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ABSTRACT 

The article presents a theoretical research on the influence of introducing height equal -area projection on 

the calculation accuracy of the air resistance power of the cylinder drum with blades. The effort was made 

to specify the resistance area depending on the angle setting and the number of blades of the crimper -

roller. Research on the introduction of the equal-area projection of the height on the description accuracy 

of the crimper-roller air resistance power showed that the fractional error decreases by 1.5 times. This is 

explained by the absence of the uncertainty influence of the cylinder drum initial angle sett ing. 

 

РЕЗЮМЕ 

Стаття присвячена теоретичному дослідженню впливу внесення еквівалентної проекції висоти   

на точність визначення сили опору повітря барабану з ножом. Зроблено спробу уточнити площу 

опору в залежності від кутового положення та кількості ножів барабана котка-подрібнювача. 

Дослідження внесення еквівалентної проекції висоти  на точність опису сили опору повітря 

барабану з ножами показали, що відносна похибка зменшується у 1,5 рази, що пояснюється 

виключенням впливу невизначеності початкового кутового положення барабану. 

 

INTRODUCTION 

In the last few years Ukraine was filled with non-traditional and in some cases unknown 

technologies of crop science (Bohatyrov D.V., 2012; Vasylkovska K.V., 2016). The changes started by 

using imported harvesters which left practically all residues on the field. This practice allowed increasing 

the productivity of picking processes and shortening the terms of harvest period but there appeared the 

problem of plant residues further processing. The Ukrainian producers chose the simplest way to solve it 

and used disc equipment for soil cultivation. As a result, the structure of surface soil was damaged, 

valuable agro-technical aggregates were mashed, which led to their transformation into dusty unstructured 

condition. There was also over-tamping of subsoil, dysfunction of the aeration and infiltration processes, 

decrease of the storage of productive soil water in lower levels (Salo V.M., 2014). Special machines (Fig. 

1) are usually used in these cases abroad which are debris pulverisers (Bohatyrov D.V., 2012; Salo V.M., 

2016). In Ukraine, these machines are not well-known; they are expensive and perceived by agricultural 

producers as part of the technological process which needs extra costs, which are not obligatory (Sysolin 

P.V., 2001). Besides, according to the special design of each of these machines, they do not provide 

necessary pulverization for Ukraine production technologies (Salo V.M., 2014).  

In order to determine the accurate draught of the crimper-roller it is necessary to take into account 

the force to overcome air resistance. In the well-known works (Ashford D.L., 2003; Korniecki T.S., 2006) 

this issue was not studied in full details. For the first time, H. Tagaev suggested to take into account, the 

air resistance for the equipment that destroys weeds in the rice bays (Tagaev Kh., 2015).   

The objective of the research is to determine theoretical projection of the height of cylinder drum’s 

cross-section on the accuracy of description of its overcoming the air resistance force. 

 

MATERIAL AND METHODS 

The experimentally determined range of velocities from 15 to 24 km/h takes into account the 

peculiarities of the crimper-roller operation in field conditions, particularly the movement of the aggregate on 
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ground slopes and humps in vertical as well as in horizontal planes (Bohatyrov D.V., 2015). Having these 

values of movement velocity, it is worthwhile taking into account the force of air resistance (Bohatyrov D.V., 

2015). A drum with knives is similar to a lobed wheel. At working speeds, knives create resistance to its 

rotation both in soil and in the air. It is established that the traction resistance increases by 12% at speeds of 

15-25 km/h (Tagaev Kh., 2015). 

 
Fig. 1 - Crimper-roller КP-4.5 

 

Let us consider height   of the half cylinder drum with blades cross-section with the angle values 

  (Fig. 2).  

 

 
a)      b) 

Fig. 2 - Cases with blade placement 

а) even number of blades (z=24 pieces); b) odd number of blades (z=23 pieces); 

β – angle between the blades, ;  - cross-section of the height of half cylinder drum with blade on the axis OY. 

We determine the height projection  in relation to the angle φ if , 

[m]                               (1) 

where: R – radius of the cylinder drum, m; 

h – height of the blade, m. 

Bb

2 2
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When the crimper-roller operates with a certain number of blades z it may happen that the surface of 

the cylinder drum is seen between the blades  (Fig. 2, b), then . 

 

Let us consider the cases with even and odd numbers of blades z. With even number of blades, the 

value of the height projection  on the axis OY is . Let us consider the case with odd number of 

blades on the cylinder drum of the crimper-roller. 

 

With odd number of blades: 

 , where ; , where . 

 

So, we have general expression to determine the height projection of the half cylinder drum’s cross-

section with a blade, where : 

 [m]                               (2) 

Much the same, when the crimper-roller is operating with a certain number of blades z it may happen 

that the surface of the cylinder drum is seen between the blades
 

, then . 

Mechanically, the blades are fixed on the cylinder drum of the crimper-roller in such a way that the 

case when  and  cannot be possible.  

In general situation, the height projection of the cylinder drum’s cross-section with even and odd 

numbers of blades z will be determined in the following way: 

, [m]              (3) 

where the angle value will be in the limits of

 

. 

There is no sense to use formula (3) for further calculations because it is impossible to set the initial 

angle of the cylinder drum with blades. There is a need to have additional calculations which will take into 

account the calculation’s errors. That will enable introducing equal-area projection of the height of cylinder 

drum’s cross-section.  

Let us determine the equal-area height bек for  

,  [m]                               (4) 

For an even number of blades  

, [m]      (5) 

Let us find the ratio error , which is formed as a result of taking into account equal-area projection of 

the height of the bladed cylinder drum’s cross-section during one complete revolution. 

The function  where  increases to its highest level value, if . 

 

Let us consider the cylinder drum revolution on one blade  for the even number of blades 
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where . 

The highest value of the error  is when the cylinder drum is rotating with the values of the angle

 
 та  , will be  

  [%]                 (6) 

Let us assess the error of the accuracy of the force determination as a result of introduction of  for 

the odd number of blades when   

 

where  

 

The highest value of the error  is when the cylinder drum is rotating with the values of the angle 

 ,  and :  

[%]                        (7) 

 

Let us determine the error , which is introduced by the indeterminateness of the initial angle set of 

the cylinder drum with blades while applying the exact determination of the height projection of the cylinder 

drum’s cross-section . For the even number of blades  

 [%]         (8) 

 

For the odd number of blades  

 [%] (9) 

where:  , . 

 

RESULTS 

Graphic interpretations (Fig. 3) of the research findings of the influence of the equal-area projection of 

the height  on the accuracy of the description of the air resistance force showed that the ratio error 

decreases by 1.5 times. That is explained by the indeterminateness of the initial angle set of the cylinder 

drum with blades and equals: for the odd number of blades δ=1%, δt=1.6%; for the even number of blades is 

(z=24 pieces) (z=23 pieces) δ=2.2%, δt=3.5%. 
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a) 

 
b) 

Fig. 3 - Dependence of the ratio errors  and  on the number of blades z 

а) odd number of blades (z=11…23 pieces); b) even number of blades (z=10…24 pieces). 

– the error which is formed as a result of introduction of  equal-area projection of the height of the cylinder drum with blades; 

 – the error which is formed as a result of the indeterminateness of the initial angle set of the cylinder drum with blades; 

 

Taking into consideration formulae (5, 6) the force to overcome the air resistance can be determined in 

the following way 

, [N]             (11) 

where:  is the number of cylinder drums with blades on the crimper-roller, pieces; 

 is a coefficient which takes into account the type of environment; 

 is the length of the blade, m; 

 is the wind speed, m/s; 

 is the speed of the aggregate, m/s. 

 

CONCLUSIONS 

Theoretical determination of the equal-area height projection depending on the angle setting and the 

number of blades will enable determining the value of the effort to overcome the air resistance force by the 

crimper-roller. Theoretical dependencies were obtained for the first time. They allow taking into account 

the required amount of energy and fuel used to overcome the resistance to air at speeds of 15-25 km/h. 

Given the research, further theoretical grounding of the rational design and technological parameters of 

the crimper-roller is necessary. 
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ABSTRACT 

In the article, we examine the determination of the distributor optimal shape and the seeds distribution 

process by combined distributor in the form of a curved prism. Based on calculations we found out that 

seeds distribution uniform for bandwidth depends on the distributor shape that is sown with the opener for 

cereals continuous sowing. Formulas for determining the seed speed on the distributor surface were 

recorded, depending on changes of structurally technological parameters including generating circle prism 

diameter. It was recorded the mathematical model of the coordinates and the seed trajectory and the range 

flight seed of ideal forms. Uniformity of seeds distribution for opener widths will be characterized by the 

seeds flow speed on the distributor sloping plot of guiding and coordinates falling on the distributor surface. 

The effect of the distributor sloping plot length on seeds uniformity distribution was researched, the obtained 

dependences of the flight distance determining on the seeds distributor sloping plot length and seeds 

uprising speed through which the optimal lengths of sloping plot was selected. The paper presents the main 

results of theoretical studies and recommendations for this type of passive distributors use in opener for 

subsoil-spreading crops sowing method.  

 

РЕЗЮМЕ 

В статті розглядається визначення оптимальної форми розподільника та процес розподілу 
насіння комбінованим розподільником у виді криволінійної призми. На основі розрахунків 
встановлено, що від форми розподільника залежить рівномірність розподілу насіння за шириною 
смуги, яка засівається сошником для суцільної сівби зернових колосових культур. Записано 
формули для визначення швидкості руху насінини по поверхні розподільника, в залежності від зміни 
констукційно-технологічних параметрів, зокрема, діаметру твірного кола призми. Записано 
математичну модель визначення координат і траєкторії руху посівного матеріалу та дальності 
польоту насінини ідеальної форми. Рівномірність розподілу насіння за шириною захвату сошника 
буде характеризуватися швидкістю надходження насіння на похилу ділянку розподільника з 
направляча та координатами потрапляння на поверхню розподільника. Досліджено вплив довжини 
похилої ділянки розподільника на  рівномірність розподілу насіння, отримані залежності визначення 
дальності польоту насіння від довжини похилої ділянки розподільника і  швидкості його сходу, по 
яких обране оптимальне значення довжини похилої ділянки. В роботі представлені основні 
результати теоретичних досліджень та рекомендації щодо використання даного типу пасивних  
розподільників в сошниках  для підґрунтово-розкидної сівби зернових культур.   

 

INTRODUCTION 

Appreciable difference between the current seeding machine for ground slightly spreading method of 

sowing is the construction of seeding machines, in particular their distribution adjustment (Hevko B. M. et. al., 

2014; Sysolin P. V. and Sysolina I. P., 2014). Seeding machines for ground slightly spreading method of 

sowing mostly are in form of cultivator share with different sweeping distance. Seed spreader is one of the 

main seeding machine elements, which influence at equability of spreader of technologic material on the field 

surface and increase of the width of sowing line. Different forms of the bafflers and seeding machine 

spreader adjustments constructions for ground slightly spreading sowing method caused by seeds 

increasing on the field area equability (Romanyshyn O. Y. and Zayets M. L., 2006; Hevko B. M. and  

Pavelchuk Yu. F., 2016; Lisovyi I. O. et. at., 2016). 
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Advantages of the spreaders with non-rectilinear shape performance on the working surface the seed 

of which change direction of its moving with minimal kinetic energy wastes and moves to the seeding 

machine area and saw on the furrow bottom – were proved by analysts (Vasylenko P.M., 1960; Heege H. J. 

1993). Such a design of the opener allows to reduce its effect on the seed, that is, the micro- and 

macrocracks formation (Derevianko D. A., 2015).  

To reach maximal speed of moving in point of convergence of curve line, the curve line must be 

capable of the terms requiring of the quickest moving of elements during certain interval. Such a curve line 

accordant to the determination is called brachistochrone (Zayets M. L. and Zhyvega M. M., 2015).  

Zayets M. L. (Zayets M.L. et. al., 2014) devoted his work to the theoretical and experimental 

researches of the seed moving on the curve lines. He examines the brachistochrone as compatibility of 

rectilinear area and circle of the permanent radius r , and moving of seeds on the curve as a moving of 

seeds on this circle.  

 

MATERIAL AND METHODS 

Using the method of machines, work items and processes mathematical modelling, using 

computational differential equations, conversion and graphical definition on the basis of mechanics laws let 

us consider seed moving on a sloping surface (sloping area) of the combined distributor (fig. 1). At time 0t  

seed comes down from the curvilinear areas of the combined distributor and starts moving with an initial 

velocity V  )( 0V  at an angle 0 . Gravity and friction acts on a seed as the direction of movement will occur 

along some curve. 

 

Fig. 1 – Forces calculation model, acting on the seed during its moving  

on the distributor sloping plot 

 

Let us complete differential equations of the seed moving in projections on the normal line and tangent 

line to the trajectory. These equations are as follows (Romanyshyn O. Y. and Zayets M. L., 2006): 

,cossin   fmgmg
dt

dV
m            (1) 




cossin
2

 amg
m

m           (2) 

Where: V – speed of the seed moving on the inclined surface at the moment t , [m/s]; 

   – the angle of the horizontal curve section, [rad]; 

  
 – the angle between moving elements at the moment t and OX  Cartesian axes, [rad];  

  
 – curve radius of the movement pattern on the curve section at the moment, [m]  

  
f – seed moving coefficient on the steel. 

Kindly note, that:  




d

dtV

d

dS 
                 (3) 

where,
d

dS
– increasing of distance, [m]. 
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If we mention ρ in equation (2) and determine dt , we obtain: 





cossin 




g

dV
dt               (4) 

 

Substitute the value dt in the equation (1), we obtain as follows: 




cossinsincossin 


fmgmgmg
dV

dV
  (5) 

 
Using mathematical calculations, we obtain: 




 dctgfdtg
V

dV


cos

1
           (6) 

 

The difference equation obtained is the equation with articulate modulars. 

 

The general solution to the equation is as follows: 









ctgf

tg

tg
C

V



























2
1

2
1

cos
        (7) 

where C  – permanent data. 

Arbitrary constant shall be determined from the permanent terms cxVV  0 : 









ctgf

cx

tg

tg
V

C



























2
1

2
1

cos 0

0

0

                  (8) 

 

RESULTS 

As a result of theoretical research, we got the differential equation for determining structural and 

technological parameters of the combined distributor:  

- speed descent of the curvilinear generatrix;  

- the range distribution of seeds;  

- the design parameters of the sloping area (length of the sloping area and installation angle to the 

horizon) the use of which allows to determine the optimal parameters of the distributor and the 

sloping sections. 

Substitute the value C in equation (7) and after calculation we get defining formula for determining the 

seed speed on the curve section: 












ctgf

cx

tg

tg

tg

tg
V

V








































































2
1

2
1

2
1

2
1

coscos 0

0

0

       (9) 

Movement pattern of the speed in the curve section shall be determined as follows:  

dtVdydtVdx   sin,cos           (10) 

Or according to the following equation: (4): 









sin

sin
2

2











g

dtgV
dy

g

dV
dx

                 (11) 
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The general consensus of the simultaneous equations (11) is as follows: 
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 (12) 

where 1C  and 2C  – are the variables. 
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Constant variables shall be determined according to the initial data: 

If  0,0...0  yx : 
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Analysis of equation (13), confirms that maximal X  axis stroke (ranging of the seed spreader on the 

sowing width) shall be in case of coincidence of the speed direction at time zero with axis X  )0(  .  

Data of the constant variables are determined from the following equations:  






































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1
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1
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1
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1
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2

2

2

2

1





ctgfctgfg

V
C

ctgfctgfg

V
C

cx

cx

         (14) 

When installing of the distributor with eccentricity, relative to the axis coordinate counting X  seed 

wire we lead from point O  (fig. 1) (the point of seed falling on a sloping plot) coordinate Y  of the distributor 

axial line (fig. 2). 

 

 
Fig. 2 – Scheme of the spreader with the curve section  

1 – curve section, 2 – spreader, 3 – movement pattern of a seed 
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So, we can write the following: 

 
  12

1

yCyy

xCxx k








      (15) 

where:  

)(x  and )(y  – functions x  and y depending on the parameter   (13);  

1C  and 2C – data of constant variables (14);  

kx – projection of the curve moving line of the spreader on the curve section, [m];  

1y  – distance from the axis line of a spreader to the point of a seed impact on the curve section, [m] (Fig. 

2). 

During the sowing moving, under the inertial force, data of the seed movement pattern on the curve 

section differs from theoretical data and it will influence the line width, which the seeding machine sows. 

This fact shall be mentioned and calculated due to the correction factor.  

After plugging in the equation system (15) data points 0 , )(x , )(y , 1C  and 2C , note that the 

length of the curve section is datum by the line нL , get the equation of seed moving on the curve section in 

the following parametric form: 
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where K  – modifying factor, determined in an experimental way. 

x

B
k eккc




2
                (17) 

where експB  – observed width of line sowing by the seeding-machine. 

According to the received system of equations the main parameters, which characterize propagation 

distance of seed, are the following: length of the curved section нL   speed of seed movement from the curve 

sector of the spreader to the curve section V , angle of incidence of the curve section to the horizon  . 

 

Analyzing the received equations, let’s determine the minimal angle of incidence of the curve section 

in case of plugs deficiency on the curve section:  

1 ctgf               (18) 

Or  

                                                             1 tgf                 (19) 
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Due to the value of traction coefficient 0.36...0.37 for spiked cereals, we determine that the minimal 

angle of incidence of the curve section is 19.8°...20.3°. 

If length of the curve section is нL , the speed moving of a seed is cxV , the slope angle is   and due 

to the system of equations, we determine the seed distribution x , about a symmetric axis of the seeding 

machine. Using received equations (16), we determine that the line width, sewed by the seeding machine is 

nearly 95…100 mm while the length of the curve section is nearly 30...70 mm. 

 

CONCLUSIONS 

The following theoretical dependence for determining the constructive parameters of the compound 

spreader is obtained: moving speed from the curved line to the diameter of the brachistochrone circle line; 

propagation distance of seed (in parametric form) from the constructive parameters of the curve section 

(length of the curve section and angle of its adjustment to the horizon), usage of which allows to determine 

optimal parameters of the spreader and curve section to secure seed diffusion in the operating width of a 

seeding machine with necessary ranging and steadiness.  

Length of the curved section selected according to the ranging and steadiness of the seed spreading 

shall be 60 mm. Compound spreader spreads crop seeds on the width 95-100 mm. 
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ABSTRACT 

In this study carried out in 2011 and 2012, the effects of four different tillage practices [plow + disc harrow + 

rotary tiller + direct seeding machine (TP1), chisel + disc harrow + rotary tiller + direct seeding machine (TP2), 

plow + rotary tiller + direct seeding machine (TP3), direct drilling (TP4)] and control plot without planting (TP5) 

on the soil bulk density (BD), moisture content and penetration resistance of a clayey textured soil were 

evaluated in the central Black Sea Region of Turkey with a geostatistical approach. The values of soil 

compaction indicators were significantly greater under the TP4 treatment than in the case of TP1 and TP2 

after harvest, especially at 20-40 cm depth in 2011 and 2012. Overall, our results suggest the avoidance of 

direct seeding practices in high clay content soils. 

 
ÖZET 
Bu çalışma ile 2011-2012 yıllarında, Türkiye’nin Orta Karadeniz Tarımsal Bölgesinde killi bünyeye sahip bir 

toprakta, dört farklı toprak işleme metodunun [(pulluk+diskaro+rotatiller+doğrudan ekim makinası;(Tİ1), 

çizel+diskaro+rotatiller+doğrudan ekim makinası;(Tİ2),   (pulluk+rotatiller+doğrudan ekim makinası; (Tİ3) ve 

doğrudan ekim; (DE)]  ve ekim yapılmayan kontrol parselinin hacim ağırlığı, nem içeri ve penetrasyon 

direncine etkileri jeo-istatistiksel yaklaşım metodu ile değerlendirilmeye çalışılmıştır. Bu çalışmanın 

sonuçlarına göre ağır bünyeli topraklarda Doğrudan Ekim (DE) uygulamasından kaçınılması gerektiği 

söylenebilir. 

 

INTRODUCTION 

Soil is one of the necessary requirements for human existence and an essential contributor to human 

civilization. It is a fundamental prerequisite for agricultural production and is closely connected with food 

supply (Badalikova B., 2010). Compacted soil can be a serious problem in agriculture as it can restrict 

access of the root system to water and nutrients, thus decreasing crop yields (Clark et al. 2003). Sustainable 

use of agricultural lands for optimal plant production is closely related to agricultural practices. Many soil 

properties are affected to some degree by soil management practices (AksakalandÖztaş, 2010). Soil tillage, 

which requires high-energy inputs at considerable expense, creates favourable conditions for good stand 

establishment and development, and crop yields. Tillage practices play a crucial role in soil conservation (El 

Titi., 2003). One of the main goals of soil tillage is to influence soil processes, predominantly modification of 

soil chemical, physical and biological properties (Badalikova B., 2010; Botta et al., 2010). However, from soil 

preparation to harvest, field operations can damage soil structure by compaction which is a major problem 

for agricultural lands (Stafford and Hendrick, 1988). 

Soil compaction is basically the reduction in volume of a given soil mass. It is commonly defined as an 

increase in soil bulk density (BD) that is manifested through closer packing of solid particles, and decreased 

porosity, especially the proportion of large pores (Arslan S., 2006; Pınar et al, 2008; Çelik A., 2011). The 

relationship between soil compaction and penetration resistance (PR) has been described in many studies 

(Utsetand Cid, 2001; Kılıç et al, 2004; Hamza and Anderson, 2005; Arslan S., 2006; Carrara et al, 2007; 

UsowiczandLipiec, 2009). Soil compaction is an important physical limiting factor for root growth and plant 

emergence and is one of the major causes of reduced crop yield in worldwide (Utsetand Cid, 2001; Hamza 

and Anderson, 2005; Pınar et al. 2008; Tekin et al, 2008). In soils compacted to more than 2 MPa resistance, 

root growth is extremely difficult (Botta et al, 2006). Sometimes, however, compaction is desirable, because 

it can lead to improved seed-soil contact, and hence better germination and growth of the seedling (Çelik İ., 

2011). 

mailto:kcselvi@omu.edu.tr
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As far as the determination of soil compaction and related soil properties, the determination of these 

properties and the spatial distribution of the soil compaction level in the vicinity are of great importance in 

terms of effective soil management practices. For precision agriculture applications, it is essential to 

determine the level of yield and productivity parameters change, including soil compressibility, and to 

prepare area indicator maps. 

Geostatistical techniques, together with classical statistics, constitute an important tool in determining 

the spatial effects of soil management practices (Usowicz andLipiec, 2009). Traditional statistics assume that 

the spatial variability of soil is random and without spatial correlations, therefore they are not suitable for 

analysing spatially varying soil properties. However, geostatistical techniques accept that samples taken in 

close proximity are generally more similar than samples taken from a greater distance apart, and spatially 

analyse the relationships between soil properties (Isaaksand Srivastava, 1989). Spatial continuity exists in 

most earth science data sets. Two data in close proximity are more likely to have similar values than two 

data that are far apart (Isaaksand Srivastava, 1989).  

Geostatistical techniques can be divided into two groups, namely semivariogram for spatial modelling 

and kriging for spatial interpolation. To estimate the unsampled values, it is essential to know the 

semivariogram function associated with the soil properties evaluated. Kriging is a statistical procedure for 

interpolating values at unsampled locations between locations with measured values. It is one of many 

procedures available to estimate unknown values within a domain based on already known values (Nielsen 

and Wendroth, 2003). Geostatistical techniques have become widely used for the analysis of soil data 

(Lopez-Granados et al, 2005; Sağlam M., 2015). 

Knowledge of the spatial distribution of PR can be helpful in identifying zones with soil compaction 

(strength) problems and developing management strategies that minimize the harmful impacts of infield 

traffic on crop production. The aim of this study was to examine the effects of different soil tillage methods on 

PR by using geostatistical techniques. 

 

MATERIAL AND METHODS 
 The experiment was conducted on alluvial soil at the Karadeniz Agricultural Research Institute, 

Samsun, Turkey in 2011 and 2012. Average annual rainfall was 1045.2 mm. The soil of the study area had a 

clayey texture (67% clay, 18% silt and 15% sand) and according to its soil taxonomy, it was classified as 

Vertisol (Soil Survey Staff, 1999). 

 Four different tillage practices, namely plow+disc harrow+rotary tiller+direct seeding machine (TP1), 

chisel+disc harrow+rotary tiller+ direct seeding machine (TP2), plow+rotary tiller+direct seeding machine 

(TP3) and direct drilling (TP4), and an unplanted control plot (TP5) were applied to experimental plots of 11 m 

x 50 m with three replicates. A Ford 6600 tractor (77 horsepower, 2.750 kg) was used for all soil tillage 

treatments. After the tillage treatments, maize (Zea mays, L.) was planted in all study plots in May and 

harvested in October. 

 Penetration resistance was measured with an Eijelkamp handheld penetrometer of 16.60 mm 

diameter and 30° cone angle. This instrument can measure a penetration force ranging from 0 to 1 kN (with 

a resolution of 0.02 kN) up to a maximum depth of 0.45 m. Penetration resistance was determined with the 

following equation (Selvi K Ç., 2003): 

 

x 0.0981
F

PR
A


   (1) 

where: 

PR is penetration resistance [MPa]; 

F is the reading; the value of force [daN]; 

A is the base area of cone [cm
2
]. 

 

 Before tillage, soil BD was determined with the cylinder method (Blake and Hartge, 1986). Soil 

gravimetric moisture content at 0-20 cm and 20-40 cm was determined for 100 cm
3
 of undisturbed soil 

samples taken with rollers 24 h and dried in an oven at 105 °C. 

 The spatial variability of soil PR was examined with semivariogram models and the following equation 

was used to estimate the models. 
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where: 

z (xi) and z(xi + h) are the variables of interest at locations xi and xi + h, respectively, 

N(h) is the number of pairs at locations separated by a distance ‘h’ (Isaaksand Srivastava, 1989), the 

theoretical spherical semivariogram model was used to establish the spatial variability of PR. 

 The isotropic spherical model: 

3
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where: 

C0 is the nugget variance, 

C is the structural variance, 

C0+C is the sill variance,  

h is the lag distance, 

a is the range of spatial correlation.  

 

 While selecting the best fit model, the model with the smallest residual sum of squares (RSS), the 

highest coefficient of determination (r
2
) and the best cross-validation result was controlled. The 

semivariogram and spatial structure analyses for PR were performed with geostatistical software (Robertson 

G P, 2008). 

 

RESULTS  

The soil BD (g cm
-3

) and volumetric water content (VWC) (%) before tillage and after harvesting in the 

experimental plots at 0-20 cm and 20-40 cm for both experimental years are shown in Table 1.  

 

Table 1 
Values of some soil properties before tillage and after harvesting  

for different soil tillage methods on the Black Sea coast of Turkey 

Years 
Tillage 

Practices 
Depth, [cm] 

Bulk Density, 
[gcm

-3
] 

Volumetric Water Content, 
[%] 

BT AH BT AH 

2
0

1
1
 

TP1 

0-20 

1.28 1.07 37 43 

TP2 1.28 1.08 36 45 

TP3 1.24 1.12 33 46 

TP4 1.27 1.12 31 48 

TP5 1.28 1.12 25 48 

TP1 

20-40 

1.30 1.12 36 52 

TP2 1.30 1.14 38 54 

TP3 1.32 1.21 40 52 

TP4 1.36 1.22 40 55 

TP5 1.30 1.21 38 54 

2
0

1
2
 

TP1 

0-20 

1.23 1.21 35 38 

TP2 1.23 1.20 41 44 

TP3 1.22 1.17 42 44 

TP4 1.22 1.20 41 42 

TP5 1.21 1.20 42 44 

TP1 
20-40 

1.28 1.24 34 56 

TP2 1.26 1.23 42 54 
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Years 
Tillage 

Practices 
Depth, [cm] 

Bulk Density, 
[gcm

-3
] 

Volumetric Water Content, 
[%] 

BT AH BT AH 

TP3 1.26 1.28 42 56 

TP4 1.28 1.28 44 56 

TP5 1.26 1.27 44 54 

TP1: plow+disc harrow+rotary tiller+direct seeding machine. TP2: chisel+disc harrow+rotary tiller+direct seeding machine.  
TP3: plow+rotary tiller+direct seeding machine. TP4: direct drilling. TP5: control plot without planting. BT= before tillage;  
AH= after harvesting. 

 

The average BD for 0-20 cm for all experimental plots before soil tillage and after harvesting in 2011 

were 1.27 g cm
-3

 and 1.10g cm
-3

, respectively, and in 2012, 1.22 g cm
-3

 and 1.20g cm
-3

, respectively. For 0-

20 cm, the mean moisture content for treatments before tillage and after harvesting in 2011 were 32.4% and 

46.0%, respectively, and in 2012, 40.2% and 42.4%, respectively. For 20-40 cm, the mean moisture content 

for treatments before tillage and after harvesting in 2011 were 34.4% and 53.4%, respectively, and in 2012, 

40.2% and 42.4%, respectively. Differences in soil moisture among tillage methods were not statistically 

significant (P>0.05). 

Values of soil PR ranged between 0.51 MPa and 1.97 MPa for 0-20 cm and 0.70 MPa and 1.37 MPa 

for 20-40 cm before tillage in 2011. Penetration resistance ranged between 0.76 MPa and 1.41 MPa for 0-20 

cm and 0.91 MPa and 3.10 MPa for 20-40 cm after harvesting in 2011. Values of PR ranged between 0.61 

MPa and 1.35 MPa for 0-20 cm and 0.61 MPa and 1.23 MPa for 20-40 cm before tillage in 2012. Penetration 

resistance ranged between 0.66 MPa and 1.33 MPa for 0-20 cm and 0.77 MPa and 2.07 MPa for 20-40 cm 

after harvesting in 2012. 

The semivariogram model was fitted to empirical values with a determination coefficient >0.9 in all 

cases. In this study, only selected semivariograms are presented for 0-20 cm and 20-40 cm before tillage 

and after harvesting in 2011 and 2012. Semivariogram models of PRs evaluated in terms of both sampling 

times and sampling depths were fitted as spherical models, and all models fitted had a high coefficient of 

determination and small RSS which indicated that all the models were reliable (Table 2). 

 

Table 2 

 

Parameters of semivariogram models for different soil tillage methods on the Black Sea coast of Turkey 

Year Time Depth Model Nugget Sill Range R
2
 RSS 

r 
[for cross 
validation] 

2011 

BT 
0-20 Sph 0.0001 0.108 20.28 0.98 2.203x10

-4
 0.8 

20-40 Sph 0.0001 0.035 21.76 0.99 1.909x10
-5

 0.76 

AH 
0-20 Sph 0.00001 0.016 17.91 0.96 8.467x10

-6
 0.92 

20-40 Sph 0.0001 0.223 22.44 0.94 1.281x10
-3

 0.93 

2012 

BT 
0-20 Sph 0.0001 0.041 15.16 0.97 2.486x10

-6
 0.81 

20-40 Sph 0.00008 0.020 14.18 0.97 1.984x10
-5

 0.8 

AH 
0-20 Sph 0.00061 0.029 16.96 1.00 7.029x10

-7
 0.77 

20-40 Sph 0.0039 0.067 4232 1.00 1.030x10
-5

 0.81 

Sph: spherical; BT=before tillage; AH= after harvesting; RSS: residual sum of squares 

 

Semivariogram maps of PR for the two depths indicated the occurrence of spatial dependence with 

different values of semivariance, as affected by tillage methods.  

The effects of different tillage methods on distribution of PR in 2011 and 2012 are given in Figures 1 

and 2, respectively. 
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a. before tillage (0-20 cm) b. after harvesting (0-20 cm) 

 c.  

  

d. before tillage (20-40 cm) e. after harvesting (20-40 cm) 

Fig 1 - The effects of different soil tillage methods on distribution of PR in 2011 

TP1: plow+disc harrow+rotary tiller+direct seeding machine. TP2: chisel+disc harrow+rotary tiller+direct seeding machine. TP3: 
plow+rotary tiller+direct seeding machine. TP4: direct drilling. TP5: control plot without planting; 0.0 m-11.0 m = TP1; 11.0 m-22.0m 
= TP2; 22.0 m-33.0 m= TP3; 33.0 m-44.0 m= TP4; 44.0 m-55.0 m= TP5. 

 In 2011, for 0-20 cm, the PR values were heterogeneous in all experimental plots before tillage. 

Penetration resistance values obtained after harvesting (AH) showed that they were most reduced by the 

TP1 method. For 20-40 cm before tillage, PR values were more homogeneous and the average values of PR 

were lower than for 0-20 cm.  

 However, after harvesting, PR values were high enough to limit the crop yield (Botta et al, 2006) in the 

TP3 and TP4 plots at 20-40 cm. Penetration resistances for TP1 decreased at both depths.  

This result may be explained by inversion of the soil by the plow, which increases pore size. These 

results support the results of Çetin et al. (2009) and Doğan and Çarman (1997). 
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c. before tillage (20-40 cm) d. after harvesting (20-40 cm) 

Fig. 2 -The effects of different soil tillage methods on distribution of PR in 2012 
TP1: plow+disc harrow+rotary tiller+direct seeding machine. TP2: chisel+disc harrow+rotary tiller+direct seeding machine. 
TP3: plow+rotary tiller+direct seeding machine. TP4: direct drilling. TP5: control plot without planting; 0.0 m-11.0 m = TP1; 

11.0 m-22.0m = TP2; 22.0 m-33.0 m= TP3; 33.0 m-44.0 m= TP4; 44.0 m-55.0 m= TP5. 

The average PR values before soil tillage in 2012 were lower than in 2011. In 2012, the PR values at 

0-20 cm were more homogenous than in 2011 in all experimental plots. In 2012, the PR values obtained at 

0-20 cm after harvesting for the TP1 and TP2 methods were lower than for 2011. In addition, after harvesting, 

PR values were higher for the TP3 and TP4 methods for 20-40 cm in 2011 than in 2012. The TP1 method 

decreased the PR at 0-20 cm. That result can be attributed to the short term loosening effect of tillage. 

However, the TP3 and TP4 methods increased the PR at 20-40 cm. These results were in good agreement 

with those of Scwartz et al. (2003) and Çelik (2011).  

Penetration resistances for the two soil depths were the highest under the TP4 method and the lowest under 

the TP1 method in both experimental years, relative to TP5 (Control). This result supported those of Alvarez 

et al. (2009) and Çelik (2011) and the lowest values of PR were obtained for the TP1 method. In our study, 

the PR increased with soil depth for all methods, which supported the results of Boydaş and Turgut (2007) 

and Amin et al. (2014).  

 

CONCLUSIONS 

The results of the current study showed that the use of the TP1 and TP2 methods for two years in 

maize growing resulted in lower bulk densities than for other tillage operations on a heavy clayey soil 

(Vertisol). The BD and PR were significantly greater under TP3 and TP4, especially TP4, than those under 

TP1 and TP2 at 0-20 and 20-40 cm. The values of BD and PR were lower in the surface layers. The TP4 

method had detrimental effects that varied according to the sampling period and soil depth.  

Overall, soil properties influencing PR in all plots were water content, BD and clay content. Our results 

suggest that since the PR was adversely affected, direct seeding (TP4) should be avoided on high clay 

content soils under the Black Sea Region climatic regime. 
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ABSTRACT 

The article deals with the kinetics of the weeding process. The authors analyse the key figures to evaluate 

the effectiveness of machines for contact application; they also present the equation to calculate the final 

accuracy of the process. 

 

РЕЗЮМЕ  

Досліджено кінетику технологічного процесу знищення бур’янів. Розглянуто показники, якими 

можна оцінити якість роботи машини для контактного нанесення. Виведено вираз для визначення 

показника чистоти обробки. 

 

 

INTRODUCTION 

 Agriculture means provide certain conditions, notably well-timed and effective weeding. The analyses 

of the production processes in the agricultural enterprises in Ukraine and abroad has shown that this task is 

accomplished mainly with the help of chemical methods (Lysov A.K., 2012; Melezhyk O.I., 2010; 

Onyschenko B.V., 2011).  

Herbicide spraying means serious undesirable losses caused by wind, evaporation, dropping, working 

solution drops settling on the soil (Lysov A.K., 2009). Besides, the existing processes aimed to eliminate the 

weeds have low effectiveness caused by numerous technical reasons and physical and mechanical 

characteristics of the plants.  

The current scientific and practical task is to develop the new equipment of weed infestation decrease 

that will allow to increase the process effectiveness by reducing unproductive losses and destroy both the 

stalks and the roots of the weeds (Lemus R., Mowdy M., Davis A., 2013). It is important to develop the 

weeding technologies (Joseph M. DiTomaso., Drewitz J., 2008; Thomas J. Monaco, 2002) because the 

existing equipment and machinery have low productivity. The comparative analysis of the present technology 

has shown the perspectives of contact method of herbicide application on the plants (Moyo C., Harrington K. 

C., Kemp P. D., Eerens J. P., 2008; Kotov A.A., 2009). 

However, the weeding technology with already known contact action equipment can’t be used on the 

areas with big slopes or on the fields and pastures overgrown with weeds having rough stem.  

The solution of the current scientific and practical task of more effective weeding process should be 

based on the system analysis of interaction between the working tools of the machine for contact herbicide 

application and the stems; it will allow to indicate the process regularities, investigate the reasons of 

unproductive losses, scientifically explain the way to increase the effectiveness and constructive design of 

working tools. 

 
MATERIAL AND METHODS 

The analysis in literature and statistical reports has proven that the contact method is becoming widely 

used (Bundza O.Z., Kravets S. V., Nalobina О. O., Nikitin V. G., 2015; Lvov S.M., Putianin Y.P., Shashova 

M.V., 1990). Its principle is that certain amount of working solution is applied directly on the plant. In 

comparison with other method it allows: to avoid the loses caused by wind (compared to irrigation); minimize 

losses caused by dropping and evaporation; eradicate high weeds without damaging low plants; decrease 
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the loss of working solution; avoid using expensive herbicides of selective effect. This method is successfully 

used to control high weeds on grazing and agricultural lands. It allows to reduce pollution of agricultural 

plants with chemicals.  

 The analysis of the existing machine constructions and their working tools for contact herbicide 

application has helped conclude the following: 

1) the work of this equipment is characterized by the significant losses of working solution that causes: 

- environmental pollution; 

- great herbicide losses; 

- transfer of the chemicals to the agricultural plants. 

2) actual equipment is not effective for eradication of the weeds with thick stems when their roots must be 

destroyed. 

In order to eliminate these drawbacks, the authors have designed the weeding machine construction 

of contact action; the scheme of the working tool is represented in figure 1 (Bundza, O.Z. and Nikitin, V.H., 

2010; Bundza O.Z., Kravets S. V., Nalobina О. O., 2015). The machine for contact weeding in combined 

method consists of three working tools: cutting device, collector of the cut plants and unit for the contact 

herbicide application.  
 

 
 

Fig. 1 - Scheme of the working tools of the contact action weeding mechanism 

 

top view (a), working scheme (b), unused solution collector (c):  

1-frame, 2-cutting device, 3-plate, 4-collector; 5-collector drive hydraulic motor; 6-collector drive gearbox; 7-conveyor belt; 8-cleat; 9-

fingers; 10-tension mechanism; 11-supporters; 12-couplant mechanism; 13-drum; 14-porous-capillary material; 15-synthetical net; 16-

feeder; 17-dosing pump; 18-pipe lines; 19-casing; 20-shaft drive; 21-pump drive; 22-unused solution collectors; 23-jar;  

24-circle made of porous material; 25-draining pump; 26-pipe line 
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While in operation, the cut plants fall on the collector 4 and they are taken away; the drum 13 applies 

the herbicide solution directly on the cut plants by the couplant method. The herbicide moves to the plant 

root through the capillaries and causes their destruction or significant loss of vital functions without polluting 

the environment. The dosing pump 17 regulates the herbicide flow in order to ensure the supply of the 

necessary amount of herbicide and to avoid dropping.  

 The suggested construction has following advantages: possibility to destroy above ground part of the 

weeds and their roots, possibility to reuse the weed stems, selective action (only high plants are cut down, 

crop plants and grass are saved), ecological compatibility (chemicals that are used in solutions don’t settle 

on the soil or crops), minimal non-productive losses (dropping, evaporation, wind). 

According to the chosen topic, the authors research the kinetics of the weeding process in order 

to formulate the concept for further examining the weeding machine construction.   

The authors study the technological process of weeding as the one that is done sequentially and 

consists of two technological operations: weeds stem cutting and herbicide application on the cut stems. 

As a result, we get two products – weed stubbles with herbicide applied on the top and cut weed stems 

on the field surface.  

The authors examine the kinetics of weeding technological process in order to form the concept 

for further research of machine construction for contact weeding method. The analysis of the weeding 

process is done in accordance with the theory of biological populations’ propagation and death 

(Sychuhov N.P., 1970; Ventsel E.S., 2003). 

The authors regard the weeding process as homogenous, set in time and deterministic. The 

subpopulation of weed stems may be in the following states – cut but without herbicide covering 

(stubbles, non-covered); cut and covered with herbicide (stubbles, covered); non-cut covered with 

herbicide (stems, covered). These assemblages are characterized with initial and current inclusion in 

total weed amount on a certain field area. If these assumptions are correct, then the equation of 

material balance is true in any random moment of time: 

0)()()( QttZtQ                        (1)  

where Q(t) is the number of uncut plants that are not covered with the herbicide and rema in on the field, 

Z(t) is the number of uncut plants but covered with the herbicide, α(t) is the amount of cut and covered 

with the herbicide weeds, Q0 is the total number of weeds before the beginning of the process.   

 

The authors introduce the limitation for further research: 

- in the initial moment of the process(t=0) Q(t)= Q0; 
- weed stems cutting is performed simultaneously with the herbicide application on the tops of 

the stubbles; 
- the contact herbicide application process takes place under unchangeable environmental 

conditions. 
We can write the differential equation of weeds number change on the processed area:  

 
 tQk

dt

tdQ


1
                 (2) 

where k1 is the intensity of the weeds cutting process with the cutting unit of the contact action machine 

for weeding.  

The number of weeds that are not cut but covered with the herbicide can be calculated with the 

help of the equation:  

 
dt

td
tQk

dt

td

dt

tQ

dt

tdZ )()()()(
1


                   (3) 

The number of the stems where herbicide was applied is proportional to the number of cut and 

uncut stems: 

)()(
)(

32 tZktQk
dt

td



                  (4) 

where k2 indicates the intensity of uncut stems processing and k3 – the intensity of cut stems 

processing. 
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The indices k1, k2, k3 can be defined experimentally or theoretically.  

The equations for total change of weeds amount that was processed with the contact action 

machine are the following: 

 
 

     

 
      

     




























0

321

32

1

dt

tdZ

dt

td

dt

tdQ

tZktQktQk
dt
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tdZ
k

dt

tdQ
k

dt

td

tQk
dt

tdQ





            (5) 

We solve these equations.  

The first equation of the system (5) shows the change in number of uncut weeds where herbicide 

was applied with the drum. The solution of this equation is: 

 
dtk

Q

tdQ
 1 , hence   CtkQ t  1ln      (6) 

If we assume that C=lnC1, we will get   tkCQ t  11lnln .  

If the processing time t=0, then 0)( QtQ   and 01 QC  , we have  

tk
eQtQ


 1

0)(               (7) 

The equation (7) is an exponential function. Before the start of the process  t=0 0)( QtQ  . If the 

machine starts functioning moving along the field, the number of uncut stems covered with the herbicide 

reduces and tends to zero. The speed of herbicide application is determined by intensity ( k1). The 

variable k1 depends on the design parameters of the machine and working regime. Also, the variable k1 

depends on the roughness and height of the weed stems. 

The weed stems are processed by the cutting device knives in one second. The cutting device 

cuts m number of weeds in one second. 

The cutting device cuts N stems on working width. According to (Letoshnev M.N., 1949):  

4
0 10 hKtN                (8) 

where t0 is the distance between the blades of cutting device, mm; h is delivery, cm; K is number of 

weed stems per m
2
, units.  

We examine the key figures to evaluate the working quality of the machine for contact application.  

For the evaluation of the process we take the key figures (the equations that we have got after the 

analysis of the functions above): 

1. the number of unprocessed weed stems: 

tk
u e

Q

tQ
t


 1

0

)(
)(                                                      (9) 

If t=0, we get 1)( tu  . 

 

2. the number of cut weed stems that are covered with herbicide – finish accuracy: 

taking the condition that t=0 φu(t)=1, we get
tk

y e
Q

tQ
t


 11

)(
1)(

0

 ,                              (10) 

3. the number of destroyed weeds:  

0

)(
)(

Q

t
tY


              (11) 

If t=0, Y(t)=0. 
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The intensity coefficients к1, к2, к3 do not show their complete dependence on design parameters and 

operation mode of the working tools of the contact action weeding machines. With this purpose, the authors 

establish general correspondences between plant stems and some parameters of machine working tools. 
To calculate the intensity coefficient k1 we assume that the cutting device effectively cuts on 

working width:  

N

tk 
 1

1 , or tkN  11                    (12) 

If we assume that the cutting effectiveness on each area is the same, we will have an equation for 

finish accuracy (10): 
N

y et


 11)(
                       (13) 

Here we see that the cutting device is determined by the effectiveness index on a certain area. 

The higher λ1 is, the faster φy becomes maximal.  

On the other side, the process effectiveness is determined by the number of weed stubbles 

covered with herbicide. The drum contacts with m cut stems in one second: 

m

dd

v

L
m








2
                              (14) 

where Ld is the drum length, m; ωd is its rotational speed, с
-1

; vm is the machine speed, m per s.   

We calculate the intensity of weeds cutting k1. We solve the equations (7), (9), (12). According to 

(12) we write the equation for finish accuracy (10): 

N
y eN


 11)(

                     (15) 

Then the equation N
uy N  1)(  is true (according to (14) and (15)) if the whole length of the 

cutting device cuts.  

We get:  

Nk
y eN


 11)(  and  

Nk
u eN


 1)(                  (16) 

Taking into consideration this equation and transformation (7), (9), (12), we can calculate:  

t

N
k

y )(ln
1


 ,          (17) 

where t is the processing time, s.  

φy(N) is determined in experimental way. 

 
RESULTS 

 The effectiveness of the weeding process by suggested contact action machine can be evaluated with 

k1, that is the process intensity. It is a physical quantity that describes the kinetics of the process.  

 

CONCLUSIONS 

 The above-mentioned equations (4), (9), (11), (12), (14) allow to formulate the concept of further 

research: explain the main parameters of the contact application machine in accordance with the physical 

and mechanical characteristics of the stems, namely roughness, cutting height, weed stems diameter that 

depends on the development stage of the weed. It allows providing the effective work of the suggested 

equipment. 
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ABSTRACT 

A new method for assessing the quality of fluidization is proposed, which allows providing more 

uniform heating of grain material and intensify its drying process. 

 

РЕЗЮМЕ 

Предложен новый метод оценки  качества ожижения, позволяющий обеспечить более 

равномерный нагрев зернового материала и интенсифицировать процесс его сушки.  

 

 

INTRODUCTION  

Grain harvesting period in many regions of Russia coincides with autumn precipitation falls, thus as a 

result the harvested grain has high humidity (Zhuravlev А.P., 2014). 

Now, convection drying of grain material by combustion products of organic matter used as a fuel with 

comparatively high combustion temperature are used in agricultural industry. The disadvantage of such 

dryers is high energy consumption (Tarasenko А.P., 2008; Pilipyuk V.L. 2009).  

This provides the necessity to develop new, less energy consuming, environmentally friendly 

technologies of grain drying (Shhitov S.V. et al, 2016; Bibik G.А., 2016; Volkov А.V., 2017). The application 

of food dehydration method in pseudofluidized layer allows significantly speeding up the process that is very 

important for increasing technical and economic indicators of drying installations. 

The grain layer description in dryers functioning according to its pseudofluidization principle 

(Volzhentsev A.V., 2014; Kalashnikova N.V. and Volzhentsev A.V., 2009) can be at best estimated only 

visually, which is not quite objective.  

For this reason, there were many attempts to find more precise definition of pseudofluidization quality. 

However, in known methods foreign objects should be plunged into pseudofluidized layer. It influences 

the pseudofluidization nature. 

 

 

МATERIAL AND METHODS 

The intensity of light flow when determining grain layer uniformity was detected by lux meter Ю-116, 

the readings of which were recorded by Panasonic NV-GS80EE-S video camera.  

The installation response time of test and periodical running time were recorded by dual interruptible 

stop watch “С-II-1б” with clock-driven mechanism.  

We suggested the method of determining pseudofluidization uniformity consisting in determining light 

beam intensity, penetrating through grain layer.  

Experimental tests were performed on the developed and manufactured installation presented in 

figure 1. 

 

mailto:kentury@rambler.ru
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Fig. 1 – Scheme of experimental installation and devices arrangement to determine  

the pseudofluidization uniformity degree 
1 – lux meter; 2 – selenium sensor; 3 – video camera; 4 – drying chamber; 5 – grain layer; 6 – light source;  

7 – gas distribution device; 8 – electric heating elements; 9 – ventilator 

 

Under the influence of heating with electric heating elements 8, the air flow created by ventilator 9 on 

grain layer 5 which is located on gas distribution grid 7 the inter-grain contacts become weak, bed void 

fraction increases and its structure is destructed under certain conditions. 

Dense grain layer in working chamber 4 merges into condition that reminds boiling liquid h.e. pseudo-

fluidization condition. At that point, the uniformity degree of pseudofluidized grain layer produces the main 

effect on drying quality. 

Light emission produced by directed light source 6 was detected by selenium sensor 2, registered by 

lux meter 1 and recorded by video camera 3. 

Oscillograph recordings of lux meter readings have the form presented in figure 4, and allow obtaining 

detailed amplitude and frequency data. Different lines and hatchings in figure 5 present the processing of 

these recordings to obtain the necessary information. 

Thus, distinguishing definite sufficiently large time intervalT , we summarized the area under curve 

)(t  and determined the mean average deviation   of light emission: 

                                                                

T

dtt
T

0

)(
1

 .                                                               (1) 

 
abscissa – test duration t, sec; ordinate – light flow δ, lux; I – uniformity index 

(I = 25.04) 

Fig. 2 – Determining the fluidization uniformity index 

 

Further we drew the corresponding horizontal that separated areas with    (spaces with sign «+») 

from areas    (spaces with sign «–»). 
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Fig. 3 – Processing of lux meter readings 

 

Integrating separately the areas of truncated positive and negative spaces, we determine the average 

absolute deviation: 

 

                                        

  

TT T

dt
t

dt
t

dtt
T

00 0

_
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)(
1

 .                                    (2) 

Drawing in the same figure the number of horizontals corresponding to neighbouring values   and 

  , it is possible to add up continuances  , during which the light intensity was enclosed in this 

interval, and to determine this event relative probability  T/)(  . 

Uniformity index I  is determined as relation of average deviation  , to oscillation frequency : 

 /I , where ν – oscillation frequency. 

Uniformity index I  was interpreted as the relation of average deviation , to oscillation frequency : 

 /I , where    oscillation frequency. 

According to the experiment, uniformity indexes were connected with pseudofluidization quality in the 

following way: high degree of uniformity corresponds to index 7, satisfactory – index from 7 to 15, low, with 

increasing piston flow – from 15 to 32. 

 

RESULTS 

Experimental investigations were done in order to ground the drying chamber structural parameters 

providing the specified variation limits of uniformity index I  of wheat seeds pseudofluidized layer, which was 

determined according to intensity variation of light beam penetrating through the grain layer. In this regard, it 

was necessary to study the effect of the variation of diameter d and pitch h of drying chamber gas distribution 

grid holes on the uniformity index I  of grain seeds pseudofluidized layer. 

Hole diameter was chosen according to the following values: d = 2; 2.2; 2.4; 2.6; 2.8; 3 mm. The hole 

pitch was equal to h = 1; 1.5; 2 mm. 

Experimental results of the study of the above-mentioned factors, effects on uniformity index of 

pseudofluidized material in the drying chamber are presented in the form of characteristic curves in figures 6 

and 7. The obtained uniformity index dependences of the fluidized material on holes diameter of gas 

distribution grid (figure 4) at different pitch of the given holes have linear character. 

Sharp decrease of uniformity index I  with grid hole diameter increase takes place to the specified 

value and then its continuous increase occurs. Minimum value of index I  corresponds to the grid diameter 

values arranged in the interval from 2.4 to 2.6 mm. 

On the ground of the obtained results it is necessary, in further investigations and also in practical 

usage, to apply grids with hole diameter from 2 to 3 mm. Further increase of grid hole diameter is 

unreasonable because of spillage of part of the grain material through them. 

Characteristic curves (figure 5) of uniformity index I  from grid hole pitch h indicates that with increase 

h uniformity index decreases and reaches the minimum value at h = 1.5 mm.  
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The sequential increase of holes pitches results in gradual increase of uniformity index at any 

specified values of grid diameter. 

We consider that further holes pitches increase in gas distribution grid is impossible because of 

reduction of grid open space and as a result of considerable increase of its hydraulic resistance. The type of 

the dependence obtained in the course of investigations with sufficient high accuracy corresponds to the 

theoretical one. 

 

Fig. 4 – Dependence of uniformity index I  on hole diameter d of gas distribution grid  

at different values of holes pitch h 

 

 

Fig. 5 – Dependence of uniformity index I  on hole pitch h gas distribution grid  

at different values of hole diameter d 

 

Pseudofluidization characteristic also depends on the relation of grain layer height L to diameter D. 

Minimum relation q = L/D was admitted equal to 1, further decrease of this value is unreasonable due to 

economic reasons, because dryer capacity decreases significantly. Maximum value of height to grain layer 

diameter relation, which does not violate fluidization stability, was determined by test and was admitted L/D = 

2. Characteristic curve analysis of uniformity index I  from relation L/D value (figure 6) at different gas 

distribution grid hole diameters d indicates that the process of grain material fluidization at the value of 

relation L/D = 2 is stable. 
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Further increase of L/D value results in transition from fluidized state to piston flow and grain material 

emission from drying chamber, h.e. at L/D > 2, grain drying is impossible. 

 

Fig. 6 – Dependence of uniformity index I  on L/D relation value 

 

The most qualitative fluidization at minimum uniformity index was observed at L/D =1.5. 

Thus, while designing experimental dryer it is necessary to limit the relation range L/D from 1 to 2. 

To provide the interaction and effect estimation of experimental dryer constructive and operation 

parameters with pseudofluidized grain layer on fluidization uniformity index, a full factorial experiment was 

carried out and the regression equation of the following type was obtained: 

, , . . . . . . .2 2 2 2I 432 741 240 586d 35 178h 57 468dq 200 766q 39 252d 72 912q 111h 21552dq        
   

(3) 

After substitution of the corresponding values of the main factors, factorial change dependence of 

fluidization uniformity index I by grain dryer is drawn diagrammatically (figure 7). 

It is obviously seen from diagramming analysis of the obtained results that grain material most 

qualitative fluidization can be obtained at gas distributive device holes diameter d = 2.5 mm and holes pitch h 

= 1,5 mm. Optimal value of grain layer height-diameter ratio can be accepted as L/D = 1.5. 

 

 

Fig. 7 – Factorial dependence of pseudofluidization uniformity index by experimental dryer 
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CONCLUSIONS 

1. The optimal parameters of gas distribution device of dryers are determined: diameter and holes 
pitch of the grid, ratio of grain layer height to drying chamber diameter. 

2. At the sake of the specified parameters the best distribution of air flow in pseudofluidized grain layer 

is performed, its uniformity is increased, the active surface values of heat exchange between separate grain 

and dryer agent are increased, drying enhancement and more uniform heat penetration of grain are carried 

out. 
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ABSTRACT 

Garlic harvesting is an important part during the garlic production process. Currently, the major obstacles of 

the garlic industry development are labour intensity, high farming time, significant losses and low efficiency. 

According to the characteristics of garlic cultivation in China and based on the current design experience, a 

half-fed and self-propelled garlic harvester, suitable for garlic producing within most areas of China, was 

developed. The main working parts contain the devices of stalk-dividing, stalk-lifting, stalk-clamping and 

conveying, clod-removing, align-cut seedling, as well as garlic collecting system, etc. To ensure the digging 

effect and improve working quality and stability of the machine, the combined working principle of digging 

and lifting has been adopted. The functions of garlic align-cut device are to align garlic and cut garlic from 

seedling; the handle length of cut garlic is accordance with production requirements at the same time. 

Through the field performance test of the garlic harvester, the operation performance is tested for stalk lifting 

device and align-cut device in different operating conditions. The operating performance in field is assessed 

through testing the machine’s key performance indicators for different operating speeds. Solutions were 

suggested after analysing the main causes that impact its operating performance. Testing results showed: 

the machine has good manoeuvrability and high working efficiency; garlic loss rate≤1.8%, garlic picking 

broken rate≤2.1%, containing soil rate≤12.8%; all the performance indexes met the design requirements. 

 

摘要 

大蒜收获作业是其生产过程的重要部分。当前，人工劳动强度大、占用农时多、损失大、效率低等已成

为影响大蒜产业发展的主要问题。针对我国大蒜种植特点，在现有研究的基础上，研制了一种适合于我国大

蒜主产区收获的半喂入自走式大蒜收获机。该机主要工作部件包括：分禾装置、扶禾装置、挖掘装置、夹持

输送装置、清土装置、对齐切秧装置和集果系统等。采用挖拔组合式工作原理，保证了大蒜收获中挖掘效果，

提高了整机的作业质量和稳定性；设计的对齐切秧装置实现了对齐及果秧分离，同时蒜果的留柄长度满足生

产要求。通过该机田间作业性能试验，测试了不同作业条件下扶禾装置及对齐切秧装置的作业效果。通过对

不同作业速度下该机的主要性能指标的检测，考核该机的田间作业性能，分析影响其作业性能的主要原因及

解决办法。试验结果可知：该机工作灵活、作业效率高，作业中果实损失率不大于 1.8%，破损率不大于

2.1%，含土率不大于 12.8%，各项性能指标均满足设计要求。 

 

 

INTRODUCTION 

Garlic is the cultivation crop of labour intensity, harvesting operations being an important part during its 

production process. Currently, the major obstacles of the garlic industry development are labour intensity, 

high farming time, significant losses and low efficiency.  The mature production technology and equipment 

abroad are difficult to adapt to the actual needs in China (Hu Z.C. and Wang H.O., 2007; Zhang H.J. and Hu 

Z.C., 2010). Some garlic planting machine and garlic harvester have been developed by some research 

institutes and enterprises in our country, such as: the 2ZDS-5type and 2ZDC-5 type self-propelled garlic 

planter, the 4S-60 type garlic harvesting machine, the 4DS-1000 type garlic excavator (Lü X.L. and Hu Z.C., 

2015; Badoiu D., Petrescu M. and Toma G., 2014; Guan M., Chen Z.Y. and Gao L.X., 2015; Hu Z.C. and Wu 
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F., 2007; Hu Z.C., Wang H.O. and Wang J.N., 2010; Jiang J.C., 2007). At present, garlic harvesting mainly 

relies on artificial work in China, the garlic mining plow is used in some areas. Garlic harvesting machine is 

used in few areas, such as Shandong, Henan provinces etc., but the garlic harvester needs to be developed. 

Overall, the garlic mechanized harvesting technology and equipment in our country is still in the initial stages, 

most part of the equipment is still in prototype testing stage. They need to be improved in the quality, 

adaptability, reliability and economic performance. Therefore, the research and development of the garlic 

harvesting equipment have important significance to accelerate garlic mechanized production in China. 

 

MATERIAL AND METHODS 

Overall structure and working principle 

The half-fed and self-propelled garlic harvester has been developed by Nanjing Research Institute for 

Agricultural Mechanization Ministry of Agriculture. At present, the production and testing of the prototype 

have been completed. The main working parts of the garlic harvester contained the stalk-dividing device, 

stalk-lifting device, digging shovel, clod-removing device, clamping and conveying chain, align-cut seedling 

device, cleaning device, garlic collecting system, etc.(Fig.1). 

 
Fig. 1 - Structural scheme of the garlic harvester 

1 - Stalk dividing device; 2 - Stalk lifting device; 3 - Digging shovel;  4 - Clamping and conveying chain;  5 - Removing clod device;  

6 -  Align-cut device; 7 - Chassis; 8 - Conveying belt ; 9 - Fan; 10 - Cleaning sieve; 11 - Seedling conveying belt; 12 - Seeding throwing 

chain 

 

The harvester can complete the garlic lifting and digging, garlic seedling clamping and conveying, garlic 

and soil separating, garlic seedlings cutting, garlic cleaning, automatically collecting garlic, etc. (D. R. LIU, X. 

J. WANG and Y.S. WANG, 2010; B. F. Li, 2008). When the harvester is working, garlic seedlings are 

separated from both sides seeding and lifted by the stalk lifting device; the digging shovel takes off the garlic 

roots. The garlic seeding is clamped and backward conveyed by the clamping and conveying chain. The 

removing clod device eliminates the soil on the garlic root. The garlic seeding is conveyed into the align-cut 

device with the clamping and conveying chain, and the stem according to the requirements of garlic stem 

length is cut off with the disc cutter. The garlic drops onto the conveying belt, and conveyed to the cleaning 

sieve to remove clod, fall into the collecting box at the rear of the cleaning sieve. The seedling continues to 

be backward conveyed, and discharged from the harvester rear. 

 

Chassis 

The chassis mainly consists of engine, speed transmission system, working system and console. The 

engine is of 490 Diesel type, with 33 kW set power and 2700 r/min output speed. Variable speed system 

includes the gearbox and hydraulic CVT. The CVT is used to adjust the speed or rotation direction of the 

gears. The working system is of rubber tracks style. The track centre distance is 950 mm, the track length on 

the ground is 1230 mm, the width is 400 mm, pitch is 90 mm and the section number is 45. Two transmission 

lines are designed according to the requirements of the driving system of the machine. In order to efficiently 

solve the power shortage, the belt tensioning wheel clutch is used. Removing clod device, conveying belt, 

fan, cleaning sieve, seeding throwing chain and seedling conveying belt use a transmission line of driving 
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system. The output power is directly supported by the engine and its speed is directly controlled by the 

engine. The clamping and conveying system, align-cut device and stalk lifting device use another 

transmission line of driving system. The power is outputted from the gearbox, and the speed varies with the 

working speed of the harvester. 

 

Stalk dividing and stalk lifting device 

The stalk-dividing and stalk-lifting devices separate plants on each row or furrow, upwardly lifts stalk, 

and feed seeding into the clamping and conveying chain (Fig.2). 

 

 
Fig. 2 - Structural scheme of the stalk dividing and lifting device 

1 - Left finger chain box; 2 -  Drive sprocket;  3 - Tension wheel;  4 -  Pulley;  5 - Left stalk dividing device;   

6 - Transmission chain; 7 - Finger; 8 - Right finger chain box; 9 - Right stalk dividing device 

 

The stalk-dividing device is a fixed-guide structure, mounted on the front of dig-pull conveying device. 

The points and angle into the soil of the Digging shovel can be adjusted according to the different working 

conditions. The left and right finger chain boxes of the stalk lifting device have a symmetric configuration, and 

contain a drive sprocket, tensioned wheel, pulley, drive chain. The centre distance can be adjusted 

according to the garlic planting mode between the symmetrical pulley and drive chain of the stalk lifting 

device. The finger has two speed gears, and the gears can be chosen for the required speed of the 

harvester. 

 

Dig-pull conveying device  

Dig-pull conveying device is composed of the digging shovels, clamping and conveying device (Fig.3). 

During working, dug shovel touches the garlic fibrous roots, loosens soil and lifts up the garlic. In order to 

meet enough dug depth and reduce forward resistance, the digging shovel is designed with rectangular 

shape and inclined plane. The shovel handle is fixed onto the tube holder of the rack on both sides. The 

digging point and dug depth can be adjusted according to the production requirement. The main design 

parameters are: the entry soil angle is 30°, the between spaces of the shovels is 0~45 cm, the digging width 

is 40~95 cm, the digging depth is 0~12 cm. The entrance of the clamping and conveying chain is in the V 

shape, the garlic seedling is clamped at about 20° to vertical direction and backward conveyed. In order to 

adjust the extracting height of the garlic seedling, the hydraulic lifting and the depth-limiting mechanic 

structure are designed. The opening size at entrance can be adjusted with the adjusting wheel, and the 

tension force of the clamping and conveying chain can be adjusted with the tension spring. 
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Fig. 3 - Structural scheme of the dig-pull device 

1 - Left digging shovel; 2 - Right digging shovel; 3 - Shovel handle; 4 - Adjustment wheel I; 5 - Adjustment wheel II; 

6 - Clamping and conveying chain; 7 - Tensioned spring 

 

Align-cut seedling device 

The device mainly composed of the left and right guide rod, upper clamping chain, alignment chain, 

arranged disk of garlic, hook, disk cutter, etc. (Fig.4). The garlic seeding is clamped with upper clamping 

chain and backward conveyed, and orderly arranged at the entrance on the guide bar. Each hook grabs a 

garlic seedling through combined action of arranged disk. The garlic is conveyed backward through 

combined action of the upper clamping chain and alignment chain, aligned and cut by the disc cutter. The 

garlic seedling continues to be backward conveyed by the clamping chain. The garlic remain handle length is 

determined by the position of the disc cutter. 

 
Fig. 4 - Structural scheme of the align-cut device 

1 - The upper clamping chain; 2 - Left guide rod; 3 - Right guide rod; 4 – Rack; 5 –arranged disk of Garlic;  

6. Align chain; 7 - Disc cutter; 8 – Sprocket; 9 - Hook; 10 - Motor 

 

Performance test  

Test content: (1) the performance test of the working parts. The operating performance of the stalk 

lifting device and align-cut device in different conditions are tested respectively. (2) the operations quality test 

of the whole machine. This test is destined mainly to assess the operation effect of the garlic combined 

harvester and provides the basis for further optimized and improved machine design. 
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Test conditions: the test is carried out at Pizhou City, Jiangsu province; it is in sand soil; the garlic 

planting pattern is wide and narrow planter suitable for mechanized operations, the narrow row space is 20 

cm, the wide row space is 40 cm; the growth characteristic parameters of the garlic, soil compaction and 

moisture content are measured; the results are shown in Table 1. 

 
Table 1  

Garlic growing characteristics and soil conditions 

Parameter Measurement results 

Height of garlic seeding, [cm] 34 

The flower stalks diameter, [cm] 1.6 

Bulb diameter, [cm] 6.5 

Bulb height, [cm] 4.7 

Garlic depth, [cm] 0-10 

Plant spacing, [cm] 19.6 

Row spacing, [cm] 13.3 

10-15 cm soil moisture [%] 48.64 

10-15 cm soil compaction, [kN/cm
2
] 0.085 

 

The indexes of the operations quality of the whole machine are as follows: injury garlic rate, loss rate, 

containing soil rate and the productivity. During the test process, the speed of the harvester is set at 0.36 m/s 

or 0.54 m/s, the digging depth is 120~130 mm. The test zero is 30 m long, and three testing cells are 

randomly chosen from the test zero.  

The length of each test cell is 5 m. In the test cell, the garlic dug up manually in field (as buried garlic), 

the garlic dug up by the harvester but not clamped (as loss garlic), garlic harvesting by the harvester in the 

testing cell (as harvested garlic) and all the trauma of the garlic (as damaged garlic), were weighed. 

Harvested garlic weight is w1, garlic loss weight is w2, buried garlic weight is w3, damaged garlic weight is w4, 

the soil weight of harvested garlic is w5, test indicators are shown as follows (Liu J.J., 2008; Li S. X., 2015; Li 

Z.X., 2010; LU Z.M., 2011): 

 

Loss rate： 

                                     (1) 
 
Damaged garlic rate: 

                                     (2) 
 
Containing soil garlic rate: 

                                      (3) 
 
Productivity: 

  [hm
2
/h]                                 (4) 

 

In the formula:  

P- Productivity [hm
2
/h]; T- The time used by the prototype to pass through the testing zero, [s];  

L- The length of the testing zero, [m]; H- Operating width, [m]. 
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RESULTS 

Performance test results  

The performance of the stalk lifting device is tested in the garlic upright and lodging status (Fig. 5). The 

testing results show that more upright the garlic is, the better the operating effect of the stalk lifting device is.  

 

        
(a) Plants upright                                                                                      (b) Plants lodging 

 Fig. 5 - Working effect of the stalk lifting device 

 

The working quality of the align-cut device is mainly affected by the arranged status of plants, the 

clamping position and the feed quantity.  

The effects of remain handle length is tested in different conditions. From the harvested garlic in test 

zero, 20 are randomly selected to test their handle length in each condition. The handle length is measured 

from the garlic fake stems to the top of the garlic bulb. The handle length is set 5 cm. In the test, the align-cut 

device performs better with plants upright status, the statistical results of the handle length in different 

conditions being shown in Table 2. 

 
Table 2  

Statistics result of garlic handle length 

 
Plant status 

 
Gear 

Maximum Minimum Mean  
Variance 

（cm） （cm） （cm） 

 
Upright 

I 6.50 4.58 5.01 0.421 

II 6.50 4.60 5.06 0.447 

 
Lodging 

I 6.80 4.54 5.41 0.579 

II 7.00 4.58 5.46 0.696 

 

 

Operating quality test results  

The test results are shown in Table 3. Machinery harvest effect is shown in Fig. 6 and Fig. 7. 

 
Table 3 

Test result of the garlic combine harvester 

Test parameters Test indexes 

Speeds Digging depth Loss rate Rate of injuries  Containing soil  Productivity 

（m/s） （mm） （%） garlic （%） rate（%） （hm
2
/h） 

0.36 130 ≤1.8 ≤2.1 ≤12.8 0.078 

0.54 120 ≤3.1 ≤3.8 ≤14.5 0.116 
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Fig. 6 - The effect of the machine harvesting the garlic      Fig. 7 - The situation after the harvesting in field 

 

CONCLUSIONS 

The developed half-fed and self-propelled garlic combined harvester can complete a variety of 

functions from digging, cleaning clod, clamping and conveying, align-cutting to collecting, etc. The test 

results are shown: 

(1) The upright status of the garlic seedlings has a more significant influence on the harvester operating 

effect. The better the garlic upright status is, the better stalk lifting device propped the garlic seedlings. The 

garlic can be orderly conveyed to the align-cut device, so that the uniformity of the garlic handle length is 

improved, and the harvester performance is stable and reliable. When the lodging status of the garlic is more 

serious, the stalk lifting device cannot propel the garlic seedlings. The garlic seedling cannot or cannot 

orderly be conveyed into the clamping and conveying chain, and the garlic seedling cannot be aligned or 

easily pulled off, so that it is difficult to ensure the accuracy and uniformity of the handle length.  

(2) The operating speed of the harvester has a significant influence on the operations quality. When the 

speed is too high, it easily leads to garlic leaking and clogging due to the garlic holder or backward transport 

untimely, and easily cause obstruction at the entrance of the align-cut device. At the same time, the garlic 

cannot be aligned and it is difficult to guarantee the length of the handle length.  

(3) The main reason for damaging garlic is that the garlic makes friction and collision with the device in 

the process of clod removing and garlic cleaning. The harvester can be improved in terms of working 

surface, clod removing and parts cleaning with adopting rubber or plastic material to enhance its cushioning 

effect.  
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ABSTRACT 

On-farm detailed electric load profile is becoming increasingly important in the context of renewable 

energy source implementation in livestock housing due to rising energy costs along with concerns over 

greenhouse gas emissions. This study aimed to propose and investigate a pragmatic methodology to 

determine detailed energy demand profile in dairy farm sizes of 20 to 100 cows as the most common size in 

Iran. A model was developed based on the case studied dairy farm conditions, including artificial lighting, 

milking, milk cooling and water pumping subsections. This research prepares the first step toward employing 

photovoltaic electricity in dairy farms and thereby encouraging sustainable dairy farming. 

 چکیده

زهای گلخانه ای ودر ارتباط با بکار گیری منابع انرژی های تجدیدپذیر در تامین با توجه به افزایش قیمت انرژی و نگرانی های ناشی از گا 

هدف از این تحقیق پیشنهاد و تشریح یک . نیاز گاوداری ها، بررسی مفصل پروفیل بار الکتریکی مصرفی از اهمیت روزافزونی برخوردار شده است

گاو، که در محدوده غالب  022تا  02کی گاوداری های گاو شیری با گله هایی از روش عملی و قابل اجرا برای تعیین دقیق پروفیل نیاز الکتری

بر مبنای شرایط موجود در یک مطالعه موردی انجام شده، مدلی شامل زیر بخش های روشنایی مصنوعی، .گاوداری های ایران هستند، است

گیری برق فتوولتاییک در گاوداری های گاو شیری را فراهم می سازد که این تحقیق گام نخستین در بکار. شیردوشی، سرمایش شیر و پمپاژ ساخته شد

 .به واسطه آن کمک به توسعه پایدار گاوداری های گاو شیری می شود

 

INTRODUCTION 

Iran dairy farms are moving toward modern livestock systems equipped with specialized facilities and 

scientific management practices. Transition from traditional-scale dairy farms towards larger and more 

specialized dairy systems would result in a significant increase of on-farm electricity demand. Milk production 

in Iran dairy farms has reached 4,100 tons per year, during 1989-2015, with an eight-fold increase, along 

with a five-fold increase of herd size, thanks to implementing new technologies and management practices 

(ISC, 2017). Holstein Friesian is the dominant breed of modern dairy cattle in Iran, with daily lactating 

capacity (LC) ranged in 20-30 kg (Atashi et al, 2012). Moreover, Iran has begun to move toward deployment 

of decentralized small scale PV plants as a part of its renewable energy plans. Any attempts toward gaining 

the photovoltaic electricity or energy saving through optimization approaches need detailed understanding of 

demand load. The intermittent nature of solar energy highlights the importance of hourly demand profile 

which determines the PV system performance in lessening or entirely covering the demand load. 

A considerable amount of literature has been published on electric energy audit in dairy farms all over 

the world (Edens et al, 2003; Ludington and Johnson, 2003; Hörndahl, 2008; Murgia et al,  2008; Sefeedpari 

et al, 2014; Bartolome et al, 2015; Upton et al. 2015; Pradhanang, 2015; Hosseinzadeh et al,  2016). Energy 

Utilization Index (EUI) of kWh/cow/year and kWh/hl, which have been commonly used for benchmarking 

energy needs in dairy farms, are achieved in range of 142-1760 and 2.27-7.71, respectively. Reviewing the 

literature, it has been revealed that the results are not or are only partially comparable, due to different taken 

assessment boundaries, management practices, diversity of machinery, production systems, working habits 

and maintenance, as well as ambient conditions. As a matter of fact, generally applicable methods for 

calculating energy input in animal husbandry are still missing (Kraatz 2012). On the other hand, most of 

these researches have only been led to results with time horizon of yearly or monthly resolution. These time 

horizons are originated from the fact that, the audit procedure of the researches is usually based on the farm 
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electricity bill evaluation or through filling pre-designed questionnaires forms by farmers. To the authors’ best 

knowledge, there has been relatively little literature focusing on the issues of hourly profile of on-farm 

electricity demands. Hörndahl measured the sub hourly profile of electricity use in four complete dairy farms 

in Sweden (Hörndahl, 2008). Moreover, Murgia et al. analyzed a set of fourteen dairy farms ranging from 40 

to 300 milking cows in Sardinia region of Italy, for one year with reference to the main operations (milking, 

milk cooling, lighting, ventilation, manure handling) and the equipment used (Murgia et al, 2008). The first 

systematic study of hourly demand profile for dairy farms was reported by Upton (Upton et al, 2014), 

however, there are a number of dairy farm hourly demand profiles which have been adopted through the use 

of real-time data recording (Houston et al, 2014) or by taking the robust assumptions(Nacer et al, 2016). 

Nevertheless, Upton et al. developed a mechanistic model for demonstrating electricity consumption in Irish 

dairy farms on monthly average hours i.e. one day is a representative for a whole month, which may not be 

practical to implement in renewable energy plant. In this study, a new technique is suggested to extend the 

previous works. 

 
Geographic Location :       37°65′ N - 44°98′ E -   1332 m 
Temperature :          -7°C to 32°C (min -13°C -max 35°C) 

The length of the day :   9:34 h at21Dec - 14:46 h at 20Jun 
Relative Humidity:       26% to 94% (min 16% max 100%) 

 

a) Site location and meteorological properties(www.weatherspark.com) b)Iran province contoured based on annual milk production capacity (100tones)(ISC, 2017) 

  
c) Farm Landscape d) Dairy Farm Building model 

 

   

e) Milk Pump f) Milk Cooling and storage Tank with Agitator j) Vacuum Pump h) Milking Parlour and Milk Room Plan 

Fig. 1 - Case Study; educational dairy farm, Urmia University 

 
The original idea for writing this paper has been emerged as a primary step for conducting techno-

economic analysis of grid-connected photovoltaic system in typical dairy farms in Iran. However, the case 

study of the farm, which is located on Urmia university site in north-west cold region of Iran as depicted in 

Fig. 1-a,b, was applied to define the realistic framework of study. The geographical site location and 

meteorological properties of Urmia city were depicted in Fig. 1-a. Indeed, the specific objective of this 

research is to develop a pragmatic mathematical methodology to represent energy consumption in major 

operational demand subsections to estimate the met electricity demand load by generated PV electricity. The 

presented methodology can be adopted on a range of Iran dairy farms, to feed the promise optimization 

approaches and to offer more detailed hourly load profile of electric energy demand.  

N 
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MATERIAL AND METHODS 

We started by investigating the technical specification of electrical appliances which exist in case 

studied farm. As most of dairy farms, the electrical appliances are comprised of artificial lighting lamps, water 

and milk pumps, milking system and milk cooling storage tank as shown in Fig.1. The required technical 

characteristics of different appliances are presented in Table 1. The selected dairy farm can keep 50 

lactating cows; however, regarding its educational function, this amount is not fixed during the year. The 

proposed methodology to estimate energy consumption in the dairy farm is illustrated in Fig.2-bas a 

computational flowchart, where a time scheduling of farm activities is available (Fig.2-a). We consulted with 

expert opinions and considered the personal dairy staff judgments to choose the most prevalent and right 

activities timing. Regarding the aims and extent of this research, a computational model was developed to 

predict the electricity demand profile as a function of several parameters including farm location, ambient 

temperature, herd size and LC, as well as the technical specifications of electrical appliances presented in 

Table1. The calculation was performed on the basis of eight unit milking parlor as demonstrated in Fig.1-h. 

However, the applied methodology is independent of the number of milking units. Fig. 2-a illustrated time 

scheduling of activities engaged in electricity demand profile of the dairy farm with twice milking per day 

within 10 hours, in the morning and evening. This time scheduling is strongly conditional on farm 

management plan. The model was then uploaded into the TRNSYS software. TRNSYS is an extremely 

flexible component-based software package used to simulate the behavior of transient systems. TRNSYS 

was selected based on both the time scheduling capability and the advantage of using TMY meteorological 

database. Additionally, a very useful feature in TRNSYS is the ability to define equations within the input file 

which are not in a component. According to Fig. 2-b, the calculation of each four sub sections was done by 

defining simple algebraic equations within input files and linking them to the TYPE109, as TMY reader, and 

several TYPE517, as hourly time scheduling components of different activities. Furthermore, TRNSYS 

provides a trustworthy simulation package to study the real-time interaction of the grid-connected PV 

electricity generation with farm demand load. 

Table 1 
Technical specification of electrical appliances demonstrated in Fig.1 

Farm Activity Electrical Appliance Commercial Brand Technical Specification 

Milking Vacuum Pump CAMAK-AGM112M 4 kW - 1425 rpm 
Milk Cooling Compressor & Fan Paykan 4.75 kW, Scroll Compressor 

 Agitator SYN MOTOR+Gearbox 0.75 kW - 1440 rpm 
Pumping Milk Pump LOWARA-CEAM70/5/A 0.55 kW - 30~80 lit/min - 28.8~20.2 m 

 Water Pump PUMPIRAN 2 kW - 2 m
3
/h - 50 m 

Artificial Lighting Fluorescent Tube Lamp 2× 32 W 

 

  
a) Farm Activities Time Scheduling b) Computational flowchart 

Fig. 2 - Activity time scheduling and computational model structure 

 
 

Artificial Lighting Demand 

In summary, a regime of 16 hours of light followed by 8 hours of darkness, with maximum illumination 

of 5 lux, is suggested for dairy farm barns to optimize cow activity, feed intake and milk production. There are 

also some recommendations in standards and regulations concerning the adequate illumination level and 

also technical specification of different lamps (ASAE, 1996; Bickert et al., 2000; NMHC, 2006; INSO, 2013; 

CIGR, 2014; Rajaniemi et al., 2015; DairyNZ, 2015) which give almost same suggestions for applying 

artificial lighting in different parts of dairy farms. There are different types of lighting lamp technologies. The 
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fluorescent lamps prevail in Iran as all over the world because of their durability and affordable cost as 

recommended by Iranian national standardization organization (INSO, 2013). Table 2 presents the detailed 

technical specification of the artificial lighting subsection of farm demand which would be used in TRNSYS 

calculation algorithms. According to the required level of illumination and considering the illumination 

characteristics of utilized lamps, the lighting share of electricity consumption profile can be calculated based 

on the time scheduling of farm activities and the number and lamp powers. Moreover, depending on the farm 

location and time of the year the length of daylight period varies and was taken into account in lighting 

consumption calculation. 

Table2 
Artificial Lighting characteristic details for studied dairy farm based on the recommendation by  

(Bickert et al, 2000) 

Wh/hour 

PerCow Wh/hour 
Required 
Number 

Illuminated 
Area*** (m

2
) 

Lamp 
Size 

Area 
(m

2
) 

Recommended 

illumination 
level (lux) 

Farm Areas 

60.16 3008 47 16 2 × 32W 760 100 (day) Barns day-light (feeding) 

38.4 1920 30 12 2 × 32W 366 150  (day) Barns day-light (resting) 

5.12 256 4 320 2 × 32W 1126 5 (night) Barns night-light (resting) 

independent 
of  

cow numbers 

768  6  8 4 × 32W 47 538 Milking Parlor  

512  8  8 2 × 32W 62 215 Milk & Utility Room 

384 3 8 4 × 32W 22 538 Staffroom 

 

Milking Demand 

Based on the current common technology in milking machines, the electric energy consumption 

referred to the electromotor which drives the vacuum pump, providing a vacuum that alternates with 

atmospheric pressure to draw milk from the teats, imitating the calf suckling. The oil lubricated centrifugal 

vane vacuum pumps without variable speed control and automatic shut-off valves are implemented here. 

The size of the milking machine defined with the volume rate of vacuumed air which needed to keep the drop 

of vacuum level lower than 2kPa (Mein et al., 1992). It is assumed that a vacuum drop of 2 kPa has little or 

no effect on milking performance. ASAE standards suggest a constant value of 850 l/m for the milking 

systems with milking stalls less than 10 units (ASAE, 1996). This proposal would meet the current industry 

concern that small systems seem to be under-pumped but large systems are over-pumped. However, ISO 

standards proposed the base requirement 30 l/m per each milking unit plus extra amounts of 400 l/m for 

vacuum drop, altitude, leaks and wear (ISO, 2007). This extra value is recommended for the vacuum 

configuration without automatic shut-off valves in the cluster claw, for configuration with automatic shut-off 

valves it would be 200 liters per minute. For supplying the air volume rate of 640 liters per minute, based on 

the current Iran market brands, a machine with the nominal power about 3 or 4 kW would be needed. The 

vacuum pumps are used to wash the milking machine, as well. In TRNSYS calculations, electric energy 

consumption of the milking machine can be calculated simply by multiplying the nominal power consumption 

by its working time. On average, having an eight unit milking machine, each eight cows need 10-15 minutes 

to be milked and the washing process takes less than 30 minutes, as well. 

 

Milk Cooling Demand 

Fresh milk is normally harvested at 39°C and must be cooled down to 4°C within two hours since 

milking (INSO, 2013), to arrest the bacterial growth and maintain the quality of harvested milk in order to 

meet the health and safety standards for human nourishment. Bulk milk coolers are used to chill the milk 

from its harvest temperature by consuming electric energy. The milk is pumped continuously to the insulated 

storage tank, where it can be kept, with occasional agitation, until collection. The cooled milk is collected in 

the insulated storage tanks which are able to keep the milk cool with 3 degrees temperature increase more 

than initial state, after 12 hours. The system cooling efficiency depends strongly on the cooling system 

coefficient of performance (COP). It was reported that, the COP value for a milk cooling system as a part of 

its research on energy audit process, was between the range of 1.62 to 2.43, for milk refrigeration units 

without any kinds of pre cooler (Pradhanang, 2015). In addition, Sapali et al. declared COP of 3 for milk 

chilling as an energy intensive practice (Sapali et al., 2014). However, the COP and the cooling capacity 

strongly depend on the ambient temperature and the chilled water temperature. To calculate milk cooling EUI 

in kWh/kg-milk, the procedure outlined in (Upton et al, 2014) was adopted here. Modified Carnot cycle (ideal 
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refrigeration cycle) formula as described by (Henze et al., 1997), was implemented to define COP as an 

ambient temperature dependent variable in Eq.1.  

     
    

        

    (1) 

    
     

         
 (2) 

Eq.2 introduced     as EUI for milk cooling process as        in hourly time horizon. The variable 

     is the characteristic evaporator temperature of the refrigeration system, which assumed to be 268    

and     was the hourly ambient temperature which depends on the farm geographical location and time of 

the year, from TMY database implementing in TRNSYS simulations. Furthermore, the coefficient of   was 

considered as an adjustment factor to account for inefficiencies in real world systems according to (Upton et 

al, 2014). Hence, the COP variation is bound to ambient temperature, evaporator temperature and 

insufficiency factor. The milk cooling share of total demand load would be calculated with respect to the 

number of milked cows in each hour and their LC. 

 

Pumping Demand 

Both milk and water must be pumped during a day in each dairy farm. Water usually used with the 

purpose of drinking, cows and milking machine washing and also in cleaning the farm. The amount of hot 

water required for washing purpose varies from farm to farm and depends on the size of the milking herd and 

the type and size of the milking system. The estimation of fresh water use for different farm sections is 

reported in literature with a wide variation (Looper and Waldner, 2002; Kramer et al, 2008; CIGR, 2014; 

Schroeder, 2015; DairyNZ, 2015). 

Table 2 
Approximate required water volume for drinking,  

washing and cleaning in typical dairy farms  
(Bickert et al, 2000) 

Water Use Water Volume 

Drinking 76-114 Liter/cow/day 
Bulk Tank 113-151  Liter/wash 
Milking Parlor Pipeline 283-473   Liter/wash 
Miscellaneous Task 113   Liter/day 
Cow preparation 7.5  Liter/washed cow 
Parlor Floor 2100-8100  Liter/milking 
Milk Room Floor 38-76   Liter/day 
Toilet 19   Liter/flush 

 

 

However, the studied farm uses the university network of water pipes; the electrical demand needed 

for pumping the required water amount was calculated regarding the specification of a centrifugal water 

pump, kept as an auxiliary setup. Therefore, energy used in this section focuses solely on pumping 

equipment operation. The amount of electricity consumption per each liter of pumped fluid ( ) can be 

calculated in TRNSYS simply by applying Eq.3 regarding the corresponding schedule timing.  

  
 

   
 (3) 

Where, Q is the nominal rate of pump in [m
3
/h], P is the nominal power of pump in [kW] and       is the 

pumping efficiency, according to Table 3. 

 

RESULTS 

We have introduced a new approach to estimate hourly electrical consumption in each subsection of 

artificial lighting, milking, milk cooling and pumping. As mentioned earlier, it has been adjusted in the 

methodology that the estimation of demand profile would be a function of herd size, LC of cows, 

geographical and meteorological parameters of farm location and time scheduling of farm activities. A 

positive correlation was found between estimated demands in subsections and the main inputs of the model, 

as demonstrated in Fig.3. As follows from the Fig.3-a,b,c, all subsections of current methodology are strongly 

depended on the farm herd size. However, for cooling subsection, there is also direct dependency of cooling 
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demand on cow's LC, which is illustrated in Fig. 3-c as three values of LC which ranged on the regular 

Holstein LCs. It has been found that with increasing the herd size from 20 to 100 lactating cows, almost 2 

fold of linear increase in milking and pumping shares of electric demand would be expected, as illustrated in 

Fig. 3-b. Furthermore, the dominant effect of meteorological factors also was depicted on the cooling and 

lighting demands, in Fig.3. From Fig.3-a, it can be seen that the variation of day length during the months of 

the year would cause significant changes in lighting electric demand of the farm. In addition, it has been 

perceived that deviation from flat trend with regard to herd size, in Fig.3-a, is justified by the fact that a 

portion of lighting is devoted to the milking parlor which is almost invariable through the year. The results 

thus demonstrated in Fig.3-c are compatible with the fact that the COP of cooling system is strongly 

influenced by the ambient temperature according to Eq.1-2, where, the smaller COP, the higher cooling 

electric demand would be expected.  

 

 

 

(a)Lighting demand  (b) Milking and Pumping demand (c) Milk Cooling demand  

Fig. 3 - The detailed and illustrated influence of different sub-sections 

 

In Fig.4, the demand share of each subsection is plotted against herd size in varying LCs. The 

minimum around 5% share is devoted to pumping and maximum value to either lighting or cooling. The main 

point here is that cooling demand increases with expanding the herd size from 20 to 100 cows. Lighting, on 

the other hand, decreases by 5% as well. The cooling share overweighs the lighting share as pinpointed in 

Fig. 4b-c.  
 

 

 

 
a) 20 kg/Cow/Day  b) 25 kg/Cow/Day c) 30 kg/Cow/Day 

Fig. 4 - Demand consumption share variation versus farm herd size for different LCs 

 

Electric demand of Urmia university farm is detailed in Fig.5. The case studied farm consumes 29,435 

kWh annually, its maximum value being in August. The profile is of critical significance in time scheduling 

and decision making strategies. As elucidated in Fig.5, top row, overall shape of daily electric demand is 

bimodal, i.e. two peaks around the milking time. The effect of day length on the demand in lighting 

subsection is well predicted (Fig.5); in midwinter and 4 hours before twilight 100 lux would be needed for 

barn lighting. In midsummer, however, only 2 hours of artificial lighting would be sufficient. In mid row of 

Fig.5, variation of lighting demand on daily resolution is showed. Milking parlor and pumping have constant 

load on the demand over the year despite considerable water consumption fluctuations.  

As shown in the lowest row of Fig.5, the effect of ambient temperature on cooling demand is quite 

significant. Generally speaking, the dominant demand is dedicated to cooling in warm months of the year 

and lighting in cold months.  
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In the case studied project here, the lighting system consumes the most electricity, 42% of the farm 

total demand. This is of great importance in consumption optimization and control strategies to reduce 

energy demand.  

 

Fig. 5 - Electric demand load of case studied dairy farm  
(herd size-50 cows, lactating capacity of 30 kg/Cow/Day);  

Hourly, daily and monthly demand profiles for middle seasons days, middle seasons months and whole year, respectively 

 
 
 

CONCLUSIONS 

Estimating the hourly demand profile of electricity consumption in dairy farms was the main target as 

the primary step toward applying PV system in dairy farms. To achieve this objective, a typical dairy farm 

was selected as a reference to define the simulation framework. A methodology was presented as a 

computational program combining the models of artificial lighting demand, milking demand, milk cooling 

demand and pumping demand, which was developed in TRNSYS. Further investigation was conducted on 

farms with herd size of 20 to 100 cows as the most common size in Iran dairy farms.  

It has been demonstrated that the electrical demand has the overall shape of bimodal, i.e. two peaks 

around the milking time in the morning and evening. Summing up the results, it can be concluded that the 

most part of electric energy is consumed in lighting and milk cooling sections. In small herd size and low LC, 

the lighting is dominant consumer and with increasing the LC the milk cooling would be the main consumer 

in smaller herd size. Moreover, the effect of ambient temperature and day length, respectively, on milk 

cooling demand and artificial lighting demand is quite significant and governs the total demand variation 

during a year, where the maximum demand is registered in August. The proposed method can be readily 

used in practice and the findings are of direct practical relevance. An important finding to emerge in this 

study is the detailed consumption share of each subsection which can be used in economical evaluation of 

equipment replacements through enhancement plans. This research was concerned with PV application; 

however, the results should be applicable also to energy efficiency intervention strategies. 
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ABSTRACT 

The new design of an installation for extracting sapropel is proposed. The theoretical background of sapropel 

extraction is developed. Based on the second order Lagrange equations and the standard program of 

numerical method Kunna-Tucker, the differential equation of bucket oscillation is derived. The graphic 

dependences of changing the angle of bucket deformation are developed as well as the linear horizontal and 

vertical deformation during unloading the bucket. 

 

РЕЗЮМЕ 

Запропоновано нову конструкцію установки для добування сапропелю. Теоретично обґрунтувано 
видобутку сапропелю на основі рівнянь Лагранжа другого роду і стандартної програми чисельного 
методу Кунна-Таккера, відтворені диференціальне рівняння коливань ковша. Представлені 
графічні залежності зміни кута деформації ковша, а також лінійної горизонтальної та 
вертикальної деформації при розвантаженні ковша. 
 
 
INTRODUCTION 

Agriculture of Ukraine plays a major role in providing people with food products and the industry with 

raw materials. The soil fertility, which is the foundation of agriculture, essentially contributes to obtaining 

high yields of crops with appropriate quality indicators. 

Derno-podzolic soils dominate in Polissia of Ukraine, namely in Volyn and Rivne regions. They are 

characterized by low natural fertility; that is why fertilizers application, especially organic ones, is the 

determining factor in obtaining high yields. The use of sapropel as an organic fertilizer improves soil fertility 

in the mentioned regions. (Shymchuk М.Y., 1966; Smyrnov A.V. 1973; Diduh V.F., Taraymovych І.V., and 

others, 2011; Tsyz’ І.Y., Khomych S.M., 2009, 2013) and others studied the issues of sapropel application 

for improving yields capacity. (Tarasiuk V.V., 2012; Khomych S.M., 2014; Hlopetskyi R.A., 2014, 2016; 

Shymchuck O. 2014; Vanags R., 2015) and others substantiated the production technologies of sapropel 

granules. (Loveykin V.S., Nesterov А.P., 2002; Oleg Lyashuk, Zdenko Tkáč, and others, 2013; 

Lyubachivskij R. and others, 2013; Holubentsev А.N., 1959; Komarov М.S., 1989; Pavlovs’kyi М.А. 2002), 

and many others studied the parameters of transportation machinery used for sapropel extraction. 

 

MATERIAL AND METHODS 

Based on experimental studies, significant dynamic oscillation was found to occur during sapropel 

transportation. Besides, the oscillation amplitude decreases during the unloading process. Oscillations occur 

both in vertical and horizontal planes. Since the mechanical motion of the bucket affects the speed of its 

unloading and the performance of a cable installation, there is a need to study the dynamic loads on the 

cable installation elements and the nature of its components movement. 

This movement can be calculated by solving differential equations of motion. To simplify calculations, 

some idealization of the system should be performed with rejection of minor factors. 

The analytical model of unloading the bucket is shown in Fig. 1. This model is represented as the 

lumped masses connected by elastic ties. Elastic ties are considered permissible weightless and 

characterized by a constant stiffness coefficient. 
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Fig. 1 - Analytical model of unloading the bucket of cable installation 

 

Local stresses and strains in the joints of individual elements will be neglected. The lumped masses 

are: m0(t) - sapropel mass, m1 - bucket mass, I1 - moment of bucket inertia with sapropel. In addition, the 

figure shows stiffness coefficients: k1х –given stiffness coefficient of unloading cable, k2у –given stiffness 

coefficient of bearing cable, C1 - given stiffness in torsion of the bucket. Besides, the damping coefficients 

are marked: β1φ – damping coefficient of torque oscillations of the bucket; β1х – damping coefficient of linear 

oscillations of unloading cable in the direction of the axis x; β2y – damping coefficient of linear oscillations of 

bearing cable in the direction of the axis y. The feed force of the bucket P and the impact force Pу are applied 

to a plate conveyor. The impact force Pу occurs during the unloading of sapropel. In addition, the frictional 

moment МТ, which prevents rotation of the bucket, is applied to it. 

When unloading, the sapropel mass in the bucket is reduced. This process is defined by the 

dependence: 

0 ( ) p k

v

t
m t m V

t
           (1) 

where: mp – mass of loaded sapropel; 

t – time; 

tv – time of unloading sapropel from the bucket; 

Vb – volume of loaded sapropel in the bucket; 

 – sapropel density. 

Similarly, the moment of bucket inertia with sapropel I1 is changed. Having avoided negative values, 

the changes of sapropel mass into the dynamic model were implemented correctly with the aid of the 

auxiliary algebraic function: 

 

0 0 0 0

0

( ) ( ) ( ) ( )
' ( )

4

C C C Cm t P m t P m t P m t P
m t

      
        (2) 

where: Pc - auxiliary constant. 

An example of the function application (2) is presented graphically in Fig. 2. 

Our system has three degrees of freedom. Let us choose as generalized coordinates φ - angle of the 

bucket (it is considered positive in the counter-clockwise direction); x1 – movement of the bucket mass centre 

in the direction of the axis x; y1 - movement of the bucket mass centre in the direction of the axis y. Positive 

movement directions are shown in Fig. 1. 

Differential equations of oscillations without taking into account the environmental resistance were 

deduced with the aid of second order Lagrange equations: 
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( 1,3).j

j j j

d T T П
Q j

dt q q q

   
     
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              (3) 

 

Then the kinetic energy of the system: 

 

 2 2 21 0
1 1 1

( )1
.

2 2

m m t
T I x y


                  (4) 

Potential energy of the system: 

 
22 2

1 1 1 2 1

1 1 1

2 2 2
x yП C k х R k y      ,    (5) 

 

where: R – distance from the bucket mass centre to the axis of rotation. 
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Fig. 2 - Graph of sapropel mass changes in the bucket in time 

 
 

So, the first equation is 

2
1 1 1 1 1 1 cosx x y TI C R k k Rx P R M        

where: R1 - distance from the point of the bucket and support interaction to the axis of bucket rotation; 

α - angle of the bucket and support interaction. 
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1 1x xQ P . 

   1 0 1 1 1( ) cosx ym m t x k x R P P       

Similarly, the third equation is deduced. The final complete system of equations of the problem is: 

2
1 1 1 1 1 1 cosx x y TI C R k k Rx P R M                  

   1 0 1 1 1( ) cosx ym m t x k x R P P                                  (6) 

   1 0 1 2 1 1 0( ) sin ( )y ym m t y k y P m m t g      

where: g – gravitational acceleration. 

 

Taking into account the energy degradation, the following equations are deduced: 

 

2 2
1 1 1 1 1 1 1 1 1 1 cosx x x x y TI R Rx C R k k Rx P R M

                    

   1 0 1 1 1 1 1 1( ) cosx x x ym m t x x R k x R P P                  (7) 

     1 0 1 2 1 2 1 1 0( ) sin ( )y y ym m t y y k y P m m t g       
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While studying the impact interaction of the bucket and support, the only immediate impact force Py is 

considered. This force is strong enough to create a pulse of finite size: 

0 2

0

1

Kt t

y

t

S P dt



  ,                                (8) 

where :  0t  - initial time, s; 

2Kt  - duration of impact, s. 

During the collision of solids, the order of 2Kt  is 10
-4

s.  

As we know from theoretical mechanics: 

1 1 1f iS m V m V    ,                       (9) 

where : Vf  - final relative velocity of the bucket, m/s; 

Vi - initial relative velocity of the bucket, m/s. 

 

RESULTS  

For the case 0 0t  , 0ПV  , the final relative velocity of the bucket KV  equals the velocity of 

movement. As the impact is not absolutely elastic, the coefficient of renewal ВK  should be considered. It 

defines physical and mechanical properties of materials and lies in the interval 0 ВK <1. The force of impact 

P1 is assumed constant in the interval from 0t  to 2Kt  Therefore, equating equations (8) and (9), and 

considering the coefficient of renewal, after appropriate transformations the following formula is deduced: 

1
1

2

K
В

K

m V
P K

t


                                   (10) 

To implement the force of impact Py into the dynamic model taking into account its short action, the 

auxiliary non-dimensional coefficient should be used: 

9

2

1
K

t
F b

t

 
   

 
                                 (11) 

where : b - coefficient in the order of magnitude higher than the value of impact force. 

Then the force of impact can be explained by algebraic function: 

9 1 9 1 9 1 9 1

4
y

F P F P F P F P
P

      
                          (12) 

The change of impact force in time t is shown in Fig. 3. 

 
Fig. 3 - Graph of changing the force of bucket impact on the support óP  in time t  

 
The reasons to set down initial conditions for the system of equations are as follows. The time is 

counted from the moment of the bucket and support collision. During the movement of sapropel to that 

moment, the elastic elements of the system are not subjected to deformation. Therefore, the initial relative 

coordinates and velocities are assumed equal to zero. Further deformation occurs due to external forces. 

Therefore, if 0t  , the following formulae are deduced: 
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(0) 0  , 
1(0) 0x  , 

1(0) 0y  ,     

(0) 0  , 
1(0) 0x  , 

1(0) 0y  .                                                         (13) 

 

The differential equations (7) with initial conditions (13) should be solved on the computer using a 

standard subprogram of numerical method Kunna-Tucker. 

According to the research results, the graphic dependences of changing the angle of bucket 

deformation in time (Fig. 4) are developed, as well as the dependences of linear horizontal deformation of 

the bucket in time (Fig. 5) and linear vertical deformation of the bucket in time (Fig. 6) during unloading 

sapropel. 

  
Fig. 4 - Graph of changing the angle  
            of bucket deformation in time  

Fig. 5 - Graph of changing the linear 
horizontal deformation of bucket in time 

  

 
 

Fig. 6 - Graph of changing the linear vertical deformation of bucket in time 

 

 

To test the adequacy of the proposed system of differential equations, all its components were 

determined experimentally. According to the presented graphic dependences, the change of vertical linear 

deformation of the bucket in time is greater than the change of horizontal linear deformation of the bucket in 

time and reaches 0.028m due to the smaller given stiffness coefficient of bearing cable as compared to the 

given stiffness coefficient of unloading cable. 

The use of local organic raw materials will reduce the cost of the final product and will increase the 

amount of humus-forming plants. Sapropel from freshwater lakes as organic component should be 

appropriately used in the production of granular OMF (organic mineral fertilizer) in the areas of its 

significant resources. Sapropel is a universal substance that contains a set of elements necessary for plant 

nutrition. As experience shows, the use of sapropel instead of traditional organics can reduce the 

production cost. In addition, the development of sapropel recreational fields contributes much to the 

restoration of natural environment.  
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Thus, the impact of sapropel on soil fertility is multifaceted and complex. The effectiveness of 

sapropel on sandy soils is much higher than on heavy soils.  

 

CONCLUSIONS 

The new design of installation for extracting sapropel is proposed. The theoretical background of 

sapropel extraction is developed. Differential equations of oscillations, without taking into account the 

environmental resistance, were deduced with the aid of second order Lagrange equations and the standard 

program of numerical method Kunna-Tucker. The graphic dependences for changing the angle of bucket 

deformation are developed as well as the linear horizontal and vertical deformation during unloading the 

bucket. 
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ABSTRACT 

A mathematical model of a regulator for the vacuum gauge pressure with the dual mass valve-damper 

system was studied in the article. The differential equation was solved as well as eventual equations that 

simulate the valve and load moving depending on the following parameters: amplitude, oscillation of vacuum 

gauge pressure, load mass, valve diameter, springing of spring, damper environment description. The results 

of theoretical and experimental research of valve and load moving of vacuum gauge pressure regulator with 

the dual weight valve-damper was determined in conditions of different pressure and attenuation coefficient 

and also the characteristic oscillation frequency of the valve and load mass.      

 

РЕЗЮМЕ 

У роботі наведено математичну модель регулятора вакуумметричного тиску з  двомасовою 

клапанно-демпферною системою. Розв'язано диференціальне рівняння та кінцеві рівняння, що 

моделюють переміщення клапана і вантажу залежно від амплітуди, частоти коливання 

вакуумметричного тиску, ваги вантажу, діаметра клапана, пружності пружини, характеристики 

демпферного середовища. Наведено результати теоретичних і експериментальних досліджень 

переміщення клапана і вантажу регулятора вакумметричного тиску з двомасовою клапанно-

демпферною системою за різного тиску і коефіцієнта затухання, а також частоти власних 

коливань клапана і ваги вантажу. 

 

INTRODUCTION 

The stability of the vacuum gauge pressure is one of the basic parameters that provide quality of the 

cow milk ejection process. This index depends on conditions of regulator operating and must exclude the 

possible vibrations and resonant phenomena in the vacuum system under valve operation of the regulator 

and during work of the milking machines. Allowable oscillation of the vacuum gauge pressure must not be 

more than 2.0 kPа (ISO 6690:2006, 2007; ASAE EP445.1, 1996). Stability of the vacuum gauge pressure is 

provided by both the regulator construction and its descriptions that are formed by the construction 

parameters. To ensure the technological parameters it is necessary to have a mathematical tool that does 

possible the simulation of the modes of the vacuum regulator operation.   

The stability of the vacuum gauge pressure has been estimated by the researchers group (Pazzona A. 

et al, 2003) depending on the method of pressure regulation in the vacuum hose. A group of researchers 

note that stabilizing the vacuum by a gravitational type regulator is more dynamic, the time constant is twice 

smaller of the computer-aided system (CAS). In particular, the typical regulator spends on the average 1.69 

seconds on proceeding in stable pressure, while the system of the VSD-controller spends 3.75 seconds 

(Pazzona A. et al, 2003).   

The vacuum gauge pressure is regulated by the rotation frequency of the vacuum pump rotor using 

the PID control digital systems with the amplification factors parameters of the proportion, integral and 

differential links accordingly: Kp = 20, Ki = 0.05, KD = 0.5 at the vacuum gauge pressure of 35, 40, 45 kPа. 

Amplitude of vibrations does not exceed 0.3 kPа, time constant is τ = 5 s, maximal overcontrol is 2 kPа 

(Radu R., Petru C., Ioan T., 2013).  
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The research result of the vacuum-gauge pressure oscillations in a milking machine vacuum system 

did not show substantial differences between the regulators with the gravitational and digital control (Pařilova 

M., Stadnik L., Ježkova A., Štolc L., 2011; Reinemann D. J., 2005). 

The vacuum-gauge pressure oscillations have been researched depending on: а) configuration of the 

vacuum and the milk duct systems (the length and diameter of pipelines, other parameters that influence on 

the pressure loss); b) milk flowrates in the milk pipelines; c) rates of air movement in vacuum pipelines 

(Reinemann D.J., Schuring N., Badel R.D., 2007).  

The construction variants of milking machine vacuum regulators (Vagin Yu Т. and other, 2012) differ in 

the load mass that is counted on the set vacuum gauge pressure at the appropriate area of valve seat 

(Dmytriv V.Т., Dmytriv I.V., 2012; Dmytriv V.Т., 2015, 2016). However, the dynamic descriptions of the valve-

damper system are uncoordinated with the vacuum power oscillations and speed parameters of the air 

entering in the milking machine vacuum system. The milking machine caused the pressure oscillation of the 

milker vacuum system (Dmytriv V.Т., Dmytriv I.V., 2017). The oscillation amplitude depends on the 

probability of phase coincidence and frequency of pulsators work. 

Dynamic descriptions of the regulator work must provide the smoothing of pressure oscillations.   

Therefore, researches on the work of vacuum gauge pressure regulators for the milking systems are 

up-to-date.  

 

MATERIAL AND METHODS  

Development of the mathematical model of vacuum gauge pressure regulators with the dual mass 

valve-damper system and research of influence of the regulator construction descriptions and technological 

parameters of a milking machine vacuum system on the dynamic descriptions of pressure adjusting by a 

regulator were the aim of this research work. 

Let us consider the work of the vacuum gauge pressure regulator of spring-gravitational type with a 

hydraulic damper, which was showed in fig. 1.  

The equilibrium of the system is provided (fig.1) when the force is created by the pressure difference 

that added to the valve (1) mass m1 and the spring elastic force (2) equals the load mass m2 (3) and the 

damper plate (4). Let us consider the work of the vacuum regulator as dual mass system, when the 

additional shaking force was applied to the valve. This force appeared as a result of increasing the vacuum-

gage pressure by the size of Δpvp. The scheme of forces applied to the valve as a result of the shaking forces 

is shown in fig. 1. Let us name this mode by the dynamic mode of regulator. During the valve 1 upwards 

movement on the y1 size and the load 3 on the size of y2, the spring will get of y1-y2 additional deformation.   

 

 

 

Fig. 1 - Scheme of vacuum gauge pressure regulator 

а – equivalent scheme; b – functional scheme of action of forces;  
1 - valve; 2 - spring; 3 - load; 4 – plate in a damper environment; 5 - damper environment;  

Fp - force of the vacuum gauge pressure; Fpr – elasticity force; Fspr – the resistance force of damper environment; Fg  - the force that is 
created by mass of regulator  movable elements; m1, m2 – respectively the weight of the valve and the load with other elements 
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The system of differential equations of the motion and the load of valve should be written down: 

  









22122

2111

)(

)()(

yKyyKym

tfSpyyKym

sprpr

klvppr




,    (1) 

where: Kspr – the integrated coefficient of resistance of the damping fluid, [N∙s/m];  

           Kpr  – the coefficient of elasticity of spring, [N/m];  

           Skl  – the sectional area of valve seat, [m
2
];   

           f(t) – characteristic of the applied force changes; 

The notation was proposed: 

1

2
1

m

K
K

pr
 , 

2

2
2

m

K
K

pr
  – square of free oscillations frequency 

accordingly the valve and load, [s
-2

]; 

2

22
m

K
n

spr


  – coefficient of oscillation attenuation, [s
-1

]; 

1

1
m

Sp
h

klvp 


 – 

specific amplitude of the forced oscillation force, [m/s
2
].  

Then, the system of differential equations (1) will be: 


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



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tfhyyK
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    (2) 

Let the character of change of the vacuum-gage pressure Δрvp meet the dependence (fig. 2) that is 

analytically described by the next equations: 












TntTn

TntTn
tf

)1(,0

,1
)(



 ,     (3) 

where:  Tn   – aliquot of number T . 

 

 

 

 

 

 

Fig. 2 - Impulse receiving character at vacuum gauge pressure changing Δрvp 

τ – duration of presence of vacuum-gage pressure impulse; Т – impulse receiving period    

 

After two differentiations of the second equation of the system (2), we shall get: 
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Next, we will put the obtained equation (4) in the first equation of the system (2): 

  )(22 1
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.       (5) 

The characteristic equation that fits the homogeneous equation (5) looks like: 

  022 2
2
1

22
2

2
1

3
2

4   nKKKn             (6) 

The equation (6) is rewritten in the following way: 

   022 2
2
1

2
2

2
1

2
2

3  nKKKn                       (7) 

One root of the equation (7) will be λ0 = 0. Other roots will be obtained after solving the cube equation, 

with preliminary defining a discriminant:  

39

4 2
2

2
1

2
2 KKn

D


                            (8) 

 

A discriminant can take on two values, D > 0 and D < 0. To define the roots of the equation, additional 

determinant should be determined: 

τ 

T 
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t 

f(t) 



Vol.52, No.2 /2017       INMATEH –

64 
 

 
2

2

6

2

3

2 2
12

2
2

2
12

3
2 KnKKnn

q













                  (9) 

The analysis of previous calculations shows that the difference of values of the expressions (8) and 

(9) is D – q < 0. Then for D > 0 it is necessary that the squares sum values of valve and load free oscillation 

frequency be below the oscillation attenuation coefficient, but a value of q determinant will be always higher 

than the D discriminant.  

In this case the solution of equation (7) will be one actual and two complex roots: 
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On condition of D < 0, the solution of equation (7) will be one actual and two complex roots: 
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To better understand the physical process of pressure adjusting we will point the analytical solution of 

the homogeneous system of equations (2) in view of tt eByeAy   21 ,  (Samoilenko А.М., Кryvosheja 

S.А., Perestiuk N.А., 1989).  

The analytical solution was put in the first equation of (2) the system. Then we get:  

   02
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2
1

2  KBKAe t                      (12) 

Taking into account that В=A·(1+λ
2
/K1

2
) from the (12) equation and the values of roots (10) and (11) 

the general solution of the homogeneous system of differential equations (2) is given bellow:  
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.    (13) 

The partial decision that satisfies the beginning conditions has been found for t = 0, y10(0) = 0, 

1)0(10 y , 0)0(,0)0( 2020  yy  . On the basis of expressions (13) the system of algebra equations is formed:  
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The coefficients of equations (13) were determined from the system of the equations (14) as follows: 
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where:  

          231312321  ;       213223321 K  

        2
13131312 K  ;        212112213 K . 

 

The solution of the equation system (2) is the following:  
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The constants of solutions (15) С0, С1, С2, С3 were determined from the initial conditions. If the t = 0, 

0)0()0()0()0( 2211  yyyy  , the constants С0, С1, С2, С3  are zero as well.  

The integral constituents of (16) equations according to the solution are the following:  
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Then, we will write down a (15) decision, taking into account the limitations of the system of (3) the 

function analytical expression and that in (16) the equations of the z = t are:  
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RESULTS  

We studied the regulator valve-damping systems of both the valve and load movement depending on 

the amplitude and frequency of the vacuum pressure oscillation. Initial data for calculating the square of 

characteristic oscillation frequency in accordance with the K1
2
 valve and K2

2 load, 2n2 oscillation damper 

factor (attenuation coefficient), Kop resistance coefficient of the damper environment, Kpr spring elasticity 

coefficient were the following: the wire diameter of the regulator springs ddr = 0.0018 [m]; the outer diameter 

of the spring Dpr = 0.021 [m]; the number of spring turns n = 10; elastic shear modulus for steel 

Gpr = 80.5 [GPa]; the diameter of the damper plate Dpl  = 0.0874 [m]; plate shift in the damper environment 

хpl = 0.01 [m]; dynamic viscosity of the damper environment μdm = 0.065 [Pa∙s]; weight of the regulator load 

m2 = 1.4 [kg]; weight of the regulator valve m1 = 0.17 [kg].   

The results of the calculation were the following: resistance coefficient of the damper environment 

Kop = 0.039 [N·s/m]; the spring elasticity coefficient Kпр = 1134 [N/m]; specific amplitude of the forced 

oscillation force h1 = 1,011 [m/s
2
]; the square of characteristic oscillation frequency of the valve and the load 

is K1
2 
 = 666.781 [s

-2
] and K2

2 
 = 80.966 [s

-2
] respectively; oscillations attenuation coefficient 2n2 = 2.786 ∙10

-3
 

[s
-1

]. The roots of the solution and equation coefficients: λ1 = - 2.461∙10
-3

; λ2 = - 1.494∙10
-4 

+ j∙27.345;        

λ3 = - 1.494∙10
-4 

- j∙27.345; A0 = 43.995; A1 = - 43.995; A2 = - 3.564∙10
-7

 - j∙0.016; A3 = - 3.564∙10
-7

 + j∙0.016. 

The numerical values of the discriminant at the given factors is D = - 249.249.  
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Taking into account the coefficients and roots of the z = t and t = τ (fig. 2), the values of the (16) 

equations will be: 
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Example of regulator pressure valve and load oscillation for the above-mentioned construction and 

technological parameters of 2.5 [kPa] pressure oscillation and its duration of 0.25 [sec] is shown in fig. 3. The 

maximum movement of the regulator valve for the 45-50 [kPa] of vacuum pressure and 1.0-1.4 [kg] load 

weight is shown in fig. 4.  

Analysis of the regulator movement of the valve-damping system (fig. 3) by the p = 48 [kPa] vacuum 

pressure in the milking machines vacuum pipeline and the Δрvp = 2.5 [kPa] permissible oscillations in vacuum 

pressure and the total weight of the load m = m1 + m2 = 1.57 [kg] shows that the maximum movement of the 

valve is y1(0.112 [s]) = 3.093 [mm] and the total duration of the open state of the valve is tsum = 0.225 [s]. Re-

raising of the valve to a height y1(0.315 [s]) = 0.5292 [mm] lasts ∑t = 0.084 [s]. The τ = 0,225 [s] total duration 

of the pressure impulse is Δрvp = 2.5 [kPa]; that exceeds the working vacuum gauge pressure of р = 48 kPa. 

Load has a single movement for y2(0.08-0.13 [s]) = 0.394 [mm] height lasting tsum = 0.225 [s]. Load is in a 

static state within the damping environment until next pressure impulse.  

                                                                                                         
  Fig. 3 - Oscillation of the regulator valve-damping system          Fig. 4 - The maximum valve movement y1 of the 

       by impulse of vacuum pressure of Δрvp = 2.5 kPa                    pressure regulator with spring-damper system 

                                and τ of its duration:                                               depending on the р vacuum gauge pressure 

                 a – τ = 0.25 s; b - τ = 0.15 s; y1(t) – valve oscillations;                    and the load mass m2  for the impulse duration   

                      y2(t) – load oscillations in damping environment                                                                of τ = 0.25 [s] 

  

For the duration of the impulse vacuum pressure of τ = 0.112 [s] the movement character of the valve 

and load has a single oscillation which is equal to the impulse duration. The maximum rise of the valve is 

y1(0.056 [s]) = 1.329 [mm], the maximum movement of load in the damping environment is insignificant – 

y2(0.056 [s]) = 3.101∙10
-2

 [mm].   

For the load weight of m2 = 10 [N] and impulse pressure duration of τ = 0.15 [s], the maximum valve 

movement is up to y1(t) = 2.783 [mm].   

To confirm the results of theoretical studies the planned experiment was made considering the 

following factors: the K2
2
 square of characteristic oscillation frequency of the load mass and the oscillation 

attenuation coefficient 2n2. The square of characteristic oscillation frequency of the load mass was changed 

within K2
2
 = 80.966...174.927 [s

-2
] according to the limits of the m2 = 14…10.8 [N] of the weight load change. 

The oscillation attenuation coefficient was within 2n2 = 1.38·10
-3

…1.789·10
-3

 [s
-1

]. 
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General view of the laboratory setup for the study of vacuum-gage pressure regulators is shown in fig. 5. 

The graphical representation of the experimental results in a three-dimensional model view is described by 

the regression equation (20) (see fig.6). 

 
Fig. 5 - General view of the laboratory setup for the study of vacuum-gage pressure regulators  

1, 2 – vacuum pressure regulators; 3 – vacuum-gage pressure sensor; 4 – vacuum analyser; 5 – vacuum gauge; 6 – vacuum pipeline  
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Fig. 6 – The maximum valve movement y1 of the vacuum regulator with the spring-damper system  

depending on the 2n2 oscillation attenuation coefficient and  

the 2

2K square of the natural oscillations frequency of the regulator load  

 

For the square of characteristic oscillation frequency of 2

2K  = 104.956 [s
-2

] valve movement amplitude 

is у1 = 3.3 [mm] for the vacuum-gage pressure of р = 50 [kPa]. For the р = 45 [kPa] the oscillation parameters 

are 2

2K = 131.195 [s
-2

], у1 = 2.8 [mm]. The reduction of the elasticity coefficient causes the lessening of the 

square of characteristic oscillation frequency. For the square of characteristic oscillation frequency of 2

2K

= 80.966 [s
-2]

 the amplitude of the valve movement is у1 = 3.1 [mm] for the vacuum pressure of р = 50 [kPa]. 

For the р = 45 [kPa] the oscillation parameters are the following 2

2K = 101.208 [s
-2

], у1 = 2.7 [mm].  

 

CONCLUSIONS 

The analysis of study results shows that the reduction of the square of characteristic oscillation 

frequency of the regulator load mass increases the amplitude of the regulator valve oscillation. The increase 

of the spring elasticity coefficient leads to increasing the square of characteristic oscillation frequency of the 

regulator load weight, and that increases the valve movement. Increase of the load mass causes the 

reducing of the valve movement and the lifting repeatability (oscillation) of the regulator valve was also 

increased. The lifting repeatability (oscillation) of the regulator valve was increased with the increase of the 

duration of vacuum-gage pressure impulse.  

Increase of the load mass reduces the height of valve lifting and the air supply into the vacuum system 

of the milking machine. Rising the vacuum pressure up to 50 [kPa] increases the valve movement and the 

repeatability of its opening. 

    

3 

2 
1 

4 

4 

5 

6 

5 

6 

http://www.multitran.ru/c/M.exe?t=1819879_1_2&s1=%FD%EB%E0%F1%F2%E8%F7%E5%F1%EA%E8%E5%20%F1%E2%EE%E9%F1%F2%E2%E0


Vol.52, No.2 /2017       INMATEH –

68 
 

The oscillation of the regulator valve with spring-damper system of the valve is damping out. The 

amplitude of the single oscillation depends on the load mass and duration of the vacuum-gage pressure 

impulse. 
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ABSTRACT  

Drying coefficients depending on the main process parameters of fresh-peeled pumpkin seeds (FPPS) 

vibration and combined dehydration and relative drying coefficient on the basis of the constructed graphic 

dependence are defined. Dependences for calculation of moisture and time of FPPS dewatering in the 

studied change range of drying process parameters are displayed.  

 

РЕЗЮМЕ  

Визначено коефіцієнти сушіння залежно від основних параметрів процесу вібраційно-

фільтраційного зневоднення свіжеочищеного насіння гарбуза (СОНГ) та відносний коефіцієнт 

сушіння на основі побудованої графічної залежності. Виведено залежності для розрахунку 

вологості та часу зневоднення СОНГ в досліджуваному діапазоні зміни параметрів процесу 

сушіння. 

 
INTRODUCTION 

At present stage of industry development technical and economic policy of conserving resources 

becomes increasingly important. It requires the implementation of new scientific ideas and technologies in 

production intensification. Following a strict regime of economy of raw materials, fuel and energy with 

simultaneous intensification technologies can be up to 75...85% increase in inputs. Drying, as a process, is 

the main production stage and most significantly affects its economic indexes (Rymar T., 2009), accounting 

for about 20% of total production costs (Poperechnyj A., 2007). 

It is known that high-intensity filtering dehydration is dispersed by drying and sheet material and has 

advantages over traditional methods of dehydration, such as: the availability period of the free moisture 

mechanical displacement; the use of thermal agent with low temperature capabilities; reducing costs of 

thermal energy in the process, increasing the speed of drying; improving the quality of drying materials, 

avoiding stage of cleaning agent heat (Mykychak B. et al, 2012). Significant prospects for improving the 

efficiency of dehydration of fresh-peeled pumpkin seeds (FPPS), as a subject to final sowing and food 

(pharmaceutical) demands is a combination of filtration and dewatering vibrating action, requiring an in-

depth theoretical and experimental study.   

Many authors (Hanyk Ya., 1992; Atamanjuk V., 2007; Stanislavchuk O., 2007) have devoted their 

papers to the investigation of heat and mass transfer process during drying of materials of different nature, 

while (Tsurkan O. et al, 2014) researched the process vibration filtration dehydration of FPPS, a paper 

based on experimental data and where is obtained basic analytical dependence describing the process 

hydrodynamics. In the work (Tsurkan O. et al, 2015), it is shown the time dependence of the critical speed 

and vibration-filtration dehydration, and proved dominant influence pressure drop and vertical oscillations of 

dehydration intensity of high damp fresh-peeled pumpkin seeds in the first drying period on the basic 

parameters of the process. Theoretical and experimental study of heat transfer processes during the 

second period of filtration, dispersed materials drying is considered in detail (Atamanjuk V. and     

Gumnytskyj Ya., 2009). Energy and technical, technological aspects of drying process intensification of 

high damp seeds, including pumpkin seeds, are covered in (Palamarchuk I. et al, 2016). 
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In the article, we generalize the vibration kinetics and combined dehydration of FPPS in the second 

period and set dependencies for calculating humidity and FPPS dehydration time in the test range changing 

process parameters, in particular, the ratio of vertical and horizontal components of the vibration amplitude 

at a vibration frequency f = 15 Hz revs of stirrer-cleaner n from 0 to 1.2 r/min, as auxiliary operating 

parameters, in the vibrating dryer (Palamarchuk I. et al, 2016).  

 

MATERIAL AND METHODS 

Based on own studies (Tsurkan O. et al, 2009) and the existing ones (Holubkovych A., 1986) we 

determined the type of relation of moisture and material and the corresponding interval limits of FPPS 

humidity, making it possible to justify the dehydration rational ways (table 1) and the corresponding 

constructive scheme of drying equipment (Pravdjuk N. et al, 2011). In general, the process of combined 

dehydration of FPPS, of the 1st class of cleaning seeds and surface layer (according to the classification 

given in (Holubkovych A., 1986), also depending on the type of material, and moisture relation based on 

moisture intervals (table 1) can be divided into two conditional periods. In the first period of FPPS 

dehydration, humidity changes in the range 44 – 52% as typical mechanical removal of moisture through 

the channels between seeds (BSC) – macro pore layer of FPPS and pre-slight warming of seeds. For the 

second period of combined dehydration of FPPS humidity changes within 44 – 38% as typical decreasing 

drying speed and kinetic curves depicted curved sections, the angle of which indicates a slowdown in the 

process of dehydration (Tsurkan O. et al, 2015). This can be explained by the fact that the amount of 

moisture, delayed both by adsorption forces (bridging, drip, wet point) and surface tension forces on the 

seeds surface, is gradually reducing, and the process of evaporation due to heat small seeds is quite slow.  

After removing moisture through BSC, the layer of FPPS still contains a significant amount of 

moisture that is delayed both by adsorption forces and due to the presence of blind channels from which 

moisture is replaced. In through BSC of complex form streams of drying agent turbilize, tear film of moisture 

in the form of small droplets of fog and render them out of material structure. 

To reach the humidity range of about 38% cohesive-adhesive properties of seed layer are weakened, 

and seed acquires discrete properties (table 1). 

Table 1 

Rational methods of FPPS dehydration depending on type of relationship between moisture and the material 

Type of moisture 
relation during 

dehydration 

The hydrodynamic 
characteristics of FPPS 

Rational way of dehydration The driving factors and 

the intensification of 

dehydration process 

Filtration 
dehydration 

Convection  
drying 

 
 
 

Capillary  
Wca =(52- 47)% 

Local drag reduction 
adjacent to vibrating 
surfaces of LFPPS 

Filtering 
displacement of 
moisture from 

cross-mating BSC 
"top-down" 

 
 
 
 
 
 
 
 
 

Preheat of LFPPS, 
slight evaporation 

of moisture 

 Submission of a 
drying agent of FPPS 
"top-down" 
• Slight heating of the 
drying agent  

 (t = 30°C) 
• Dilution under FPPS 
(Pd = 450 Pa) 
• Vibration action 
• Preferably vertical 
vibrations 
• The mechanical 
mixing of LFPPS 
• Cleaning of 
perforated surfaces of 
supply-drying agent 
selection 

 
 
 
 

Fluidization, 
destruction of 

cohesive-adhesive 
bonds 

Displacement of 
moisture from the 

deadlock, non-
connected BSC 

"top-down" 

Rope 
Rope 
Wr =(47- 44)% 

 
 
 

Two phase 
movement drip-air 

mixture  
"top-down" 

Capillary-butt 
(glands) 

Wcb=(44-38)% 

Capillary-butt 
(spot) 

Wcb =(38-24)% 

 
Reduction of 

hydrodynamic 
resistance, 

ability to 
aerovibroboiling 

 
Two-phase 

movement drip-air 
mixture  

"bottom-up" 

 
 
Intense convective 

drying in AVBL 

 Vibration performance, 
stable AVBL 
•Filing drying agent 
«bottom-up» 
• Heating drying agent 
(tda2 = 50°C) 
• Pre-heating of seeds 
(ts1 = 26°C) 

Surface film-drop 
Wsf =(24-15)% 

Inside physico-
chemical relation 
Wph ch =(15-10)% 

Note: LFPPS – layer of fresh-peeled pumpkin seeds; AVBL – aerovibroboiling layer. Highlight: vibration filtration, 

dewatering study method. 
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Under the influence of vibration and drying agent flow in the direction of "perforated bottom – a layer 

of seeds" created aerovibroboiling layer (AVBL), which can increase the temperature of the drying agent 

and significantly intensify the process of dehydration, which can be divided into two periods: the constant 

and the decreasing speed drying. 

In this article, we studied the kinetics of the second period of vibration filtration dehydration of FPPS 

within the humidity range 44 – 38%. 

Experimental studies were conducted using research and industrial design vibration dryers, 

developed and manufactured at the processes and equipment department for food processing industries 

named by Professor P.S. Bernik Vinnytsia, National Agrarian University, realizing vibration filtration 

dehydration and convective drying AVBL (Pravdjuk N. et al, 2011). 

To summarize the kinetics vibration filtration dehydration of FPPS in the second period we used the 

equation curve speed drying method proposed by A. Lykov, which has the form (Lykov A., 1968): 

 mWWK
d

dW



              (1) 

where:

  
d

dW
 – the moisture change over time (speed drying), %/s;  

W  – running material moisture, %; 

mW  – the equilibrium moisture content, %; 

К – drying rate (1/s), which is defined by the formula: NК   ; 

  – relative drying rate, %; 

N – drying speed in the first period, %/s. 

 

The integral form of equation (1) can be written: 




  )(

mcr

m crK
e

WW

WW
                           (2) 

Having logarithmic equation (2) we get: 

 cr
mcr

mln  













K

WW

WW
                   (3) 

To determine the drying coefficient K for the research of kinetics vibration filtration dehydration of  

FPPS in the second period we built graphical dependence:  cr
mcr

mln  













f

WW

WW
, (fig.1-4), which are 

linear. 

 

RESULTS 

Drying factor K is defined as the slope of the line to the vertical axis (fig. 1-4). The resulting figures are 

presented in table 2. The coefficient drying K is not a constant (the ratio increases with the vertical and 

horizontal components of vibration amplitude, with increasing temperature of the coolant and reducing the 

height of the material) (table 2). 

To determine the drying length in the first period (Tsurkan O. et al, 2015) we considered the graphical 

dependence of the critical drying time cr  and the speed of drying N in the first period (fig. 5), according to 

which such an evident relationship results: 

83,0Іcr

1,28

N
                       (4) 
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1 – Av/Ah = 2,4; n = 1,2 r/min.; 

2 – Av/Ah = 1; n = 1,2 r/min.; 

3 – Av/Ah = 0,4; n = 1,2 r/min.; 

4 – Av = 0; Ah = 0; n = 1,2 r/min.; 

5 – Av =0; Ah = 0; n = 0 r/min. 

 

 

 

 

 

 
Fig. 1 – Determination of FPPS drying K by vibration filtration dehydration at different ratio of vibration 

amplitude vertical and horizontal components under the following conditions:  

Aω
2
 = 55 m/s

2
; t = 30°C; Kd = 0,75; ΔP = 1250 Pa 

 

 

 

 

 

  1 – t = 50°C; 

  2 – t = 40°C; 

  3 – t = 30°C; 

  4 – t = 20°C. 

 

 

 

 

 

 

Fig. 2 – Determination of FPPS drying K by vibration filtration dehydration  

at different temperature of drying agent under the following conditions:  

Kd = 0,75; ΔP = 1250 Pa; n = 1,2 r/min.; Aω
2
 = 55 m/s

2
; Av/Ah = 2,4 

 

 

 

 

1 – Kd = 0,25; 

2 – Kd = 0,5; 

3 – Kd = 0,75; 

4 – Kd = 1,0. 

 

 

 

 

 

 

 

Fig. 3 – Determination of FPPS drying K by vibration filtration dehydration  

at different values of the drying chamber filling circuit Кd under the following conditions:  

t = 30°C; ΔP = 1250 Pa; n = 1,2 r/min.; Aω
2
 = 55 m/s

2
; Av/Ah = 2,4 


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1 – ΔP = 750 Pa; 

2 – ΔP = 1000 Pa; 

3 – ΔP = 1250 Pa; 

4 – ΔP = 1500 Pa; 

5 – ΔP = 1750 Pa. 

 

 

 

 

 

 

 
Fig. 4 – Determination of FPPS drying K by vibration filtration dehydration  

at different pressure drop under the following conditions: 

Aω
2
 = 55 m/s

2
, t = 30°C; Кd = 0,75; Av/Ah = 2,4 

 

 

 
 

Fig. 5 – Dependence of FPPS drying (N) in the first period on vibration filtration dehydration critical time 

 

The calculations built graphical dependence )(NfK   (fig. 6), which is defined as the relative rate of 

drying slope given in the equation: 

 NК                                                                 (5) 

Relative factor is drying  = 0,157%. 

Equation (2) is derived to calculate humidity depending on FPPS in time to test a range of parameters 

for the drying process of the second period: 

   
m

157,0
mcrІІ

cr WeWWW
N


 

                                              (6) 

Substituting (4) into the equation (6) we have: 

  m

1,28
157,0

mcrІІ

83,0

WeWWW N
N










 

                                         (7) 

The investigations make it possible to track mutual parameters of first and second periods of FPPS 

vibration-process filtration dehydration (fig. 6). 



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Fig. 6 – Dependence of drying K (the second period) on the rate  

of FPPS vibration filtration dehydration N (in the first period) 

 

 

The drying time in the first period was determined by the formula (4), and the second – in the equation 

(7) and it is the following: 




















mcr

m
ІІ ln

157,0

1

WW

WW

N
                                                            (8) 

The duration of FPPS vibration filtration dehydration investigated the changes range of the process 

parameters is: 




















mcr

m

83,0ІІІк ln
157,0

11,28

WW

WW

NN


                                          
(9) 

This shows that the drying depends on the speed of drying N in the first period, running, and moisture 

equilibrium on FPPS movement. 

 

Table 2 

 

Determining factors of drying, depending on changing technological parameters  

of FPPS vibration-filtration dehydration 

Process parameters 
First drying 

period 

Second 

drying period   

t, С Н, m 
h

V

А

А
 n, r/min N, %/s К, 1/s 

30 0.026 

2.4 1.2 0.0072 0.00207 

1 1.2 0.0053 0.00152 

0.4 1.2 0.00485 0.00112 

0 1.2 0.004 0.00087 

0 0 0.0029 0.00079 

30 

0.0075 

2.4 1.2 

0.0151 0.00275 

0.0175 0.0077 0.00178 

0.026 0.0059 0.0014 

0.03 0.0052 0.00095 

50 

0.026 2.4 1.2 

0.0085 0.00297 

40 0.0073 0.00138 

30 0.0059 0.00123 

20 0.0054 0.00113 

 

 

 

s
N

%
,

s
K

1
,
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Analysing the results of FPPS vibration filtration dehydration process of (table 2) we found that the 

increase in the ratio of vibration amplitude vertical and horizontal components of the drying 
h

V

А

А
 chamber 

from 0 to 2.4 by the simultaneous increase in rpm stirrer-cleaner n from 0 to 1.2 r/min. speed the drying 

process in the first period increases by 2.4 times. 

 

CONCLUSIONS 

1. We determined the type of relation between moisture and the material and the corresponding 

interval of FPPS moisture limits reasonably rational methods of dewatering and drying constructive scheme 

appropriate equipment. 

2. The increase of the process speed is limited by the maximum allowable temperature of FPPS 

heating (especially for sowing and pharmaceutical purposes), and fill coefficient of drying chamber volume is 

limited by compromise productivity values and specific energy equipment.  

3. We summarized kinetics vibration filtration dehydration of FPPS in the second period by the method 

proposed by A. Lykov. 

4. According to the research of kinetics vibration filtration dehydration of FPPS in the second period 

we built a tracker  cr
mcr

mln  













f

WW

WW
determined coefficient K and relative drying rate, which is  = 

0.157%. 
5. We defined the changes of drying coefficient K in key technical parameters of the process: drying 

coefficient K increases with the ratio of vibration amplitude vertical and horizontal components, with 

increasing temperature of the coolant and reducing the height of the FPPS material. 

6. We defined the dependence of calculating FPPS humidity in time to test the range change process 

parameters and the process of drying and its length depending on drying speed in the first period and 

running, and the moisture equilibrium on FPPS movement. 

7. We confirmed the feasibility process of intensifying FPPS vibration filtration dehydration by 

increasing the ratio of vibration amplitude vertical and horizontal components of the drying chamber (in case 

of increase in the ratio 
h

V

А

А
 of 0 to 2.4 by the simultaneous increase in rpm stirrer-cleaner n from 0 to 1.2 

r/min. speed the drying process in the first period increases by 2.4 times). 
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ABSTRACT  

The aim of the article is to investigate the influence of the airflow velocity on the main parameters of а 

reversible heat pump installation, as the airflow crosses the external surface of heat exchange apparatus of 

the “water – air” convector. The main installation parameters, working in "heating" regime at specific values 

of airflow velocity have been investigated. The investigated parameters are: heat convection coefficients and 

convector heat transfer coefficient; internal and external installation heat flows; heat pump performance 

coefficient.  

 

РЕЗЮМЕ 

Целта на публикацията е да се изследва влиянието на скоростта на въздушния поток, обтичащ 

външната повърхност на топлообменния апарат на „водо – въздушен” конвектор, върху 

основните параметри на реверсивна термопомпена инсталация. Изследвани са основните 

параметри на инсталацията, работеща в режим отопление, при конкретни стойности на 

скоростта на въздушния поток. Изследваните параметри са: коефициенти на топлопредаване и 

коефициент на топлопреминаване на конвектора; вътрешен и външен топлинни потоци на 

инсталацията; коефициент на трансформация на термопомпата. 

 

INTRODUCTION 

 Nowadays, greenhouse farming is a growing industry in many countries because of world population 

increase. That is why greenhouse food production is an additional alternative for meeting increased food 

demand year around. The way to produce greenhouse crops is very expensive and there are many variables 

to consider before the farmer decides to take this route. All plant growth factors can be controlled and 

maintained at optimum level in year around in the greenhouses (Esen M., Yuksel T., 2013).  

 In developing countries, greenhouses are small-size enterprises, which are generally established by 

farmers. In general, these are the ones that don’t need heating or are heated by farmers through their own 

methods. The increase in nutrition needs and the rise in the standard of nutrition which is consumed have 

made greenhousing more important (Benly H., 2010; Yang S., Rhee J., 2013). 

 The energy consumption in agriculture has increased considerably with the introduction of high-

yielding varieties and mechanized-crop production practices. A higher heating cost for greenhouses using 

natural gas or oil has resulted and many growers have preferred to choose alternative energy sources (Benly 

H., 2010; Biris S. St. et al, 2009; Constantinescu D. M. et al, 2009; Russo G. et al, 2014). This problem is 

very up-to-date, taking into account the significant price increase of natural gas in Europe at the moment. 

 Underground water source heat pumps are a highly efficient, renewable energy technology for space 

heating and cooling. These technologies rely on the fact that the underground water sources have a 

relatively constant temperature (Benly H., 2010; Kurpaska S., 2011). 

 Greenhouse heating is one of the fields requiring high energy consumption during the cold seasons 

(Awani S. et al, 2015). It’s important to optimize the heat pump performance coefficient in the heating 

installations, which is an indicator of their efficiency. This coefficient depends on the heat flow that the 

heaters give to the air in the greenhouse. On another hand, the heat flow depends on the settings of the 

heaters, which determine the coefficients of heat exchange. 

 In this article, the influence of the fan setting of “water–air” convector in a reversible heat pump 

installation on the main installation parameters has been investigated. The investigated parameters are: heat 
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convection coefficients and convector heat transfer coefficient; internal and external installation heat flows; 

heat pump performance coefficient. The researches have been performed under laboratory conditions.  

 

 The aim of the article is to obtain results for quantitative change of the investigated parameters, which 

can be used for greenhouse microclimate maintenance, and optimization of the energy costs for heating.  

 

MATERIAL AND METHODS  

Object of research 

 The principal scheme of the heat pump installation is shown in Fig.1. The heat pump is of “water – 

water” type, СЕАТ brand, Aurea 20 model. The convector is of “water – air” type, BUMYANG brand, 

FVC20MLL2 model. Under “heating” regime, the heat pump heat exchanger in the external circle works as 

an evaporator, and the internal one works as a condenser. In the evaporator, the refrigerant takes heat 

energy from the cold water, circulating in the external circle, at the same time in the condenser the refrigerant 

gives heat energy to the hot water, circulating in the internal circle. The convector gives heat energy to the 

internal ambient air to ensure the required temperature (Bobilov V. et al, 2011; Kolev Z. et al, 2015; Kolev Z. 

et al, 2015b).  

 
Fig. 1 - Main scheme of the heat pump installation 

 

 Under “heating” regime the water in the buffer represents the heat source, from which the installation 

takes heat energy, ensuring heat pump working. For the installation to work for a long time without reducing 

considerably the temperature of the buffer water, it is necessary to achieve a stratification of the water in the 

buffer. The work scheme presenting the “heating” regime is shown in Fig. 2. 

 

 
 

Fig. 2 - Work scheme presenting the "heating" regime 
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 The convector’s heat exchanger has been implemented as a two-pipe staggered ribbed tube sheaf. 

The tubes and ribs are made from a copper alloy. The main scheme of the convector’s heat exchanger is 

shown in Fig. 3 (Bobilov V. et al, 2011; Kolev Z. et al, 2015; Kolev Z. et al, 2015b). 

 
Fig. 3 - Main scheme of the convector’s heat exchanger 

 

 In the convector’s tubes is running water, which is heated or cooled by the heat pump, depending on 

the installation working regime. The pipe bundle is crossed by airflow, generated by the axial fan. 

 

Methodology for determining the parameters  

 The actual velocity of the airflow in the air gap between heat exchanger tubes and ribs has been 

calculated by the equation (Kolev Z. et al, 2015; Kolev Z. et al, 2015b): 

gapair

measured
S

S
ww




2

2
22 .  [m/s]                                                 (1) 

where:  

measured2
w


 is the measured airflow velocity at the convector’s output, m/s; 

2
S  - cross sectional area of the heat exchanger, crossed by the airflow, m

2
; 

gapair2
S


 - cross sectional area of the air gap between the tubes and ribs, m

2
. 

 

The heat convection coefficient between the water in the convector tubes and their internal surface 

has been determined by the equation (Kolev Z. et al, 2015; Kolev Z. et al, 2015b): 

1

11
1

.

tubed

Nu 
   [W/(m

2
K)]                                                         (2) 

where: the criterion of Nuselt has been calculated by the equation 43,0

1

8,0

11
Pr.Re.021,0Nu  ; 

1
  - thermal conductivity coefficient of the water in tubes, W/(m.K); 

1tube
d  - internal diameter of the tubes, m. 
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The heat convection coefficient between the external surface of the convector and the airflow has 

been determined by the equation (Kolev Z. et al, 2015; Kolev Z. et al, 2015b): 

2

22
2

.

tubed

Nu 
    [W/(m

2
K)]                                                       (3) 

where: the criterion of Nuselt has been calculated by the equation 4,0

2

65,0

2

14,054,0

2
Pr.Re.

t.2

dD
.

t

d
.25,0Nu










 








 ; 

2
  - thermal conductivity coefficient of the air crossing heat exchanger external surface, W/(m.K); 

2tube
d  - tubes external diameter, m. 

The heat transfer coefficient between the water in the convector tubes and the airflow crossing the 

convector external surface has been determined by the equation for single layer flat wall, ignoring the 

thermal resistance of the tubes and ribs (Kolev Z. et al, 2015; Kolev Z. et al, 2015b): 

21

11

1




U [W/(m
2
K)]                                                (4) 

The heat flows conQ


 and evaQ


 have been determined by the basic calorimetric equation, (Bobilov V. et 

al, 2011; Kolev Z. et al, 2015; Kolev Z. et al, 2015b): 

tcmQ pm 


..  [W]                                                      (5) 

where:  


m  is the water mass flow rate, kg/s; 

 
pm

c  - water mass heat capacity, J/(kg.K); 

 t  - water temperature difference, K. 

conQ


 is the heat flow in the internal installation circle which has been exchanged in the heat pump 

condenser. On the other hand, this is the heat flow between the convector and the ambient air. 

evaQ


 is the heat flow in the external installation circle which has been exchanged in the heat pump 

evaporator.  

The heat pump performance coefficient under “heating” working regime (winter regime) has been 

determined by the equation (Bobilov V. et al, 2011): 

W
comp

con

W
W

Q
COP



                                                            (6) 

where 
comp

W  is the electric power, consumed by the heat pump, W. 

 
The installation input parameters for the research are presented in Table 1.  

Table 1  
 Installation input parameters  

Set of the 
convector’s fan 

Set of the heat 
pump 

Internal water 
volume flow rate 

External water 
volume flow rate 

Temperature of 
the ambient air 

Actual airflow 
velocity 

“LOW” 

Degree 

The switch ON 

temperature of 

the heat pump is   

t4 = 42 ºС 

The switch OFF 

temperature of 

the heat pump is   

t4 = 45 ºС 

 

 

 

smV /000148.0 3


 

 

 

 

smV /000411.0 3


 

Ct o

airambient 2.14  smw /92.02   

“MID” 

Degree 
Ct o

airambient 2.15  smw /51.22   

“HIGH” 

Degree 
Ct o

airambient 2.15  smw /06.52   

 

The ambient temperature airambientt  has constant value during the experiment.  

The average temperature of the water in the buffer remains approximately equal to airambientt .  
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RESULTS 

 Research on the influence of airflow velocity 2w  on the heat convection coefficient 1   

 The change of the coefficient 1  depending on the velocity 2w  of the airflow in the air gap between 

the heat exchanger tubes and ribs is presented in Fig. 4. 

 

 
Fig.4 - Graphical dependence between 1  and 2w  

 

 The reason for the decrease of the heat convection coefficient 1   by increasing the airflow velocity is 

the decrease of the average water temperature in the internal circle. The increase of the water temperature 

leads to the increase of water kinematic viscosity, which in turn leads to the decrease of the Reynolds 

criterion. 

 

 Research on the influence of the airflow velocity 2w  on the heat convection coefficient 2  

The change of the coefficient 2  depending on the velocity 2w  is presented in Fig. 5. 

 

 
Fig. 5 - Graphical dependence between 2  and 2w  

 

 The increase of the heat convection coefficient 2  results from the significant increase of Reynolds 

criterion by the increase of the airflow velocity. On the other hand, the temperature of the air crossing the 

convector is decreased and leads to a decrease of the water kinematic viscosity. 

 

 Research on the influence of the airflow velocity 2w  on the heat transfer coefficient U  

 The change of the coefficient U  depending on the velocity 2w  is presented in Fig. 6.  

 The reason for the increase of the heat transfer coefficient U  by increasing the airflow velocity 2w  is 

the increase of the external heat convection coefficient 2 , which has a more significant influence on U  

than the decrease of the internal heat transfer coefficient 1 . It can be concluded that the values of U  have 

insignificant deviation comparing to those of 2  (the differences are of the orders of tenths of 1 W/(m
2
.K)). 
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Fig. 6 - Graphical dependence between U  and 2w  

 

 Research on the influence of the airflow velocity 2w  on the heat flow conQ


 

The change of the heat flow conQ


 depending on the velocity 2w  is presented in Fig. 7. 

 

 

Fig. 7 - Graphical dependence between conQ


 and 2w  

 

The heat flow conQ


 can be determined also based on the calculated heat convection coefficients and 

heat transfer coefficient.  

Based on the basic calorimetric equation, the heat flow conQ


 in the convector has been increased by 

increasing the airflow velocity, because the temperature difference “t3(convector input) - t4(convector output)” 

has increased. On the other hand, the water temperature in the internal circle has decreased, which leads to 

a decrease of the water density.  

In terms of the “Newton – Rickman” law for the process of heat convection between the water and the 

internal surface of the tubes, the increase of the temperature difference “(average water temperature in the 

central section of tubes) - (average temperature of the inner tubes surface)” has a higher influence on the 

heat flow comparing to the decrease of the internal heat convection coefficient 1 . 

From the perspective of the “Newton – Rickman” law for the process of heat convection between the 

external surface of heat exchange apparatus and the crossing airflow, the external heat convection 

coefficient 2 has a significant influence on the heat flow. 

Regarding the heat transfer process in the convector, the significant increase of the heat transfer 

coefficient U influences the heat flow. 

 

 Research on the influence of the airflow velocity 2w  on the heat flow evaQ


 

 The change of the heat flow evaQ


 depending on the velocity 2w  is presented in Fig. 8. 
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Fig. 8 - Graphical dependence between evaQ


 and 2w  

 

 The heat flow evaQ


 from the buffer water to the evaporating refrigerant in the evaporator increases 

with increasing airflow velocity through the convector, due to increased temperature difference “t2 (buffer 

output) - t1(buffer input)”. 

 

 Research on the influence of the airflow velocity 2w  on the heat pump performance 

coefficient WCOP  

 The change of the performance coefficient WCOP  depending on the velocity 2w  is presented in Fig. 

9. 

 

 

Fig. 9 - Graphical dependence between WCOP  and 2w  

 
 The performance coefficient increases when increasing the airflow velocity. This results from the 

higher influence of the increase of the heat flow through the convector than the change of the average 

electrical power, consumed by the heat pump. 

 From the results observed, presented in Fig. 9 we can conclude that there is relatively low variation of 

the coefficient WCOP  in terms of airflow velocity variation.  

 At a lower airflow velocity, i.e. less power consumption of the convector’s fan, the operation efficiency 

of the heat pump heating installation will be obtained with a value close to that at a higher airflow velocity. 

 

CONCLUSIONS 

 The main parameters of the installation working under “heating” regime at specific values of airflow 

velocity have been investigated. Based on them, the microclimate in greenhouses as well as the energy 

costs for heating can be optimized by correct control of the heat pump heating installation. 

 The change of the airflow velocity 2w  leads to a higher degree of change of the external heat 

convection coefficient 2 , respectively of the heat transfer coefficient U, comparing to the change degree of 

the internal heat convection coefficient 1 . 
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 On the other hand the change of the airflow velocity 2w  leads to a higher change degree of the heat 

flow evaQ


 exchanged by the heat pump evaporator, than the heat flow conQ


 exchanged by the heat pump 

condenser. 

 At a lower airflow velocity, i.e. less power consumption of the convector fan, the operation efficiency of 

the heat pump heating installation will be obtained with a value close to that at a higher airflow velocity. 

 Last but not least, the used laboratory installation is suitable for additional researches about heat 

pump heating installations for greenhouses. The additional parameters of the installations which can be 

investigated are: the temperature of the ambient air, the temperature of the water energy source, the water 

volume flow rate in the internal installation circle, the settings of the heat pump (switch ON temperature, 

switch OFF temperature, as well as the temperature range between them). 
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ABSTRACT 

A simulation mathematical model is proposed for the analysis of energy intensity of mushrooms production 

and greenhouse plants in the closed system of heating and ventilation of greenhouses of the type “plant 

greenhouse - mushroom greenhouse”. 

 

РЕЗЮМЕ 

Запропоновано статична математична модель для аналізу енергоємності виробництва грибів і 

тепличних рослин в замкнутій системі опалення і вентиляції теплиць типу "рослинна теплиця - 

грибна теплиця". 

 

 

INTRODUCTION 

Vegetable production in the greenhouses is connected with significant energy expenses to heat the 

incoming air and necessity for its saturation with carbon dioxide for plant greenhouses and with oxygen for 

mushroom greenhouses, so reducing the energy intensity of production is especially important for 

greenhouses (Blasco X. et al, 2007; Kozhukhov V.A. et al, 2009; Golub G.A., 2010; Bakanova S.V., Haryna 

A.A., 2014; Demiynenko Y. et al., 2016). 

This problem can be solved by using closed system of ventilation (The request №3-65929; Copyright 

certificate of USSR №950241; Girchenko M. et al, 2003), which uses the opposite principle of plants and 

mushrooms respiration (Grodzynsky D., 1982; Tkachenko V.A., Kondratiuk O.V., 2009). 

In order to improve the energy efficiency in the greenhousesby using a closed system of ventilation, 

that allows the simultaneous growing of plants and mushrooms, we must organize the flow of air, saturated 

with carbon dioxide from the mushroom spawn in the plant greenhouse, and enriched with oxygen in the 

mushroom spawn. Substantiation of operating modes of such systems will provide their effective use in the 

production. 

The nature and duration of transitional processes in the greenhouses at high production volumes 

require their modelling for the evaluation of the object in any area of the transitional process (Horobets V.H., 

Yatsenko O.V., 2014; Dudnyk A.O., 2014). This question is particularly relevant for closed systems of 

ventilation, because of their complexity.  

Let us consider fig. 1 showing a closed heating and ventilation system as an object of mathematical 

modeling. Accepted limitation: the apparent stream of heat from the substrate is constant; evaporation from a 

wetted surface does not depend on temperature. Also adopted assumptions: CO2 in the outside air and the 

air coming from the adjacent greenhouses during the ongoing transition process; the outside temperature 

during transients is constant; air density does not depend on the temperature and pressure inside the room; 

moving of the air in the room is not included. We distinguish two main components of the model - the heat 

balance and gas balance. 

 
MATERIAL AND METHODS 

Due to the fact that plant and mushroom greenhouses are connected by a common ventilation system, 

the heat balance of greenhouses will be in the form of the set of equations (1), kW.  

. .1 .1 .1 .1 .1

. .2 .2 .2 .2 .2

0

0,

O H hv hl if fe

O H hv hl if fe

Q Q Q Q Q

Q Q Q Q Q

     

     

     (1) 
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Where:  

 QO.H. is the general heat input to the room;  

 Qhv is the capacity of the heating and ventilation system;  

 Qhlis the capacity of heat losses;  

 Qif is the flow of heat from input air;  

 Qfe is the flow of heat from outlet air;  

 1 is the mushroom greenhouse; 2 is the plant greenhouse.  

In the real conditions when growing the greenhouse crops, the air exchange in the room is actually 

different. It is also necessary to consider that in the air, during its circulation, contaminants accumulate in the 

closed system. Therefore, a mathematical model must take into account the air exchange with the external 

environment.  

 
 

Fig. 1 - The layout of closed system of ventilation 
1 - plant greenhouse; 2 - mushroom greenhouse; 3 - air ducts of intake air enriched with O2; 4 - air ducts of input air 

enriched with O2; 5 - air ducts of intake air enriched with CO2; 6 - air ducts of input air enriched with CO2;  
7 - air ducts of air exchange with the external environment 

 

Let us suppose that due to the technological requirements the air exchange in the rooms GM.1 and 

GM.2 is different - in the mushroom room, it is higher, but in the plant room, it is lower. Then, there is an 

excess of GM in the first room, on the basis of which it is necessary to organize the air exchange with the 

external environment.  In this case, after mathematical transformations we get the set of equations:

 . .1 .1 .1 .1.1 .2 .1 .1.2 .1

. .2 .2 .2 .1.1 .1 .2

[ ( ) ( )] 0

( ) 0

O H hv hl p M ai в M ae ai

O H hv hl p M ai ai

Q Q Q c G t t G t t

Q Q Q c G t t

        

       

   (2) 

where:  

GM.1.1is the air exchange between the greenhouses (kg/s);  

GM.1.2is the air exchange with the external environment (kg/s);  

tai is the air temperature in the greenhouse (°C);  

tae  is the outdoor air temperature (°C). 
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RESULTS  

This is an example of using the simulation model (2) to determine the air exchange in the experimental 

greenhouse, where oyster mushroom was grown in the mushroom greenhouse and the leek in the plant 

greenhouse. The calculation was made for the winter period (tae=-15 °C, tai1 = 16 °C, tai2 = 14 °C). 

 

 
Fig. 2 - The dependence of the air exchanges on the capacity of the heating system 

 

The example of the use of simulation model for determining the temperature is shown in Figure 3, 

(tae = - 15 °C, GM.1.1 = 0.0346 kg/s, GM.1.2 = 0.0194 kg/s). 

 
Fig. 3 - The dependence of the air temperature in the plant and mushroom greenhouses 

depending on the capacity of heating system 

 

In fig.1 and fig.2 we can see that while reducing the capacity Qhv2, the air exchange between the 

rooms GM.1.1 increases and the exchange with the external environment GM.1.2 is reduced, but the 

temperature in the plant and mushroom greenhouses goes down. Thus, the amount of air exchange and the 

room temperature can be controlled by changing the capacity of the heating system of the mushroom spawn.  

Figure 4 shows the comparative dependence of total capacity of the open-loop and closed-loop 

system from the temperature of external environment, according to given example. For example, the heating 

capacity of closed system reduces to 1160 W (13%) at the outdoor temperature -15°C, by comparison with 

the open-loop system. 

The heating capacity of closed heating and ventilation system of greenhouses reduces to 12.7–20.5% 

in the range of external temperature from – 20°C to+ 14°C. 

The air-exchange with CO2 in closed heating and ventilation systems in greenhouses is of great 

interest (Pukhalskaia N.V., 2000; Bohdanov K.B., Uskov E.Y., 2005). 

For example, let us consider a system of “vegetable greenhouse-mushroom greenhouse” facilities, 

making assumption that the density of the air outside and inside is the same and does not change over time. 

o
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In this case, the system takes the form of the following equations: 

1 1 1 1

c zv zv v v

2 2 2 2

c zv zv v v

L L C L C

L L C L C

  

  

                 (3) 

Where: 

LC - consumption of CO2, which is produced in the premises as a result of the process, ltr/sec;  

Lzv, Lv - volumetric stream rate, respectively, outside and inside air, m
3
/sec;  

Czv, Cv - respectively, concentration of CO2 in the outside and inside air, ltr/m
3
. 

 

 

Fig. 4 - The dependence of heating system capacity on the outdoor air temperature 

 

It is well-known that fungi respiration rate is higher, therefore there is an excess of CO2 in the first 

room; in this case, air-exchange system should be based on mushroom greenhouse. After mathematical 

transformations, we form the following system: 

1 1 1 1 1 1 1

.1.1 .1.1 .1.2 .1.2

2 2 2 2 2

.1.1 .1.1

0

0

Ñ

Ñ

PP³ VP³ PP VP PP VP

VP³ VP³ PP VP

L L L L L L L

L L L L L

       

     

   (4) 

Where:  

 LC=LCO2 gr ·mC– CO2 stream from substrate, m
3
CO2/h.;  

 LPP 1.2 = Cair· LM.1.2 ·mC – carbon dioxide stream with tidal ventilation air, m
3
 CO2/h.;  

 LVP1.2= Cgr· LM.1.2 ·mC - carbon dioxide stream with blown off ventilation air m
3
 CO2/h.;  

 LPPi = Cair· Linfilt· mC - carbon dioxide stream with tides of infiltrated air, m
3
 CO2/h.;  

 Lpp 1.1 = Cm Lm1.1 ·mc – carbon dioxide tidal stream from a greenhouse, m
3
 CO2/h.;  

 Lvp 1.1 = Cgr · LM.1.1 · mC– carbon dioxide stream with incoming fresh air into a greenhouse, m
3
 CO2/h.; 

infiltration air-exchange, m
3
-h · kg substrate mass;  

 LM1.1– air-exchange between rooms, m
3
/h · kg;  

 LM1.2– air-exchange with outside surroundings, m
3
/h · kg;  

 LCO2 gr - carbon dioxide evaporation per 1 kg of substrate mass, m
3
 CO2/h· kg;  

 Cm– carbon dioxide concentration in tidal air, m
3
 CO2/m

3
;  

 Cgr– carbon dioxide concentration in a mushroom greenhouse, m
3
 CO2/m

3
;  

 mc – substrate mass in kilograms. 

 

Such a model helps determine the value of air between rooms and different environment, different 

values at different CO2 concentration in a greenhouse or concentrations of carbon dioxide in areas with 

known values of air-exchange. If relevant changes and amendments are made, other parameters of the 

system can be determined. 

 

o 
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The simulation model of the system (4) is used to determine the air-exchange when an experimental 

oyster mushroom is grown in an experimental room, and a hastening crop in a vegetable greenhouse - 

scallion, shown in Fig. 5, where the curve LM.1.1– is the air-exchange between rooms and LM.1.2–the air 

exchange with the environment. Calculations are made for winter period when the outdoor temperature toutdr 

= -15 C
o
 and indoor air temperatures in a mushroom greenhouse tindr=16 C

o
 and the greenhouse 

tindr2 = 14 °C. By setting different values of CO2 concentration in the greenhouse at a constant value of 

mushroom greenhouse concentration, the value of air exchange can be defined LM.1.1 and LM.1.2. 

Fig. 5 clearly shows that by increasing concentration of CO2 in the greenhouse, the air-exchange 

between rooms increases, while the air-exchange between mushroom greenhouse and outside environment 

decreases. In case we change the concentration of CO2 in the mushroom greenhouse and its constant value 

in the greenhouse, we have the curves shown in Fig. 6. 

 
Fig. 5 - The relevance of air-exchange to CO2 concentration in a greenhouse at  

C msh= 0.0008 m
3
 CO2 / m

3
air 

 

 

 
Fig. 6 - The relevance of air-exchange and concentration of CO2 in the 

mushroom greenhouse at Cwrth = 0.0008 m
3
CO2 / m

3
air 

 

As shown in the graph (Fig. 6) the air exchange with the environment is reduced because of 

increasing the concentration of carbon dioxide in the mushroom greenhouse. At the same time, when the 
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concentration is CO2 = 0.0008 m
3
CO2/m

3 
air, the direction of air movement between rooms is changed and 

when the concentration is bigger than 0.0008 m
3
CO2/m

3 
air, it takes the direction from the mushroom 

greenhouse to the greenhouse. 

It quite clear, that the left part of the chart is irrelevant, due to the stated concentration of CO2 (in our 

case: 0.0008m
3
CO2/m

3 
air) as there is no need to direct the stream of CO2 from the greenhouse to the 

mushroom greenhouse (in which carbon dioxide is consumed). 

 

CONCLUSIONS 

The research conducted by using simulation mathematical model of air exchange system shows that 

the highest efficiency of system work is at low temperature of outdoor air and at extremely large temperature 

difference in the greenhouses. 

In terms of observing gas balance of a closed system, it must be included into the work to achieve 

accepted concentration value in one of the rooms. This condition can fail if the system is working and / or on 

thermal balance. 
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ABSTRACT  

Exposure to severe vibration while tilling presents a serious health and safety risk to a handheld tiller 

operator. Handrail of the tiller transfers vibration from tiller to operator with an essential extent. Taking 

handrail of Shineray SR1Z-80 tiller as a case study, its vibration characteristics were investigated by means 

of Computational Modal Analysis and Experimental Modal Analysis, resulting in good agreement on natural 

frequency and mode shape within interested frequency range of the vibration, and the average relative error 

of natural frequency between them is less than 4%. Handle, rod and cross bar are main sections of the 

handrail that affect the vibration with decreasing level of influence regarding displacements. Structural 

optimization of the handrail was obtained by orthogonal factorial experiment design technique and statistical 

analysis of variance. The optimal dimensions of the handrail are handle length 170 mm, rod length 470 mm, 

and cross bar length 390 mm.  

 

摘要 

耕作时的强烈振动对微耕机操作者造成严重的健康和安全危险。其中大部分的振动由扶手架传递给微耕机的操

作者。本研究以鑫源 SR1Z-80 微耕机的扶手架为例，通过计算模态分析和试验模态分析研究了其扶手架的振

动特性。在关注的频率段内，两种模态分析方法得到的扶手架固有频率和模态振型一致性很好，其中固有频率

的相对误差小于 4%。扶手、扶手杆和横杆是影响扶手架振动性能的主要部分，他们对振动的影响程度（位

移）依次降低。通过正交试验设计和方差分析，得到了扶手架的优化结构，其对应的优化尺寸参数为：扶手长

度 170mm，扶手杆长度 470mm，横杆长度 390mm。 

 

 

INTRODUCTION 

Handheld tillers are typically propelled forward by the diesel or gasoline engine rotating rotavators and 

the power of the engine is normally less than 7.5 kW. The handheld tillers are widely used in hilly lands, 

greenhouses and orchards, due to their advantages of small volume, light weight, simple structure and easy 

transfer in the farm land. But for a handheld tiller, the connections between subsections (e.g. engine and 

transmission, transmission and frame, transmission and handrail, etc.) are rigid, thus operators are wholly 

exposed to severe vibration transmitted directly to their hands. Resulting from the engine, tilling rotavators 

and their coupling, the vibration is often pretty complex, contains many frequencies, occurs in several 

directions and changes over time, and it may cause injuries to sensory nerves, the vascular, muscles, bones 

and joints, influence the operators’ performance capability, or present a serious health and safety risk to the 

operators (Su et al., 1989). Under usual working conditions, in 10% of the exposed operators, vascular 

disorders of the hand, namely “vibration white finger”, can appear after three years of continuous use of 

handheld tillers (Ragni et al., 1999). 

Many scholars studied the vibration characteristics of a handheld tiller handrail for better comfort level 

while operating. Goglia et al. (2004) studied the vibration of a small agricultural tractor transmitted to the 

driver's hands and body during work.  

The transfer mechanism and the effects of vibration transmitted were analysed. Li et al. (2016) 

measured the acceleration at the handles of a handrail and engine cover along different directions under four 

working conditions, namely no-load idle speed, no-load half-throttle, no-load full throttle, and field operation 

full throttle. Yang and Meng (2005) employed the virtual prototype technology to study the vibration of the 
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GN31 cultivator and found that the vibration at the handles were reduced effectively by adding an object 

(1.5-3.0 kg) to the handrail-rod near the handrail cross-bar, with 79%-88% maximum acceleration reduction. 

Ying et al. (1994) designed a rubber vibration absorber on the handles of GN-5 walking tractor by increasing 

the damping and decreasing the vibration transmission. The vibration absorber reduced the acceleration by 

41.1% and prolonged the tolerable time of daily exposure to vibrations by 126.4%. Yang (2005) developed a 

vibration isolation handle for the small-sized tiller on the basis of vibration mechanism, with 50%-80% 

reduction of vibration transmitted to the handle. 

Currently, most studies of the vibration while tilling are focused on observation, evaluation and 

influence of vibration on the operators, etc., and the study on the handrails ergonomics is insufficient to 

provide the required information so as to decrease their vibration sensitivity and to improve tilling operation 

comfort. Taking the handrail of an SR1Z-80 handheld tiller as a case study, on the basis of vibration 

characteristics analysis and the corresponding statistics analysis of the handrail, structural optimization of the 

handrail was conducted, so as to provide available design theory and reference to develop new high quality 

tillers with features of high efficiency, low labour intensity, and good operation comfort. 

 
MATERIAL AND METHODS 

The SR1Z-80 handheld tiller was manufactured by Chongqing Shineray Agricultural Machinery Co., 

Ltd. The vibration characteristics of its handrail were studied by means of Computational Modal Analysis and 

Experimental Modal Analysis. The model parameters of these two modal analyses such as natural frequency 

and mode type were compared and validated. The optimal structure parameters were obtained by orthogonal 

factorial experiment design technique and statistical analysis of variance. The outline of the study was shown 

in fig. 1. 

 

Handheld tiller 

Handrail 

Computer Modal 

Analysis 
Structural optimization by 

orthogonal method and 

statistical analysis

Experimental 

Modal Analysis  
Fig. 1 - Outline of the study 

 

Computational Modal Analysis 

FEM model of the handrail 

According to practical structure and parameters of handrail of the SR1Z-80 handheld tiller, the 3-D 

parametric solid model of the handrail was built in UG software package, as shown in fig. 2(a).  

Import the solid model into ANSYS Workbench. By considering the effect of small sub-sections, such 

as chamfers, threads, etc. which were subjected to small forces during operation, on the meshing and 

solving of the handrail FEM model, some simplifications were made for the solid model. Then, the simplified 

3-D model was obtained, as shown in fig. 2(b). 

As triangle meshes have good performance for the vibration analysis, triangle meshing scheme was 

employed to mesh handrail of the tiller by automatic meshing method, with mesh size 3 mm. There are 

51628 nodes and 27032 elements for the meshed handrail. 

Handrail parameters were defined, as shown in table 1. Behaviour of handrail contact surface was 

defined as bonded. Then, the handrail FEM model was obtained, as shown in fig. 2(c). 
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(a) 3-D model                                  (b) Simplified 3-D model                              (c)  FEM model 

Fig. 2 - Finite element model of the handrail 

 

Table 1  
Parameters of the handrail 

Material Density/kg.m
-3

 Poisson’s ratio Elastics modulus/Pa Contact 

Steel Q235 7.83e3 0.35 2.07e11 Bonded 

 

Modal Analysis 

The modal analysis was performed in Ansys Workbench. No constraints or loads were applied to FEM 

model for Computational Modal Analysis, namely a free modal analysis approach was employed to 

determine the vibration characteristics (natural frequencies and mode shapes) of the handrail. Frequency 

range from 2 Hz to 200 Hz was focused on for the analysis, with weighting factor Wh greater than 0.1 within 

the frequency range (the frequency-weighting characteristic for hand-transmitted vibration Wh reflects the 

assumed importance of different frequencies in causing injury to the hand). 

In panel Details of “Analysis Settings”, specify Range Minimum and Range Maximum as 2 Hz and 200 

Hz, respectively. Keep default option of “Solver Type” as “Program Controlled”. Then the modal analysis is 

available for carrying out. The qualified natural frequencies of different modes, non-rigid body modes, and 

the corresponding mode shapes were obtained. According to the modal analysis, there are 5 non-rigid body 

modes within the frequency range focused on. 

 

Experimental Modal Analysis 

Experiment setup 

As the handrail was simple in structure and light in weight, it was hung by an elastic polyamide rope 

with 8 mm diameter for the experiment setup as shown in Fig. 3. Main equipment and instruments 

components were as follows: modal force hammer 086C03 of sensitivity 2.335 mV/N and sensor 356A16 of 

sensitivity 98.2mV/g, made by PCB Piezotronics, Inc., USA; signal analyser LMS SCADAS Mobile of 24 

channels, made by SIEMENS, Germany.  

 

Modal hammer Handrail Handle with sensor

Signal analyzer

Interface of LMS Test.lab
 

Fig. 3 - Experiment setup 
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Experiment procedure 

According to exciting position sequences, information of 47 exciting points was defined in the testing 

system of the handrail investigated, by LMS Test.lab Impact Testing. The 3-D model of the handrail was built 

by combination of lines and surfaces determined by these exciting points in panel Geometry. Frequency 

1024 Hz for the modal test was specified in panel Impact Scope. Driving points and average times for the 

exciting, trigger level, bandwidth, and window function were specified in panel Impact Setup through exciting 

trials, including auto-increment, roving hammer and auto reject with overload. The sensor locates at the 44
th
 

exciting point, and driving point starts from the first point and moves to the next sequentially, 5 times per 

driving point with 3-5 s intervals for the tapping excitation. Then, the frequency response function of each 

driving point can be obtained automatically in the LMS impact testing system. 

Icons of Band, Stabilization, and Shapes are available for selection in panel PolyMax. Steady state 

diagrams were obtained after specification of frequency range by clicking the icon of Band, natural frequency 

characteristics were identified after enabling Automatic Modal Parameter Selection, Multivariant MIF or 

Complex MIF by clicking the icon of Stabilization, and the mode shapes of different order were obtained by 

clicking the icon of Shapes. 

According to Modal Assurance Criterion (MAC) presented by West in 1986 (Xiong, 2014), the values 

of MAC matrices were obtained by Auto-MAC method in panel Modal Validation. MAC is a dimensionless 

parameter, within a range of [0, 1]. The higher the MAC value, the greater the relevance. 

 

Structural optimization 

Experiment design 

Orthogonal factorial experiment design technique based on Taguchi method was used to arrange 

experiments. Main control factors affecting vibration characteristics of the handrail were defined as follow: 

factor A: handle length; factor B: cross bar length; factor C: rod length. Levels of each control factor were 

shown in table 2. Experiments were designed in accordance with orthogonal array L9(3
4
), a 3-level 4-factor 

array with 9 runs, and their arrangements were shown in table 3. 

Table 2  
Levels of control factor 

Level Handle length A /mm Cross bar length B /mm Rod length C /mm 

1 170 390 470 

2 200 420 520 

3 230 450 570 

 

Table 3  

Experiment arrangements and results of natural frequency 

No. A B C Blank column Natural frequency /Hz 

1 1 1 1 1 69.65 

2 1 2 2 2 60.82 

3 1 3 3 3 59.73 

4 2 1 2 3 56.32 

5 2 2 3 1 58.94 

6 2 3 1 2 57.62 

7 3 1 3 2 62.03 

8 3 2 1 3 61.26 

9 3 3 2 1 55.79 

 

Optimization 

Statistical analyses of range and variance were performed to obtain the impacts and their significance 

of each factor on the handrail vibration characteristics. Optimal engineering average was employed to obtain 

the optimal level combination of the control factors, and as a result, the structural optimization for the 

handrail was available. 
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RESULTS  

Handrail vibration characteristics  

The vibration characteristics (natural frequencies and mode shapes) of the handrail were obtained by 

means of Computational Modal Analysis and Experimental Modal Analysis. 

Natural frequency 

The natural frequencies of the non-rigid mode orders within the frequency range aforementioned 

were listed in table 4. As can be seen in the table, the natural frequencies by Computational Modal Analysis 

are in good agreement with those by Experimental Modal Analysis, with average relative error less than 4%. 

For the Experimental Modal Analysis, MAC values of each mode order are higher than 0.9, which shows 

that results by Experimental Modal Analysis are reliable. Therefore, Computational Modal Analysis can be 

used to analyse and optimize structure parameters of the handrail of a tiller from vibration characteristics. 

 

Table 4  
Comparison of natural frequency 

Mode order 
Natural frequency by 

Computational Modal Analysis /Hz 
Natural frequency by 

Experimental Modal Analysis /Hz 
Relative error 

/% 

1 61.84 64.39 4.1 

2 89.61 84.04 6.2 

3 112.90 116.29 3.0 

4 137.33 143.46 4.5 

5 177.05 174.78 1.3 

 

Mode shape 

The mode shapes of the non-rigid mode orders within the frequency range can be extracted from 

results of Computational Modal Analysis and Experimental Modal Analysis, and animations of the vibration 

are also available. According to literature (Zhou, et al., 1999), human hands are generally sensitive to 

vibration of frequency fs about 50 Hz (Wen, et al., 2002). Considering frequency range of (0.75-1.3) fs, 

namely 37.5-65 Hz, human hands are relatively sensitive to the vibration within the range with respect to 

handrails of the small scale agricultural machinery. Because the natural frequency of the first non-rigid 

mode order of the handrail falls in the frequency range 37.5-65 Hz, only mode shapes of the first non-rigid 

mode order were extracted by Computational Modal Analysis and Experimental Modal Analysis, and their 

contours were shown in fig.4. 
 

  
(a) Computational Modal Analysis                                  (b) Experimental Modal Analysis 

Fig. 4 - Mode shape of the first non-rigid mode order 

 

From the vibration animations of the first non-rigid mode order, the handrail largely vibrates up and 

down. The maximum vibration is at handrail handle, with a displacement of 0.90491 mm, and the minimum 

vibration locates at connection part of the handle and cross bar, and at direction shift part of the handrail, 

with a displacement 0.0047822 mm, as shown in fig. 4 (a). The mode shape of the first non-rigid mode 

order from Computational Modal Analysis shows good agreement with that from Experimental Modal 

Analysis, as compared fig.4 (b) and fig.4 (a). Furthermore, the mode shapes of the other non-rigid mode 

orders within the frequency range also have agreement mutually. 

Consequently, Computational Modal Analysis can well reveal vibration characteristics of the handrail, 
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with small errors compared with Experimental Modal Analysis, and then it can be employed to analyse and 

optimize the structure of a handheld tiller handrail. 

 

Structural optimization 

As the natural frequencies of the first non-rigid mode order of the handrail fall in the frequency range 

37.5-65 Hz, generally sensitive to human hands, the vibration characteristics of the first non-rigid mode 

order are necessary for the structural optimization, and it is better to shift the natural frequency of a handrail 

away from this frequency range for the comfortable reason to operators of the handheld tillers. The natural 

frequency results of the handrail first non-rigid mode order by Computational Modal Analysis were obtained 

as shown in table 3. 

Statistical analyses of range and variance were performed to obtain the impacts and their 

significance of each control factor on the handrail natural frequency. Range analysis results were shown in 

table 5, and variance analysis results were shown in table 6. The values in cells of each level of the control 

factors in table 5 represent mean natural frequencies of the corresponding levels and factors. The delta 

values of each factor represent the biggest change of mean natural frequencies of the factor, namely the 

impact level of each factor. The numbers in the rank row indicate the impact significance of the control 

factors. 

 

Table 5 
Range analysis 

Level Factor A Factor B Factor C Blank column 

1 63.40 62.67 62.84 61.46 

2 57.63 60.34 57.64 60.16 

3 59.69 57.71 60.23 59.10 

Delta 17.32 14.86 15.60 7.07 

Rank 1 3 2  

 

Table 6 
Variance analysis 

 
 

 

 

 

 

 

 

 

 

 

Range analysis and variance analysis shows that: factor of handle length has the highest significant 

impact level on handrail natural frequency and it is followed by factors of rod length and cross bar length, 

sequentially. The F-ratio of each control factor was compared to a critical value corresponding to a certain 

pre-selected probability, resulting in probabilities of 86.0%, 81.5% and 82.9% that control factors are in fact 

due to chance because of handle length, cross bar length, and rod length, respectively. 

According to optimal engineering average strategy (Wang, 2004), A1B1C1 is the optimal level 

combination of the control factors that benefits to the handrail vibration characteristics and it shifts the 

natural frequency away from the frequency range 37.5-65 Hz. 

 

Vibration characteristics of the optimized handrail 

The parameters of the optimal level combination of A1B1C1 are as follows: handle length 170 mm, 

cross bar length 390 mm, and rod length 470 mm. According to the national standard of the People's 

Republic of China (GB10395.10-2006), the parameters of the handrail optimal level combination qualify for 

Source of 
variance 

Degree of 
freedom 

Sum of 
squares 

Mean sum of 
squares 

F-ratio Critical F-ratio 

Factor A 2 51.34 25.67 6.14 F0.25(2,2)=3.0 

Factor B 2 36.85 18.42 4.41 F0.10(2,2)=9.0 

Factor C 2 40.56 20.28 4.85  

Blank Column 2 8.36 4.18 Error  

Total 8 137.11    
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the technical means for ensuring safety of walk-behind powered rotary tillers. 

By Computational Modal Analysis, the mode shape of the first non-rigid mode order of the optimized 

handrail was obtained, as shown in fig.5. The natural frequency of the first non-rigid mode order is 69.65 

Hz, and the maximum displacement and minimum displacement are 0.82063 mm and 0.0017485 mm, 

respectively, which shows good improvement in vibration characteristics compared to the original handrail. 

 

 

Fig. 5 - Mode shape of the first non-rigid mode order of optimized handrail 

 
CONCLUSIONS 

Hand-transmitted vibration presents a serious health and safety risk to operators of handheld tillers. 

Taking handrail of SR1Z-80 tiller as a case study, the vibration characteristics were investigated by means 

of vibration modal analysis. Structural optimization of the handrail was obtained by orthogonal factorial 

experiment design technique and statistical analysis. The main conclusions are as follows: 

(1) Modal analysis can well reveal vibration characteristics (natural frequency and mode shape) of 

the handrail. The natural frequencies by Computational Modal Analysis are in good agreement with those 

by Experimental Modal Analysis, with average relative error less than 4%. 

(2) Handle length has the highest significant level of impact on natural frequency of the handrail, and 

it is followed by rod length and cross bar length, sequentially. Their probabilities in fact due to chance are 

86.0%, 82.9%, and 81.5%, respectively. 

(3) The handrail optimal dimensions are handle length 170 mm, rod length 470 mm, and cross bar 

length 390 mm. The optimized handrail shows good improvement in vibration characteristics compared to 

the original handrail: natural frequency of the first non-rigid mode order 69.65 Hz, maximum displacement 

0.82063 mm, and minimum displacement 0.0017485 mm. 
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ABSTRACT 

The grain milling process, in which flour is produced, is very important since it radically changes the quality 

and quantity characteristics of products. The main milling machine used during the last two centuries in the 

leading branches of food industry is a roller mill. The way in which the materials are comminuted in the roller 

mills is based on the process of their shift under the impact of forces which cause tensions in one vertical 

plane while the particles of the material are passing through a gap between the rollers. As a result of the 

conducted research, theoretical prerequisites have been worked out for an improved method of grain milling 

according to which the particles of the material are comminuted at the expense of simultaneous impact upon 

them of the disintegrating forces in a vertical and a horizontal plane.  

 

РЕЗЮМЕ 
Процес помелу зерна для отримання борошна є дуже важливим, оскільки він суттєво змінює 
кількісно-якісні характеристики продуктів. Основною машиною для помелу зерна протягом двох 
останніх сторіч у передових галузях харчової промисловості є вальцьовий верстат. Спосіб 
подрібнення матеріалів у вальцьових верстатах ґрунтується на процесі їх зміщення під дією сил, 
які викликають напруження в одній вертикальній площині при проходженні часток матеріалу крізь 
щілину між вальцями, що обертаються. В результаті проведеного дослідження розроблені 
теоретичні передумови вдосконаленого способу помелу зерна, при яких частинки матеріалу 
подрібнюються за рахунок одночасного впливу на них сил, що подрібнюють у вертикальній і 
горизонтальній площинах. 

 

INTRODUCTION 

Since ancient times, humanity has been using various kinds of grain for food. In order to improve 

digestibility and the ability to further process the products, different methods of grain comminution have been 

used, the most widespread among them being grain grinding between stone surfaces. 

The grain milling process, in which flour is produced for feeding cattle, as well as for baking bread 

products, is very important since it radically changes the quality and quantity characteristics of the products. 

By their structure, the grain products are non homogeneous, differing by their physical, chemical and 

biological properties. 

Therefore, the milling process of the grain products is complicated, it involves many factors, and there 

are a significant number of different machines developed for its implementation. The main milling machine, 

used during the last two centuries to produce flour, has been a roller mill (Butkovski, 1990; Merko and 

Morgun, 2001). To produce feed for animals, hammer-type grain crushers (Savinyh, 2016; Sysuev, 2015)are 

also used, yet the comminution degree in them is much lower than it is required in order to obtain flour. 

In order to make products from grain, the crushing and milling of it requires up to 70% of the electric 

energy consumed by all the technological line machines. The technological properties of grain are the 

determining criteria for the quality and the end product. Their improvement affects minimisation of the 

specific production energy consumption, as well as the share of higher quality products. A great number of 

original works have been devoted to the study of the grain material strength and mechanical destruction in 

which the main emphasis is on the grain strength theory and the mechanism of its comminution (kinetics of 

breaking the molecular bonds in elasto-plastic deformations, arising and increasing of cracks, stress 

relaxation, and so on (Dal-Pastro et al.) 
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Crushing and milling of the grain materials have made the object of constant long-term researches and 

engineering developments in many countries of the world (Bavram and Oner, 2014; Dal-Pastro et al., 2016; 

Sysuev, 2016; Vaiculik, 2013). A search for the best comminution method of the grain materials is going on 

even at the present time; new essential regularities of these processes have been revealed during the last 

period, as well as methodologies worked out for the calculation of the milling and industrial mills 

technological cycles. At present, the most recent and substantiated are the comminution laws of Kick, 

Rittinger and Bond; they remain, as before, a topic of discussion while looking for universal comminution 

laws taking into account the empirical correlations between energy consumption and dispersity of the 

comminuted materials (Hodakov, 1972; Schonert,1986; Naimushin, 2013). However, none of the above-

mentioned theories describes to a full extent the sphere of such a thin dispersion; moreover, none of them 

takes into account the impact a number of factors has upon the comminution process and energetics. No 

fundamental researches, conducted in many countries during the last decades, were able to change this 

situation. 

The aim of this work is a theoretical research of the grain movement and comminution process in the 

new roller mill with an improved design in order to raise its operation efficiency. 

 

MATERIAL AND METHODS 

In order to develop new designs of roller mills, a new method for materials comminution in roller mills 

was offered (Pavlenko et al., 2007- patent UA 20251) the essence of which is that oscillatory (vibratory) 

movement is attached to the operating surfaces of the rollers along their geometric axes simultaneously with 

rotary movement; a new roller mill (Pavlenko et al.,2007-patent UA 20249) has been developed 

implementing the indicated method. 

 
 

Fig. 1 - A design and technological scheme of the improved method  

of grain material comminution (Patent UA 20249): 

1,2–rollers; 3–material particles; 4,5 – bearings 

 

In order to raise the intensification of the grain material comminution process in the roller machines 

and to increase the output of the fine fraction in the end product, we have proposed an improved 

comminution method by means of rollers oscillatory movement in the direction of their horizontal axes. Fig.1 

shows a technological scheme of the rollers operation which illustrates the essence of this method. The 

scheme in Fig.1 shows rollers 1,2 and material particles (grain) 3 as mentioned above. The drive shafts of 

the rollers 1,2 are mounted in the bearing units 4 and 5. The method of comminuting the grain material is 

carried out in the following way. The rollers 1,2 set rotational movement towards each other with different 

angular velocities 
1 and

2 . The rollers 1,2 rotate in bearings 4 and 5. Besides, the roller 1 (or both rollers 

1 and 2 at the same time) performs an oscillatory movement along its longitudinal axis. The mechanism of 

setting the rollers 1 and 2 in rotational or oscillatory movement is not shown in the scheme. Under the impact 

of the rotational movement of the rollers 1 and 2, the particles of the material 3 are drawn under the forces of 

gravity and friction into the gap between the rollers 1 and 2 where their seizing and subsequent squeezing 



Vol.52, No.2 /2017       INMATEH –

101 
 

takes place, which leads to their crushing and flattening under the action of normal stresses in a vertical 

plane. Since the rollers 1 and 2 have equal external diameters but different angular velocities, shearing 

forces arise in a vertical plane causing tangential stresses, which results in grinding the material particles 3. 

The oscillatory movement of the rollers 1 and 2 leads to the fact that the particles of the material 3 will occur 

under the impact of the forces, which cause tangential shear and crushing stresses acting in a horizontal 

plane, changing by their modulus and direction. Under the influence of these stresses the particles of the 

material 3 will additionally be ground in a horizontal plane. Besides, the material particles 3 will pass through 

the gap between the rollers 1,2 not along rectilinear paths in a vertical plane (as in the machines without an 

oscillatory movement of the rollers) but along paths which are certain curves (by their shape close to 

sinusoids), which, in its turn, will also raise the output of the fine fraction in the end product due to the 

increased time of the material particles being under the action of the crushing forces since any curvilinear 

path of the material particle movement will always have a longer path than the rectilinear path only in a 

vertical plane.  

In order to carry out the improved method of the roller 1oscillatory movement, a new design scheme of 

the roller itself was developed (Fig.2). As shown in the presented scheme, the roller consists of two parts: the 

roller centre 1 and the shell ring 2, mounted on the roller centre with a possibility to move in either direction 

axially in relation to the roller centre 1and the torque transfer from the roller centre 1 to the shell ring 2. Such 

a possibility was achieved due to the fact that the internal diameter of the shell ring 2 is greater than the 

external diameter of the roller centre 1 but on the internal cylindrical surface of the shell ring 2and on the 

external cylindrical surface of the roller centre 1 there are respectively formed three (or more) longitudinal 

grooves of triangular shape in which small balls 3 are inserted, separated by separators 4. The balls 3 in the 

longitudinal grooves of the shell ring 2 and the roller centre 1 have a possibility of free rotation around their 

axes. Around the periphery of both end surfaces of the shell ring 2 there are fixed small balls 5 by means of 

rings 6, with a possibility to rotate the balls 5 around their axes. The balls 5, fixed to the left end of the shell 

ring 2 contact a space cam 7, rigidly fixed to the frame 8. The balls 5 which are fixed to the right end of the 

shell ring 2 contact a thrust ring 9 spring loaded by springs 10 to the frame 8. To protect these mechanisms 

from penetration of the material particles to be comminuted, seals11 are fixed on the frame 8. 

 

 
а) 

 
 

b) 

Fig. 2 - A design principle scheme of the longitudinal section of roller axis 1(a) and its cross section (А-А) (b) 

(Patent UA № 20251) 

1–roller centre; 2–shell ring; 3–balls; 4–separator; 5–balls; 6–rings; 7–cam; 8–frame: 9–thrust ring; 10 –spring;  

11–seal; 12– protective ring  

 

During the operation, the rotational movement is set to the rollers 1,2 of the frame in the direction 

towards each other with different angular velocities. The roller centre 1 rotating, the shell ring 2 will rotate 

with the same angular velocity and in the same direction as the roller centre 1 because the torque will be 

transferred by the balls 3, inserted into the longitudinal grooves of the shell ring 2 and the roller centre 1 

(Fig.2). The balls 5, fixed by the ring 6 from the right end of the shell ring 2, will receive through the thrust 

ring 9 forces from the side of the springs 10 which press the thrust ring 9 to the left of the frame 8. These 

forces move the shell ring 2 to the left in an axial direction and, through the balls 5 fixed from the left end of 

the shell ring 2, press the shell ring 2 to the space cam 7. In further rotational movement the space cam 7 will 

determine the axial movement of the shell ring.  
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Consequently, as a result of the rotational movement of the roller centre 1, the shell ring 2, together 

with the roller centre 1, will receive a rotational movement and, at the same time, an oscillatory movement 

along the axis of the roller centre 1. 

To conduct a theoretical research of the grain milling technological process in roller mills, there was 

built an equivalent scheme of the movement of a single grain (a material particle М) between two counter 

rotating rollers (Fig.3). 

The material to be milled in the roller mills is conveyed between the rollers (Fig.1,a), on condition that: 

 

of tg                                                                          (1) 

Where: 

f – the coefficient of friction; 

o  – an angle corresponding to the width of the milling zone (the operating zone) at which pulling of 

the material particle into the gap between the rollers is effectuated. 

 

 
 a) b) 

 

Fig. 3 - An equivalent scheme of a grain particle movement between  

the rotating surfaces of the milling rollers: 

а) a view from above; b) a side view 

 

In the scheme Point М – a symbolic representation of grain passing the route ОО1 = l, (Fig. 3 b). 

The movement of the grain takes place in the direction of the axis Oy , perpendicular to the operating 

roller axis of rotation . In this case, there is no motion of the particle in the direction of the Ox  axis. The 

movement in the direction of the axis is the first degree of freedom. In addition, we assume that the 

particle between the rolls moves without slipping. Therefore, the motion of the particle M takes place with a 

forward velocity , where 

yV Rcos t                                                   (2) 

 – the angular velocity of the roller rotation; 

 – the radius of the roller. 

 

As it is known y

dy
V

dt
 , therefore, taking equation (2) into account, we obtain: 

dy
Rcos t

dt
                                        (3) 

Then: 

dy Rcos t dt                                                  (4) 

 

1 1O z

Oy

yV



R
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Integrating equation (4) in the range from 0 to t, we obtain:  

 
0 0

t t

y Rcos t dt Rcos t d t R sin t         
                           

(5) 

or 

y R sin                                         (6) 

where t  . 

In particular: 

ol R sin                                        (7) 

The research was done by applying the methods of higher mathematics, theoretical mechanics, 

programming and numerical accounting on the PC. 

 

RESULTS 

 Taking into consideration a proposed hypothesis about the expediency of additional oscillating (vibrating) 

movement along the geometric axes of the rollers (simultaneously with their rotary movement),we introduce 

the following additions into the design diagram. 

 We will consider that the oscillatory movement of the operating roller along the axis is the second 

degree of freedom in agreement with the following law:  

                         (8) 

where: 

 – the amplitude of the axial oscillations of the roller operating surface, m; 

 – the cyclic frequency of these oscillations, s
-1

. 

 

In this case, point of the milled grain will perform movement within the limits of the operating zone 

along a definite path which we will consider in the system of coordinates , as shown in Fig.3b. 

The parametric dependencies (5) and (8) make it possible to set the movement path of point . 

Let us find the elements of the arc of point  path–  and  during its movement in the 

operating zone of milling. 

In this case we will obtain:  

dy Rcos t dt  ,                            (9) 

Then, we will determine the length of the element of the arc path  in the following way: 

                                              (10) 

We will determine the length of the curve along which Point is moving in a final interval of time  

through such an interval: 

   
2 2

L Rcos t Hk cos k t dt        
                                   

(11) 

We will determine the value of the cyclic frequency  on condition that the oscillation period should 

correspond to the time of the movement of Point on the path . 

In the first approximation, we will assume that yV R , and therefore the period T  (the time of 

particle M displacement between the rollers) will be equal to: 

                                                                  (12) 

1 1O z

 sinZ H kt

H

k

M

yOz

M

M d y d z

 cosdz Hk kt dt

dL

   
2 2

dL dy dz 

M 1t

k

M 1OO l

2l
T

R k




 
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so: 

                                                                        (13) 

We will find out the width of the operating zone from condition (1). 

Let us transform the right side of the expression (7), presenting it as a fraction in which the numerator 

and the denominator are multiplied by 2 ocos : 

2

2

o o

o

R sin cos
l

cos

 




                                                      (14) 

After corresponding transformations, we obtain: 

 2

0

2 2

2 2 2

2 2 1 2

1 1

o o o o

o o o

o

o o o

R sin cos R sin Rtg
l

cos cos tg cos

Rtg
.

tg tg cos

   

   



  


   




   

             

(15) 

Considering that otg f  , after the necessary transformations of the expression (15), we finally 

obtain: 

2 2
2

2

1
1 1 o

o

o

Rf Rf
l

sin f
f cos

cos






 


   

                                  

(16) 

In order to make numerical calculations on the PC, it is necessary to use a program and set the 

numerical values of the constants. We will take such values of , and which agree with the data from 

the technical documentation of the working equipment (Bavram and Oner, 2014; Butkovski, 1990). At the 

values set for the parameters:  = 0.4;  = 16π,  s
-1

; =100 mm, and the arbitrarily selected , 

using the parametric expressions (5) and (8), we perform the numerical calculations on the PC by means of 

the EXСEL program, on the basis of which we will construct the path of Point  when it is in the operating 

zone of milling.  

Fig. 2а depicts a path which is a sinusoid with a cyclic frequency and amplitude . 

 
 

Fig. 4 - The path of a grain particle movement (Point ) in the milling operating zone 

а) according to the obtained full calculated dependencies; b) according to a simplified method 

 

 

The length of the curve cannot be found in an elementary form because the integral (7) is elliptical 

(Murray et al., 2015; Bulgakov et al., 2013), which can be solved by any of the numerical methods.  
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The accuracy with which the path length will be determined depends on the integration step and time 

which we will spend using the computer. However, in the present work, the authors do not set it as an object 

to obtain exact numerical results, trying only to carry out an analysis of the essential factors affecting the 

grain milling process. 

Therefore, the length of the path to be covered by Point in the operation zone will be found using 

simplified methods. 

The essence of the method is that the path depicted in Fig.4 (Curve а) will be presented as a broken 

line where the arc of the sinusoid is replaced by straight line segments, as shown in Fig.4 (Curve ). In such 

a case, we will find the length of the path according to a considerably simplified formula: 

 .   (17) 

The error with which the length of the path will be determined makes only approximately 8%, by the 

way, towards underestimation in comparison with the exact formula envisaged for the integral application (7). 

This provides a possibility to establish that the second degree of freedom essentially affects the path length 

in the operating zone.  

Assuming that , the relation , but at  – . 

Consequently, the rollers oscillating movements in the direction of their axes of rotation considerably 

increase the length of the movement path and correspondingly improve the quality of the milled product. This 

statement is confirmed by researches in other similar technological processes (Ertel, 2012). 

On the basis of a hypothesis that the intensity of the grain material milling process is proportional to 

the path covered by Point М in the operating zone, additional application of the second degree of freedom in 

the roller design will considerably raise efficiency in comparison with the roller mills using the conventional 

comminution method. In this case there arises a necessity also for theoretical research which would reveal 

the dynamics of the grain material milling process and a methodology for determining the optimal path to be 

covered by Point М in the operating zone in order to achieve the desired quality of the product. 

An important issue is the choice and optimisation of the values R, ω, Н and k, which can be finally 

established as a result of the conducted experiments. 

In case the results of the experimental researches theoretical analysis and parameters optimisation 

are confirmed, there will be a possibility to create industrial designs of roller mills implementing the new 

comminution method of materials with oscillating rollers, which will give a remarkable economic effect. 

 

CONCLUSIONS 

An expression was determined in an analytical way of the width of the grain crushing operating zone 

and the path length of its movement through the rollers having an additional oscillating movement. The 

rollers oscillating movement in the direction of their rotation axes significantly increases the path length of the 

grain through the rollers and, correspondingly, raises the intensity and quality of the milled product. 
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STUDY OF LONG HAUL TRUCK MOVEMENT ALONG THE CURVILINEAR 

TRAJECTORY WHILE STEERING A CARRYALL SEMI-TRAILER - CONTAINER BY 

BRAKING THE WHEELS OF ONE AXLE  
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ABSTRACT 

The long-haul truck movement along the curvilinear (in plan) trajectory is studied in this article. Braking the 

wheels of the bogie’s one side is proved to lead to the fact that the absolute instantaneous centre of the 

bogie turn, when coming into a corner and coming out of a corner, will be on different sides of the semi-trailer 

bogie axles. The side force of the bogie is directed towards the transfer centre of semi-trailer angular velocity 

when coming into a corner and, in the opposite direction, when coming out of a corner. Therefore, braking 

the wheels of one side frame of a bogie rear axle is considered more efficient. 

 

РЕЗЮМЕ 

У статті розглядається рух автопоїзда по криволінійної (в плані) траєкторії. Встановлено, що 

гальмування коліс одного борту возика призводить до того, що абсолютний миттєвий центр 

обертання возика на вході в поворот і виході з повороту буде лежати по різні боки від осі возика. 

Показано, що на вході в поворот бічна сила на возику спрямована в бік центру переносної кутової 

швидкості напівпричепа, а на виході з повороту - в протилежну сторону. Тому доцільним є 

гальмування коліс одного борту задньої осі возика напівпричепа. 

 

INTRODUCTION 

The container transportation is known to be one of the most convenient and economic cargo delivery 

types, which is carried out by the local and international transportation organizations. The containers freight 

transportation is widely used around the world due to the high level of safety and the simplicity of customs 

registration. The volumes of such transportations grow from year to year (Onishchuk V.P., and others 2011). 

The modern motor-service for transporting containers has available a wide range of cars, trailers and semi-

trailers. However, transportation of containers by carryall semi-trailers is more rational. For example, “Fliegl” 

Company produces a wide scale of container trucks, in particular, carryall ones for transporting all types of 

containers, including tank containers (from 20 to 45 foot) and HQ containers. 

To transport the 45-foot containers by carryall container trucks, it is necessary to elongate the long 

haul trucks. Such elongation decreases the vehicles’ cornering performance. The enlargement of the overall 

traffic lane (OTL) creates a danger to the oncoming transport, complicates the movement in the city 

conditions and reduces the average movement speed of the entire transport stream. It is possible to improve 

the long haul truck’s cornering performance by means of steered (adjustable) axels (wheels) of the semi-

trailer or by braking the wheels of the semi-trailer’s one side (Kuts N.G., and others 2003). 

Manoeuvrability indicators of a long-haul truck consisting of a carryall semi-trailer - container with an 

adjustable axle are defined in this work (Bodnaruk V.B., and others 1998). In particular, the long-haul truck 

with an adjustable axle is proved to meet the requirements of Council Directive 96/53/EC and Directive 

2002/7/EC for manoeuvrability. However, its stability is insufficient. The objective of this work is to define the 

peculiarities of long haul truck pivoting movement when the carryall semi-trailer - container is steered by 

braking the wheels of one axle. 
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MATERIALS AND METHODS 

To determine the semi-trailer turning radius when steering by braking the wheels of the bogie’s one 

side, it is necessary to determine the normal reactions of the bearing surface to the wheels of the bogie’s one 

side and the steering resistance coefficients inside and outside wheels. The wheels are functions of both 

normal load and braking torque acting on the bogie’s wheel or side. 

To determine the redistribution of vertical loads on the wheels of a semi-trailer bogie, the pivoting 

movement of a long-haul truck should be considered (Pridyuk V.M., and others 2011). 

The centrifugal force acting on the semi-trailer bogie can be deduced by the formula: 

R

v
пmjпP

2
   [N]        (1) 

where 
n

m  – weight acting on the semi-trailer bogie, kg; 

v  – long haul truck speed, m/s; 

R  – turning radius of the semi-trailer bogie, m. 

 

Then, the centrifugal force acting on certain axles of the bogie is determined as: 

R

vnim
jniP

2

   [N]        (2) 

where 
ni

m  – weight acting on a certain axle of the bogie, kg. 

Normal reactions of the bearing surface acting on the inside and outside wheels of the semi-trailer 

bogie are defined as: 

jnP
В

gh

jxiP
ппL

gh
G

ппL

паZ
2

1

2

1
1

2
int    [N]     (3) 

jnP
В

gh

jxіP
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G
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2

1

2

1
1

4
   [N]     (4) 

where 
n

a  – distance from the point of coupling the semi-trailer with the truck to the semi-trailer mass centre, 

mm; 

1g
h  – height of semi-trailer mass centre, mm; 

1
G  – gravity of semi-trailer gross weight, H; 

jxi
P – semi-trailer inertia force, H;  

nn
L  – semi-trailer wheelbase, mm; 

B  – bogie wheel tread, mm. 

Therefore, as the force reactions along the semi-trailer bogie sides are changed, the resistance 

coefficient of steering the wheels of its axles from the normal load on the wheel is changed as well. In this 

case, D.A. Antonov dependence for determining the cornering force of the wheels of the semi-trailer bogie 

axles should be applied (Antonov D.A., 1978). 

The braking torque, which occurs when braking the wheels of the semi-trailer bogie, is deduced by the 

formula: 


2

B
extZbrkM   [N∙m]            (5) 

where   - adhesion coefficient of the semi-trailer bogie wheels, φ = 0.6; 

B  – semi-trailer bogie wheel-tread, mm. 

 

In case of braking the one-axle wheels, the position of the axle is determined during the unstable 

pivoting movement of a long-haul truck. The change in the curvature sign is known to cause the change in 

the direction of normal acceleration, and hence, the side force (Onishchuk V.P. and others, 2009). The 

direction of normal acceleration is determined by the position of the absolute instantaneous turn centre, 

which (for the tri-axle semi-trailers under study) depends on the angles ratio of steering the bogie axle’s 

wheels and its base. Braking the wheels of the bogie’s one side can lead to the fact that the absolute 
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instantaneous centre of a bogie turn, when coming into a corner and coming out of a corner, will be on 

different sides of the bogie axles. Changing the position of the absolute centre of a bogie turn relative to the 

semi-trailer movement trajectory indicates a change in the side force direction of the bogie mass centre, 

which coincides with the centre of the bogie relative angular velocity
T

 . Besides, when coming into a 

corner, the bogie side force is directed towards the centre of the bogie transfer angular velocity and when 

coming out of a corner - in the opposite direction. 

The movement of the long-haul truck under study along the curvilinear (in plan) trajectory is the plane-

parallel one. Therefore, the theorem on adding the rotations around parallel axles can be applied in studying 

the unsteady turn of the given long-haul truck (Yablonsky A.A., 1971). During the long-haul truck motion 

along the input transitional trajectory, Fig. 1 (a), the direction of relative angular velocity of the front steered 

axle coincides with the bogie transfer velocity direction. In this case, the magnitude of the axle absolute 

angular velocity is equal to the sum of the angular-rate components, that is: 

11   
T            (6) 

where 
T

  - relative angular velocity of the semi-trailer bogie; 

1
  – relative angular velocity of the bogie’s front steered axle. 

In this case, the absolute instantaneous turning centre is in the point 11O . 

Normal acceleration of the front axle can be determined as: 

 TVVa   11111
                (7) 

where 
1

V  - vector magnitude of the front axle velocity. 

Additional side force 
1P
  on the front axle acts from the rotation transfer centre 

2
O  and coincides in 

terms of direction with the force 
c

P
 . 

Rear axle relative velocity 
3
  does not coincide with the direction of the bogie’s transfer velocity 

T
 . 

Therefore, at the beginning of a turn, the following ratio is deduced T 3
 . Then, according to the 

theorem on adding the rotations around parallel axles, the absolute instantaneous turn centre in this section 

of the curvilinear motion will be at the point 
31

O , that is, further along the bogie longitudinal axle relative to its 

turn centre, at the point  
2

O . 

In this case, the magnitude of the rear axle absolute angular velocity is equal to the difference in the 

angular-rate components: 

T 
33
         (8) 

where 3
  – relative angular velocity of the given steered rear axle of the semi-trailer bogie. 

Normal acceleration is deduced by the formula 

 TVVa   33333
        (9) 

where  
3

V  - vector magnitude of the rear steered axle velocity; 

3
   -  relative steering angle of the bogie rear steered axle. 

The additional side force 
3P
  on the rear steered axle will be directed from the absolute 

instantaneous centre of rotation  
31

O  to the centre 
2

O . In this case, its direction is opposite to the direction of 

the side force on the semi-trailer bogie  
c

P
 . 

The direction of relative velocity 2
 of a middle-steered axle depends on the angles ratio of steering 

the front and rear axles’ wheels. 

Whereas 31   , the direction of the relative angular velocity 2
  coincides with the direction of the 

bogie’s transfer velocity. 
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Тhen: 

22   
T           (10) 

 

 
22222   

TVVa       (11) 

 

where 
2

V   - vector magnitude of the middle axle velocity. 

2
  – relative angular velocity of the bogie’s middle steered axle. 

The direction of additional side force on the middle axle 
2P
  coincides with force 

c
P
  direction. 

When 31   , the direction of the middle axle 
2
  relative angular velocity does not coincide with the 

bogie transfer velocity direction. For this case, the following formulae are deduced: 

 

T 
22
         (12) 

 

 TVVa  
22222
       (13) 

 

Moreover, the additional side force will act in the opposite direction of the side force on the semi-trailer 

bogie. 

When coming out of a corner in the given section of bogie trajectory, Fig. 1 (b), the direction of relative 

angular velocity 1
  of the front axle does not coincide with the direction of the bogie transfer velocity 

T
  . 

Thus, the ratio 1  
T  is quite obvious, therefore, the absolute instantaneous turn centre is at the 

point ''
11

O , that is, apart the point 
2

''O . The absolute angular velocity of the front axle in this section of the 

path can be determined as: 

11   
T         (14) 

where 
T

   - semi-trailer bogie transfer velocity; 

1
  – relative angular velocity of the front steered axle when coming out of a corner. 

 

The normal acceleration is deduced by the formula: 

 

 
11111   

TVVa        (15) 

 

The additional side force  1P
  when completing a turn in the curve section will act in the same 

direction as in the previous case, namely, it will act from the centre of the rotation transfer 
2

O  . Its direction 

also coincides with the direction of the bogie side force  
c

P
 . 

The truck-tractor Scania P230 CB6 × 4ENZ equipped with the front steered axle and two rear-driving 

axles, and the carryall semi-trailer - container produced by Fliegl Company in structure of a long-haul truck 

are studied in this work (Onishchuk V.P. and others (2010)). Equations for determining the parameters of the 

curvilinear motion of the given long-haul truck under study are developed. 

Based on the conducted calculations, the following conclusions have been drawn. First, the long-haul 

truck can move along the circular trajectories if the curve radius is bigger than the semi-trailer base. Second, 

a long-haul truck with an uncontrolled bogie ensures the OTL permissible value, which equals 7.3 m, only if 

the length of the long haul truck does not exceed 16.8 m (the maximum base of the semi-trailer does not 

exceed 7.0 m).  

Third, providing that the semi-trailer base exceeds the specified value, the bogie should be controlled 

both by the adjustable axle and by braking the wheels of one side. 
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Fig. 1 - Scheme of turning a long haul truck with a dual control system  

of a semi-trailer bogie axle by braking the wheels of one side 

 

RESULTS 

The same change in the bogie trajectory curvature, Fig. 2, is achieved at various values of the braking 

forces applied to the wheels of its axles. At the same time, the weakest braking force should be applied to 

the rear axle wheels, somewhat stronger – to the front axle wheels, and much stronger – to the middle axle 

wheels. 

The greatest rate of changing the trajectory curvature occurs during the first three seconds, and then 

its value stabilizes. It means the cessation of the transition process, meaning that the long haul truck goes to 

circular mode, Fig. 3. 

 

 

Fig. 2 - Dependence of semi-trailer trajectory 

curvature on the breaking torque of the bogie axles’ 

wheels: 

k – semi-trailer trajectory curvature, m
-1
; t – time, s; 

braking torque, Mbrk = 2,0 kН∙m 

Fig. 3 - Rate of changing the trajectory curvature of a 

semi-trailer bogie in a time function of transition 

process: 
u – rate of changing the semi-trailer trajectory, (m/s)

-1
; t – time, s 
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The change in the semi-trailer bogie trajectory curvature due to braking the wheels of one side is 

advisable to use at the minimum turning radius of the tractor (from 15 to 20 m). 

The turning radius increases, the efficiency of correcting the bogie trajectory by braking the wheels of 

one side decreases; after reaching 50 m, the difference in the turning radii of controlled and uncontrolled 

long-haul trucks does not exceed 10%. 

 

CONCLUSIONS 

The movement trajectory of the semi-trailer steered by braking the wheels of one side in an unsteady 

turn always consists of two sections, which differ in terms of curvature. Therefore, to correct the bogie 

trajectory, it is necessary to change the axle wheels that must be braked. Braking the wheels of the front axle 

changes the bogie movement trajectory the least. Therefore, braking the wheels of one side of the bogie rear 

axle is considered rational. 
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ABSTRACT.  

The corrosiveness of cattle manure and mixed manure is considered to be low in relation to standard 

materials used in agricultural vehicles’ metal structures – steels: standard steels (St.3 Steel, St.5 Steel) and 

quality steels (10 Steel, 15 Steel, 20 Steel, 25 Steel). Local corrosion damages caused by sticking particles 

(straw, etc.) are found. The corrosion rate of steels groups under investigation for the first day of exposure in 

filtered manure is found to be in the range of 0.031 to 0.042 mm/year. This rate is 3 to 4 times lower than the 

rate of corrosion caused by standard test rainwater solution where the further rate reduction up to 0.003 

mm/year is caused by inhibitory properties of manure chemical components. In general, the corrosion of 

steels under study in liquid cattle manure and mixed manure occurs by an electrochemical mechanism. In 

comparison with distilled water, steady state potentials of the steels under study in these environments 

assume negative values, and the corrosion currents are to 5 times lower. Tafel constants are higher than in 

distilled water, which indicates the complexity of both electrode reactions as compared with the standard test 

environment. 

 
РЕЗЮМЕ 

Встановлено, що середовища гноївки великої рогатої худоби і гноївки змішаної мають низьку 

корозійну активність по відношенню до типових матеріалів металоконструкцій 

сільськогосподарських транспортних засобів - сталей: звичайної якості (Ст3, Ст5),також якісних 

сталей (Сталь 10, Сталь 15, Сталь 20, Сталь 25). Виявлено локальні корозійні пошкодження, 

спричинені налипанням частинок (солома, ін.). Швидкість корозії досліджених груп сталей за першу 

добу експозиції у відфільтрованих гноївках знаходиться в межах 0,031...0,042 mm/year, що є в 3…4 

рази нижчим у порівнянні із модельним розчином дощової води, подальше зниження швидкості до 

0,003 mm/year спричинене інгібувальними властивостями хімічних складових гноївок. Вцілому, 

корозія досліджених груп сталей в рідкому гної великої рогатої худоби та змішаному протікає за 

електрохімічним механізмом. Стаціонарні потенціали досліджуваних сталей у вказаних 

середовищах в порівняні з дистильованою водою зміщені в область від’ємних значень, а струми 

корозії до 5 разів нижчі. Константи Тафеля вищі, ніж у дистильованій воді, що свідчить про 

утруднення обох електродних реакцій у порівнянні з модельним середовищем.  
 

INTRODUCTION  

As a result of joint influence of aggressive environments and mechanical loads of tractor trailers and 

auger conveyors in agricultural production, about 70% of mechanisms get out of order, 20 to 25% of which 

are failures caused by operating overload due to the strength loss caused by corrosion damages 

(Mykhaylovych Y., Pubets’ А., 2008; Makarenko М., 2012; Tomashov N.D., Zhuk P.N., Titov V.А., 

Vedeneyeva М.А. ,1971;  Popovych P.V., Mahlatyuk L.A., Kupovych R.B., 2014;  Popovіch 

P.V.,  Slobodyan Z.B., 2014; Ulig G.G.,1968; GTM  23.2.75.- 82., 1982; Starosvetsky J, Starosvetsky D, 

Amon R.,2007). Despite the current study of influences of operating aggressive environments on the 

reduction of the strength and reliability of agricultural vehicles, the problems associated with the corrosion of 

metal structures caused by organic fertilizers are insufficiently studied ( Popovych P.V., Mahlatyuk L.A., 

Kupovych R.B., 2014;  Popovіch P.V.,  Slobodyan Z.B., 2014; Popovych P.V., Lyashuk O.L., et al., 2016).  

http://link.springer.com/search?facet-author=%22P.+V.+Popovych%22
http://link.springer.com/search?facet-author=%22L.+%D0%90.+Mahlatyuk%22
http://link.springer.com/search?facet-author=%22R.+B.+Kupovych%22
http://link.springer.com/search?facet-author=%22P.+V.+Popovych%22
http://link.springer.com/search?facet-author=%22Z.+B.+Slobodyan%22
http://link.springer.com/search?facet-author=%22P.+V.+Popovych%22
http://link.springer.com/search?facet-author=%22L.+%D0%90.+Mahlatyuk%22
http://link.springer.com/search?facet-author=%22R.+B.+Kupovych%22
http://link.springer.com/search?facet-author=%22P.+V.+Popovych%22
http://link.springer.com/search?facet-author=%22Z.+B.+Slobodyan%22
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In particular, in P. V. Popovych, et al. (2014), only two types of steel are studied. It is well known that 

in the manufacture of metal structures of tractor trailers, the whole range of standard and quality steels is 

used ( GTM  23.2.75.- 82., 1982; Al-Otaibi M.S., Al-Mayouf A.M., Khan M., Mousa A.A., Al-Mazroa S.A., 

Alkhathlan H.Z., 2014; Raja P.B., Sethuraman M.G., 2008; Li X., Deng S., Fu H., 2012; Popovіch 

P.V.,  Slobodyan Z.B., 2014)). Therefore, there is a need to conduct experimental studies for a wider range 

of metal structure materials of tractor trailers. The reliability of transport machinery, in particular of 

agricultural trailers and auger conveyors, is ensured by their durability, failure-free operation, and 

maintainability and performance reliability. For vehicles, fertilizer spreaders, and others, the non-operating 

time is up to 80% (Mykhaylovych Y., Pubets’ А., 2008) the performance of trailers is maintained during the 

storage; the efficiency of storage depends primarily on the quality of cleaning to ensure the removal of 

organic fertilizers residues and soil as well as on proper preservation of equipment. Even minor deviations 

from specified storage conditions can cause the corrosive damages. The rate of corrosion of the equipment 

made of standard and quality steels depends on the environment, time of contact, temperature, state of the 

metal and protective coatings, etc. The pit corrosion, oxygen concentration corrosion, fretting corrosion, 

contact corrosion, and corrosive cracking can be traced on some assemblies of tractor trailers (Makarenko 

М., 2012), Fig. 1, Fig. 2. Loss of metal is insignificant, however it most often occurs in significant 

conjugations of parts’ surfaces that limit the reliability and serviceability of vehicles in general. Among 

organic fertilizers, the most corrosive are peaty composts, less aggressive – lowland and upland peats and 

caw manure. Thus, water acts as a catalyst of corrosion processes (Makarenko М., 2012;  Popovych P.V., 

Mahlatyuk L.A., Kupovych R.B., 2014). 

The purpose is to study the influence of exposure time on the corrosion rate of metal structure 

materials of agricultural vehicles, in particular, standard steel – St.3 Steel, St.5 Steel (DSTU 2651: 2005; DIN 

17100) and carbon quality steel – 10 Steel, 15 Steel, 20 Steel, 25 Steel (GOST 1050-88; DIN 17200) as well 

as their electrochemical properties in cattle manure and mixed manure. 

 

     
Fig. 1 – Corrosive damage of metal structure material of agricultural trailers 

 
 

 
 

Fig. 2 – Corrosive damage of auger conveyor of agricultural materials 
 

 
MATERIAL AND METHODS 

Corrosion tests were carried out on samples of St.3 Steel, St.5 Steel and 10 Steel, 15 Steel, 20 Steel, 

25 Steel under supply conditions. The samples were made in the form of discs with a diameter of 20 mm and 

with a surface polished to a roughness Ra = 0.63. Previously ungreased samples were weighed using a high-

accuracy weighing machine to within ± 0.0004 g and stored in a desiccator up to 24 hrs.  

http://link.springer.com/search?facet-author=%22P.+V.+Popovych%22
http://link.springer.com/search?facet-author=%22P.+V.+Popovych%22
http://link.springer.com/search?facet-author=%22P.+V.+Popovych%22
http://link.springer.com/search?facet-author=%22Z.+B.+Slobodyan%22
http://link.springer.com/search?facet-author=%22P.+V.+Popovych%22
http://link.springer.com/search?facet-author=%22L.+%D0%90.+Mahlatyuk%22
http://link.springer.com/search?facet-author=%22R.+B.+Kupovych%22
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As corrosive environments, the organic fertilizers were used: cattle manure and mixed manure in a 

ratio of 1/2 of caw manure + 1/2 of pig manure (their main content is given in Table 1 and distilled water as 

standard test condensation and rainwater. Before testing, corrosive environments were filtered using a paper 

filter to remove dispersed components. 

 
Table 1 

Content of major nutrients in fertilizers environments under study 

Components 
 

Environment 

% mass 

H2O 
N 

General 
N 

protein 
N 

ammoniac 
P2O5 K2O CaO MgO SO3 

Cattle manure 86.7 0.38 - - 0.12 0.22 0.25 - - 

Mixed manure 75.0 0.50 0.31 0.15 0.25 0.60 0.35 0.15 0.10 

 

Before and after the experimental studies, the pH of solutions was measured using pH-meter I-160M. 

The rate of corrosion Km (g/(sm
2
∙hr)) is determined by a gasometrical method after exposure for 1, 7, 12 and 

24 days under natural aeration conditions and after the removal of corrosion products (Tomashov N.D., Zhuk 

P.N., Titov V.А., Vedeneyeva М.А., 1971); calculations were performed using the known dependencies. 

 

The calculations were performed using the following formula 

/mK m S    ,      (1) 

where:  

m  – the sample weight change after exposure to the environment and removal of corrosion 

products, g; 

S – the area of sample, m
2
; 

 – the exposure time, hr. 

The obtained value was converted using the depth index P (mm/year) 

110 ,m
K k

P





              (2) 

where: k – the conversion factor of hrs per year; 

 – the iron density 7.86 g/cm
3
. 

The percentage ratio of the degree of steel protection against corrosion Z was defined using the 

following formula 

100%m i

m

K K
Z

K


                  (3) 

where mK  and iK  – the corrosion rates of steel in distilled water and environments. 

 

Polarization studies were conducted using the potentiostat IP-Pro. Samples of steel, pressed in PTFE, 

were used as the working electrodes; the working surface area is 0.0628 cm
2
. Before each measurement, 

the sample was grinded by the abrasive paper №0, cleaned with acetone and dried. The comparison 

electrode is the saturated silver chloride electrode, the auxiliary – the platinum one. The corrosion current 

and Tafel constants of cathode and anodic reactions were determined from the straight sections of 

polarization curves. 

The current-controlled indexes of corrosion rate were converted to the mass ones using the formula 

/iK i k A n F                              (4) 

where: i  – the corrosion current, A/cm
2
; 

k  – the coefficient (k = 1, if the testing time is expressed in seconds, and the area – in cm
2
); 

A  – the atomic mass of metal (iron and steel A = 56); 

n  – the valence of metal (iron 2 or 3); 

F – the Faraday constant (Ulig G.G., 1968). 
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RESULTS  

The nitrogen-containing compounds (see Table 1), which often have properties of corrosion inhibitors, 

were revealed during the chemical analysis of cattle and mixed manures. Corrosion tests of exposure 

studied at various times showed the following corrosion rates of steels in organic fertilizers (see Table 2). 

The corrosion rate of steel in both groups for the first day is 3 to 4 times lower in comparison with distilled 

water, and 8 to 10 times lower than in mineral fertilizer of ammonium phosphate and nitrophosphate when 

comparing, for example, St.3 Steel and 20 Steel. 

Standard steels (St.3 Steel, St.5 Steel) corrode with greater speed than quality structural steels (10 

Steel, 15 Steel, 20 Steel, and 25 Steel). The exposure time increases, the corrosion rate significantly 

decreases. After 24 days, the corrosion rates of steels under study in both environments equalize. Thus, for 

the first day, the inhibitory effect at the level of 60 to 70% occurs in manures as compared with distilled 

water. After 24 days, the degree of protection is over 90%. There is no difference between the corrosiveness 

of liquid cattle and mixed manures. Individual local corrosion damages of steels after exposure in unfiltered 

original manure is the result of the formation of galvanic couples due to sticking dispersed solid residues of 

straw, seeds and others on the surface of samples. 

After 1 day testing, on the surface of samples only non-systemic single changes in the form of colour 

variation are found, corresponding to the thickness of the oxide film of the order 460 to 680 Ả. After the 

further testing for 7 to 24 days, the sample surfaces are clean without any visible changes. 

Before the corrosion test, pH of cattle manure and mixed manure was pH = 7.45 to 7.50. After 

exposure of steels in environments during 24 days, pH increased to 8.2. 

Corrosion potentials of all steels under study in cattle and mixed manures are defined for 15 to 20 min. 

They assume more negative values in the standard test rainwater in comparison with distilled water (Fig. 2a, 

b). The nature of polarization curves on steel samples is the same (Fig. 3a, b). The quality steel cathode 

curves differ by the area and the value of boundary diffusion currents. In cattle manure the boundary 

diffusion current is 7∙10
-2

 A/sm
2
 in the range of potentials –630 ... –920 mV; in mixed manure it is 3∙10

2
 A/sm

2
 

in the range of potentials –510... –810 mV. The standard steel cathode curves in both organic fertilizers differ 

extremely by the range of potentials of boundary diffusion current: –680 ... –1100 mV in cattle manure and –

580... –1100 mV in mixed manure. The boundary diffusion current is higher than in quality steels – 9∙10
-2

 

A/sm
2
 and 7∙10

-2
 A/sm

2
. 

Table 2 
Corrosion rate depth index of metal construction materials of tractor trailers in organic fertilizers 

 
Steel 

Time 
 

Environment 

P, mm/year 

1 day 7 days 12 days 24 days 

10 
Steel  

H2O 0.139 0.080 0.084 0.078 

Liquid manure 0.040 0.007 0.006 0.004 

Mixed manure 0.036 0.004 0.003 0.004 

15 
Steel  

H2O 0.141 0.079 0.081 0.075 

Liquid manure 0.042 0.008 0.005 0.003 

Mixed manure 0.034 0.005 0.003 0.003 

20 
Steel  

H2O 0.13 0.075 0.077 0.071 

Liquid manure 0.038 0.007 0.005 0.003 

Mixed manure 0.032 0.004 0.003 0.003 

25 
Steel  

H2O 0.125 0.072 0.074 0.068 

Liquid manure 0.036 0.007 0.005 0.003 

Mixed manure 0.031 0.004 0.003 0.003 

St.3 
Steel 

H2O 0.117 0.078 0.09 0.088 

Liquid manure 0.040 0.008 0.005 0.003 

Mixed manure 0.035 0.005 0.003 0.003 

St.5 
Steel 

H2O 0.111 0.072 0.083 0.082 

Liquid manure 0.038 0.007 0.004 0.003 

Mixed manure 0.033 0.004 0.003 0.003 

 

Anode curves for steels groups under study have a small area associated with the state of passivity: in 

liquid manure –480...–530 mV (20 Steel), –480...– 540 mV (St.3 Steel), and in mixed manure –250–320 mV 

(quality steels), –350...–420 mV (standard steels). The state of passivity is clearly traced in both 

environments when the potential assumes the values from –250 mV towards less negative ones at high 

currents of passivation about 10 A/sm
2
. 



Vol.52, No.2 /2017       INMATEH –

117 
 

Corrosion currents of all steels in both types of manure are 4 to 5.57 times lower than in distilled water 

(Table 3). Instantaneous values of current corrosion rates, listed in (4), satisfactorily correlate with the rates 

obtained by a gasometrical method for the first day under the condition of iron oxidation 3
+
 (see Table 4). 

The low corrosiveness of manures under study is additionally confirmed by the analysis of Tafel areas of 

polarization curves. 

 
Fig. 3 - Polarization curves a – 10 Steel, 15 Steel, 20 Steel, 25 Steel; b – St.3 Steel, St.5 Steel  

1 – distilled water; 2 – liquid manure; 3 – mixed manure. 

 

Tafel constants of cathode and anodic reactions of these steels groups in environments under study 

are higher than the corresponding constants in distilled water (see Table 3). This fact ensures a greater over-

potential of both electrode reactions compared with electrode reactions in water, resulting in low rates of 

electrochemical corrosion. 

 
Table 3 

Electrochemical properties of metal constructions materials  
of agricultural vehicles in organic fertilizers 

Environment 

prop. 

Steel 

Cattle manure Mixed manure Distilled water 

-Est, 
mV 

icor∙10
5
, 

A/cm
2 

bс,  
mV 

bа,  
mV 

-Est, 
mV 

icor∙10
5
 

A/m
2 

bс,  
mV 

ba,  
mV 

-Est, 
mV 

icor∙10
5
, 

A/cm
2 

bс,  
mV 

ba,  
mV 

10 Steel 597 0.8 30.8 28.6 454 0.7 36.1 28.
8 

392 3.7 22.4 19.8 

15 Steel 604 0.7 31.3 29.2 457 0.7 37.2 30.
2 

380 3.5 23.1 20.2 

20 Steel 610 0.7        33.3 30.0 460 0.6 38.5 460 372 3.0 25.0 22.3 

25 Steel 617 0.7 34.8 32.1 472 0.5 40.1 33.
8 

452 3.9 36.2 30 

St.3 Steel 590 0.9 30.2 28.1 450 0.8 35.0 27.
9 

401 4.1 21.3 18.3 

St.5 Steel 592 1 30.4 28.4 452 0.9 36.2 30 410 4.3 22.0 19.1 

 

Table 4 

Comparing the corrosion rates of metals in organic fertilizers environments derived gravimetrically 
 (Km, (g/sm

2
∙s)), electrochemically (icor, A/cm

2
) and listed from current parameters (Ki, (sm

2
∙s)) 

Environment 

Steel 

Н2Оdistilled Cattle manure Mixed manure 

Km∙10
9
 icor∙10

5 
Ki∙10

9
 Km∙10

9
 icor∙10

5
   Ki∙10

9
 Km∙10

9
 icor∙10

5
    Ki∙10

9
 

10 Steel 3.32 3.70 5.85 0.99 0.70 1.45 0.85 0.70 1.25 

15 Steel 3.30 3.50 5.88 1.01 0.8 1.48 0.87 0.70 1.28 

20 Steel 3.25 3.00 5.80 0.94 0.70 1.40 0.80 0.60 1.20 

25 Steel 3.20 2.80 5.76 0.90 0.80 1.36 0.76 0.50 1.16 

St.3 Steel 3.50 4.10 7.80 1.10 0.90 1.70 0.90 0.80 1.50 

St.5 Steel 3.42 4.30 7.73 1.03 0.90 1.63 0.84 1.00 1.42 

 

Therefore, cattle and mixed manures are characterised by small corrosive aggressiveness to metal 

structure materials of agricultural vehicles, standard steels and quality steels. However, concentrators 

formed as a result of corrosion damages and combined with significant mechanical loads can reduce the 

equipment durability.  
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The corrosion in these environments occurs by an electrochemical mechanism at lower rates 

compared to distilled water, provided natural aeration. The obtained results allow to extend the operating 

time of agricultural equipment and to optimize its maintenance schedule. In addition, the results of the study 

of corrosion degradation can be used to create coatings for the metal surface protection. 

 

CONCLUSIONS 

1. The corrosion of standard steels and quality steels in cattle and mixed manures is exclusively local 

in nature. This property is caused by the formation of single galvanic couples as a result of sticking 

suspended solid particles (straw, etc.). 

2. The metal structure materials of tractor trailers under study in both types of manure corrode by an 

electrochemical mechanism. In comparison with distilled water, steady state potentials of the steels under 

study in these environments assume negative values, and the corrosion currents are to 4 to 5.37 times 

lower. Tafel constants are higher than in distilled water, which indicates the complexity of electrode 

reactions. The values of current rates of corrosion satisfactorily coincide with the values obtained by a 

gasometrical method. 

3. After the removal of suspended particles, the low corrosiveness can be traced in working 

environments under study in relation to the mentioned steels groups. The corrosion rate of studied metal 

structures materials of trailers for the first day of exposure is found to be in the range of 0.032 to 0.04 

mm/year. This rate is 3 to 4 times lower than the rate of corrosion caused by standard test rainwater solution. 

The further rate reduction up to 0.003 mm/year is caused by inhibitory properties of manure chemical 

components. 
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ABSTRACT 

The query system established through integer linear programming (ILP) model can rapidly respond to query 

operation in agrometeorological data query service. However, related existing studies have only discussed 

about known network layer information, extremely high time complexity exists under complicated large-

scale environment, and query result cannot be acquired. Therefore, a distributed matching-based heuristic 

ILP query algorithm was proposed in this study for large-scale network and unknown status of network 

layer information to improve distributed data query capability. The lower bound of space–time cost of the 

query system was certified under unknown status of network layer information, under which circumstance 

ILP model and algorithm design were proposed formally. Finally, disjoint path allocation and node 

replication allocation methods were used to design universal query system algorithms when network layer 

information was known and unknown, respectively. Experimental results showed that the distributed 

matching-based query system algorithm proposed in this study could obtain optimal solution in large-scale 

agrometeorological network and was not restricted to fixed network topology. When the cost ratio of storage 

to a unit delay cost was 10, the query system cost would present a linear growth; when the ratio was 

greater than 30, the storage cost would rapidly decrease, but the delay cost increased and the algorithm 

would run fast. Accordingly, the proposed algorithm could flexibly realize effective balance between storage 

cost and query delay. Conclusions of this study can provide theoretical and technical references for data 

query in intelligent agrometeorological service cloud system. 

 

摘要 

在农业气象大数据查询服务时，使用整数线性规划(Integer Linear Programming，ILP)模型构建查询系统能

够快速响应查询操作。但现有相关研究仅讨论了已知网络层信息的情况，并且在大规模网络环境下，其时间

复杂度过高甚至得不到查询结果。为了提升分布式数据查询能力，针对大规模网络以及网络层信息未知情

况，本文提出了一种基于分布式匹配的启发式 ILP 查询算法。证明了在网络层信息未知时查询系统的时空开

销下界，形式化地提出了在网络层信息未知时的整数线性规划模型和算法设计。最后，利用不相交路径分配

和冗余结点分配方法设计了网络层信息已知和未知时通用的查询系统算法。研究结果表明：本文提出的基于

分布式匹配的查询系统算法在农业气象大规模网络中能够得到优良的解，并且不受限于固定的网络拓扑结

构，当单位存储开销与延迟开销的开销比为 10 时，查询系统开销会随之线性增长，大于 30 时，存储开销快

速降低，延迟开销随之增大，算法运行时间会变快，这表明该算法可以灵活实现存储开销和查询延迟的有效

平衡。本文的研究结论可以为智慧农业气象服务云系统中进行数据查询提供理论与技术参考。 

 

INTRODUCTION 

 The Intergovernmental Panel on Climate Change once emphasized in the second and fourth 

evaluation reports that meteorological disaster would generate an enormous influence on the agriculture of 

China; if measures are not taken, the production capacity of the planting industry of China would drop by 

5% to 10% up to 2030, and the sub-crop yield in 2050 would reduce by approximately 30% (Yingjia et al., 

2013). Therefore, China is vigorously developing precision agriculture and intelligence agriculture, which 

use modernized technologies and the use of agrometeorological big data is playing an increasingly 

significant role. The use of meteorological big data is significant to improving agricultural productivity and 

realizing high yield, high quality, high efficiency, safety and ecological and sustainable agricultural 

development (Guangsheng, 2015). Agrometeorological big data feature mass distribution, timeliness and 

diversity. Agrometeorological data, which are acquired through ground automatic meteorological 
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observation, radar remote sensing monitoring, and satellite meteorological monitoring, are usually stored in 

hundreds of host computers. Then, saved data under geographical distribution are formed. Distributed 

query system is an extensively applied method to simultaneously analyse data on these different host 

computers and acquire real-time agrometeorological information.  

 When distributed query system is used to analyse and query high-correlation datasets, even damage 

of one patch of data will result in failure of the entire data analysis process; therefore, compared with 

traditional query system, distributed query system lays more emphasis on data survivability (Mckendrick, 

2014). In terms of the present distributed query technologies, integer linear programming (ILP) is superior 

to existing algorithms, such as A-star, in establishing query system (Dokeroglu et al., 2014). However, most 

studies have ineffectively processed the space–time cost problem of query system in large network. 

Yangming studied distributed matching-based query system and proposed an improved ILP query system 

model that could effectively balance query system cost and storage cost under a few constraints (Yangming 

et al., 2011). Nevertheless, only the ILP model of distributed matching query when network layer 

information was known was given in this study while effectively realizing and implementing the proposed 

scheme in large network system were difficult. In a large network environment, the query system design 

problem when network layer information was unknown was formally expressed as ILP model in this study. 

A universal algorithm when network layer information was known and unknown was also designed, which 

effectively improved the performance of distributed query system in large-scale network, enhanced 

agrometeorological service accuracy and data-supporting capacity, timely implemented intelligent data 

analysis of agrometeorological situation, and provided excellent scientific service for agricultural scientific 

research, agricultural production, and meteorological disaster prewarning.  

 The present research on distributed query system mainly aims at algorithm improvement and 

optimization. Bruno used aggregate method to control query system and data statistics under system 

operation and proposed an optimization method for distributed query processing of big data (Bruno et al., 

2013). Marin introduced a metadata-based indexing strategy to improve the efficiency of inquiring mobile 

object in large-scale system (Marin and Rodríguez, 2010). Sharma proposed a random decision support 

system of query optimization based on heuristic method, and this system significantly improved the query 

performance (Sharma et al., 2016). However, these optimization algorithms have lacked research on rapid 

big data matching, and they cannot effectively solve the bottleneck problem that restricts the operation 

efficiency of query system.  

 Wittmann-Hohlbein discussed the entire solution of the multi-parameter mixed ILP problem of 

uncertain items in constraint matrix, right-hand vector, and objective function coefficients (Wittmann-

Hohlbein and Pistikopoulos, 2013); neither this algorithm, nor the scheme proposed by Yangming 

(Yangming et al., 2011) was restricted to fixed network topology and both could realize fault-tolerant backup 

and were thus of favourable extendibility. However, these schemes could barely be implemented and 

applied under large-scale network environment with the following deficiencies: (1) Only the circumstance 

when network layer information is known is considered, but that when information is unknown is 

disregarded; (2) When the delay is not so important and the storage constraint is very strict, the distributed 

match making cannot find the tradeoffs between the used storage capacity and the response delay.  

 In view of the preceding analysis, the lower bound of the space–time cost of the query system when 

network layer information was known was analysed in this study. The ILP model and algorithm design of 

the query system design problem when network layer information was unknown was formally proposed. For 

the excess complicacy problem of ILP in large-scale network, a universal heuristic algorithm when network 

layer information was known and unknown was designed based on disjoint path allocation (DPA) and node 

replication allocation (NRA) algorithms, and this algorithm was named DPA-NRA-ILP. The algorithm 

framework proposed in this study did not rely on specific topological structure and could effectively realize 

balance of storage cost and query delay.  

 

MATERIAL AND METHODS 

ILP Formulation for The System Without Network Layer Information  

 In distributed matching query system of agrometeorological big data, two node sets )(vP  and )(vQ  

are defined for each node v : )(vP  is the redundant node set of node v , namely, data of node v  should be 

backed up on all nodes in )(vP , and )(vQ  is the node set that should be queried when node v  generates 

query request. For each node pair ),( vv  , the intersection )()( vQvP   is calculated. If the intersection is 
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non-null, then some nodes in )(vP  can be queried by nodev  , and node v   can query node v .  

 The objectives of distributed matching are to (1) minimize the average of )()( vQvP   taken over all 

node pairs ),( vv   and (2) find the tradeoffs between the lower bound of objective (1) and the average 

number of elements (or worst case number of elements) in )(vS , where  )(jP∈vj :)(vS .  

 For quantifying the optimization efficiency of the query system, the query system cost is set as C , 

the storage cost is memoryC , the delay cost is delayC , the number of storage equipment is memoryN , the 

algorithm parameter γ  is the cost ratio of a storage to a unit delay cost, and the query system cost is 

formally defined as  

delaymemory

delaymemory

CNγ

CCC





   
                      (1) 

 ikp  is set as binary variable. When 1ikp , data of node i  are backup of node k , and
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


. S  is the maximum storage space of each node. B  is the maximum number of 

communication times in each query. When network layer information is unknown, the following (2)–(7) ILP 

problems can be used to describe the distributed matching-based query system.  

 Objective Minimize:      
i k j k

jkik qp                             (2) 

 Subject to:  

kjimp k
ijik ,,                                      (3) 

kjimq k
ijjk ,,                                      (4) 

 
k

k
ij jiKm ,                            (5) 

 
i

ik kSp                             (6) 

 
k

jk jBq                             (7) 

 Function (2) means to make minimum storage cost and communication cost, 
i k

ikp expresses the 

storage cost, and 
j k

jkq expresses the communication cost. Formula (3) expresses 1  1  ik
k
ij pm , 

namely, )(  )()( iPkjQiPk   . Formula (4) expresses 1  1  jk
k
ij qm , namely, 

)(  )()( iQkjQiPk   . Formula (5) means that the system can reliably operate even when 1K  nodes 

are failing in the system. Formulas (6) and (7) represent that the maximum number of storage units in each 

node is S  and the maximum number of communication times in each query is B .  

 In this model, N  is the node number in the network, and 22 KNNK   variables and 

NKNKN  222  constraint conditions exist. This problem is difficult to directly solve in large-scale 

network. Therefore, the lower bound of objective function (2) will be discussed and the algorithm will be 

designed to achieve this lower bound.  

Query System Design Algorithm Without Network Layer Information 

Lower Bound of Objective Function 

 A graph with vn 2  nodes called )()1( naa  , )()1( nbb  , )()1( vrr  is constructed to study the lower 

bound of the objective. )(ia  stands for the arguments of P , )(ib  stands for the arguments of Q , and )(ir  

stands for the rendezvous elements. Whenever j  is the rendezvous element of )()( kQiP  , an edge is put 

from )(ia  to )( jr  and the edge is from )( jr  to )(kb .  

 For the triples  kji ,, , if the path )()()( kbjria   exists, then they are called good triples. At least 
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2Kn  good triples can then be obtained from constraint condition (5).  

 )( jd  is set as the total edge number from )(ia  to )( jr ; )( je  is the total edge number from )( jr  to 

)(kb ; and for any j , at most )()( jejd  good triples include j  ( )( jr  is taken as intermediate node). 

)()( iQiP   is the size of the node set, )(id  and )(ie  meet the following relational expression:  

 
 
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which is referred to as objective function (2), and  
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 Thus, the lower bound of the objective is obtained as  
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n
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where n  is the total node number, K  is the number of nodes responding to each query, and s  is the 

storage unit number of each node.  

Construction of Query Algorithm 

 Definition: Convergent matrix R  is an n×n matrix, and each of its matrix element ijr  is a set including 

intersection )()( jQiP  .  

 The definition implies that  
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namely, the lower bound of objective function (2) certified in the preceding section. Thus, the query system 

constructed through the above-mentioned method is optimal.  
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DPA-NRA-ILP Query System Design  

Main Idea  

 The heuristic query system design method proposed in this study ensures that the query paths of any 

two nodes will not intersect, the redundant node position of each node is calculated, and a feasible solution 

can be certainly obtained only by finding disjoint paths in this method.  

 DPA and NRA are used in this method. In the DPA, the legal path needs to meet the constraints of 

node disjoint and shared risk link groups (SRLG). For each node pair, k  groups of legal path should be 

determined to meet the reliability requirement (at the moment,  1k  mistakes can be allowed in the 

system) (Dijkstra, 1959). The total delay cost of the k  groups of paths should be as small as possible. In 

the NRA, paths used for query are constructed, and the query delay and storage costs of the algorithm 

should be adjusted. The redundant node location of each node should be determined until paths of the 

same group are at different nodes to ensure system survivability. If residual spaces exist to store a large 

amount of data, then an attempt can be made to use these spaces to reduce overall cost in Equation (1). 

When the overall cost cannot be further optimized or no residual data storage space exists, then the 

algorithm ends.  

Algorithm Process  

 The process of DPA-NRA-ILP is shown in Figure 1. The overall query system cost in Equation (1) is 

used to determine the quality of feasible solution. The left half in the figure (steps 1–7) is the DPA process, 

and k  groups of legal paths are found for each node pair. The right half in the figure (steps 8–13) is the 

NRA process, which is used to construct a feasible solution and reduce the system cost.  

 
Fig. 1 - Main process of DPA-NRA-ILP 

 

 Description of detailed steps: steps 1–2 of the DPA select source node and sink node of the path, 

and an attempt is made to find k  groups of legal paths. If yes, then step 3 will be executed; otherwise, 

steps 4–5 will be executed and under this circumstance, redundant sink nodes will be transferred onto other 

nodes to amplify legal paths. If legal paths are insufficient to constitute k  groups yet, then the feasible 

solution cannot be found under the present reliability requirement, and the algorithm ends. The above-

mentioned steps should be repeated until k  groups of legal paths are found for all node pairs. Under 

abundant data operation, data should be replicated onto nodes nearby original node as far as possible.  

 If k  groups of legal paths are found for all node pairs, then the NRA steps should be started (space 

substitution for time): step 8 judges whether a space is available to optimize time efficiency. Steps 10–11 

modify the sink nodes of existing paths, as specifically described in the next paragraph. After redundancy is 

used to optimize the conversion of time efficiency, step 12 will be finally executed to test whether the 

present result meets all reliability requirements; if yes, then result will be output; otherwise, the algorithm 

ends.  

Construction and Optimization of Feasible Solution  

 The following definitions are given:  

 Disjoint Path Set ( uvDPS ): disjoint path set uvDPS  refers to the path set of query request from node 
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u  to node v . All paths must take u  as starting node (source node) but not certainly take v  as end node 

(can end at redundant node of v ). k
uvp  is the k  path between nodes u  and v , and }{ k

uvuv pDPS  .  

 Weighted Path Delay ( k
uvWPD ): it is related to the overall delay cost of k

uvp . Under most 

circumstances, k
uvWPD  is rightly the overall delay cost, but if k

uvp  is not the only path with end node being 

v , then a large number should be superposed onto k
uvWPD .  

 In step 8 of the NRA process, the algorithm will attempt to modify sink nodes for all paths to construct 

a feasible solution or optimize solutions. Steps 9–11 constitute an internal loop. Step 9 calculates 

 k
uv

k

WPDl max arg  for each node pair  vu,  and prepares to modify path l  to optimize existing solutions. 

Step 10 finds the path that has not been tried but with maximum delay. Step 11 backs up sink node data 

onto node v  , which is most adjacent to it and meets the following constraint conditions:  

 Node v   is not the backup node of node v .  

 The path exists between nodes u  and v   and it does not intersect with other path except l  in the 

present DPS  set (allowed to intersect with l  because l  will be substituted). Delayed input 

parameter γ  is lower than k
uvWPD . The path meeting the above-mentioned conditions is l

uvp .  

 If this node v   can be found, then l
uvp  is used to substitute l

uvp  in the DPS  set: 

uv
l

uv
l
uvuv DPSppDPS   /  , or we will return to step 10, and another path is used for further trial. The cost to 

back up onto other nodes will be great because the selected new backup node is a legal node most 

adjacent to the original end point. Consequently, end point substitution of each path can be implemented 

once only.  

Performance Analysis 

 The key idea of the DPA-NRA-ILP is to optimize results by steps on the condition that feasible 

solution is guaranteed. As shown in Figure 2, three disjoint paths exist between nodes 1 and 2: 1→2, 

1→3→2, and 1→4→2. The three paths cannot be directly used for query because all paths take node 2 as 

end point. When single-node fault occurs to node 2, the system cannot maintain reliability. If the data 

redundancy of node 2 is put onto nodes 3 and 4, then the three paths can be transformed into 1→2, 1→3, 

and 1→4 to solve the reliability problem. This transformation can be realized by substituting sink node (end 

point).  

 During the path optimization process through the NRA steps, if the path with end point being v  is not 

unique, then a large number will be superposed onto the overall query system cost k
uvWPD . In this way, 

paths can be dispersed to different nodes by the algorithm to constitute feasible solution as a priority. When 

searching for substituting nodes, this algorithm will judge whether delayed input parameter γ  of new path is 

lower than present delayed k
uvWPD . The delay cost and storage cost of the algorithm can be controlled by 

inputting parameter γ . As γ  increases, the consumption of storage units will be reduced and the delay cost 

will correspondingly increase.  

 )( 2NO  time complexity is needed to calculate the shortest path. Therefore, for each node pair, 

)( 2KNO  time complexity is needed to calculate K  disjoint paths. During the NRA process, the end point of 

each path should be substituted, )( 2NO  is needed by the Dijkstra method (Dijkstra, 1959) to calculate all of 

the shortest paths from one node, and )log( NNO  is needed for sorting. Substitution is tried successively 

for each node, and the substitution needs to be repeated for )(NO  times under the worst circumstance. 

Given 2N  node pairs in the system, the upper bound of overall time complexity of the algorithm is 

)2log( 3452 KNKNNNKO  , namely, )log( 52 NNKO . The shortest path is also calculated when the main 

time is used for substitution.  

 

RESULTS 

Experimental Scheme 

 The experiment time was selected in June in 2016, and the place was the Chaohu Lake in Anhui 

Province, China. This period comprised great meteorological change, mass meteorological data, and high 
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requirement of agricultural production for real-time meteorological information. Data were acquired through 

field sampling, ground automatic meteorological observation, and radar remote sensing monitoring, as 

shown in Figure 3.  

                    

Fig. 2 - Disjoint paths from nodes 1 to 2           Fig.3 - Meteorological Data Acquisition 

 

 The algorithm in this study was implemented based on intelligent agrometeorological service cloud 

system and its system framework is shown in Figure 4 (Xiang et al., 2015).  

 
Fig. 4 - System Framework of Intelligent Agrometeorological Service Cloud 

 

 The experimental objective was to explore the influences of network scale and algorithm parameter, 

namely, cost ratio γ  of storage to unit delay cost, on the algorithm execution. Section 2 proved that the 

algorithm in this study could still obtain optimal solution when network layer information was unknown. The 

experimental emphasis here was laid on the testing algorithm performance in simulation environment of 

known network layer information.  

Experimental Result Analysis  

Influence of Network Scale 

 Five network nodes were selected from agrometeorological network to construct a small-scale 

network test DPA-NRA-ILP algorithm, as shown in Figure 2. The execution process of the algorithm is 

shown in Figure 5.  

 

Fig. 5 - Example of DPA-NRA-ILP execution based on the network in Fig. 2 
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 The delay cost between any two nodes was set 1, except the delay cost on (4, 5) was set 100, and 

the algorithm parameter 2γ . The left table in Figure 5 shows the DPA results. After disjoint paths were 

found for each node pair, NRA was started for path adjustment. For example, in the first loop, the algorithm 

adjusted the second path from nodes 1 to 2, and the data on node 2 were backed up on node 1. Each path 

was queried through sequential substitution, and redundancy was created. The obtained results are shown 

in the right table in Figure 5. The algorithm generated the optimal solution.  

 The influence of network scale on the algorithm was analysed. A large number of network nodes 

were selected from agrometeorological network, a large-scale analog network was constructed through the 

method of Waxman (Cheng et al., 2000) and X and Y coordinate values of nodes were within 0 and 100. 

The shortest paths of all node pairs were calculated, and these lengths were taken as the delay cost 

between two nodes.  

 The influences of network scale on algorithm running time and query system cost are shown in 

Figures 6 and 7. Each node in the figure is the average cost of hundreds of query systems designed 

through DPA-NRA-ILP. In all simulations, the algorithm parameter γ  was set as 10 and each node could 

store five copies of data of other nodes (namely, the storage unit number was 6). The storage spaces of all 

nodes in the result were used, and Figure 6 reflects the influence of network scale on algorithm running 

time. Figure 7 shows that the cost of query system largely presented a linear growth and the algorithm 

running time increased rapidly because the time complexity of DPA-NRA-ILP under the worst circumstance 

was )2log( 3452 KNKNNNKO  , which was much faster than the linear growth.  

 

         
Fig. 6 - Influence of Network Scale on              Fig. 7 - Influence of Network Scale on  

                       Algorithm Time                Query System Cost 

 

Impact of Cost Ratio γ   

 An important feature of algorithm framework in this study was that it could conveniently adjust the 

time and space cost of the algorithm, which is significant in practical application. The influence of algorithm 

parameter γ  on the space–time cost of the algorithm is shown in Figures 8–11.  

 Figure 8 reflects the relationship between γ  and algorithm cost under system scales. The results 

showed that, when γ  increased, the algorithm cost kept increasing. This finding was unrelated to system 

scale because, when γ  increased, much space was needed to store redundant data.  

 Figure 9 shows the relationship between γ  and storage cost. The results indicated that, if γ  was 

small, all usable space would be used by the algorithm to reduce delay cost. When γ  increased to a large 

degree (approximately 30), the storage cost would rapidly decline because using space to store redundant 

data was cost effective.  

 Figure 10 indicates that the change in delay cost was unobvious because all storage space was 

used, and the location of redundant data approximated to the original node considerably. As γ  increased, 

the change in location of redundant data would result in slight reduction in delay cost. When γ  increased to 

above 30, the delay cost increased with γ . The reason was that time was used to substitute space by the 

algorithm at the beginning, which indicated that the algorithm could realize conversion between time and 

space costs.  
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 Figure 11 reflects the relationship between algorithm running time and γ . At the beginning, the 

algorithm running time would increase with γ  because when γ  increased. A large number of nodes should 

be tried by the algorithm to obtain optimal node with small cost. When γ  was large, the algorithm operated 

fast because the number of nodes needing calculation reduced at the moment.  

      
  Fig. 8 - Influence of γ  on Algorithm Cost          Fig. 9 - Influence of γ  on Storage Cost 

     
Fig.10 - Influence of γ  on Delay Cost       Fig.11 - Influence of γ  on Algorithm Running Time 

 

Performance Comparison Between the Algorithm in this Study and the ILP Algorithm  

 The performance comparison between the DPA-NRA-ILP algorithm proposed in this study and the 

ILP algorithm of Yangming (Yangming et al., 2011) is shown in Table 1. Large-scale network test data were 

the result based on network, as shown in Figure 2. As under large-scale network environment and when no 

network layer information was available, the ILP algorithm
 
was not applicable. An emphasis was laid on 

comparing the performance of the two in small-scale network.  

Table 1 
Comparison between the algorithm in this study and ILP 

Algorithm 

Small-scale network 
Large-scale 

network 
Without network 
layer information 

Delay 
cost 

Storage 
cost 

ILP 36 10 Not applicable Not applicable 

DPA-NRA-ILP 36 10 Applicable Applicable 

 

 The test analysis in the previous paragraph implied that the solution obtained by DPA-NRA-ILP was 

different from that obtained by the ILP algorithm. However, Table 1 indicates that the two had the same 

cost. Thus, both were optimal solutions of the problem. However, the algorithm in this study could still 

obtain an excellent solution when network layer information was unknown in large-scale network.  

 

CONCLUSIONS  

 Distributed matching-based query algorithm was investigated in this study under large-scale 

network environment based on theoretical analysis to improve the performance of data query system in 

intelligent agrometeorological service cloud system. The obtained main conclusions were as follows:  
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 (1) When network layer information was unknown, using the ILP problem to describe the distributed 

matching-based query system model could obtain optimal query system at minimum system cost.  

 (2) The lower bound of objective function, which was related to the total number of nodes, the 

number of storage units in each node, and the number of nodes responding to each query, should be 

defined to realize optimization of query system in large-scale network. When the objective function 

achieved lower bound, the space–time cost of the query system was the minimum and the algorithm was 

optimal.  

 (3) The constraint conditions in distributed matching-based query system model were separated in 

different algorithm processes and a flexible algorithm framework could be obtained. Thus, adjusting the 

time and space costs of the algorithm would be convenient.  

 An important supplementation was made for distributed query system design of agrometeorological 

big data. However, when an attempt was made for node substitution, the calculated shortest path had 

certain impact on the time cost of the system. Therefore, reasonable experimental design and accurate 

numerical simulation should be developed, which will be used for in-depth analysis of the above-

mentioned problem. These influencing factors should be considered in future studies.  
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ABSTRACT 

Five genotypes of the Miscanthus Anderss genus have been studied.  M. sacchariflorus has very long 

rhizomes which quickly colonize the big areas. M. Giganteus, M. oligostachyus and particularly M. sinensis 

are more cespitose, their spread is slow and there is little risk of uncontrolled invasion of hedges or field, 

compared to the M. sacchariflorus. Despite that stands of M. sacchariflorus tend to be larger but less dense 

than stands of other Miscanthus species, M. s. “Gracillimus” has the highest stem density per unit of area. 

The biomass yield of Miscanthus per area in the earliest years of cultivation depends on the planting density. 

Under steppe conditions, optimal planting density is 14800 piece/ha for M. sacchariflorus and M. Giganteus 

and 20000 piece/ha for other species. Harvesting of above-ground biomass was made in the end of a 

growing season in October. It was revealed that during the drying process, plants lost up to 44% of water. 

Nevertheless, this indicator varies among species from 37.3% - M. sacchariflorus to 43.9% - 

M. oligostachyus. During the second year, substantial growth of productivity was observed for all species. 

Yield increased from 2.5 (M. sinensis) to 3.6 times (M. oligostachyus). In absolute measures, the largest 

values were noted for M. Giganteus (6.76 t/ha).  

The work results show that optimum time for biomass harvesting is late autumn (November) for the solid 

types of fuel production or the end of the growing season (October) for the bioethanol production. 

 

РЕЗЮМЕ 

Вивчено п'ять генотипів роду Miscanthus Anderss. Висока вегетативна рухомість властива M. 

sacchariflorus, середня – M. Giganteus і M. oligostachyus, низька – M. sinensis. При визначенні 

щільності стояння пагонів спостерігається зворотна залежність: висока щільність – у M. sinensis 

(особливо у сорту Gracillimus), середня – у M. Giganteus, M. oligostachyus і низька – у M. sacchariflorus. 

Врожайність біомаси міскантуса з одиниці площі в перші роки вирощування залежить від щільності 

посадки рослин. В умовах степу оптимальним представляється середня щільність посадки: 14800 

шт/га для M. sacchariflorus і M. Giganteus і 20000 шт/га для інших видів. Прибирання надземної 

біомаси проводилося в кінці вегетативного сезону в жовтні. Виявлено, що в процесі сушіння 

рослини втрачають до 44 % води. Тим не менш, цей показник трохи варіює між видами від 37,3% 

(M. sacchariflorus) до 43,9% (M. oligostachyus). Протягом другого року спостерігалося значне 

збільшення врожайності для всіх видів. Продуктивність збільшилася від 2,5 (M. sinensis) до 3,6 разів 

(M. oligostachyus). Щодо абсолютних показників, найбільші значення були зафіксовані для M. 

Giganteus 6,76 т/га. За проведеними дослідженнями оптимальний час для збирання врожаю є пізня 

осінь (Листопад),  для виробництва біопалива або біоетанолу – кінець періоду вегетації (у Жовтні). 

 

INTRODUCTION  

Search for renewable energy sources is an integrated part of the general sustainable development of 

society. Today, the share of renewable energy in the world is about 13%. For example, in the European 

Union, the current potential of energy crops is estimated as 44-47 Mtoe/year. Until 2020, it is planned to 

increase biomass in gross final energy consumption to 138 Mtoe. According to recent data, in the EU the 

total area under lignocellulosic energy crops (Willow, Poplar, Miscanthus, Switchgrass, Reed canary grass) 
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is about 130-140 th. ha. At the same time, the cultivation area for energy crops intended for liquid biofuels 

production (grain crops and rape) is much bigger and exceeds 2.5 Mha. (AEBIOM Report, 2011). 

In Ukraine, the issue of sustainable bioenergy development is still at a relatively early stage of 

discussion, understanding and implementation. Currently, the share of biomass in the total primary energy 

input in the country is only 1.2% (Geletukha et al., 2014, 2016). Miscanthus is a promising crop for the 

production of cellulose containing biomass (Dohleman et al., 2009; Zub & Brancourt-Hulmel, 2010; Brosse et 

al., 2012).  It is a perennial rootstock grass that originates from East Asia. Only 8-9 Miscanthus species of 16 

known can grow in the temperate climate zone. They have a well-developed root system (up to 2.5 m deep), 

are characterized by fast growth and good resistance to low temperatures. Currently, four species of 

Miscanthus are actively studied and grown as an effective source of bioenergy raw materials. First of all, it 

concerns Miscanthus Giganteus - J.M.Greef et Deuter ex Hodk. et Renvoize. – spontaneous sterile hybrid 

cross between Miscanthus sacchariflorus (Maxim.) Hack. and Miscanthus sinensis Anderss. Along with other 

energy crops, this species takes rather large industrial areas in Western Europe and the USA. There is a lot 

of information about cultivation and productivity of giant miscanthus in these regions (Nixon & Bullard, 2001; 

Caslin et al., 2010; Williams & Douglas, 2011; Anderson et al., 2011). There are also numerous researches 

devoted to the study of existing and creation of new genotypes of M. Giganteus, M. sacchariflorus and M. 

sinensis for obtaining more resistant and productive varieties (Hodkinson et al., 2002; McKervey et al., 2008; 

Shumny et al., 2010; Nishiwaki et al., 2011; Yu et al., 2015; Cichora et al., 2015). The potential of other 

Miscanthus species is almost unknown, at a time when the possibilities of using them as an energy culture 

are sufficiently extensive.  

The quantitative and qualitative indicators of the Miscanthus biomass depend not only on the species 

genetic component, but also on a large number of different external factors: the geographical location of the 

farming area, climatic conditions, water relationships, cultivation technology, availability of mineral elements 

etc. (Lewandowski & Schmidt, 2006; Glowacka et al., 2013; Arnoult & Brancourt-Hulmel, 2015; Matyka & 

Kus, 2016). It is believed that medium-dense soils with low groundwater levels are suitable for growing 

Miscanthus. The plant has a relatively small demand for water, corresponding to an annual rainfall of 600-

700 mm. However, this demand may enhance as the amount of biomass increases. For instance, 4-5-year-

old plants of M. Giganteus, for normal growth and development, can absorb water amount corresponding to 

900 mm and more annual precipitation. Investigations of different Miscanthus species were carried out 

mainly in Western Europe and Russia in regions with sufficient water supply (Lewandowski et al., 2000; 

Clifton-Brown et al., 2001; Jezowski, 2008; Milovanovic et al., 2012; Kalinina et al., 2017). For example, in 

Germany, Denmark, Northern Ireland, England, Austria and the Centre of European Russia, the average 

annual precipitation varies from 550 to 700 mm, in Serbia from 850 to 900 mm, in Switzerland from 900 to 

1000 mm, in Northwest Spain from 1800 to 1950 mm. In Ukraine studies of Miscanthus were carried out 

under the conditions of wooded district and forest-steppe, where the annual precipitation reaches 650-750 

mm and 600-680 mm, respectively (Tziporenko & Rakhmetov, 2013; Rakhmetov et al., 2015; Skachok & 

Kvak, 2016; Kalinina et al., 2017). In the steppe zone of Ukraine, where this work was conducted, the 

average annual rainfall does not usually exceed 500-550 mm. Deficiency of moisture can negatively affect 

the yield and biomass quality.  Therefore, there is a need to study and select drought-tolerant and productive 

genotypes of Miscanthus for economically substantiated cultivation under conditions of insufficient water 

supply. 

 

MATERIALS AND METHODS  

Five genotypes of the Miscanthus Anderss genus have been studied:  M. sacchariflorus (Maxim.) 

Hack., M. sinensis Anderss., M. Giganteus, J.M. Greef et Deuter ex Hodk. et Renvoize., M. oligostachyus 

Stapf.  and M. sinensis  “Gracillimus”.  The planting stock for the trial was taken from the collection plants of 

the Oles Gonchar Dnepr National University Botanical Garden and from the Institute of Bioenergy Crops and 

Sugar Beet (M. Giganteus). The seedlings with 3-4 shoots were chosen for planting (Fig.1).  Plants were set 

in the spring of 2015 on experimental sites according to the following scheme: for M. sinensis, M. sinensis 

"Gracillimus" and M. oligostachyus, the interval between the rows is 75 cm, the interval between the plants in 

the row is 60 cm (planting density is 2 pieces per m
2
); for M. sacchariflorus and M. Giganteus the interval 

between the rows is 90 cm, the interval between the plants in the row is 75 cm (planting density is 1.5 pieces 

per m
2
).  

The soil of experimental plots is medium loam, low-humus black soil on loess. The physicochemical 

and agronomic parameters of this soil type are optimal for the normal growth and development of the 
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Miscanthus. Fertilizers and irrigation were not used. The morphometric parameters and biomass productivity 

were subject of study.  

 

 

M. sacchariflorus 

 

M. sinensis 

 

M. sinensis  “Gracillimus” 

 

 

 

M. oligostachyus 

 

 

                               M. Giganteus 

 
Fig. 1 - Miscanthus saplings 

 

Culm height from the soil surface to the collar of the flag leaf of a representative culm for each plant 

was measured with a measuring ruler during the second week of October. Calliper was used to determine 

stem diameter by clamping it on to a random plant tiller 15 cm above the ground surface. Stem number per 

plant was counted during the first week of October. The inflorescence length was measured by means of a 

ruler in August in the flowering period. 

For above-ground biomass determination, the whole plants were cut by hand, using a knife, at the end 

of each growing season at a stable height of 10 cm and they were weighed. Then they were dried until a 

constant weight was achieved. These dry samples were weighed to estimate the above-ground dry matter 

yield. Thus fresh weight (FW) and dry weight (DW) were determined and moisture (M) was calculated as:  

M(%)=100 × (FW – DW) / FW. 

The soluble carbohydrates were estimated by photometric methods (Naiem and Abdelatif, 2001). 

Samples were quantified photometrically by measuring the change in wavelength at 660 nm. The amount of 

soluble carbohydrates was calculated with the help of standard curve obtained by using different 

concentration of standard glucose solution. The amount of sucrose was estimated as difference between 

total sugar content and reducing sugar content and multiplied with coefficient 0.95. Statistical analysis was 

conducted using the software package StatGraphics Plus5 with all tests of significance being made at a type 

1 error rate of 5%. 
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RESULTS  

The climate of the Dnepropetrovsk region is moderately continental. Over the course of a year, the 

temperature typically varies from -8°C to +31°C. The cold season lasts from December to March with an 

average daily temperature -3.1°C. In winter, air temperature can sometimes fall till -20-25°C. The warm 

season lasts from May to September 15 with an average daily temperature above +24°C. Often, the average 

day temperature in summer reaches +30-34°C, maximum +37-40°C. In recent years, there has been an 

increase in the average monthly temperature in comparison with the long-term data (Fig. 2a). Average 

annual precipitation is moderate. During the warm season, precipitation occur most often in the form of 

thunderstorms (63%), light rain (31%), and moderate rain (6%). The rainfall varies significantly over the 

course of the warm season (Fig.2b).  

 
a) 

 
 

b) 

Fig. 2 - Monthly average of air temperature and precipitation in the Dnipropetrovsk region 

 
Considering that the spring in the steppe zone is short, planting of the Miscanthus must be made as 

soon as possible so that the plants can use the soil moisture accumulated in winter and grow stronger. The 

optimal dates for spring planting are the first and second decades of April. Autumn planting in October is also 

possible. Observing the planting time, we noticed that the survival rate of saplings in the first year of 

cultivation is high from 80% (M. Giganteus) to 100% (M. sacchariflorus). 

According to long-term phenological observations in the steppe zone of Ukraine, spring growth 

Miscanthus begins mainly at the end of April. In some years, it starts in early May. Growing season continues 

until the third decade of October. Miscanthus plants reach the greatest height in a flowering stage, which 

comes in August-September.  

The vegetation period of M. s. “Gracillimus” is longer than that of other varieties. Its leaves yellowing 

continue during December. The flowering stage also begins later, in November, and may remain unfinished 

in the event of early autumn frosts.  

The studied Miscanthus species under introduction conditions do not form seed and can only be 

propagated vegetatively. Miscanthus spreads naturally by means of underground rhizomes. 

M. sacchariflorus has very long rhizomes which quickly colonize the big areas. M. Giganteus, 

M. oligostachyus and particularly M. sinensis are more cespitose, their spread are slow and there is little risk 

of uncontrolled invasion of hedges or field, compared to M. sacchariflorus. Despite that stands of 

M. sacchariflorus tend to be larger but less dense than the stands of others Miscanthus species, M. s. 

“Gracillimus” has the highest stem density per unit of area. 

In the first year after planting, all Miscanthus species actively increased aboveground and 

underground biomass.  

Plants of M. sinensis, M. Giganteus and M. sacchariflorus had a stem height of about 1 m at the end of 

the growth season.  The highest was M. sinensis (106.1 cm), the lowest – M. oligostachyus (56.5 cm). In the 

second year of cultivation, the most active growth was observed for M. Giganteus and M. sacchariflorus. 

Their height was about 2 m (Table 1). This parameter for M. sinensis and M. sinensis "Gracillimus" was less 

by 25-32%. The height of M. oligostachyus did not exceed 1 m. In the first year, the flowering phase was 

absent in two species: M. Giganteus and M. sinensis "Gracillimus". The latter species did not bloom in the 

second year either. Measurements of the panicle length showed that this indicator is constant, it is 
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determined by the genotype and does not depend on the age of the plants (Table 1). Plants of M. 

sacchariflorus have the longest inflorescence, and M. oligostachyus - the shortest.  

 
Table 1  

Culm height and inflorescence length of Miscanthus 

 Culm  height, cm Panicle length, cm 

First  year Second  year First  year Second  year 

M. sacchariflorus 80.0 ± 1.23 188.8 ± 2.93 33.36 ± 0.49 34.22 ± 0.52 

M. sinensis 106.1 ± 2.42 142.5 ± 1.66 26.02 ± 0.40 26.88 ± 0.31 

M. sinensis  “Gracillimus” 73.1 ± 1.70 135.7 ± 2.33 – – 

M. Giganteus 86.7  ± 0.98 198.4± 2.91 – 27.08 ± 0.38 

M. oligostachyus 56.5 ±1.63 93.7 ± 1.86 14.52 ± 0.34 14.70 ± 0.35 

 

The formation of new culms occurred during the entire vegetation period. During the first year of 

cultivation, the stem number per plant increased on average by 3-4 times (Table 2). At the end of the year, 

the smallest number was observed in M. oligostachyus plants. The clump growth intensity in the second year 

of cultivation was less than that in the first year and for most species it was from 95 to 120%. Plants M. 

oligostachyus showed the greatest stem number increase (by 3 times) compared to the previous year.  

Measurement of the stem diameter detected the highest indicators in M. Giganteus, and the smallest 

in M. oligostachyus (Table 2). This parameter increases with age, but not much, from 1.4% (M. Giganteus) to 

10.7% (M. sinensis "Gracillimus"). 

Table 2  

Season-end stem number and stem diameter of Miscanthus 

 Stem number per plant Stem diameter, mm 

First  year Second  year First  year Second  year 

M. sacchariflorus 11.97 ± 0.54 26.2 ± 0.44 4.2 ± 0.15 4.4 ± 0.13 

M. sinensis 15.21 ± 0.52 30.3 ± 1.25 4.22 ± 0.11 4.3 ± 0.11 

M. sinensis  “Gracillimus” 17.74 ± 0.95 34.48 ± 1.21 4.12 ± 0.10 4.56 ± 0.10 

M. Giganteus 16.80 ± 0.64 33.12 ± 0.82 8.1 ± 0.21 8.21 ± 0.17 

M. oligostachyus 10.22 ± 0.54 33.7 ± 1.14 3.3 ± 0.12 3.4 ± 0.10 

 
The biomass yield of Miscanthus per area in the earliest years of cultivation depends on the planting 

density. If the planting density becomes greater than the yield also increases. However, planting more 

saplings can increase the cost of a plantation making from 50 to 150%. Especially as in the next years the 

difference between productivity on the plots differing in planting density is levelled. Usually the planting 

density of Miscanthus can vary from 10000 to 25000 pieces per hectare (Himken et al., 1997; Christian et al., 

2009; Williams & Douglas, 2011; Kalinina et al., 2017). Under steppe conditions optimal planting density is 

14800 piece/ha for M. sacchariflorus and M. Giganteus and 20000 piece/ha for other species. Harvesting of 

above-ground biomass was made in the end of a growing season in October. It is revealed that during the 

drying process, plants lose up to 44% of water. Nevertheless, this indicator varies among species from 

37.3% - M. sacchariflorus to 43.9% - M. oligostachyus. The yield of dry biomass was moderate in the first 

year of cultivation. Among tall species this parameter varies from 0.79 to 2.3 t/ha. Productivity of undersized 

M. oligostachyus was the lowest, only 0.33 t/ha (Fig.3). During the second year, substantial growth of 

productivity was observed for all species. Yield has been increased from 2.5 (M. sinensis) to 3.6 times 

(M. oligostachyus). In absolute measures the largest values were noted for M. Giganteus (6.76 t/ha). 

Nevertheless, these data somewhat lower than similar indicators of Miscanthus productivity, received for the 

European and East Asian regions where there is sufficient water supply (Zub et al., 2010; Feng et al., 2015; 

Richter et al., 2016). In Ukraine, such comparison can be done only for M. Giganteus because other species 

practically are not studied. The comparative estimation has shown that in a steppe zone of Ukraine the 

productivity of M. Giganteus in the first years of cultivation is less by 20-50 % than in wooded district and 

forest-steppe (Gumentyk et al., 2013; Rakhmetov et al., 2015).  Thus, there is an obvious unfavourable 

influence of droughty conditions on biomass yield. The aboveground biomass of Miscanthus can be a 

significant source for bioethanol production. Usually technologies of bioethanol production by Miscanthus 

biomass includes following stages: pre-treatment remove hemicellulose and get reactive cellulose; hydrolysis 

for fermentable sugars; fermentation for production of ethanol (Lien et al., 2005, Alvira et al, 2010, Huang et 

al., 2010). 
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Fig. 3 - Above-ground biomass yield of Miscanthus under steppe zone conditions 

 
At the same time, the biomass of Miscanthus, besides lignocellulosic components, contains water 

soluble carbohydrates and their total content is almost the same as in the case of traditional sacchariferous 

crops: Sorghum, Eclrinochloa frumentacea, Setaria italica et. (Almorades and Hadi, 2009). The soluble sugar 

content was estimated in the end of the growing season (Fig.4).  

 

 
Fig. 4 - Soluble sugar content in aboveground biomass of Miscanthus 

 

In this period, vegetation is still in progress. However, plants have already accumulated enough 

nutrients necessary for normal wintering and a cut of aboveground biomass will not damage the plant. 

The sugar sum content varies in different species in range from 9.0 (M. sacchariflorus) to 16.05% 

(M. oligostachyus). Reducing sugars-sucrose ratio was nearly 50:50 at M. oligostachyus. At the M. sinensis 

reducing sugar content was greater than that of sucrose content by 40-60% and vice versa the biomass of 

M. s. cv. Gracillimus accumulates greater quantity of sucrose than reducing sugars by 56% and at 

M. sacchariflorus by 22.5%. 

 

CONCLUSION 

It is revealed that optimum terms of Miscanthus planting in a Ukrainian steppe zone are the first and 

second decade of April, and also from first to third decade of October. In the first year of cultivation, plants 

actively increase biomass. By the end of a vegetative season, the plants of the majority species reach 

heights about 1 m and stem number per plant increases at an average of three-four times. The intensity of 

clumps growth in the second year slightly decreases and ranges from 95 to 120%. The height of plants in the 

end of this period varies from 140 to 190 cm. The exception is the undersized M. oligostachyus, which had 
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stems height only over 90 cm in the second year.  The stem diameter also increases with age, but not greatly 

(from 1.4% to 10.7%). The yield of dry biomass in the first year among tall species varies from 0.79 to 2.3 

t/ha. Productivity of M. oligostachyus was the lowest, only 0.33 t/ha.  The yield of the second year is much 

higher. The highest productivity was noted for M. Giganteus (6.76 t / ha). The average measures are 

characteristic for M. sacchariflorus and M. sinensis. The yield of M. oligostachyus does not exceed 1.2 t/ha.  

Arid conditions of the steppe zone have a negative impact on the biomass productivity of Miscanthus. A 

comparative assessment showed that the yield of M. Giganteus in the first years of cultivation is 20-50% 

lower than in other regions of Ukraine with a higher level of water supply.  

Determination of soluble carbohydrates in Miscanthus leaves and stems has shown high values of 

reducing sugars and sucrose. 
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ABSTRACT 

The manipulation of cylindrical and spherical parts and blanks by using robots, to move them from a working 

place to another requires that the gripper fulfils certain conditions. This mechanism must be self-centring, to 

avoid the deterioration of the robots. In this paper, we made a synthesis of some self-centring grippers, by 

amplification with simple modular groups, usually RRR dyads. The grippers in the synthesis are considered 

to be with rigid fingers and with movable catching point. 

 

REZUMAT 

Manipularea pieselor si semifabricatelor de formă cilindrică si sferică folosind robotii industriali, pentru a le 

muta dintr-un loc de lucru in  altul, necesita anumite condiţii pentru mecanismul de prehensiune. Acest 

mecanism trebuie sa fie cu centru de prindere fix, pentru a evita deteriorarea robotilor. În aceasta lucrare 

este realizata sinteza unor mecanisme de prehensiune cu centru de prindere fix, prin amplificarea cu grupe 

modulare simple, de obicei diade RRR. Mecanismele de prehensiune pentru care este făcută sinteza sunt 

considerate a fi cu degete rigide si cu punctul de prindere deplasabil. 

 

INTRODUCTION 

 Manipulators and industrial robots can manipulate the pieces and blanks of different shapes. In the 

case of cylindrical or spherical parts or blanks, it is necessary that the gripping mechanism be self-centring, 

to avoid damaging the robot. 

 Lately, a lot of studies and researches have been made on the analysis and synthesis of the 

mechanisms of grippers with rigid fingers for industrial robots or anthropomorphic catching mechanisms 

(Azlan N.Z., Yamaura H., 2012; Mesaros-Anghel V. et al., 2016; Chen W., Xiong C., 2016; Tarliman D., 

2014; Tilli J. et al., 2014; Zhou X. et. al., 2015; Wu L., Carbone G., Cecarelli M., 2009; Wu L., Kong Y., Li X., 

2015). 

 In this paper, we will refer only to gripping mechanisms with stiff fingers. 

 Movements of fingers belonging to gripping mechanisms can be pure rotation, pure translation or 

planar complex motion.  

 As a result of this, the gripping centre of cylindrical or spherical parts is movable, depending on the 

diameter of the parts and on the gripper kinematic dimensions. 

Figure 1 shows the kinematic scheme of the mechanisms gripping fingers presented in two different 

positions. The two fingers are articulated at points A and C and they have prismatic jaws. 

 The fingers are symmetrically related to axis OX and form the angles 1 , respectively 2  with the 

positive direction of the axis OX. The diameters of the two cylindrical parts are D1 and D2. 

The error between the positions of the two centres of the parts is: 

       

                      (1) 

where: 

      ;                (2) 

 

      ;               (3) 
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Fig. 1 - Highlighting centres of the cylindrical parts 

 In the literature related to this field is to be remarked the achievement of various self-centring 

mechanisms in several ways, namely: 

- by kinematic synthesis of the entire mechanism taking into account the self-centring requirements (Dudita 

Fl. and Staretu I, 1987; Konstantinov M., 1978; Kovacs Fr. and Cojocari G., 1982; Simionescu et al., 1987); 

- by the synthesis of cams for actuating jaws in order to fulfil the centring condition (Huang Qingsen, 1982); 

- by shaping the caching jaws of the gripping mechanism, so that the gripping centre to remain fixed 

(Simionescu et al., 1988). 

 
MATERIAL AND METHODS 

 In the present paper, we made a synthesis of self-centring gripping mechanisms, by amplifying the 

gripper with movable self-centring catching mechanism with simple modular groups, typically RRR dyads. 

 Figure 2.a shows the kinematic scheme of a gripper with bars, lower pairs and movable gripping 

centre, and Figure 2.b presents its schematic multipolar diagram. 

 Considering the multipolar scheme, it results that the gripper contains, besides to base group Z(0), a 

motohexade with lower pair (motor group with a hexagonal contour). 

 The mechanism gripping shown in Figure 2 can be transformed into a self-centring gripper, like the 

one presented in Figure 3, by amplifying it with two dyads RRR, which are designed to guide the nippers of 

the fingers so that the catching centre to remain fixed for a certain range of diameters of parts to be caught 

between its fingers. 

 Determination of elements dimensions contained in the modular groups involves two steps, namely: 

a) establishing the old mechanism kinematic parameters for a given number of diameters to be gripped, 

considering point P as being fixed; 

b) synthesis of the new mechanism from the self-centring conditions. 

 The synthesis equations are determined by using the contour OT’TDEFPO. By projecting the vector 

equation: 
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Fig. 2 - Gripper with movable gripping centre depending on the gripping parts diameter 

a) kinematic scheme   b) multipolar scheme 
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Fig. 3 - Self-centring gripper with bars  
a) kinematic scheme;   b) multipolar scheme 

  

 In the above system, p represents the number of positions for which the gripping is exact. 
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 We obtained a system of non-linear equations which has the unknowns: b, d, DE, EF, , i3 , pi ,1  

Starting from the condition of compatibility: 2p = 5+p, results p = 5, so there are 5 possible solutions for 

which the gripping is done accurately. 

 The accomplished system of non-linear equations is solved by using an adequate numerical method 

(Newton-Raphson, gradient etc.); (Bakvalov, N., 1976; Dorn W.S., Mc Cracken D.D., 1976; Demidovitch, 

B.P., Maron I.A., 1981). The number of system equations can be reduced from 10 equations to 5 equations 

by eliminating the angle 3i. In this way is achieved a system of non-linear equations which has the 

unknowns: b, d, DE, EF,  namely: 

 

               (8) 
 
where: 

                     

           . 

 
 In figure 4 is presented the kinematic scheme a) and multipolar scheme b), of a self-centring gripper 

fulfilled from a gripping mechanism with moveable centre and composed from a motor tetrad with bars and 

gears, amplified with two dyads RRR.   

 

 The system of equations used for the synthesis of the mechanism is: 
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where:  

HP = a+D/2/cosα. 

 

 The unknowns of obtained system non-linear equations are: EF, FG, HG, β,  , i2 , pi ,1 . 

 Taking into account the condition of compatibility results the solution p = 5. The variable dimensions 

i1 , i3  are determined previous to synthesis by taking into account the kinematic analysis of the initial 

mechanism. By eliminating the angle 2i the nonlinear system is reduced from 10 to 5 nonlinear equations 

as follows: 
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Fig. 4 - Self-centring gripper with bars and gears  
a) kinematic scheme;   b) multipolar scheme 

 

 

 RESULTS  

 To convert the gripper with the movable catching centre depending on the diameter of the caught 

parts into a self-centring gripping mechanism were considered: 

    - the diameter range of the griped parts between 0.040 and 0.08 [m]. 

  -  = 0.5235987 [rad]; 

  - a = 0.010 [m]; 

  - XP = 0.165 [m] 

  - XA = 0.065 [m]; 

  - YA = 0.040 [m]; 

  - AB = 0.030 [m]; 

  - BC = 0.053 [m]; 

  - AF = 0.102 [m]; 

  - CT’ = 0.010 [m]. 

 Analysing the mechanism shown in figure 2, the resulted angles are i1 , i2  as well as the variable 

parameter in the prismatic pair T. 
Solving the system of linear equations, afferent to the mechanism considered for synthesis, we have: 
  b = -0.03725 [m]; 
  d = 0.02719 [m]; 
  DE = 0.07294 [m]; 

  EF = 0.05435 [m]; 

  = 0.52336 [rad]. 
 
The results below represent the links dimensions of RRR attached dyad as well as the connection 

elements with the initial mechanism. 
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CONCLUSIONS 

 The method of synthesis presented in this paper allows an easy adaptation of some gripping 

mechanisms with mobile gripping centre, into ones with fixed gripping centre, by development through simple 

modular groups, usually RRR dyads. 

 The presented method is very simple, clear, intuitive and easy to use. 

 Gripping mechanisms can be used successfully in the construction of agricultural machinery. 
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ABSTRACT 

The article shows a schematic diagram of a vibrating disk-type grinder for chopping corn starch substance in 

ethanol production, achieving the idea of a combined interaction between vibrational and rotational motion of 

the working body, a combination of shock and cutting impact of working bodies on the material, which will 

handle both certified substance and substance materials with a high moisture content without significantly 

reducing equipment bandwidth and ensuring the timely product withdrawal from the grinding zone. 

Also, were determined the rational vibration modes of the disk cutters by experimental evaluation of 

equipment performance, which resulted in a performance charts depending on the angular speed of the 

rotor, sieve orifice diameters and humidity. 

 

РЕЗЮМЕ 

У статті приведена принципова схема вібродискової дробарки для подрібнення зернової 

крохмалевмісної сировини спиртового виробництва, яка реалізує ідею комбінованого взаємодії 

вібраційного і обертального руху виконавчого органу, поєднання ударного і ріжучого впливу робочих 

елементів на матеріал, що дозволить обробляти як кондиційну сировину так і сировину з 

підвищеним вмістом вологості без значного зменшення пропускної здатності обладнання та 

забезпечити своєчасне виведення продукту із зони подрібнення.  

Також було визначено раціональні режими роботи вібраційної дискової дробарки, шляхом 

експериментальної оцінки продуктивності обладнання, в результаті чого було отримано графічні 

залежності продуктивності від кутової швидкості ротора, діаметра перфорації сита та 

вологості. 

 

INTRODUCTION 

One of the most important and energy-intensive processes in ethanol production is material grinding, 

which is usually performed by a hammer grinder. Therefore, effective implementation of constructive machines 

to perform the designated operations and study their parameters determines the relevance of these studies. 

Based on the analysis of processes(Turshatov M.V., 2011; Abramova I.M., 2012; Billomyttcev A.S., 

Druzhynin E.I., Morachkovsky O.K. 2016; Dudnikov A.A., Belovod A.I., Pasyuta A.G., 2015; Toneva P., 

Epple P., Breuer M., 2011)and structural schemes of existing equipment(Turshatov M.V., 2011; Abramova 

I.M., 2012; Kuzo I.V., Lanets O.S., Gursky V.M., Shpak Y.V., 2015; Sydorenko I.I., Kushnir A.Y., 

Baidzhanov S.M., 2015)for implementing the process of grinding and weight loss, we offer a better way of 

grinding grain substance for alcohol production, the essence of which is in the development of a 

fundamentally new grinder scheme, which could achieve a combination of shock and cutting impact of 

workingbodies on the material, which will handle both certified substance and substance materials with a 

high moisture content without significant reducting equipment bandwidth and the timely product withdrawal 

from the crushing zone, by levelling the excessive air circulation on product layer, and consequently reducing 

specific energy consumption for the mentioned treatment (Deinychenko G.V, Samoichuk K.O., Ivzhenko 

A.О., 2016; Wang Y., Wang S., 2007). 

However, to achieve high rates of energy efficiency, it is necessary to prove rational equipment 

operation by experimental evaluation of the productivity of equipment developed for the process of grinding 

starch containing grain materials. 
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MATERIAL AND METHODS 

The experimental part of the work was conducted at the laboratory processes and equipment, 

processing and food production department in Vinnitsa National Agrarian University and in the "Ovechatske 

MPD" SE "Ukrspirt" specialized laboratory, using experimental and industrial design of the vibrating disk-type 

grinder (Palamarchuk I.P., Yanovych V.P., Kupchuk I.M., Solomko I.V., 2013) (Fig.1) for which when 

switching on the motor 5, torque moment is transmitted through the clutch 6, to the kinematic shaft 7 and 

counter weights 8, the rotation of which leads to the creation of a combined power and torque placed on the 

unbalanced axles of rotor 9 and vibrating disk 10. The material to be grinded continuously goes through the 

inlet 2 and is crushed due to the rotating and oscillating movement of disk 10. When particle size decreases, 

the material is crushed under the influence of centrifugal forces and alternating loads undergo intense 

classification on the sieve surface: particles with diameters equal to or smaller than sieve 4 openings are 

discharged through the outlet 3, the rest are re-grinded (PalamarchukI.P., YanovychV.P., KupchukI.M., 

SolomkoI.V., 2013). 

For the study on the technological characteristics of the equipment developed for the grinding process, 

a series of experiments to change the properties of the dispersed material (maize) under shock-cutting 

impact in the "vibration force field" were conducted. 

 

  

a) b) 

 

 

c) d) 

Fig. 1 - Vibration disk-type grinder 

a) the basic scheme; b) general view; c) the working body; g) disc beat;  

1 - the case; 2, 3 –material inlet and outlet; 4 - sieve; 5 - electric motor; 6 - elastic sleeve;  

7 - kinematic shaft; 8 - counterweight; 9 - rotor; 10 –vibrating disk 
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Performance evaluation was performed by weighing the shredded material that passed through the 

mill for an hour. To determine the material mass, a BTA-60 / 30-5-T electronic laboratory technical balance 

(Fig. 2) was used. 

 
Fig. 2 - BTA-60 / 30-5-T Electronic laboratory technical balance 

1 - weighing pan; 2 - panel calibration; 3 - display indicator 

 

Table 1 

Technical characteristics of laboratory scales BTA-60 / 30-5-T 

Parameter Range 

Maximum weighing, kg 30 

The lowest weight, kg 0.02  

Readability charging mass, g 1/2/5/10  

Operating temperature range +10 ... +40 

Power supply, W 187 ... 242 

Power consumption, W 15 

Weighing pan dimensions, mm 220 x 340 

Weights overall dimensions, mm 325 x 345 x 95  

 

To record the rotational speed of the drive shaft, aUNI-T UT372 wireless tachometer (Fig.3) 

was used, and its operation principle is described in the technical documentation. 

 

Fig. 3 - UNI-T UT372 Tachometer 

1 - laser scanner; 2 - digital display; 3 - control panel 

 

To manage and change the rotation frequency of the motor shaft, an AOSN-20-220-75 

autotransformer (Fig.4) is used, which is designed to work with alternating current. It contains current down 

taking movable contact in the form of graphite roller, allowing infinitely variable voltage from zero to the 
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maximum. Also, the autotransformer has several terminals, through which one can get different current 

output characteristics. 

AOSN-20-220-75 performance laboratory autotransformer enables real-time analysis on performance, 

power consumption and number of motor revolutions. 

.  

Fig. 4 - AOSN-20-220-7 laboratory autotransformer 

1 - outer casing; 2 - voltage regulators; 3 - input and output terminals 

 

To determine the relative humidity of the material, the Wile 55 Moisture analyser (Fig.5) was used, 

which can measure the relative humidity of various types of grains and seeds, recording the results in the 

device’s memory. 

 

.  

Fig. 5 - Wile-55 moisture analyser 

1 - housing cover; 2 - digital display; 3 - control panel; 4 - capacity for sample 

 

Technical characteristics of the device are shown in table 2, the working principle and rules of 

operation in the technical documentation. 
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Table 2 

Wile-55 moisture analyser technical characteristics 

Index Value 

Grain and seeds, % 8 ... 35% 

Oilseeds, % 5…25 

Operating temperature, 
0
С  0 ... 40 

Accuracy,% ± 0.1% 

Power, W 9 (IEC 6F22) 

Length, mm 120 

Width, mm 80 

Height, mm 210 

Weight, kg 0.8 

 

RESULTS 

The data obtained from the experimental studies was processed and interpreted using Microsoft Excel 

software. 

 
Fig. 6 -Productivity depending on the speed of the rotor and sieve orifice sizes (d): 

1 - with d = 2 mm; 2 - with d = 1.8 mm; 3 - with d = 1.6 mm; 4 - with d = 1.4 mm; 5 - at d = 1.25 mm; 6 - with d = 1 mm 

 

 

Fig. 7 - Productivity depending on the speed of the rotor and humidity (H): 

1 - when H = 13 - 14%; 2 - when H = 15 - 16%; 3 - when H = 17-18%; 4 - when H = 19 - 20%; 5 - when H = 21 - 22%. 

 

Fig. 6 shows the change in grinder productivity depending on the angular velocity of the rotor and the 

diameters of orifices in the separation surface (sieve) of the grinder. The results of experimental studies on 

changes in equipment productivity depending on the angular velocity of the rotor and the relative humidity of 

the material are shown in Fig. 7. 
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CONCLUSIONS 

Analysing the dependence charts obtained, we can conclude that the productivity P increases with 

increasing the frequency of rotation, but when reaching the rotation frequency of 125-135 rad/s or more, a 

decrease of productivity growth is observed. This indicates excessive recirculation of re-grained material and 

unreasonableness of the machine operation, when the rotor angular velocity is greater than 125-135 rad/s. In 

addition, it was found that material moisture significantly affects the performance, especially at the same 

frequency (rad/s), performance decreased by more than 25%, namely from 450 kg/h to 325 kg/h during the 

grinding of materials with 13- 14 %, respectively 21-22% humidity, which allows selecting the optimal flow of 

material. Productive works should not exceed the experimentally installed capacity ranges of the equipment. 
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