency, specific energy 
consumption and grinding degree. As a consequence, disc mills and mills at all, should be 
designed and carefully analyzed using specialized software that allows to simulate the grinding 
unit and the grinded material movement, eg EDEM Bulk Sim or Rocky DEM. Further research 
should focus on determining the relationship between the disc design and material flow. 
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