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ABSTRACT  

 The original methods for determining the critical velocity impact on a metal surface, taking into account 

the moisture content of the granules and the influence of the wind on the final distribution have been 

developed. The research technique of influence on the airflow make possible to determine the effect of 

speed, both in laminar and turbulent modes.  

 The proposed rotary working body designs, structural features of which enable to improve the 

dispersion evenness of mineral fertilizer, are presented. 

 

РЕЗЮМЕ 

 Розроблені оригінальні методики визначення критичної швидкості удару об металеву 

поверхню з урахуванням вологості гранул і впливу дії повітря на кінцевий розподіл. Методика 

досліджень швидкості повітряного потоку дозволяє визначити вплив скорости, як у ламіинарному, 

так і в турбулентному режимах.  

Запропонований роторний робочий орган, конструкційні особливості якого дозволяють 

покращити рівномірність розкидування мінеральних добрив. 

 

INTRODUCTION 

 It is known that, in Europe, over 90% of the granular fertilizers are distributed using spinning disc 

spreaders. Fertilizer efficiency largely depends on proper method, combinations of their dressing into soil 

(Ning et al, 2015). Depending on the terms and standards, there are main pre-sowing fertilizing and top-

dressing.  

 There are two ways to use granular fertilizers: solid surface spreading and subsoil fertilization (Antille 

et al., 2013; Fertilizer Manual, 1998). The granular fertilizers must be especially properly handled and 

distributed (Hofstee, 1992).   

 The most common granular fertilizer application device is the centrifugal disk spreader (Petcu et al., 

2014; Tijskens et al., 2008). The main advantages of this spreader are the large spread width, the simple 

construction and the low cost (Petcu et al., 2015). Meantime the distribution pattern of fertilizer is affected by 

many variables. It depends on machinery model, working conditions and physical characteristics of fertilizer 

(Allaire and Parent, 2004; Macmillan, 2007; Šima T. et al., 2013). In this case disks with the possibility of 

working with mixture application on the soil surface at an angle to the horizon are used.  

 First of all, it is explained by the versatility of aggregate. By disc reorienting, we can get high quality 

fertilizing and achieve high performance by coverage.  

 However, lack of a clear interpretation of numerous design features of the working body and the car, in 

general, creates problems for the implementation of agro-technical requirements and increases the burden 

on the environment (Biocca et al., 2015). It is known that the optimal dose of fertilizing for each crop is 

recommended for specific soil and climatic conditions (Fertilizer Manual, 1998).   

 Methods and terms of fertilizing depend on biological and varietal characteristics of culture, 

predecessors, soil conditions, specific farm possibilities. Usually local and dispersing methods are used. 

Dispersed and local fertilizing can be main, pre-sowing or top-dressing.  
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 Fertilizing is one of the indicators of agronomic requirements for such operations like irregularity in the 

distribution by coverage - 25%, while aggregate moving - 10%.  

 Unfortunately, national machines for mineral fertilizing provide application evenness near 50-60%, 

leading to deterioration of the quality and quantity of crops (Kravchuk et al., 2004; Vasylieva N., 2016; 

Velychko O., 2015). It was established that the uneven application of mineral, organic fertlizers and lime 

leads to significant yield losses and deterioration of its quality. Another negative consequence is 

environmental pollution.  

 The main disadvantages of centrifugal machines for mineral fertilizing are: 

- high distribution unevenness by coverage; 

- fractions redistribution by coverage; 

- coverage instability. 

It is clear that the quality of national spreading machines should be raised, but it requires significant 

expenditures in Ukraine. That is why improvement of the technical level of machines should be focused on 

economically reasonable limits. All these indicate the need for further research regarding the fertilizing 

process.   

During the analytical research we have created mathematical model of the granular fertilizer which 

uses a centrifugal disk. The construction diagram of our own design spreader has been suggested. 

The objective of experimental research is to determine the effect of wind direction on uniformity of 

fertilizing by the fertilize spreader working body. 

 According to the goals we identified the following tasks such as:   

 to develop a methodology for determining: 

- parameters of granules distribution by the soil surface in laboratory conditions; 

- wind impact on the parameters of the distribution of the granules by the soil surface. 

 to develop constructive scheme of experimental installation and produce experimental stand; 

 to produce disk model with the main design parameters; 

 to perform laboratory experiments according to the research program; 

 to perform mathematical analysis of the results. 

 

MATERIAL AND METHODS 

 Achievements of the laboratory research were: 

- determination of basic mechanical and technological properties of the fertilizers used in experiments; 

- establishing granules distribution by kinematic and geometrical parameters: rate of disk rotation n, 

rad/s; angles γ1, γ2, γ3 of flow setting, deg; angles α1, α2, α3, – tilting angles of blades to disk rotation area, 

deg; 

- calculation of distribution parameters by the surface of each stream separately and simultaneously 

from all streams for different fractional composition of fertilizers; 

- determination of the design parameters of the disk in which distribution is closest to even; 

- research of the impact of different wind speed and direction on the final distribution of fertilizers; 

- establishing  the impact on fertilizers final distribution by axial vibrations of the disk and tilting angle 

relative to surface of soil. 

Several field testing trials were included into the program, namely:  

- making prototype of the disk with structural and kinematic characteristics, which was determined by 

results of laboratory and field research; 

- determining the quality of surface fertilization under different applying rules; 

- comparative analysis of fertilizing quality by serial and developed centrifugal working body. 

Major mechanical and technological properties of fertilizers that have been used for the research, were 

determined during the experiment.  

Standard methods were used to determine moisture, specific gravity, coefficient of internal and 

external friction, metal restitution ratio on hit. Methods of acceptable impact velocity of granules by the metal 

surface and determining of their aerodynamic properties can be considered as original.  

Acceptable impact velocity can be determined by the scheme (fig. 1).  

Laboratory installation consists of a blade disc 1 with a vertical rotation axis, bin 2, driving gear 3 with 

installed r.p.m. meter, percentage feeder 4, light-absorbing screen 5, collector of waste material – bag 6 and 

bin 7.  
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Fig. 1 - The scheme for determining acceptable impact velocity of fertilizer granules by metal surface 

1 – blade disc; 2 – tanker; 3 – driving gear; 4 – percentage feeder; 5 – light-absorbing screen; 6 – bag; 7 – bin 

 

Critical velocity was determined on sailing classifier with somewhat modified design (fig. 2), where the 

flow rate is measured directly by anemometer 3. In this device airflow is formed by fan 5, which is powered 

by transformer 7. The flow rate is regulated by excluder 6. Using of the anemometer 3 instead of the Pitot 

tube makes possible to measure velocity directly without performing assistive calculations. 

 
Fig.2 - Scheme of modified sailing classifier: 

1 – tube; 2 – net; 3 – anemometer; 4 – anemometer screen; 5 – throttle; 6 – fan; 7 – transformer 

 

 The laboratory installation was constructed to perform the research program (fig. 3). 
 

 

Fig. 3 - Scheme of laboratory installation  

1 – tanker; 2 – disk; 3 – blade; 4 – percentage feeder; 5 – activator; 6 – activator’s window;  

7 – reducer; 8 – bin; 9 – samplers 
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Bins with installed samplers, which take falling granules, are used to determine the distribution 

parameters. It provides opportunities to determine the distribution of the granules coordinate-wisely (ХІ, YІ,). 

Only one bin was used because of distribution parameters which have been pre-installed coordinate-wisely.  

 Wind flow was created by the bladed fan. Speed and direction of air flow were regulated by changing 

the position of the fan 3 relatively to bin 2. The flow rate was measured by anemometer 4 (fig. 4). 

 

 

 

Fig. 4 - Research scheme of airflow action 

1 – disk spreader; 2 – bin with samplers; 3 – fan; 4 – anemometer 

 

At higher speeds unevenness dramatically increases and exceeds the allowable agrotechnical limits. 

The obtained data testify that the airflow negatively affects the evenness. The direction of the flow is also an 

important factor that determines evenness.  

The lowest effect is observed when the wind direction is perpendicular to aggregate motion. This can 

be explained by receiving the smallest dose by outermost bins.  

The biggest impact was at the action of two angles: 45° and 135°. It was revealed that the influence of 

the wind is selective, that air flow which is directed at an angle from 45° to 135° has the greatest impact on 

evenness distribution of fertilizer by the surface. If the wind speed is greater than 2.0 m/s than the fertilizing 

quality indicators deteriorate dramatically.   

However, the value of unevenness in the presence of airflow in general, was within agrotechnical 

requirements.  

Field tests were performed using two serial machines, equipped with disks of our own design. Sizes of 

the disk, its fastening elements and driving gear fully correspond to the serial disk sample. The only 

difference was establishment of a special adapter on the shaft. It gives the possibility to change the height 

position of the disk above soil.  

Provision of butting overlap has been provided using GPS navigator.  

The tightly placed bins were placed (one to each other) to evaluate the evenness of the surface 

distribution of granules. They were identical to those ones, used in the laboratory experiments.  

 

RESULTS 

Despite the fundamental researches in theory of granules interaction with disk and numerous 

improvements of working body construction, the question of uneven distribution of fertilizers which is 

provided by existing spreaders, is still not resolved fully, because the aim of analytical researches was to 

create a design disk, which is able to provide technologically sufficient evenness while fertilizers spreading.  

One of the significant reasons of uneven distribution explained by scheme – Fig.5. 
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Fig. 5 - Scheme for analysis of uneven sowing of fertilizer by capture width according to 

even rotation of centrifugal working body 

 

Assuming that all the granules during disc discharge are thrown at the same distance B toward the 

center, on the condition the aggregate does not move, then, if the granules are evenly distributed over a 

radius of circle B while the aggregate moves, it becomes obvious a dense distribution at the edge of the 

distribution strip. 

Based on accepted assumption it can be argued that the number of granules, which falls on the strip 

∆х by capture width is proportional to length of corresponding arc ∆s (Fig.5). This allows to characterize 

intensity of the area sowing which is processed, by formula ∆s/∆х = ψ. The most intense sown area, the 

width of which is determined by one third of half of width and corresponds to the angle φ2 ≈ 0,841 rad 

(48,19°) – Fig.6.  

 
 

Fig. 6 - Dynamics of uneven distribution of fertilizers by the area which is processed 

 

If half of operating width split into three equal areas (Fig. 5), then the third area will account 53.54% of 

the fertilizer, the second, determined angles φ1 and φ2 (φ1 = 70.53°) – 24.83 % from total amount of fertilizers, 

and on the first - 21.63% of amount that accounts for half of operating width. 

It is evident that actual distribution scheme will be different from the considered idealized version, but 

the overall picture of densified sowing operation width on stripes edges is observed in real conditions.  

As seen from the above considerations, it is necessary to provide escaping of multiple streams of 

granules from disk with different initial velocities, while avoiding flows cross during flight.  

The design of centrifugal working body, which is proposed for problem solving, provides opportunity of 

additional simultaneous distribution zones I and II to achieve an average density that is realized in zone III 

(Fig.5). The constructive scheme of a fertilizer spreader is shown in Fig. 7. 

Disk 1 is equipped with four blades (sectors) 2, inclined to the horizontal disk surface at an angle α. 

On working surface of each blade three vertical directing ribs 3 are mounted, longitudinal axis of which is 

perpendicular to the radial crossing line of blade and disk plane. Fertilizers are served to the center of disk 

and by centrifugal forces entering onto blades. Each blade fertilizer stream is divided into three independent 

streams that will have different velocities while escaping from surface, and besides on the longest edge 

granules are provided with the largest relative, and hence, the largest absolute escaping velocity; the lowest 

velocity will be developed on the short edge. 
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Fig. 8 - Constructional and technological scheme of 

centrifugal working body for fertilization 

ω 

 

VМ 

 

Fig. 7 - Сonstructive scheme of a fertilizer spreader 
1 – disc; 2 – blades (sectors); 3 – one of the guide ribs 

 

Considering that angles of escaping from each edge will be different, we can say that separate 

streams of fertilizer will be spaced and trajectories crossing will not happen. The inclination angle of each 

blade α is selected according to the ability to deliver material on strip which is specified for this.  

When designing the centrifugal working body it is necessary to provide the following material delivery: 

on long edge 0,62V; on average–0,26V; on short–0,11V. To determine escaping velocity of granules from 

edge, which starts at an arbitrary distance а from disk center (а = 001), theorem of velocity addition is used. 

Analysis of possible options of centrifugal 

working body designs for fertilizing allowed to 

accept scheme, construction of which involves 

forming allocation of granules flows while loading 

(fig.8). Spreader consists of disk 17, four blades 

(sectors 11-14) each of which is formed by two 

vanes side walls which are formed by vertical 

edges and bottoms are inclined at angles α1 and 

α2 to the disk horizontal surface. Each edge (1-3) 

is perpendicular to the joint crossing line of 

blades bottoms and disk plane (on Fig.4 

direction of each edge is marked with angles γ1, 

γ2, γ3 severally). In the center of disk there is a 

conical feeder 4, interior space of which is 

divided into separate sectors with radial vertical 

plates (6–10). Each plate at it bottom part go 

beyond feeder on edge height and with bottom 

edge accedes to horizontal center disk part. The 

lateral edge of protruding from feeder (conical) 

part is connected to the curved section of edge 

2, which is placed on the horizontal plane of the 

disk. 

In the same way edge 3 is connected 

with protruding side part of the plate 8, and edge 

1 – with 9. In each quarter of the centrifugal 

working body where the working blade is, feeder 

is divided into four sectors by plates. Three of 

them workable, through two blades fertilizer fall 

on upper disk, and on the second sector 

accounts 53.6 % amount of fertilizer from first, and onto the last – third – the least 11.24 % of the same 

amount. From this sector fertilizer falls onto disk 15, which is situated lower on 60 mm from the upper which 

is provided by cup 5, on which are placed perpendicular one to each other guiding edges 16. One of feeder 

sectors closed from above (fig.1, shaded). Sectors areas are assigned proportional to the expenditure of 
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material which falls on each edge. The material getting into the sectors falls on the horizontal surface of the 

disc from which, moves between the curved portions of edges gets to the inclined blades.  

Mathematical model for investigation of granules flight suggests that environmental resistance is 

proportional  to velocity (fig.9). We consider general case of a particle motion as a material point in air after 

escaping from the working body if wind presents: 

– gravity , where  g = 9.81 m/s
2
 – acceleration of gravity; 

– total resistance force (pressure) of environment: 

    (1) 

where k – resistance coefficient; 

–  particle velocity at an arbitrary time t (forms  an angle α  with  horizon), m/s; 

 –  wind velocity which is directed at angle β  relative to particle, m/s; 

 –  initial velocity of material particle М (forms  an  angle  α0  with horizon), m/s. 

Fig. 9 - Scheme to the mathematical model of granules movement in the air 

 

In true coordinate system (τ,n) system of differential equations of particle motion looks like:   

 

                                      (11) 

where  

 – trajectory curvature;  

s – arc trajectory coordinate. 

After the conversion and integration mathematical dependences we have: 

   ,      (12) 

                 , 

where С1 and С2 are obtained from the initial conditions:
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 The range of granules flight, which escapes from scapula was calculated with the following initial data: 

wind velocity (VВ) – 3 m/s, fertilizers density (p)–1000 kg/m
3
, granule diameter (R) – 0.001-0.005 m, blade 

inclination angle to disk rotation plane  (α1)
 
– 13°, environment viscosity (η) for air – 0.000018 kg /(m s). For 

initial velocity V0, and escaping angle α0 from formulas (9) and (10) we obtained the values V0 = 18.19 m/s,  

α0  = 8°.  

The result of mathematiccal model graph solution is drawn and represented in Fig.10. 

 

 

  

 

 

 

 

 

 

 
Fig. 10 - The trajectory of particles which escaped from designed working body 

1 – trajectory of fertilizer particles which were launched from the blade, which is installed at angle 13°,  

2 – at angle 8°,3 – at angle 0° 

  
For flight range of granules which was determined by formulas (12), the obtained value is 9.94 m and 

the maximum height is 1.2 m. While analyzing granule’s motion which is speeded up by second scapula that 

has a length of 0.25 m, the inclination angle is α2
 
– 8°, were obtained the granule escaping velocity V0 – 

11.75 m/s, launch angle – 7.5°. Under such conditions the flight distance was 6.35 m from the disk axis.  

Trajectory of particle motion does not intersect with moving trajectory which is determined from the 

first scapula because of take-off height above disk, which in this case is 0.12 m.  

Laboratory and field researches were performed using the most common granular fertilizers. They are: 

ammonia nitrate, superphosphate, mixtures NPK (complex fertilizers). Before work starting, their basic 

properties were determined in accordance with the methods, which count the great influence of mechanical 

and technological properties of the materials that were involved in the experiment for the final distribution by 

soil surface.  

Figure 11 shows the effect of granules moisture on the maximum impact velocity by metal surface. 

 

 
Fig. 11 - Influence of granules moisture on maximum velocity stroke to metal surface 

 

The maximum permissible impact velocity by a metal surface with superphosphate – 11.3 m/s. If 

moisture of granules is from 5 to 12% then the speed reaches its maximum values in all researchable 

fertilizers (8-12 m/s). When the moisture rises from 12 to 35% an intense reduction of impact velocity by 

metal surface to 6.8 m/s was recorded. This is due to the destruction of the granules that hit and destruct. So 

this is the reason of acceptable impact velocity reduction.  

 

Measured data of maximum impact velocity of fertilizers by metal are shown in Table 1.  
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Table 1  

Physical and mechanical properties of the fertilizers used in the experiment 

Type of 

fertilizer 

Moisture 
Bulk 

density 

Angle 
of 

friction 

Angle of 
internal 
friction 

Impact 
velocity 

[%] [t/m
3
] [degree] [degree] [m/s] 

Ammonia nitrate 1.5 – 2.1 0.79 – 0.83 31 - 35 39 – 43 10.2 

Superphosphate 4.4 – 4.9 1.13 – 1.19 26 - 34 31 – 35 12.3 

Mixture NPK 5.8 – 6.7 1.03 – 1.12 30 - 35 40 - 44   9.7 

 

Mechanical and technological properties of fertilizers, which affect the distribution process, were 

mainly determined experimentally. It has been established that the allowable impact velocity by metal 

surface is: superphosphate 12.3 m/s, ammonium nitrate - 10.2 m/s and a mixture NPK – 9.7 m/s, the optimal 

moisture is 12%. 

The original methodology for determining critical impact velocity by metal surface with regard to 

granules moisture and wind influence on the final distribution has been developed. Methodology airflow 

influence research makes possible to determine the speed influence in laminar and turbulent modes.  

Comparative laboratory tests proved that the proposed construction of a centrifugal spreader provides 

agro technical performance requirements for evenness of dispersion.  

 
 

 

CONCLUSIONS 

 The developed methods of determining: 

- parameters of granules distribution by the soil surface in laboratory condition; 

- wind influence on the parameters of the granules distribution by the surface. 

Methods of critical impact velocity by metal surface regarding moisture of granules and wind influence 

on the final distribution have been developed. The research methodology of air flow influence makes 

possible to determine the influence of the speed in laminar and turbulent modes.  

Air flow that is directed at an angle from 45 to 135 degrees has the most negative impact on the 

fertilizer evenness distribution by the surface. Deviation in the wind direction should not exceed 45° from the 

movement direction of aggregate. Wind speed that exceeds 3 m/s is not desirable.  

 Constructive scheme of experimental installation have been developed and implemented in 

manufacture. The design of the centrifugal fertilizer spreader ensures the formation of multiple streams of 

fertilizers. It also leaves the disk at different speeds and different angles of flight.  

 It has been proved that the permissible impact velocity is from 8 to 12 m/s, depending on moisture.  

 Maximum resistance of granules to impact has been observed at their moisture of 9-12%.  
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ABSTRACT 

Particle relative motion over a rough surface of a rotary vertical axis helicoid has been considered. 

Differential equations of particle motion have been produced at its movement over the surface of a helicoid 

as well as at its contact with a restrictive cylindrical casing. The equations have been solved by numerical 

methods. The obtained results have been visualized. 

 

РЕЗЮМЕ 

Розглянуто відносний рух частинки по шорсткій поверхні гелікоїда, який обертається 

навколо вертикальної осі. Складено диференціальні рівняння руху частинки поверхнею гелікоїда, а 

також при її зустрічі з обмежувальним циліндричним кожухом. Рівняння розв’язані чисельними 

методами. Зроблено візуалізацію отриманих результатів. 

 

INTRODUCTION 

Helicoids, including screws, are wide-spread operating elements of the conveying units of agricultural 

machinery. In addition, they are used for well-drilling in construction. When in rotary helicoid motion, the 

particles of process material slide on the operating surface of a helicoid, thus executing a relative motion.  

A particle or a material point executes a compound motion with the trajectory of relative sliding on the 

surface of a helicoid being its component. The investigation of such a motion by the example of a separate 

particle provides the insight into the nature of particle motion and the influence of the parameters of a 

helicoid on its behaviour. The most wide spread helicoids are screws, of which rectilinear generator of the 

surface is perpendicular to the axis. It has been of our interest to investigate particle motion over the helical 

surface, which rectilinear generator gets off the normal direction of the axis through a certain angle. At zero 

value of this deviation we will have a special case of a helicoid – a screw.  

Investigation of the compound motion of the particles of process materials over moving surfaces has 

been covered in fundamental monographs (Vasylenko, 1960; Zaika, 1992). The movement of soil particles 

along moldboard is considered in monograph (Gyachev, 1961). Scientific papers (Pylypaka and 

Nesvіdomyn, 2010 and 2011) are concerned with the most simple particle motion over the slant. Papers 

(Babka, 2013; Veselovski, 2013) consider slanting motion of the particles, which interact, namely form 

incompressible resilient strip.   

The determination of the trajectory of a particle, which is moving over a cylindrical surface under the 

influence of buttress force, is covered in article (Voitiuk, Pylypaka, 1999). There is a group of articles, which 

consider particle movement over rough surfaces under gravity, that is to say gravity surfaces (Sysoev, 

1949; Voitiuk and Pylypaka, 2002 and 2003).  

A compound particle motion over an oscillating plan is represented in papers (Pylypaka and Klendii, 

2013; Adamchuk et.al., 2014; Blehman and Dzhenalidze G.Ju., 1964). Particle motion over a rotary surface 

of a circular cylinder at various axel positions is considered. These works cover particle motion over a 

horizontal cylindrical blade of a centrifugal dispersive element with a vertical axis of rotation (Babka V.M. 

et.al., 2013; Pylypaka and Adamchuk  2012; Bulgakov et.al., 2010), over a spinning oblique cylinder 

(Grishhenko І.Ju et.al., 2010; Klendii M.B. and Klendii O.M., 2016) and over a spinning horizontal cylinder 

(Lіnnik and Pylypaka, 2009). The paper (Klendii M. and Pylypaka, 2015) considers relative particle motion 

over the inner rough surface of a rotary cone with a vertical axis of rotation. 
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MATERIAL AND METHODS 
Parametric equations of a helicoid are of the following form: 

cos cos

cos sin

sin

X u

Y u

Z u b

 

 

 





 

                                                                     (1) 

 Fig.1 represents the surface of a helicoid at β=0, which has been constructed using equation (1). It is 
called a right or screw conoid, which is referred to as a screw in technology. The surface is limited by a 
cylindrical shaft of radius r and its peripheral part - by a cylindrical casing of radius R (it is not shown in the 
Figure). If β≠0, it is a skew helicoid (Figure 1, c, d). 

 
a) 

 
 

b) 

 
c) 

 
d) 

Fig. 1 - Right helicoid (the screw) 
a) front view; b) side view; c) oblique helicoid with β=30

º; 
d) oblique helicoid with β=-30

º
 

 
 

Side views of the represented helicoids are the same (Fig. 1, b). When constructing the surface, 

variable u changes from r to R for a right helicoid and from r/cosβ to R/cosβ for a skew helicoid. 

When determining the relation between variables u and α, a line on the surface of a helicoid is 

described. We assume that such a relation is determined by means of a parameter t – the time during which 

a particle slides on the surface of a helicoid. Then an intrinsic equation relative to the trajectory of particle 

motion can be described by the following dependences: u=u(t),α=α(t). In order to determine the path 

(trajectory) of such particle motion and other kinematic characteristics, it is necessary to work out and solve 

differential equations.  

The trajectory of relative particle motion is represented by equations (1) providing that u=u(t),α=α(t).  Using 

differentiation (1) with this provision, relative velocity V projections are obtained (since variables  u and α are 

related to one another through a parameter t and equations (1) describe not a surface but a line on it, the 

derivatives are symbolized by lowercase letters): 
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(2) 

Its value is the geometrical sum of projections (2): 

   
22 2 2 2 2 2 2cos sinV x y z u u u b               

                      
(3) 

When spinning at angular velocity ω, all the points of the conoid (1) turn through angle φ=ωt.  

Using turn formulas, parametric equations of a helicoid, which represent its position after the turn through 

angle φ are written:  

cos cos cos cos sin sin
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     

 

 

 

                                             

(4) 

where β – an angle of inclination of rectilinear generators of a helicoid to a horizontal plane – constant; u and 

α – independent variables of the surface, while u – the length of a rectilinear generator relative to the axis of 

a helicoid, α – angle of rotation of a surface point about a helicoid axis; b – helix parameter, in terms of which 

surface pitch B is determined: В=2πb. 



Vol.51, No.1 /2017  INMATEH –

17 
 

After simplifications with regard to φ=ωt, the equations (4) take the following form (due to the 

specified reasons, the equations (4) also represent a line, but it is the trajectory of absolute particle motion, 

that is why we pass on to lowercase letters): 
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                                                              (5) 

The differential equation of particle motion over the surface of a helicoid is set up as mw F , where 

m – mass of particle, w - absolute acceleration vector, F - resultant vector of the forces exerted upon a 

particle. These forces are: weight force of a particle mg (g=9.81 m/s
2
), surface reaction N  of a helicoid and 

friction force Ffr=fN, which exhibits resistance to a particle sliding on its surface (f – friction coefficient). The 

given vector equation is broken down in projections on the coordinate axis, which results in obtaining a set 

of three differential equations.  

Absolute acceleration is achieved by successive differentiation of the absolute path equation (5) with 

respect to time t.  The first-order derivative of the equation (5), that is absolute acceleration vector of a 

particle, is given by: 
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                                                    (6) 

Differentiation (6) results in absolute acceleration vector projection on the coordinate axis: 
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(7) 

The first exerted force is particle mass mg. Since a weight vector is down-directed, its projections on 

the coordinate axis are written as: 

 0; 0; mg                                                                (8) 

The second exerted force is surface reaction N  of a helicoid directed normal to the surface. Normal 

direction N to the surface is determined from a vector product of two vectors, which pass through the point 

on the surface and line tangents to the coordinate curves of the surface. These two vectors are partial 

derivatives of the equations (1): 
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                                            (9) 

After vector multiplication of the two vectors (9) and the reduction of the resulting vector to a unit one, 

its projections are written as: 
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(10) 
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A vector (10) is attached to the surface at the point of particle location. It has been determined 

without taking into account the turn of a helicoid, that is why the vector (10) must be turned through angle 

φ=ωt, so as it corresponds to the point of the location of a particle on the surface. After its turn through 

angle φ=ωt the vector (10) takes the following form: 
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                                                    (11) 

Finally, friction force Ffr=fN points in the direction opposite to relative velocity V of particle motion, 

that is to say at a tangent to a relative path.  

The projections of a unit vector, along which particle velocity is directed, are obtained by dividing 

velocity components (2) by its absolute value (3) with further turning through angle φ=ωt: 
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                                                (12) 

Differential equations can then be written relative to particle motion and taking into consideration 

exerted weight forces (8), surface reaction N and friction force Ffr=fN, which are vectored by unit vectors 

(11) and (12). The vector equation Fwm   is given by projections on the coordinate axis, taking into 

account that the projections of absolute acceleration vector w  are set out as (7): 

     

   

     

   

2 2 22 2 2 2

2 2 22 2 2 2

2 2

sin sin cos cos cos( ) sin( )

cos sin

cos sin sin cos sin( ) cos( )

cos sin

cos

b t u t u t u t
mx N fN

b u u u u b

b t u t u t u t
my N fN

b u u u u b

u
mz mg N

b u

          

   

          

   



      
  

      

      
   

      

    
    

22 2 2 2

sin
.

cos sin

u b
fN

u u u b

 

   

 

     
        

(13) 

We substitute expressions of the second derivatives of absolute acceleration from (7) into (13) and 

solve the set (13) relative to the second derivatives of the unknown functions u=u(t) and α=α(t), as well as  

N=N(t). After simplification we obtain: 
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Where 
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Providing b=0 in the equations (1), they depict a cone surface. Accordingly, at b=0 the set of 

differential equations (14) coincide completely with a similar set, obtained in the paper (Klendii M. and 

Pylypaka, 2015). 
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RESULTS 

The set (14) is solved by numerical methods. Depending on the direction of helicoid rotation, a 

particle in relative motion over its surface can go either upward or downward (as opposed to a cone, where 

the direction of rotation does not matter). In order to make a particle move upward, it is necessary to take 

on a positive value of a helical parameter b and a negative value of the angular velocity of rotation ω, or 

vice versa. The result of the set integration will be the same, where in one case it corresponds to a helicoid 

of a right-hand motion and in the second case - to a left-hand motion one. In order to make a particle move 

downward, it is necessary to reverse the sign of angular velocity. The equation of the relative path of 

particle sliding over the surface is found by substituting the dependencies u=u(t),α=α(t), which are obtained 

as a result of numerical integration of the set (14), into the surface equations (1). An absolute path is routed 

with the help of the substitution of the same dependencies into the equations (5). 

Paper (Klendii M. and Pylypaka, 2015) shows that the pattern of particle sliding over the inner 

surface of a cone is the same for various slope angles β of generators: a particle traces out a helical 

trajectory having constant upward conical motion. The same result is obtained when solving the set (14) at 

b=0 (Fig. 2). There is no motion stabilization: a particle either moves upwards or falls down at inefficient 

angular velocity of rotation ω. 
 

 
 

 
 

a)b) 
 

Fig. 2 - Trajectory of sliding of a corpuscle on an interior surface of a cone (b=0, ω=25rad/s, f=0.3): 

a) forming angle β=45º; b) forming angle β=20º 

 

Let us consider relative particle motion over a helicoid without a restrictive casing. Fig.3–5 show 

relative paths of particle sliding over the surface of a helicoid (denoted by figure 1) and their absolute paths 

(denoted by figure 1) over a period of 1 second after a particle gets onto the surface near the shaft, which 

has been constructed in projections. For all the cases b=0.03; r=0.025 m; f=0.3 has been assumed. 
 

 

 

Fig. 3 - Trajectories of movement of a particle at β=0; ω=-20 rad/s 

 

Fig. 3 represents paths for a right helicoid (Fig.1, a), constructed when it rotates in such a way that 

a particle moves upward over the surface, and Fig.4 – when it counter-rotates and moves downward. It 

moves a longer way downward compared to moving upward and at that it moves much closer to the axis 
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of a helicoid. At the upward slope of generators (Fig.1,c) a particle moves a longer distance up than is 

does without a slope, at that it moves much closer to the axis of a helicoid.  

Fig.3 shows, that if a particle moves upward when sliding on the surface of a right helicoid over a 

period of 1 second, it moves away from its axis for more than1 m. Hence, if there is a restriction of the 

surface by a cylindrical casing, split seconds are needed so that a particle contacts it. Relative paths and 

the period of time, over which a particle reaches a cylindrical casing of radius R=0.15 m at various angular 

velocities of rotation ω and slope angles β of generators have been investigated. Design parameters of a 

helicoid b=0.03; r=0.025 m; R=0.15 m and friction coefficient f=0.3 are the same. In all the cases a particle 

gets onto the surface of a helicoid on a contact line with a shaft and has angular initial velocity, which is 

equal in value ω but opposite in sign. This condition is met at setting an initial value αꞌ at numerical 

integration of the set (14).  

 

 

 

Fig. 4 - Trajectories of movement of a particle at β=0
0
; ω=20 rad/s 

 

 

 
 

Fig. 5 - Trajectories of movement of a particle at β=30
0
; ω=-20 rad/s
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Fig.6 represents relative paths of a right helicoid (β=0). For the specified angular velocities of 

rotation the period of time needed to reach the casing is 0.28 s, 0.25 s and 0.24 s (the time periods are 

ordered corresponding to the increasing velocity of rotation ω). 

 
Fig. 6 - Trajectory of sliding of a particle at β=0 and different values of an angular velocity ω 

 
Figs. 7, 8 show the paths of particle sliding on the surface of a skew helicoid, the rectilinear 

generators of which are slopped upward (Fig.7) and downward (Fig.8). 
 

 
Fig. 7 -Trajectory of a particle sliding at β=30º and different values of an angular velocity ω 

 

Corresponding to the increasing velocity of rotation ω, the time needed to reach the casing is 0.41 

s, 0.325 s and 0.28 s for a skew helicoid (Fig. 7) and 0.22 s, 0.1 s and 0.2 s for a skew helicoid (Fig.8). 

Thus, a particle reaches a casing the fastest on the surface of a skew helicoid with the generators slopped 

downwards.  
 

 
Fig. 8 - Trajectory of a particle sliding at β=-30º and different values of an angular velocity ω 

 

Fig. 9 a) shows a change in height Н, through which a particle rises when reaching a casing at ω=-

20 rad/s for the three surfaces presented: 1 – a right helicoid (β=0), 2 – a skew helicoid, the generators of 

which are slopped upward (β=30
0
), 3 – a skew helicoid, the generators of which are slopped downward 

(β=-30
0
), and Fig. 9 b) – graphs of behaviour for the rates of rise.  
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a)                                                                                            b) 

Fig. 9 - The graph of a modification of height (а) and velocities of lifting (б) 

 

It appears to be interesting to consider in greater detail particle sliding on the surface of a skew 

helicoid, the generators of which are slopped upward. As it has been previously discussed, in a cone a 

particle can fall down at inefficient angular velocity of rotation ω. A particle behaves this way on a helicoid. 

When a helicoid with parameters β=30
0
, b=0.03 and friction coefficient f=0.3is rotating, a particle moves 

upward over its surface at angular velocity of rotation ω>8 rad/s. At ω=8 rad/sa particle starts sliding, but 

stops with time and begins to rotate together with a helicoid (Fig.10). When a helicoid is fixed (ω=0), a 

particle begins to move downward and its motion is stabilized and it continues to move in a helix. Within 

the range of angular velocities 0<ω<8 rad/sa particle moves downward and with time it enters the 

trajectory, along which it slides at ω=0. 
 

 
Fig. 10 - Trajectory of sliding of a particle at β=30º and different values of an angular velocity ω 

 

Finally, let us investigate the influence of a helicoid pitch on particle sliding on the surface of a 

helicoid. Fig. 11 illustrates a side view of a right helicoid, where there are relative paths for various values 

of a helix parameter shown (a side view of the surface and of the paths are the same for various values 

b). A helicoid (β=0, f=0.3) rotates at constant angular velocity ω=-20 rad/s.  
 

 

Fig. 11 - Trajectory of a particle sliding at different values of screw parameter b 
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In all the cases a particle gets onto the surface at point А. Visually, path projections are not much 

different from one another (that includes at b=0, when the surface of a helicoid transforms into a flat disc). 

Moreover, there is a minor difference in the time needed to reach a casing (0.44 s, 0.25 s, 0.29 s and 0.54 

s corresponding to the increasing helix parameter b). However, the difference in the height Н, through 

which a particle rises, is great. Fig.12 shows the graphs of a change in height corresponding to 

approaching a casing by a particle.  
 

 
 

Fig. 12 - The graph of a particle lifting height modification for different values b 

 

The graphs are constructed only for two greater values of helix parameter b, since for smaller 

values these heights are incommensurable and close to zero. Theoretically, it turns out that at helix 

parameter b=0.5 a particle can move upwards for about 4 m before it contacts a casing. Fig. 11 illustrates 

that it makes nearly a complete turn about a shaft and only then it begins to move to the periphery. In 

actual practice it may be not exactly the same, as it is, for example, in a known problem of rotating disc 

particle scattering. According to theoretical results, it is possible to attain any high rate of scattering by 

means of increasing angular velocity of disc rotation; however, experience has shown the advisability of 

certain limitations.  

In order for a particle to move upwards, it is necessary to supply a proper angular velocity of 

rotation of a helicoid. For example, combination of b=0.5 and ω=-20 rad/s results in particle rise for about 

4 m and at ω=-10 rad/s this rise is a bit more than 1 m, then it is followed by a particle downward motion 

(Fig.13).  At ω=0 a particle begins to move downward instantaneously.  

 
 

Fig. 13 - The graph of a particle lifting height modification for different values ω (b=0.5) 

 

Thus, particle sliding on the surface of a helicoid till it contacts a casing takes split seconds; that is to 

say, the main time of upward material transportation is on its contact with the surface of a cylindrical 

restrictive casing. It restricts further slipping of the material to the periphery of the surface and makes 

particles move in a helix – an outer edge of the restricted module of a helicoid. Let us consider particle 

motion for this case.  

Since particle motion takes place at u = const, then uꞌ=uꞌꞌ=0. Taking that into account, projection 

expressions of absolute acceleration vector (7) are simplified. Besides, reaction force of a cylindrical casing 

сN appears, from which the force of particle friction on the surface of a casing fcNc arises, where fc–

coefficient of particle friction over a casing. Reaction vector сN is directed inside the casing normal to its 

surface, that is why, its projections are written as follows: 



Vol.51, No.1 /2017  INMATEH –

24 
 

 cos ; sin ; 0                                                                    (15) 

As in the previous case, it is turned through angle φ=ωt, so that it corresponds to the point of the 

position of a particle on a helical line – an outer edge of a helicoid: 

    cos ; sin ; 0t t                                                           (16) 

The expression of a vector (11) of normal to a surface does not include the derivatives of u=u(t), that is 

why, it remains unchanged. The forces of particle friction on a casing side and a helicoid surface are directed 

along the tangent to a relative path, the direction of which can be obtained if uꞌ=uꞌꞌ=0 is substituted into (12): 

2 2 2

2 2 2

2 2 2

cos sin( )

cos

cos cos( )

cos

cos

u t

u b

u t

u b

b

u b

 
 
 
 

 
 

 
 
 
  

  



  





                                                           (17) 

Force of friction on the side of a casing fcNc  in our case is the force that makes a particle move upward 

on a helical line. If a casing is rotating together with a helicoid, a particle does not slide on its surfaces along 

a helical line at all. This case can be compared to the one, when a man has a ride on a merry-go-round and 

a centrifugal force presses his back against the wall, which is rotating together with him. If the back wall (a 

cylinder) was fixed, friction force on the man’s back would try to get him moving. It is the same with a particle 

on a helical line of a little rise (less than that of a friction angle). That is why friction force fcNc has a positive 

direction, which coincides with the direction of particle sliding. Taking this into account, it is possible to work 

out a set of differential equations of particle sliding: 
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(18) 

Let us substitute the projections of absolute accelerations into (18), taking into account that 

uꞌ=uꞌꞌ=0. After solving the set (18) for variables αꞌꞌ, N, Nc, we obtain: 
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         (19) 

When analysing expression αꞌꞌ in (19), it is possible to conclude, that it includes all the constant 

values, except αꞌ. It means, that provided αꞌ=const, αꞌꞌ=0, that is to say we can equate this expression to zero 

and solve it for αꞌ. It will be the value of constant angular velocity of particle sliding on a helical line (helicoid 

periphery) about its axis after the motion becomes steady. Because of the awkwardness this expression is 

not presented, and the necessary calculations will be made at β=0, that is for a right screw conoid, known as 

a screw in technology. At that the expressions (19) are significantly simplified: 
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Having equated the expression (20) to zero and having solved it for αꞌ, we obtain angular velocity of 

particle sliding on a rotating helical line – a screw periphery: 

 
2 2c

с

g b uf

uf b u


   


                                                                 (21) 

Formula (21) allows defining angular velocity of slidingωs at the set design parameters of a screw, 

angular velocity of its rotation ω and friction coefficients f and fc. For example, at b=-0.03; u=0.15; f=0.3; 

fc=0.3; ω=20 rad/s angular velocity of particle sliding is ωs=-15 rad/s. Fig. 14 shows relative – 1 and absolute 

– 2 paths of particle motion at the specified parameters during one second. According to the last expression 

(6), the rate of particle rise (at u=const) is the following:  bz . In our case it is 0.45 m/s. During one 

second there is a particle rise of 0.45 m (Fig.14,а). It is obvious, that at small angular velocities of screw 

rotation a particle does not move upward, that is to say, angular velocity of particle sliding is zero. Having 

equated the expression (21) to zero, we obtain a critical value of angular velocity of screw rotation, at which 

a particle rise is possible: 

 
2 2сr

с

g b uf

uf b u





                                                                 (22) 

At the set parameters, critical angular velocity of screw rotation must be more than -5 s
-1

, in absolute 

magnitude (the minus sign means that angular velocities of screw rotation and particle sliding are oppositely 

directed). Since we take a helix parameter b with a negative sign, it is possible that the expression in 

parentheses in (21) equals to zero. It corresponds to the case, when the angle of helix (screw periphery) is 

equal to the angle of particle friction on the surface of a screw. Then, according to (22) ωs>0, that is to say, 

at minimum speed of screw rotation a particle moves upward and its angular velocity is maximum, in other 

words it equals to angular velocity of screw rotation as exemplified by (21). It means that in absolute motion 

a particle moves upward in a straight line (Fig. 14, b).  

 
 

а)     b) 
 

Fig. 14 - Relative -1 and absolute – 2 trajectories of movement of a particle at  
u=0.15 m; f=0.3; fк=0.3; ω=20 rad/s: а) b=-0.03; b) b=-0.045 

 

The behaviour of a particle, when the angle of helix is equal to the angle of friction can be illustrated 

by the example of a fixed screw. If we assume, that the surface of a casing is absolutely smooth, that is fc=0, 

a particle can either be at rest or move downward in a helix with constant speed, in other words, the forces 

exerted on it are balanced. At fc>0,  a particle can be only at rest, because friction on the casing prevents its 

downward sliding, and in case of screw rotation, friction force, which arises, makes a particle slide in a helix 

and move upward. At that, balance of forces is set up as well, but taking into account the arisen force of 

friction on the casing, which is a driving force for a particle. If the angle of helix is higher than the angle of 

particle friction on the surface of a screw, then at fc=0 and a fixed screw a particle slides in a helix and moves 

in downward direction with constant acceleration. At fc>0 the arising force of particle friction on the casing 

acts as a braking force, which remains the same in the case of screw rotation, that is to say at the rotating 

screw a particle slides in a helical line and moves downward. 
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Thus, the maximum rate of particle rise is in the case, when the angle of helix (screw periphery) is 

equal to the angle of particle friction on the surface of a screw. If the angle of helix is higher than the angle of 

friction, an inverse process begins – a particle slides downward in a helix. Hence, there is a restriction on the 

numerical value of a helix parameter b – in absolute magnitude it must be less than a numerical value uf: 

b≤uf. For the given example, the maximum rate 0.9 m/s of particle rise is at b=-0.045 (Fig. 15,b). At b=-0.03 

the rate of rise is twice less and equals 0.45 m/s (Fig. 15,а). The less if friction coefficient f, the less is the 

boundary value of a helix parameter b according to the expression b≤uf. This means, that in the case of 

absolutely smooth surface of a screw, particle rise is impossible at any values of a helix parameter b. For the 

existing design of a screw (at b=-0.03 and u=0.15 m) the decrease in friction coefficient  f from 0.3 to 0.2 

results in the increase of the rate of rise from 0.45 m/s to 0.6 m/s at angular velocity of screw rotation ω=20 

rad/s. However, at further decrease in friction coefficient f particle rise is impossible, because the condition 

b≤uf is not met. Value b=-0.03 at f=0.2 and u=0.15 m becomes a boundary one for a particle rise in the 

version illustrated in Fig. 15,b. Thus, the maximum rate of rise is higher for a particle with a greater 

coefficient of friction on the surface of a helicoid (in our variant 0.9 m/s at f=0.3 and 0.6 m/s at f=0.2) and for 

a helix parameter b must have a boundary value b=uf. 

Coefficient of particle friction on the casing fc has insignificant influence on the rate of its rise.  With the 

increase of value fc the rate slightly increases and when there is a decrease – it reduces. There is a limit 

minimum value of friction coefficient fc, at which a particle rise is possible. We obtain it by having equated 

(21) to zero and having solved it for fc: 

2 2 2с

bg fgu
f

u b u





                                                                    (23) 

 For b=-0.03; u=0.15 m; f=0.3; ω=20 rad/s the value for the friction coefficient of a particle about the 
casing must be fc>0.016. 
 
CONCLUSIONS 

A rough surface of a rotary vertical axis helicoid can move a particle over its surface and as a result of 

sliding, it moves upward.  

A slope angle of rectilinear generators of a helicoid influences a rate of rise in a certain way, but does 

not change the process regularity significantly.  

If a pitch of a helicoid increases, the rate of rise increases as well at proper angular velocity of rotation 

of a helicoid. When rising, a particle moves a long distance away from the axis. If a restrictive cylindrical 

casing is used, the process of particle sliding on the surface is sort-term. Further particle rise is carried out by 

its sliding on a rotating helical line – helicoid periphery. At that, restrictions are placed on the angle of helix 

depending on the coefficient of particle friction on the surface of a helicoid and the radius of a restrictive 

cylindrical casing.  

Coefficients of particle friction on the surface of a helicoid and that of a casing influence the rate of its 

rise in different ways.However, if at least one of them is equal to zero, a particle rise is impossible. 
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ABSTRACT 

Based on the theoretical analysis of root crops lifting process, the simulation models are shown 

describing the relation of the feed per second of root crops coming to the cleaners, or the change of the 

cleaner required throughput capacity depending on the vibrating lifter design parameters, agro-biological 

characteristics of chicory root crops and working conditions of root-gathering machine. 

 

РЕЗЮМЕ  

На основі теоретичного аналізу процесу викопування коренеплодів наведено розрахункові 

математичні моделі, які характеризують взаємозв’язок секундної подачі вороху коренеплодів до 

очисників, або зміну необхідної пропускної здатності очисника залежно від конструктивних 

параметрів вібраційного копача, агробіологічних характеристик коренеплодів цикорію и умов 

роботи коренезбиральної машини.  

 

INTRODUCTION 

Separation of chicory root crops, which is dug by the working parts and subsequently enters the 

cleaning transport technology systems, is one of the most important and complex operations in the work of a 

root-gathering machine. The separation of soil, free and adhering to the surface of root crops, as well as 

plant impurities, is a priority in the general context of compliance with agronomic requirements for impurities 

purification process, namely with the quality of raw materials and final products of its processing (Voytyuk et 

al., 2015). 

In addition to their separating abilities, root crops cleaners are also characterized by operational and 

technological criteria, including technological throughput capacity, or feed per second of root crops regulates 

the cleaning performance of root-gathering machine working parts, or the ability to handle root crops 

components without their loading on the working surfaces while minimizing overall damage and loss of root 

crops (Baranovsky V.M., 2008). 

 

MATERIALS AND METHODS 

To justify the rational constructive-kinematic parameters of the combined chicory root crops cleaner 

(Ramsh et al., 2011), respectively, to minimize its parameters under satisfactory technical indicators and 

performance parameters, the first priority is the theoretical study of the final cleaner’s capacity based on 

analysis of the feed per second of dug crops to its working parts. 

The purpose of this research is the further development of the theoretical aspects of root crop 

cleaners’ parameters and operating modes optimization. 

 

RESULTS 

The criterion for the calculation of a root crop cleaner operation process is based on the condition that 

the throughput capacity of a cleaner working parts within a time interval 1t  sec must be equal to or greater 

than the total feed per second of the crop feeding to them from the previous transport systems of a root-

gathering machine, so the following condition should be provided: 
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dt/dWdt/dW co  , or co WW                                                            (1) 

Where: 

 oW  – throughput capacity (or performance) of a cleaner, [kg/s];  

          cW  – total feed per second of the crop, [kg/s].  

To calculate the total feed per second of the crop ckW , which is dug by the lifter of a root-gathering 

machine from n -th root rows and further theoretical substantiation of the crop cleaner parameters, consider 

the design scheme of digging root crops using vibrating lifter shown in fig. 1. 

Fig. 1 - Scheme for calculating the crop feed using share-type lifter 

1 - lifter; 2 – root crop 

 

The total crop feed dt/dWc , which will be supplied to the cleaner after lifter digging, except for the 

main operating factors (number of root crop rows being dug, lifter velocity, lifter running depth, level of root 

crop yield, agro-physical state of the soil, etc.) also depends on the separating capacity of the subsequent 

separating systems after the lifter, namely, on the value of free impurities separation factor. 

Given (1) and assuming that there is no loss of root crops during the crops transfer by the transport 

systems to the cleaner, we can calculate (Baranovsky V., 2014): 

 dt/dWdt/dW cko  , or cko WW                                                        (2) 

where ckW  – the total feed per second of the root crops, [m/s];  

            – separation factor of free impurities on their path to the cleaner. 

The feed of dug crops by vibrating lifter from one root crops row dt/Wd ck
  is the feed sum of every j

-th composite components of the crops: root crops dt/dW1 , soil t/dW2 , plant impurities dt/dW3 , and: 

dt

Wd

dt

Wd

dt

Wd

dt

Wd

dt

Wd

j

ckck j 321

3

1
















                                                     (3) 

where 
dt

Wd ck


 – feed of root crops from a single row, [kg/s];  

          
dt

Wd 1

, 

dt

Wd 2


, 
dt

Wd 3

 – feed of root crops, soil, plant impurities from a single row, respectively, [kg/s];  

         j  = 3 – number of components of the crops: root crops, soil, plant impurities. 

The total crop feed dt/dWc  from n -th root crops rows, which are dug simultaneously, equals the 

crop feed amount of each n -th row, or in accordance with (3) – the total feed amount of crop individual 

components of each n -the row: roots, soil and plant impurities: 
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where : 

 
dt

dW11 , 
dt

dW21 , 
dt

dWn1  – feed of root crops by the lifter from the first, second,..., n -th row, respectively,  

[kg/s];  

          
dt

dW21 , 
dt

dW22 , 
dt

dW n2  – feed of groundwater impurities by the lifter from the first, second,…, n -th row,  

respectively, [kg/s]; 

          
dt

dW31 , 
dt

dW32 , 
dt

dW n3  – feed of plant impurities by the lifter from the first, second,…, n -th row, 

respectively, [kg/s]. 

To calculate the feed of crop components by the lifter from a single row, that is, root crops, soil and 

plant impurities that are dug directly by the lifter working body, consider the process of lifting chicory root by 

the working body of ploughshare type lifter and further transportation of excavated crops by the transport 

systems of the machine to the combined root crops cleaner. 

Based on the postulate that the feed of any material is the mass of an object (body), which is dug in the time 

interval t  [s], and the mass of a solid body in general is Vm  , where V  – body volume [m
3
];   – specific 

weight [kg/m
3
] (Byrd J., 2008), then and taking into account (4) we can write: 
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                       (5) 

where 11V , 21V , 1nV  – volume of root crops, which are dug by the lifter from the first, second,..., n -th row, 

respectively, [m
3
]; 

          12V , 22V , 2nV  – volume of soil, which is dug by the lifter from the first, second,..., n -th row, respectively,  

[m
3
]; 

          13V , 23V , 3nV  – volume of plant impurities, which are dug by the lifter from the first, second,..., n -th row,  

respectively, [m
3
];  

          1 , 2 , 3  – specific mass of root crops, soil, plant impurities, respectively, [kg/m
3
]. 

To determine the appropriate amount of roots, soil and plant impurities, consider the equivalent 

scheme, which is shown in fig. 2.  

During the movement of the vibrating lifter 1 (fig. 1), with forward speed kV , in the time t , it passes 

the way tVS kk   [m] and cuts a groove in the soil at a depth of plowshares stroke h , which is limited by the 

spatial shape contour 1111 ABCABCDD  (fig. 2). In this space of the groove formed by plowshares in the time t

, there are crop components: roots, soil and plant impurities, the amount of which constitutes the general 

crop feed dt/dWck , or adequate mass dt/dmck  of the dug root crop, which is dug by the lifter from n -th 

rows in the time t .  

In addition to it, the lifting process of root crop and its subsequent transportation by the transport 

systems has the following technological features: 

- in the process of the mass of lifting root crop dt/dmck , which is inside the groove 1111 ABCABCDD , 

part of the soil dt/dm2  and plant impurities dt/dm3  is extensively dressed, and some of the root crops 

dt/dm1  is not lifted, or is lost in the course of its movement through the working bodies to the subsequent 

lifter transporting systems of the root-gathering machine (Iamkov O.V., 2006); 

- then, in the process of transporting the lifted soil and plant impurities, primary separated by the lifter, 

to the cleaner, their secondary separation is also performed on the working surfaces of the respective root-

gathering machine transport systems. 

The impurities separated and moved to the cleaner, together with supplied root crops, will compose 

the total crop dt/dWc , which comes to the combined cleaner. 
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Fig. 2 – Scheme for calculating the groove volume  

 

Then, to the specified pattern of the operation analysis of the lifter working bodies and root-gathering 

machine transport systems, we can write: 
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where kk1 , kk2 ,…, nkk  – accordingly, the loss factor of root crops by vibrating share-type lifter from the first, 

second,..., n -th rows;  

          1 , 2 ,…, n  – respectively, soil separation factor by vibrating share-type lifter from the first, 

second,..., n -th rows;  

          p1 , p2 ,…, np  – respectively, separation factor of free plant impurities by vibrating share-type lifter 

from the first, second,..., n -th rows;  

          2 , 3  – respectively, separation factor of soil and free plant impurities of root crops after their lifting 

and moving by root-gathering machine transport systems on the way to the combined cleaner. 

Thus, in a first approximation, we can write that the total root crops feed going to the working bodies of 

the combined cleaner is: 
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where kk ,  , p  – accordingly, the total loss factor of root crops, soil separation and free plant impurities 

from n -th rows. 

To use the characteristics of plantations and root crops as a stationary random sequence for the 

analysis of lifters operation processes, they are reduced to the argument, which is adopted in dynamic 

problems: the time and the speed by converting the correlation rate and the corresponding spectral density 

(Pogorely and Tatianko, 2004).  

By the nature of auto- and inter correlation functions, it is found that the correlations of dimensional 

characteristics of adjacent root crops have a specific feature: close to a major root crop, there is often a 

small, and behind it - an average one (Bulgakov et al., 2009).  

On this basis, the root crop feed from a single line dt/Wd 1
  will be the sum of every root crop feed 

dimensional of every j -th dimensional parameters, that are inside the groove 1111 ABCABCDD , while the 

functional dependence of root crops from one line takes the following form: 
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where 
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 – the total root crops feed of j -th dimensional parameter from a 

single line, respectively, [kg/s];  

          u  –number of parametric root crops rows with the same dimension values, lifted from a single line;  

          1N , 2N ,…, uN  – number of identical root of j -th dimensional parameter lifted from a single line, 

respectively, [pcs.]. 

The total root crops feed 


n

i

i dt/dW
1

1
 consists of the sum of root crops feeds dt/Wd 1

  from every n -th 

row, and its functional relation is of the form: 
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where 11N , 21N ,…, 1uN ; 12N , 22N ,…, 2uN ;…; nN1 , nN2 ,…, unN  – number of root crops with the same j -th 

dimensional parameters of each n -th row, [pcs.]. 

After transformation and simplification, let’s write the relation (9) in the following form: 
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The volume of root crop kV  (fig. 1) equals the sum of the volumes of a root crop head and body:  
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where kk D,Lh 501   – length of the root crop body, [m];  

          kL , kD  – total length and diameter of the root crop head, respectively, [m]. 

Assume that: 
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where 11N  , 21N  ,…, 1uN  ; 12N  , 22N  ,…, 2uN  ;…; nN1
 , nN2

 ,…, unN   – number of root crops with the same j -th 

dimensional parameters on one running meter of each n -th row, [pcs.];  

           dt/dSk  – number of linear meters run by the lifter in the time t , [r m/sec]. 

To simplify the problem, we take the basic assumption that the number of root crops of j -th 

dimensional parameter on one running meter in each n -th row is the same, that is 112111 NN...NN n  , 

222212 NN...NN n
 , unuuu NN...NN  21  we obtain the dependence for determining the total root 

crops feed dt/dW1 , coming to the screws of the cleaner from n -th rows: 
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The total soil feed dt/dW2 , dug by the lifter, is the sum of the soil feeds dt/Wd 2
  from every n -th row.  

With that said, the soil feed 2V  , inside the groove bounded by spatial figure 1111 ABCABCDD  (fig. 2) 

immediately dug by the share-type lifter from a single row in the time t , equals the difference between the 

soil feed volume inside the groove dt/dV  and the sum of underground parts volumes dt/Vd

u

j

k j
1

 of j -th 

dimensional parameters of root crops 2 (fig. 1) from the n -th row, inside the groove 1111 ABCABCDD , that is: 
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where:  

 V  – volume of the groove of spatial shape 1111 ABCABCDD  of a single row, [m
3
];  

          



u

j

k j
V

1

 – sum of underground parts volumes of root crops that are in the space of the groove 

1111 ABCABCDD  of a single row, [m
3
];  

          kV1 , kV2 ,…, ukV  – volume of one root crop underground part of j -th dimensional parameter, in a 

single row, respectively, [m 
3
]. 

 

The sum of underground parts volumes of root crops from a single row in the area of the groove 

1111 ABCABCDD  equals: 

      ukukuukkkkkkk

u

j
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j

505050
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

                      (15) 

where:  

 



u

j

k j
V

1

 – sum of underground parts volumes of root crops from a single row in the area of the groove 

1111 ABCABCDD , [m
3
]. 

 

Given (14), (15), the total feed of the soil dug directly by the lifter from n -th rows of root crops is 

determined by the formula: 
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 .                       (16) 

The volume of the spatial figure groove bounded by 1111 ABCABCDD , is the sum of the parallelepiped 

volume nV  and prism double volume npV  (fig. 2), and: 

   htgbhSbbhSShbbhSVVV kkkknpn  112                                   (17) 

where: 

 h  – average running depth of share-type lifter, [m];  

          b  – front socks gap of plowshares at soil surface level, [m];  

          kS  – path run by the lifter t , [m];  

            – tilting angle of plowshare lateral plane to a vertical plane parallel to the velocity attitude of the 

lifter movement, [degrees]. 

 

Given (14) (16) (17) and with the assumption that    n...21 , we obtain the dependence 

for determining the total feed of soil dt/dW2 , coming on the screws of the cleaner from n -th rows: 
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Similarly, the total feed of plant impurities dt/dW3 , dug by the lifter, is the sum of plant impurities feeds 

dt/Wd 3
  from every n -th row.  
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Plant impurities feed dt/Wd 3
 , dug by the lifter from a single root crop row, according to assumption, is 

made up of the feed of free tops lost by tops-gathering machine, residues of tops on the heads of root crops 

and feed of weeds that are inside the upper area of the figure 11ADDA  (fig. 2), formed by the groove

1111 ABCABCDD , that is: 

dt

Wd

dt

Wd

dt

Wd

dt

Wd zbv 3333











                                                          (19) 

where  

 
dt

Wd v3


, 
dt

Wd b3


, 
dt

Wd z3


 – feed of lost tops, weeds and tops residues on the heads dug by the lifter from 

a single root crop row, [kg/s]. 

 

According to the agronomic requirements to tops-gathering machine, the loss of free tops, cut by the 

machine working bodies and tops residues on root crops heads must not exceed 10%, respectively 8% of its 

yield and weed weight - no more than 0,1 kg/m
2
 (Bulgakov et al., 2009, Baranovsky and Potapenko, 2016).  

Then, taking the maximum values of these parameters and using (19), the feed of plant impurities

dt/Wd 3
 , directly dug by vibrating lifter from a single root crops row, is determined by the formula: 

 
dt
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,
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Wd k
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k
g 08011010080103 


                            (20) 

where: 

 gU  – tops yield, [kg/m
2
];  

           htgbSBSF kkkk 2  – area of top base of the figure DDAA 11  of the groove 1111 ABCABCDD , [м
2
]; 

          kB  – coverage width of plowshares of vibrating lifter, [m]. 

 

Assuming pnppp ...   21 , we obtain the dependence for determining the total feed of plant 

impurities dt/dW3 , coming on the cleaner screws from n -th rows: 

     3
3

3
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
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 .                                (21) 

Thus, given (13), (18), (21), the dependence for determining the total feed dt/dWc  of dug root crops 

from n -th rows, coming on the cleaner screws has the following form: 
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After simplifying equation (22) and taking, in accordance with (2)   32  and denoting 

components      
nVkukukuukkkkkkk D,LND...D,LNDD,LND  505050 2

22

2

2111

2

1 2
, VFhtgb   2 , 

      Vkukukuukkkkkkk D,LND...D,LNDD,LND  505050 2

22

2

2111

2

1 2
, we obtain the dependence 

characterizing the relation of change of root crops feed to the screws of combined cleaner or change of the 

cleaner required throughput capacity according to the vibrating lifter plowshares design parameters, 

agrophysical characteristics of root crops plantations and machine conditions: 
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Where: 

 kkk VPdt/dS  , where kP  – number of running meters run by the lifter in the time of 1 s;  

          kV  – forward speed of the lifter [m/s], but in this case, dimension kV , can be written as [r m/s] because 

of matching the symmetric difference of sets (Husak and Brichkina, 2012);  

          NN...NN u  21 , where N  – average number of chicory root crops per 1 r m;  

          kukkk DD...DD  21 , where kD  – average diameter of root crops head, [m];  

            kkckkckukukkkkk DhD,D,hD,LD,L...D,LD,L  505050505050 2211 , where kL  – average 

total length of sugar beet root crops, [m];  

          hD,LD,L...D,LD,L kkukukkkkk  50505050 2211 ; sinlab 2 , where a  – rear 

plowshares gap, [m];  

          l  – coulter blade length, [m];  

           – half angle of plowshares noses, [degrees]. 

 

In addition, formulas (13), (18) and (21) will have the form:  
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;                                                      (24) 
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Fig. 3 – Dependence area between change of root crops feed per second cW , lifter operating velocity kV   

and root crops diameter kD (a); б – dimensional section cW  



Vol.51, No.1 /2017  INMATEH –

37 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4 – Dependence of change cW  and lifter operating velocity kV  

1, 2, 3 – kn  = 2, 4, 6;   = 0,4; 4, 5, 6, – kn  = 2, 4, 6;   = 0,5 

 

At initial conditions, when N  6 [pcs.]; a  0.07 [m]; l 0.2 [m];   30 [degrees]; h  0.09 [m];  

  12 [degrees];   0.4; p  0.7;   0.4; 2  1500 [kg/m
3
]; gU  3.0 [kg/m

3
]; 1  550 [kg/m

3
]; 

kk  0.015 and according to formula (23), we constructed the dependence area between change of root 

crops feed per second cW , coming to the combined cleaner screws and vibrating lifter operating velocity kV  

and root crops average diameter kD  (fig. 3a) and its dimensional section (fig. 3b) for corresponding values 

for the number of rows n .  

The analysis of the characteristic curve shows that changing the root crops feed per second cW  

depending on the machine velocity kV  and the number of rows n , being collected at the same time, is 

directly proportional.  With the increase kV  from 1,4 to 1.8 m/s the root crops feed per second cW , coming to 

the cleaner screws when gathering 2 rows of root crops with average diameter kD  0.12 m increases from 

76 to 96 kg/s, that is approximately 1.3 times (fig. 3). Accordingly, for the 4 and 6 rows - from 150 to 195 kg/s 

and 225 to 295 kg/s, that is also about 1.3 times, that is also characteristic to the analysis of straight 

proportional change of dependences cW , which resulted in fig. 4, with the increase of rows number from 2 to 

6, the root crops feed per second cW  coming to the cleaner screws increases by about 3 times. 

Second serve lots cW  depending on the increase of diameter kD  of root crop from 0.08 to 0.12 (m) 

grows in insignificant limits – an average of 3.4 kg/s. 

 

CONCLUSIONS 

The obtained dependence is the simulation mathematical model which describes the relation between 

the changes of root crops feed per second cW  to the cleaner screws or change of the cleaner required 

throughput capacity oW  according to the design parameters of the vibrating lifter plowshares, agrophysical 

characteristics of root crops plantations and machine operating conditions. 

This model is the optimization dependence in the context of further substantiation of constructive-

kinematic parameters and operating modes of cleaning working bodies of root crops gathering machines. 
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ABSTRACT  

 Corn stalk pith (CSP) is porous and highly elastic, which makes it an excellent renewable packaging 

material with good cushioning properties. This paper investigated some important mechanical properties of 

corn stalk pith. The effects of moisture content, internodal position and variety on corn stalk pith’s tensile 

strength and the Young’s modulus were experimentally determined. A discrete element model (DEM) was 

developed to simulate the tensile testing process. It was found that the mechanical properties of corn stalk 

pitch were highly variable, with a tensile strength in the range of 0.2-1.35MPa, and Young’s modulus 0.02-

0.19GPa. The tensile strength of CSP increased with moisture content, while the Young’s modulus showed 

the opposite tendency. From the DEM simulations of the load-displacement curve of CSP, the values of key 

mechanical properties in the DEM were determined: the normal stiffness coefficient kn = (0.5-3) x 10
6
 N/m; 

the tangent stiffness coefficient ks= 1.0x10
6
N/m; the normal bonding coefficient n-bond = (5-50) N/m

3
; and 

the tangential bonding coefficient s-bond = (10-50) N/m
3
. These values provided important and necessary 

data for further analysing the mechanical properties of packaging materials made of CSP. 
 

摘要 

玉米秸秆内穰细胞疏松多孔、弹性大，是缓压减震包装材料的一种主要原材料，其力学特性对包装材

料的强度等性能指标具有重要影响。本文对玉米秸秆内穰的拉伸特性进行深入探究；测试了含水率、节间位

置及品种对玉米秸秆内瓤抗拉强度和弹性模量的影响；建立离散元模型模拟了拉伸过程中的力学行为。研究

结果表明：随含水率增加秸秆内瓤的抗拉强度增大，而弹性模量减小；秸秆内穰抗拉强度为 0.2-1.35MPa，

弹性模量为 0.02-0.19GPa。在设定的含水率下，模拟得到了玉米秸秆内穰拉伸变形图和载荷位移曲线，获得

了离散元模型的主要力学特性参数：法向刚度系数 Kn= （ 0.5-3 ） ×10
6
 N/m ，切向刚度系数

Ks=1.0×10
6
N/m，法向粘合系数 n-bond=(5-50)N/m

3，切向粘合系数 s-bond=(10-50)N/m
3。上述研究结果为

分析和确定基于秸秆内穰的包装材料性能指标提供理论参考。 

 

INTRODUCTION 

Corn stalk is an important renewable resource. A lot of research and exploration of the potential 

usage of corn stalk have been conducted (Husseien M. et al., 2009; Igathinathane C. et al., 2010; Li 

Zhiyong et al., 2012). Corn stalk has complex mechanical properties, due to its inhomogeneous 

compositions and structures. For example, corn stalk rind has high lignin content and strength, which 

makes it a good raw material for making paper and biocomposites (Speck Thomas et al., 2011) . In 

contrast, corn stalk pith (CSP) is porous and highly deformable, and thus uniquely suited as a good 

cushioning packaging material (Rousserie F et al., 1997). To fully explore the potential of corn stalk pith as 

a “green” material for industrial usage, the knowledge of mechanical properties of CSP is critical, such as 

the strength and elasticity. These properties dictate the performance of final products derived from CSP, as 

well as equipment design for processing CSP. For example, damages of pith structure during processing 

may affect the packaging material’s effectiveness. Limited information exists in the literature on the 

mechanical properties of CSP. The objectives of this study were to: (1) determine several critical 

mechanical property parameters, such as the tensile strength and Young’s modulus, as affected by 

moisture content, intermodal position for different corn varieties; and (2) develop a discrete element model 

(DEM) to simulate mechanical behaviour of CSP. 
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Many studies of the mechanical properties of corn stalk have been conducted to explore the potential 

use of this renewable material. Reddy, et al.(Reddy Narendra et al., 2005) investigated the structure of corn 

stalk rind fibre using a tensile tester, X-ray diffraction and a scanning electron microscope. Their tensile test 

results showed that the tensile strength range was 1.5-4.5g per denier. Rodriguez, et al.(Panthapulakkal 

Suhara et al., 2007; Rodriguez Manuel et al., 2010) derived the intrinsic tensile strength of the 

polypropylene composites that constitute the corn stalk; The tensile tests conducted in their study showed 

corn stalks strength to be 460-670 MPa. Von, et al.(Von Forell Greg et al., 2015) studied the influence of 

structure and moisture content on the mechanical properties of corn stalk and determined the ultimate 

strength and the Young’s modulus. Their study was based on simulations of a finite element model (FEM), 

and the results revealed that the diameter of the corn stalk had a significant impact on the bending strength. 

The results also suggested a new strategy for breeding and developing maize varieties for producing 

bioenergy, specifically, counterbalancing tissue weaknesses by relatively small increases (e.g. 5%) in stalk 

diameter that reduced structural stresses. Hu, etc.(Hu H. et al., 2013; Peiffer Jason A et al., 2013; Zhong-

Zhen Sun et al., 2013) conducted three and four points bending tests to measure the bending strength and 

Young’s modulus of corn stalk and developed a viscoelastic model. They concluded that the viscoelasticity 

of corn stalks was closely related to the corn stalk variety, moisture content and intermodal position. Zhang, 

et al.(Zhang L. et al., 2016) measured the average values of Young’s modulus and tensile strength of corn 

stalk rind to be 122.26 MPa and 19.31 GPa, respectively. Chen, et al. determined the tensile strength of 

corn stalk rind to be 67.2MPa (Chen Zhengguang et al., 2012). Huang, et al.(Liao Na. et al. 2011) 

measured corn stalk pith’s viscoelastic coefficient in a transverse compression experiment and developed a 

FEM model to simulate the compression and stress relaxation processes.  

Corn stalk pith is porous and voids in the structure frequently occur after the material is dried. Studies 

(Wang Donghai et al., 2002) have shown that the mechanical properties of corn stalk pith are highly related 

to its microstructure. This means that the models for porous materials, such as DEM, would be better suited 

for capturing the effect of microstructure of corn stalk pith. The DEM models have been utilized to model 

the mechanical behaviours of porous materials, such as soil, rock and concrete (Cundall Peter A, 1988; 

Hart R. et al., 1988; Qin Chuan et al., 2013). Based on an intensive literature review, we know that corn 

stalk pith may be approximated by bonding discrete spherical particles that represent the porous corn stalk 

pith. This paper focuses on the development of a discrete dynamic model for corn stalk pith using 

commercial DEM software and an experimental validation of the simulation results by means of a tensile 

testing experiment. The remainder of this paper is organized as follows. Section 3 describes the corn stalk 

pith tensile tests, presents the tensile test method and process. Section 4 focuses on the development of 

the DEM model. It explains discrete element contacting theory; introduces the setup of the model, including 

the creation of the geometry model and mechanical parameters; Section 5 presents the tensile test results, 

analyses the influence of related parameters on the results, and compares both the simulation and the 

experimental results. The final section summarizes our findings from the comparison of the simulation and 

experimental results. 

 

MATERIAL AND METHODS 

Tensile tests 
 The corn stalk samples were obtained from an experimental plot at the Northwest A&F University, 

Yangling, China. This plot was planted in June, 2013 and harvested in October, 2013. The plant height was 

approximately 180-220 cm. Each plant had at least nine internodes that were fully grown and was 

representative of all corn stalks in the same plot. The leaves were removed from the corn stalks and the 

rinds were peeled off. The dumb-bell shaped specimens were cut out of corn stalks manually. All tensile 

specimens had an overall dimension of 90 mm x 2 mm x 15 mm (length x thickness x width); the width at 

the narrow section in the middle was 5 mm, and there was a 50-mm test section between the grips (Fig. 1). 

Fig. 1 - Corn stalk pith specimen for tensile test 
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The conditions of specimens, such as moisture content, would have significant impact on the 

mechanical properties of CSP. Three important sample conditions were considered in this study, as 

summarized in Table 1 (Nazari Galedar M. et al., 2008; Tavakoli H et al., 2009). The samples from two 

corn varieties, SD9 and SD12, were tested. 

 

Table 1  

Conditions of CSP test specimens  

 

Factor Level Details 

Moisture content 
10%(dry) Natural drying > 3 month 

70%(fresh) Less than 3 hours after being cut 

Internodes position 1—9 9 internodes from root to top 

 

Tests were conducted using a biomechanical testing machine (Fig.2, Changchun Machinery 

Research Institute, Changchun, Liaoning China). The test machine had a capacity of 10 KN, with a 

force measurement accuracy of ± 0.5%, and movement accuracy of ±0.02%. The specimen  was 

installed on the test machine by using a pair of grips (Fig.2). A computer data acquisition system 

recorded the magnitude of the applied load to the specimen and elongation of the specimen.  

 

Fig. 2 - Biomechanical testing machine 

The tests were conducted following the ASTM Standards(Astm, 2014) (Tensile strength, Young’s 

modulus, stress-strain measurement method for steel material). The moisture content was measured 

according to the ASABE standard(Asbe, 2006). A loading speed of 5 mm/min was used for all tests to 

minimize the loading rate effect (Wright Christopher T et al., 2005). 

The stress-strain curve was plotted directly from the data post-processing software associated 

with the biomechanical tensile tester. From the stress-strain curve, the maximal stress (strength) 
max  

in was identified and Young’s modulus E
 
was determined from the linear section of the stress-strain 

curve. 

DEM analysis 
Corn stalk pith consists of spongy parenchyma and vascular bundles (Thamae Thimothy et al., 

2008). The vascular bundles embedded into the parenchyma have a small percentage of volume and 

weight. The external load is carried mostly on the spongy parenchyma. Therefore, CSP could be 

considered as an isotropic porous material. A discrete spherical particle contacting mechanics model 

was used to simulate the CSP behaviour. The tissue was represented by spherical particles and the 

bio-bonding forces between tissues were represented through the contact, friction and damping forces 

between the particles (Fig.3). The advantages of using the DEM model were to simulate the “porous” 

nature of CSP and to handle large deformations that CSP might experience in various applications, 

such as packaging. 
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Fig. 3 - Sphere contact model for CSP 

Note:
 nk and sk are normal and shear stiffness between two particles (N/m)  

 

nc and sc are the normal and shear damping. C is the coupling relation 

 

In the proposed model, inter-particle forces (torques) satisfied the following equilibrium equations 

(Itasca, 2008): 

n n s sF F n F n   [N]                                                                    (1) 

n n s s
M M n M n   [Nm]                                                           (2) 

n n n
F K AU  [N]                                                                        (3) 

s s s
F K AU  [N]                                                                        (4) 

n s n
M K J  [Nm]                                                                      (5) 

 S n S
M K J  [Nm]                                                                      (6) 

In which:  

F , M are the inter-particles contacting force and moment; 

nn , sn are the normal and tangent unit vectors; 

nF , sF are the normal and tangent forces;
  

nM , sM are the normal and tangent moments; 

nK , SK are particle normal and tangent stiffness; 

nU , SU are the normal and tangent displacements, (m); 

A  is the constraint cross section area, (m
2
); 

J is the contact surface polar moment of inertia, (m
4
); 

I  is the constraint cross section moment of inertia about axis through contacting point, (kg.m
2
); 

n , s are the normal and tangent angular displacements, (rad). 

The parameters in the DEM model could not be directly determined from experiments. Therefore, 

the DEM model was used to simulate the tensile tests and the simulated results were then compared 

with the experimental results to generate the best-fit DEM model parameters. The simulated CSP had 

the same geometry and dimensions of the test specimen (Fig. 4).  
 

 

 

Fig. 4 - Tensile specimen model of CSP 

 

In order to develop a DEM model that closely represented CSP, some critical physical 

parameters, such as density, had to match the measured value. The corn stalk pith density was 

determined to be 160-1100 kg/m
3
 based on the measured mass and volume. The porosity was 

calculated as: 
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p

p

V
n

V


1
           

                                                         (7)  

where n is porosity, and pv is volume of void, m
3
. The simulated density was derived from: 

 

1

1n


 


                                             

(8) 

 
where  is simulated particle density, and 1 is the measured pith density. 

 

RESULTS 

Experimental results 

Figure 5 shows a typical failure pattern of CSP specimens in tensile test.  The fracture surface was 

flat with little shrinkage in the cross-sectional area, which is of typical brittle failure. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5 - The broken specimen 

 

The measured load-deformation curves showed four distinct stages before the occurrence of 

failure: initial defamation; linear increase; yield, and fracture. During the initial deformation, elongation 

was significant at low stress level. This “flat” portion of the load-deformation curve might not reflect 

the behaviour of CSP; rather, it was due to slip between the specimen and the grips. In the second 

stage, elongation increased linearly with load. Yielding was identified by a small dip in load. Load 

continued to increase after yielding until the peak was reached. Finally, fracture occurred and the load 

began to decrease. The load decreased to zero when the sample was broken completely. 

 
Fig. 6 - Load-displacement curve 

 

The load-deformation curves were noticeably different for CSP specimens of different moisture 

contents (Fig.6). The fresh specimens at higher moisture content exhibited greater strength and 

elasticity than did the dried specimens (Fig.6). In the dried specimens, internal voids began to appear 
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due to shrinkage as the moisture content decreased. Thus, failure could have begun to initiate near the 

large voids and quickly propagate to the neighbouring areas. This explained why dried CSP specimens 

were weaker than the fresh specimens.  

The tensile strengths of CSP calculated from the measured peak loads are summarized in 

Figure 7. Analysis of variance showed that dried corn stalk pith had a significantly lower tensile 

strength than the fresh CSP (P0.05). On the other hand, the internodal position and variety did not 

have any significant influence on tensile strength (P>0.05). On average, fresh and dry specimens had 

an average tensile strength of 1.09MPa and 0.86MPa, respectively. The tensile strengths for the two 

varieties (SD9 and SD 12) of corn stalks were 1.00 MPa and 0.95 MPa, respectively. 

 
Fig. 7 - Variation of tensile strength of corn stalk pith for 

different varieties, moisture contents and internodes 

 

Figure 8 summarizes the measured values of Young’s modulus for different varieties，moisture 

contents and internodes. Dried corn stalk pith had a significantly higher Young’s modulus (0.12 GPa) 

than did the fresh samples (0.06 GPa)(P<0.05). The internodes position and corn variety did not have 

any significant influence on the Young’s modulus (P>0.05). 

 
Fig. 8- Variation of elastic of modulus of corn stalk core for 

different varieties, moisture contents and internodes 

Simulation results 

After running simulations for all the conditions of tensile test considered in  the study, it was found 

that the particle density had little impact on the simulated mechanical behaviour of CSP in tensile tests. 

This was attributed to the fact that the gravitational force and applied tensile force were perpendicular to 

each other in the DEM simulations. The particle radius and porosity significantly impacted the failure 

pattern (the shape of fracture surface) and computational time. The simulated fracture surface agreed 

with experimental observations when the number of particles exceeded 5000. When the particle radius 

and porosity were small (R<0.43mm，n<0.35), the time of model run time was over 40 hours. The range 
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of particle radius and porosity were optimized based on trial runs of simulation to keep the run time 

below 24 hours (Table 2).  

To determine DEM model mechanical property parameters, including inter-particle normal 

stiffness coefficient 
nK , tangential stiffness coefficient

sK , normal bonding coefficient, tangential 

bonding coefficient and friction coefficient  , simulations were conducted for a range of parameter 

values and the correlations between the these parameters and the simulated strength were developed 

in Equation (9): 

2

3 2 2

1 1 1 1

0.233 2

2

2

3 3

3 2 2

4 4 4 4

18.247 102.13 171.26 51.52( 1)

181.59 ( 0.9202)

2.9147 3.2878( 0.9882)

0.0051 0.442 10.77 209.9( 1)



    


  


   


      

x

y x x x R

y e R

y x R

y x x x R
                                    

(9) 

Where: 

1x is the tangential stiffness coefficient; 

x2
is the normal stiffness coefficient; 

x3
is the normal bonding coefficient; 

x4
is the tangent bonding coefficient; 

iy is the ultimate strengths.  

Simulation shows that normal bonding coefficient x3
had a significant influence (R>0.05) to 

strength, while the other factors had no impact (R<0.05). The model’s macro-mechanical behaviours (e.g., 

cross section shape, location and number of overflow particles) also would be change with the parameters 

value. The optimized range of 
1x , x2

, x3
 and x4

were determined by comparing the model’s macro-

mechanical behaviours and the experimental phenomenon: 

 

 

 

0.5E+06,3E+06

5,50

10,50

1 2

3

4

, 


 


 

x x

x

x

                                                          (10) 

The obtained numerical values of the best-fit DEM model parameters are summarized in Table 2. It 

was impossible to match the simulated results with the experimental data with a single set of DEM 

model parameters. Therefore, the ranges of parameters values were determined, and two simulation 

models were then created – Model 1 was based on the lower limits of parameter ranges, and Model 2 

on the upper limits (Table 2). 

Table 2 

Numerical range of particles’ mechanical parameters  

Parameter value 

Sphere particle density/kg·m
-3

 753 

Sphere particle radius/mm 0.43-0.5 

Porosity/kg·m
-3

 0.35-0.65 

1

nk / N m  
0.5E+06-1.5 E+06 (model 1) 

2 E+06-3.0 E+06 (model 2) 

1

Sk / N m  1.0 E+06 

3n bond / N m   
5-30 (model 1)

 

35-50 (model 2)
 

3s bond / N m   
10-20 (model 1) 

40-50 (model 2)） 

Friction coefficient 1 

 

The simulated responses of CSP (e.g. contacting force chain and fracture lines) are visualized in 

Fig.9. The left end was the fixed boundary and the right end was moved at a speed of 5 mm/min  (the 

loading rate used in the tensile tests). It was visible that voids occurred as the loading progresses. The 

lines in the diagram represent the force chains. It is intersecting to note that forces (stresses) were not 

transmitted uniformly in the simulated CSP. The maximum stress and fracture would occur in the area 

where force transmission lines were intensely populated. 
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Fig. 9 - Simulated force transmission in a specimen of tensile test 

 

As the load was increasing, the voids became larger, causing reductions in the ac tual cross-

sectional area for carrying the load; the specimen was broken when the stress at a critical location 

exceeded the ultimate bonding strength between particles. The fractured cross section tended to be flat, 

as shown in Figure 10, which was similar to that observed in the experiments (Fig. 5). 

 

Fig. 10 - Simulated fracture surface of CSP specimen 

 

Simulated load-displacement curves similar to the measured curves (Figs.11 and 6). However, 

the strength results differed – the simulated strength was found to be approximately 2.3-17.9 times the 

real strength. For example, an ultimate load 138.48 N was predicted by Model 1 (Fig.10), whereas a 

load of 45.25 N was measured for the fresh specimen (Fig.3). The parameters of the micro mechanical 

properties correspond to the macro parameters, which indicate that the micro mechanical properties 

matched well with the properties of corn stalk pith. 

 
 

Fig. 11 - Load-displacement curves simulated with DEM model 

 

Using smaller values of model parameters (Table 3), Model 1 resulted in lower strength and 

stiffness, which led to further local failure and dramatic stress changes, in comparison with Model 2, 

which used greater values of property parameters. 
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Table 3 

The value of particles’ mechanical parameters in model 1 and model 2 

Parameter   model 1 model 2 

Sphere particle 
3density / N m  753 753 

Sphere particle radius / mm  0.5 0.5 

3Porosity / N m  0.65 0.65 

1

nk / N m  1.50E+06 2.00E+06 

1

sk / N m  1.00E+06 1.00E+06 

3n bond / N m   10 50 

3s bond / N m   10 50 

 

CONCLUSIONS 

A tensile test and DEM simulation were conducted to investigate the tensile strength and Young’s 

modulus for different varieties of corn stalk pith under various conditions. The influence of moisture content, 

internodal position and variety on corn stalk pith’s tensile strength and Young’s modulus was analysed. The 

main conclusions in this paper are: 

(1) Load-displacement curves in tensile tests indicated that both fresh and dry corn stalk pith fractured 

as a brittle material.  

(2) Fresh corn stalk pith had greater tensile strength, but lower Young’s modulus than the dry corn 

stalk.  

(3) The internodes position and corn variety had insignificant effect on either the tensile strength or 

Young’s modulus of fresh and dry corn stalk pith. 

(4) The optimized DEM model parameters for dry corn stalk pith were: Kn = (0.5-1.5)x10
6 

N/m, Ks= 

1.0x10
6 

N/m, n-bond=(5-30) N/m
3
 and s-bond=(10-20) N/m. For fresh stalk they were: Kn = (2.0-3.0)x10

6 

N/m, Ks = 1.0x10
6 
N/ m, n-bond = (35-50) N/m

3
 and s-bond = (40-50) N/m

3
. 

(5) The shape of load-displacement curves simulated with the DEM was similar to the measured 

curves; The simulated ultimate strength was approximately 2.3-17.9 times that of the measured values. 

The corn stalk pith material model developed by utilizing both tensile test results and DEM analysis 

was simplified and found to match the real material; therefore, in our opinion, this model is capable of 

providing valuable data for further investigation. 
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ABSTRACT  

The article presents a research technique on the process of simultaneous transporting and stirring of 

mixture components by a continuous-flow conveyor. Kinematic motion parameters of loose materials in the 

main characteristic route segments have been substantiated. Experimental studies have been conducted in 

order to determine the drag force in set route segments and the stirring rate of mixture components. The 

obtained results provide a mean of choosing cost-effective operating modes of a conveyor-mixer, whereby 

the specified quality of mixtures is achieved. 

 

РЕЗЮМЕ  

В статті представлена методика дослідження процесу транспортування та одночасного 

змішування компонентів сумішей трубчастим скребковим конвеєром. Проведено обґрунтування 

кінематичних параметрів руху сипкого матеріалу на основних характерних ділянках траси. Виконані 

експериментальні дослідження для виявлення сил опору на встановлених ділянках траси та ступеня 

змішування компонентів сумішей. Отримані результати дають можливість обирати економічно 

доцільні робочі режими конвеєра-змішувача, за яких досягається задана якість сумішей. 

 

INTRODUCTION 

Continuous-flow conveyors are widely applied when transporting loose materials. Considering their power 

inputs and ecological safety (Dziadykevych Y.V., 2016), these conveyors are the most effective, since they 

transport materials in closed environments. They are widely applied for feeding, but there are certain difficulties 

providing simultaneous transporting and stirring of loose components, especially on a large scale. In addition, it 

is advantageous to make sectional traction elements and beaded operating elements with a central opening in 

order to provide spillage and stirring of feed mixture. 

The analysis of recent researches (Hryshova and Lebedev, 2015; Hevko M.R. and Vitrovyi A.O., 2016; 

Hevko R.B. and Klendiy O.M., 2014; Hevko R.B. et.al., 2016; Loveikin  et.al., 2010; Loveikin and Rogatynska, 

2011; Lyashuk O.L. et.al., 2015; Pylypaka S.F. and Klendiy M.B., 2016; Rogatynska, 2010; Rogatynska O. et.al., 

2015; Rohatynskyi et.al., 2016; Shynkaryk et.al., 2014) shows that the main disadvantages of the existing 

traction elements and operating elements of continuous-flow conveyors are the following: their high material 

capacity and low maintenance ability as well as limited functionality, which provides only transporting of loose 

materials without providing mixture homogeneity. 

 

MATERIAL AND METHODS 

In order to improve the effectiveness of continuous-flow conveyor operation, a flow sheet of 

simultaneous transporting and stirring of mixture components which can provide their transporting and the 

attainment of the required homogeneity has been developed.  

The technological lane of a continuous-flow conveyor is spatial and consists of certain set segments: 

rectilinear, curvilinear concave, vertical, curvilinear convex and so on.  

Figure 1 shows the technological lanes of such segments. 
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The procedure of transporting and stirring is the following. In the first stage (Fig.1a) a conveyor 

casing is fed with the first mixture component with a certain filling coefficient of inter-scraper space, which is 

picked by scrapers with a central opening and is transported along the route.  

In the second stage, a certain batch of the second component is fed through a special hopper 

(Fig.1b). As a rule, this component is situated on the surface of a load layer, which is to be transported.  

In the third stage (Fig.1c), a load placed between continuous scrapers, when being transported along 

the route, begins to spill through central openings of beaded scrapers.  

In the fourth stage (Fig.1d), when transporting the load, which is situated between continuous 

scrapers, in vertical route segments there is effective spillage and stirring of mixture components.  

In the fifth stage (Fig.1e), the load is transported in a curvilinear vertical segment, where mixture fills 

certain space between beaded scrapers and load is stirred in continuous flow.  

In the sixth stage (Fig.1f), mixture is unloaded and when it is spilled into a container, the mixture is 

entirely stirred.  
 

   

Fig. 1 - Flow sheets of simultaneous transporting and stirring of mixture components 

а – І stage – feed of the main component; b – ІІ stage – feed of the second component;   

c – ІІІ stage – partial stirring of components; d – ІV stage – main stirring of components;  

e – V stage – transportation of components; f – VІ stage – unloading with entire stirring of components 

In order to provide proper homogeneity, it is necessary to determine the influence of technical and 

design parameters, namely: speed of transportation, diameter of a pipe-line, pitch of scrapers, diameter of 

scrapers, diameter of an opening etc. on load parameters of the process and mixture homogeneity. 

In order to substantiate kinematic motion parameters of loose material with elementary mass dmc 
in 

vertical segments of a technological lane, possible cases of the motion of a variable-mass body vertically 

upwards (Fig. 2a) have been considered: 

- separation from a scraper surface 1 of elementary mass particle
 
 

C
dm ; 

- simultaneous attachment to a scraper surface 2 and separation from its surface of elementary mass 

particle
 
 

C
dm ; 

- attachment to a scraper surface 3 of elementary mass particle
C

dm . 

A change in elementary mass dmi on operational surfaces of relative scrapers over a period of time 

c
t  is determined using the following system of equations: 

a) 

b) 

c) 

    d) 

e) 

f) 

Mixture homogeneity 

must be > 90% at  

material transportability 

coefficient Csp >0.6 
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a)        b) 

Fig. 2 - Design diagrams of kinematic motion parameters of loose materials 
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where 
C

dV , 
M

dV , 
L

dV  – voluntary unit of elementary mass 
C

dm , 
M

dm , 
L

dm ;   – specific load weight; 
C

y , 

M
y , 

L
y  – C, M, L point coordinates of the mass centre of constant elementary mass 

C
dm , 

M
dm , 

L
dm ; 

1
y , 

2
y , 

3
y  – point coordinates of the mass centre of variable elementary mass 

C
dm , 

M
dm , 

L
dm . 

A differential equation of elementary mass motion 
M

dm  (Fig. 2b) vertically downward under gravity 

and taking account of aerodynamic drag force of aerial environment is the following: 
 

   

   

   

;

;

C C c C c c

M M c C M c c

L L c M c c

dm dm t dm t t

dm dm t dm dm t t

dm dm t dm t t

    



       


      

                                                  (1) 

where 
C

dm  – separated or attached elementary mass particle
M

dm ; 
c

t  – period of time for separation 

and attachment of elementary mass particle 
C

dm  and
M

dm . 

Based on energy conservation law, momentum 
C

Q  of elementary mass particle 
C

dm  in case of 

separation, simultaneous attachment and separation, attachment of elementary mass particle 
C

dm  at 

instant of time
y

t , respectively, equals:  

   
1C y C C y C

Q t dm dm dm    ,   1 2M y M c C M
Q t dm dm dm     ,    

2L y L M y M
Q t dm dm dm    . 

Applying Meshchersky’s equation with regard to (1) and resultant force exerted on elementary mass 

i
dm , we have obtained a differential equation for the motion of loose material in a vertical route segment of 

an operating element for the three cases of behaviour at instant of time 
y

t  taking into account the 

aerodynamic drag force of aerial environment: 
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 
 

2

2 2

2M M M g M g

c

d T h h
dm dm g p dm dm g p

dt
 
 

 
                                         (5) 

where T  – pitch of scrapers; h  – initial height of loose material hopper relative to the work surface of a 

scraper; h  – height, which takes into account scraper thickness 3 and centre-of-mass coordinate M 

relative to work surface of a scraper.  

In order to determine the speed or obtain the equation of elementary mass downward motion 
M

dm  

it is necessary to eliminate time tc, applying a substitute method (5). Then, the differential equation (5) 
becomes the following: 

 

0

2 2
c

t

g

c c g

c c

d T h h
g p dt gt p

dt dt


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



   
    

 
 
      or      

 

0 0

.

2

g c
t

c

c

g

d T h h
p dt

gt

p









  



                         (6) 

In order to eliminate random time integration constant we shall take the defined integral, remaining 

upper and lower limits of variable integration. For lower limits 0
c

t  , 0
g



 . After the separation of 

variables, integration and transformation (6), the following can be deduced: 

   
0

/ ln
c

tT h h

c c

o

d T h h g p t gp dt

 

     ;     
1

ln .
M c

y T h h t gp
p

                    (7) 

The dependence (7) describes a law of vertical downward motion of elementary mass particle
M

dm  

taking into account aerodynamic drag force of aerial environment, and can be used for the substantiation of 

the parameters of an operating element by determining the time and the distance needed to fill the inter-

scraper space volume of the last scraper and their pitch to capacity.  

A pilot plant used for the determination of the drag force in set route segments and the stirring rate of 

mixture components (Fig.3) contains horizontal 5 and 14, curvilinear 9 and 11 and vertical 10 segments, 

where there is a traction operating element with scrapers 6. In loading and unloading area there is a hopper 

7, component additives feeder 8, an unloading port 12 and a load tank 13.  

 

 
 

Fig. 3 - Installation diagram and overview of a pilot plant of a continuous-flow conveyor  

with the designed scrapers 
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A traction operating element interacts with cables 2 and 17, which are weighted by load 1 via guide 

blocks 3,4,15 and 16 and are coupled to an electric drive 19. The tension force of a driving part of a cable 

17 was recorded on PC monitor 22 via an inductive sensor 18 (JA12SSVD10/N2P), a switch and a power 

supply unit of a measuring system 20, an analog-to-digital adaptor 21 (ADA-1406). 

The length of a cable from a sensor 18 to an electric drive 19 was divided into segments, which 

corresponded to a horizontal segment of a casing in the area of hoppers arrangement, a curvilinear 

segment and a vertical segment as well as a curvilinear area, which transforms into a horizontal one in the 

area of loose mixture unloading.  

The change of a drag force was recorded on a PC monitor in each segment of the technological lane. 

 

RESULTS 

Experimental studies in order to determine the spillage rate of loose materials in a curvilinear route 

segment through the openings in beaded scrapers were conducted using a test stand. A curved bend, 

which had 5 sections, was fed with loose material with the weight of 100…150 g, which corresponded to 

space filling coefficient ψ = 0.6...0.9. After opening a flap, the flow of loose materials pressed a lever pedal, 

which turned the timer on. The flow quantity was weighed by an electronic balance. Bend sections with 

beaded scrapers arranged at angles of 
1

 =75º, 
2

 =6º, 
3

 =45º, 
4

 =3º were used. The diameter of the 

central openings of beaded scrapers was 12, 14, 16, 20 and 24 mm, and the outside diameter of washers 

was dw = 45 mm. 

The overview of the process of transporting and stirring of mixed fodder in a transparent guide pipe in 

a vertical route segment is shown in Figure 4. 
 

 

                        

Fig. 4 - A beaded operating element and the process of transporting and stirring of mixed fodder  
in a vertical route segment of a technological lane 

 

The rate (coefficient) ktr of the transported material, which was unloaded into the tank, was determined 

with the help of the dependence   / 100%
tr tr

k m m


  , where mtr is the mass of the material transported;  

mΣ is the total mass of the material, which was picked by five scrapers.   

It has been stated that the greatest force increment Рd (Fig. 5) for the transportation of materials in all 

the route segments is observed during transporting corn seeds at   = 0.8. In a curvilinear segment, the 

friction coefficient in scraper-guide pipe pair has the maximum influence on the force Рd (steel-steel – solid 

lines, steel-polycarbonate – cross hatching lines). 

As a result of data processing for a complete factorial type experiment CFE 3
2
 we have obtained the 

regression equations in actual values, which specify the change in the mass m of loose materials spilled by 

washers in a curvilinear segment of the lane depending on the diameter of the opening dop and the washer 

angle  relative to the horizon: 

2 2 2

2 2

2 2

35.61 4.71 2.81 0.42 10 0.04 0.05 ;

130.78 1.29 1.35 0.12 0.11 0.02 ;

488.76 0.73 47.58 0.13 0.01 1.67
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                                   (8) 
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where , ,
mf w m

m m m  is the mass of spilled mixed fodder, wheat, millet. 

Statistical significance evaluation of the coefficients of the regression equation and model validity for 

actual experimental data file was conducted using Student’s test and Fisher’s test. According to (8) the 

response surface of the mass-change of spilled material from dop and   has been defined, Fig. 6. 

      
                                                                     а)                                                      b) 

 
     c) 

 

Fig. 5 - The dependence on the change of the force Рd, needed to transport materials with the help of ten 

scrapers (1 rm) on loading coefficient of the guide pipe:  

а) horizontal;  b) curvilinear;  c) vertical route segment 

 

 
Fig. 6 - Response surface of spilled material mass from dop and  

 

It has been determined that the change in the diameter of a washer opening from 10 up to 25 mm 

causes an increase in the mass of spilled material 
i

m , and the increase of a washer angle  relative to 

the horizon is of the opposite pattern. 

 

Pd, N Pd, N 

Pd, N 

1, 2 - mixed fodder 

3, 4 – wheat 

5, 6 - millet 

1, 2 - mixed fodder 

3, 4 – wheat 

5, 6 - millet 

1 - mixed fodder 

2 – wheat 

3 - millet 
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A regression equation of the dependence of the change in the coefficient of transported material ktr 

on the speed of scraper movement (0.1 V 0.5 m/s), the diameter of the internal opening (20
od

d  26 

mm) and a cone angle (14  42 degrees) have been obtained: 

0 0

2 2 2 3 2
0 0

576.749 23.020 40.118 0.217 0.875

0.305 1.079 10 2.425 0.756 3.128 10 . 

      

       

trk V d Vd

V d V d



  
                           (9) 

It has been determined that the dominant factor, which influences the coefficient of the transported 

material ktr is the diameter of the internal opening dop of scraper washers (Fig.7). The change in the speed 

of movement V and the cone angle χ of a washer within the limits of 14-28 (degrees) does not influence 

the increase of the coefficient ktr significantly, but the increase of the angle χ to 42 degrees causes the 

decrease of the coefficient ktr due to material jamming.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7 - Response surface of change the coefficient 
tr

k  as functionality 

а) ktr = f(V, dod); b) ktr = f(V, χ); c) ktr= f (dod, χ) 

 
For the in-process testing, which is connected with the determination of the productivity of the 

scraper conveyor-mixer, the quality of the process and simultaneous stirring of the components of 

microgranulated mixed fodder depending on the design and kinematic parameters of the operating 

elements, a pilot plant has been designed and constructed. Its general view is shown in Fig.8.  

 
Fig. 8 - Pilot plant 

1 – power-drive station; 2 – loading hopper; 3 – bunker for micro additives; 4 – concave curvilinear route segment;  

5 – vertical route segment; 6 – vertical transparent route segment; 7 – convex vertical segment; 

8 – unloading port; 9 – horizontal segment; 10 – swivel block; 11 – unloading port for material remains  

The plant contains a power-drive station 1, where there are horizontal 9, vertical 5, curvilinear 

(concave 4 and convex 7) sections of pipe technological lanes attached about a closed path. Inside the 

lanes there are the designed scraper operating elements arranged. In the left side of the vertical lane 

there is a section 6 of a vertical transparent route segment mounted. Its length is Н0 – Н1 = 0.5 m, which 

corresponds to five scraper sections of the operating element connected with each other.  

 

а) 

V [ m/s] 

od
d  

[mm] 
od

d  [mm] V [m/s] 

b) c) 

  [deg]   [deg] 

tr
k [%] tr

k [%] 

tr
k [%] 



Vol.51, No.1 /2017  INMATEH –

56 
 

In the area of the material intake there is a loading hopper 2 for the main component of 

microgranulated mixed fodder and a hopper 3 for the control component.  

During the in-process testing, the efficiency of a scraper conveyor-mixer depending on variable 

design and kinematic parameters of the operating element as well as on the stirring quality of feed 

components was determined.  

When determining the effectiveness of the scraper conveyor-mixer, microgranulated mixed fodder 

was applied. Forward speed of the operating element of the conveyor changed within the range of            

V = 0.1...0.5 m/s. In the process of the investigation, scrapers with skid-washers with the internal diameter    

din = 18, 20 and 23 mm were used. The results of the conducted experiments are shown in Table 1.  

 

Table 1 

Forward speed of the 

operating element V, m/s 

Effectiveness of a conveyor-mixer E, t/h 

din = 18 mm din = 20 mm din = 23 mm 

0.1 0.392 0.365 0.338 

0.2 0.785 0.733 0.637 

0.3 1.172 1.098 1.026 

0.4 1.561 1.469 1.362 

0.5 1.998 1.838 1.711 

 

The investigation aimed at defining the dependence of mixture heterogeneity Hm on the coefficient 

of the transported material ktr. For the experimental studies microgranulated mixed fodder with bulk 

density being 500 kg/m
3
 and with particle size being 1...1.5 mm and rape seeds with bulk density being 

654 kg/m
3 

were chosen. A rape seed was chosen to be the control component and it was stirred with 

microgranulated mixed fodder at the ratio of 1:8. The indicated component was fed from the side of the 

loading branch pipe. Mixture quality was determined from the degree of distribution of the control 

component in the mass of microgranulated mixed fodder.  

In the process of experimental studies the spot sampling method was applied. Sampling from the 

container was done at regular intervals with the help of a special sampler.  

The minimum sample mass is calculated using the following formula: 

4 3 4 3 4 3

0 0 0

10 1.26 10 1.26 10 0.1 0.5
50.4

1.5 0.125

   
   


M

d d
G g

c c c

  
                              (10) 

where d – diameter of mixture particles, [cm]; 

            – bulk density of mixture particles, [g/cm
3
];  

           со – value of the specified concentration of the main component. 

Thus, let us assume sample mass G  Gм  50 g. 

The number of samples is 9; the repetition of the testing is triple. The main component content of 

rape seeds in the samples was determined using a quantitative analysis of samples. In order to do this, 

they were weighed using a second type balance like compensatory analytical balance VLKT-500g-M and 

they were consecutively separated on sieves, since the use of a gravimetric method is possible when all 

the particles of the control component form a fraction without any particles of other components. After 

their separation on sieves, the seed mass of the main component (rape seeds) and its concentration in a 

sample were determined. Having obtained a number of concentration values of the main component in 

samples сі, the coefficient of mixture heterogeneity (variations) Hm for a certain coefficient value of the 

transported material ktr is defined applying the following formula: 

2

1

100 1
( ) ,%,

1

n

c і

i

V c c
с n 

 

                                                            (11) 

where с  – arithmetic mean value of the main component in the samples, [%];  сі – value of the main 

component concentration in the і-sample, [%]; n – a number of samples analysed. 

Based on the obtained experimental data by means of the regression analysis in Microsoft Office 

Excel environment, the empirical data were approximated by theoretical curves, the results of which are 

shown in Fig. 9. 
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Fig. 9 - The dependence of mixture heterogeneity Hm on the coefficient of the transported material ktr 

 

The obtained results enable to choose such operating modes of the conveyor-mixer at which the 

specified mixture quality can be attained. 

In order to determine economic efficiency, an experimental example of a continuous-flow conveyor-

mixer has been designed and has undergone in-process testing.  

We have suggested the methodology for determining economic results of the application of the 

designed conveyor-mixer compared to the basic example, which was taken from the best foreign prototype 

(that is the decrease of the material capacity of the operating element as well as the decrease of power 

inputs into the process of transportation). Besides, in the process of transportation, stirring of mixture 

components of loose materials takes place. 

 

CONCLUSIONS 

Having analysed scientific researches, a new flow sheet of simultaneous transportation and stirring of 

loose material components has been suggested.   

The dependencies which define a motion law of an elementary mass particle vertically downward in 

the process of attachment and separation of loose material or its stirring have been obtained, the analysis 

of which enables to determine the time and the way needed for filling to capacity inter-scraper space 

volume, scraper pitch and the amount of transported loose material.  

Test stands have been designed and constructed in order to conduct experimental studies.  

It has been determined that the greatest force increment Рd needed for material transportation in all 

the route segments is observed during transporting corn seeds at loading coefficient being  = 0.8 for steel 

scrapers, the force Рd  is 12.4 and 6.8 greater than in a rectilinear route segment and in a curvilinear one.  

Maximum demand of traction force FD change when the block of beaded scrapers is moved can be 

observed in a vertical route segment, where FD  for solid scrapers is in 1.1...1.15 times greater than for 

scrapers with openings and the change in motion speed within the limits of 0.15...0.3 m/s does not 

influence the force FD  significantly. 

Based on the conducted laboratory research, it has been determined that the change in the diameter 

of a scraper opening from 20 to 25 mm causes the decrease in the time of mixed fodder spillage from 3.3 to 

2.25 s, if the angle of washer arrangement is  = 30
0
; in the process, there is spillage of 84.6% and 96.1% 

of mixed fodder out of the loaded mass respectively. If the angle is  = 75
0
 the time of mixed fodder spillage 

decreases from 4.9 to 3.2 s, the spillage of mixed fodder is 17.3% and 30.8% respectively.  

The dominant factor, which influences a coefficient value of transported material ktr, is the diameter of 

the internal opening dop of scraper washers and the change in the speed of movement and the cone angle 

of an operating surface within the limits of 0.1 V  0.5 (m/s). 14   28 (degrees) does not cause a 

significant increase of the coefficient ktr, but further increase of the angle χ to 42 degrees causes the 

decrease of the coefficient ktr. It has been determined that the effectiveness of the conveyor-mixer, when 

the internal opening of a washer is changed from 18 to 23 mm, decreases from 2.0…1.7 t/h at forward 

speed of the operating element being 0.5 m/s and the best homogeneity of mixed fodder mass is achieved 

at the coefficient ktr from 0.55...0.6 and above. 
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ABSTRACT 

This paper presents the structure and technological processes of combined grinding screw 

conveyor. The theoretical dependencies, which describe the nature of the geometric factor of screw 

conveyor and load factor of combined grinding screw conveyor, depending on its design parameters, 

are also substantiated here. 

 

РЕЗЮМЕ  

Наведено будову та технологічний процесу роботи комбінованого гвинтового 

транспортера-подрібнювача. Обгрунтовано теоретичні залежності, які описують характер зміни 

геометричного коефіцієнта шнекового конвеєра та коефіцієнта заповнення комбінованого 

гвинтового транспортера-подрібнювача залежно від його конструктивних параметрів. 

 

INTRODUCTION 

Further development of the agricultural sector of Ukraine is possible through the use of progressive 

mechanization means for agricultural products production processes. Improving the technical and economic 

performance of processing enterprises is achieved through the development and introduction of energy 

saving technologies and technical facilities that are designed for preparation and processing of agricultural 

raw materials (Baranovsky V.M., 2014, Hevko R.B., Klendiy O.M., 2014). 

Screw conveyors (augers, conveyors) have gained wide acceptance in various industries. In particular, 

in the agricultural sector, screw conveyors are designed for horizontal, slope and vertical continuous moving 

of stream at considerable distances of agricultural products, such as root crops, grains, meal mixture. In 

addition, screw conveyors due to their design features also can simultaneously perform related functions - 

mixing of materials, grinding or crushing of materials, dosage, etc. (Hevko Iv.B., 2013). 

The combination of performing one or more technological operations, along with the transportation of 

materials, which is inherent for the combined screw conveyor, is their defining feature.  

Improvement of existing designs of screw transport mechanisms can significantly increase the 

performance and reliability of technological operations and contributes to the further development of 

production. Screw conveyors are part of comprehensive mechanization and automation. According to various 

estimates, their share in cargo handling operations is 40-45% (Baranovsky V.M., Potapenko M.V., 2016). 

Purpose of work is to improve technological process parameters of simultaneous grinding and 

transportation of roots through the development and justification of working bodies’ parameters of combined 

grinding screw conveyor. Investigation of transportation process technological parameters is based on the 

analysis of combined grinder conveyor design features. 

 

MATERIAL AND METHODS 

Screw conveyors, as separate technical element of transport mechanisms, are widely used in layout 

schemes of machines for reloading or moving materials due to their simple design, of maintenance service 

and the ability to load and partial unload the material at any location of the processing line. 
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Screw transport mechanisms are widely used in the construction of agricultural machinery - grain 

harvesters, beet and potato harvesters, fertilizers, grinders, seed disinfectant, etc. (Voytyuk D.G., et al., 

2015; Hevko R.B., Zalutskyi S.Z., et al., 2015). 

Also screw conveyors are used for the mechanization of loading and unloading processes of bulk and 

large-size materials, such as corn and different kinds of root crops - wheat, corn, sugar and fodder beet, rape 

plant, chicory. For this purpose, as transportation means for the mechanization of livestock farms, bakeries 

use mobile assembled augers, trucks and transporters.  

Combined grinding screw conveyors are widely used in agriculture production sector, processing and 

food branches of industry which are specified due to the wide range of technological processes of products 

collecting and recycling. 

Therefore, during their designing should be taken into account the specific technical requirements and 

functional performances of machines to carry out the relevant work, and also the features of transport-

technological processes, agrobiological, physical and mechanical properties of the products to be 

transported (Hevko Iv.B., 2008). 

Investigation of transportation process technological parameters is based on the analysis of combined 

grinder conveyor design features. 

 

RESULTS 

Analysis of the current state of screw transport mechanisms functioning showed that there are significant 

preconditions for further research, aimed at the development and application of energy-saving, high technology 

for combined screw conveyors. They will ensure effective implementation of various functions of related 

operations for simultaneously transporting and grinding agricultural crop in their processing.  

Based on the given analysis of technological parameters for materials transportation of agricultural 

production, we have offered constructive scheme of the improved combined grinding screw conveyor, fig. 1. 

Combined grinding screw conveyor (combined SGC) consists of a loading bunker 1 and 2 and the 

guide tube. In the guide tube 2 is installed the screw conveyor, which is designed as a drive shaft 3 on which 

is installed the drum 4. On the drum of drive shaft, along separate helical lines, fixed spiral turns 5 and plate 

knife-grinders 6 are installed on the drum between the spiral turns and at an angle to the cross-section of the 

drum. Screw lines of spiral turns and grinder blades are made with variable step, concurrently step of spiral 

turns and step of plate grinder blades with a constant lifting angle of spiral line towards the unloading part of 

the guide tube.  

The material, for example root crops, fed into the loading bunker 1, which later moved to the guide 

tube 2 to the screw conveyor, or to the plate grinder knives 6. During the rotation of the drive shaft 3 and, 

accordingly, the drum 4 and the plate grinder knife occurs simultaneous grinding of root crops and 

transportation (movement)  of root crops milled particles by the related installation of plate grinder knives 

at an angle to the cross-section of the drum and its attachment to the drum along the spiral line.  In 

addition, simultaneously with the movement of root crops milled particles by plate grinder knives also 

occurs their transportation as spiral turns towards unloading part of the guide tube.  

By increasing the speed of the axial movement of root crops milled particles, increased performance 

of combined SGC was generated. 

The main criteria that characterize the technological and economic efficiency of any transport vehicles 

or mechanisms, which move or deliver materials to a given point, is the productivity of their performance, 

consumption of power inputs during materials transportation process, reliability and stability, performance of 

the process, work resource and others (Rogatinsky R., 2012). 

Combined SGC (fig. 1) has its own specific technological and structural elements and processes that 

significantly distinguish it from the traditional basic screw mechanisms. Simultaneous presence of 

technological operations, grinding and transporting of the material (root crops), or the presence of grinder 

blades 6, which are installed in interterm space of screw conveyor along helical lines, make significant 

adjustments to existing techniques and calculating methods for the screw mechanisms. 

In this respect, one of the priorities and the special factors, which will regulate the calculated 

productivity of combined SGC, is an index that characterizes volumetric filling factor of screw conveyor 

working space (Hevko R.B., Dzyura V.O., Romanovsky R.M., 2014). In turn, filling factor of screw conveyor 

working space depends not only on the amount of material that goes into it, but also on the design of the 

screw conveyor main transporting element (Hevko R.B., Zalutskyi S.Z., Tkachenko I.G., et al., 2015). 
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Fig. 1 - Construction scheme of combined grinding screw conveyor 

1 – loading bunker; 2 – guide tube; 3 – drive shaft; 4 – drum; 5 – spiral turn;  

6 – grinder knife 

 

In the general context, filling factor of screw conveyor working space shows, which is the part of useful 

volume filled with material that moves along the turns of the screw. 

Then, taking into account known provisions (Hevko R.B., Zalutskyi S.Z., Tkachenko I.G., et al., 2015) 

we represented the filling factor of combined SGC (hereinafter - filling factor zk ) as the ratio of the interterm 

space volume of screw conveyor, which is filled with grinded root crops, and the total volume of combined 

SGC, as follows: 

zzkz V/Vk                  (1) 

where  

zkV  – filled volume of screw conveyor space, m
3
; 

zV  – total amount of combined SGC, space, m
3
. 

To determine the set volume zkV , zV  and ultimately filling factor zk  and calculate performance let's 

consider the composite structural and design scheme to determine the technological indicators of combined 

SGC, which is shown in fig. 1. 
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We initiate indication of the first helical turn step by alphabetic expression 
1T , second helical turn – 

2T

, and last i - helical coil - iT . 

According to fig. 1, total volume zV  of combined SGC space consists of internal volume of the guide 

tube 2, or the volume of straight hollow cylinder: 

 
jikkkz nT...nTnT)cD(,Ld,V  2211

22 2250250  , [m
3
]     (2) 

where  

kd  – inner diameter of the covering, m; 

kL  – working height of the guide tube, or the length of screw conveyor, m; 

kD  – outside diameter of screw conveyor, m; 

c  – the gap between the external edge of the spiral turn and the inner diameter of the guide tube, m; 

1T , 2T ,..... iT  – the step of first, second, i-th spiral coil, m; 

1n , 
2n ,…, jn  – the total number of spiral turns per one step, m. 

Filled volume of screw conveyor space zkV  by the grinded root crops will be determined according to 

the following considerations. zkV , essentially, is a useful volume where root crops are placed loaded and 

grinded during the transportation. 

The useful volume of screw conveyor zkV  consists of volume difference of screw conveyor total 

volume kV  and the total volume, occupied by the working elements of screw conveyor eV , or the amount of 

drum volume 
mdV , the volume of spiral turns cV  and the volume nV  knives-grinders, as follows: 

ekzk VVV  ;   ncde VVVV
m

 ;   ncdkzk VVVVV
m

 , [m
3
]   (3) 

where  

mdV  – total volume of the screw conveyor, m
3
; 

mdV  – the volume of the tube drum of the screw conveyor, m
3
; 

eV  – total volume, occupied by the working elements of the screw conveyor, m
3
; 

cV  – volume occupied by the spiral turns, m
3
; 

nV  – volume occupied by knife-grinders, m
3
. 

After substituting (2) and (3) in (1), we obtain: 

k

jik

k

e

z

V

)nT...nTnT()cD(,

V

V

k





2211

22250

1


                    (4) 

Let's designate in (4) the ratio nke kV/V  , where the symbol nk  is the definition of constructive 

geometric factor of combined SGC (hereinafter – constructive geometric factor nk ), only during one 

configured  constructive cycle of combined SGC technological process. 

Then, the relation (4) will have the following form: 

 
)nT...nTnT()cD(,

Vk
k

jik

kn
z






2211

22250

1


                    (5) 

To set the limits of structural changes of geometric factor nk  determine the total volume of screw 

conveyor kV , total volume occupied by the working elements of the screw conveyor eV  which consists of the 

volume of the screw conveyor tube drum 
mdV , the volume occupied by the spiral turns cV , the volume 
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occupied by knife-grinders nV .  

However, according to fig. 1 and (Berd J., 2008) we have: 

kkk LD,V 2250  , [m
3
];   kmd Ld,V

m

2250  , [m
3
];   zlFV cnc  , [m

3
];   nnn VV 1 , [m

3
] (6) 

where  

md  – diameter of the screw conveyor tube drum, m; 

nF  – cross sectional area of screw conveyor card bales turn ccn hF  , m
2
; 

c  – thickness of the spiral turn card bales, m; 

ch  – height of the spiral turn card bales )dD(,h mkc  50 , m; 

cl  – total length of the spiral line by the average diameter of the screw conveyor, m; 

z  – number of the screw conveyor activities, units; 

nV1  – volume of one knife-grinder, m
3
; 

n  – the amount of knife-grinders, units. 

Or: 

 jikk nT...nTnTD,V  2211

2250  , [m
3
]              (7) 

 jimd nT...nTnTd,V
m

 2211

2250  , [m
3
]              (8) 

 
   

  




















22

22

22

22

11

250

250250
50

mkij

mkmk

mkcc

dD,Tn...

...dD,TndD,Tn
dDz,V  , [m

3
]        (9) 

The volume nV , occupied by knife-grinders 6 can be determined according to the following 

considerations. Each knife-grinder made in straight prism form, which is based on equilateral trapezium, with 

this three working side edges of the prism from two sides sharpen with the grinding angle n , and side 

edge, which relies on a large basis b  of the  trapezium has the shape of a segment whose radius is the 

radius of the tube drum mr  of the screw conveyor. 

Then the volume nV , occupied by knife-grinder will be equal: 

  ncnznpn VVVV  , [m
3
]              (10) 

where  

npV  – volume of direct prism, m
3
; 

zV  – total volume of direct prisms that are cut during the sharpening of side edges with basis BC , m
3
; 

cnV  – volume of straight prism, which is cut out of side edge with basis b , m
3
. 

In such case (Shipachev V.S., 2003): 

nnnmpnp h
ba

FV 
2


 . [m

3
]; 

zzz VVV 21 42  , [m
3
];   

kccn LFV  , [m
3
]  (11) 

nnz btg,V  2

1 1250 , [m
3
];     

nnnz cos/h,V  2

2 1250 , [m
3
]   (12) 

n

nn
nnz

cos

h,
btg,V






2
2 50

250  , [m
3
]             (13) 

   21802 /sin/rF mc   , [m
2
]                 (14) 

where  

mpF  – area of main prism (trapezoid area) m
2
; 

a , b  – base of trapezoid, m; 

zV1  – volume which is cut out from one side of side edge with the base b , 2501 /b,V nz  , m
3
; 
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  – triangle height nntg,  50 , m; 

n  – skew angle of side edge, grade; 

zV2  – volume which is cut out from one side of side edge with the base BC , BC,V nz 502  , m
3
; 

nn cos/hBC   – length of the side edge nn cos/hBC  , m; 

n  – the angle between the knife height and trapeze edge, grad; 

cF  – segment area with height h , tighten by chord a  and a central angle  , m
2
; 

mr  – the radius of the screw conveyor drum tube (m), with this  22 /sinra m  , from where 

  mr/a/sin 22  ,  mr/aarcsin/ 22  .  

 

Then according to (11), (14) we will have: 
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a
arcsincos

d

a
/

d

a
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2 180250  , [m
3
]     (15) 

Substituting the values of the components from (11) (13) (15) in equation (10) we obtained a formula 

for determining the volume nV , which is occupied by knifes-grinders: 

 

 
2

180

5050

2211

22

n

ji

mmm

m

n

n
nnnn

n

nT...nTnT
d

a
arcsincos

d

a
/

d

a
arcsin

d,
cos

h
btg,hba

V




































































 ,    [m
3
] (16) 

Then, the total volume eV of the screw conveyor, according to (3), (8), (9) and (16), is defined by the 

formula: 
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            (17) 

However, according to (4), the constructive geometric factor nk  of the screw conveyor will be 

determined by applying the formula: 
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Thus, according to (5), the filling factor zk  is determined by dependence: 
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                  (19) 

For practical application of obtained dependences (18) and (19) let's simplify them through the 

formalization of constructive execution of combined screw conveyor SGC. 

 

For this, let's accept the assumption that: 

– the number of turns 1n , 2n ,…, jn  of each n -th iT step is the same, which means 

zj nn...nn  21 ; 

– each next step of turns starts with the first increases in constant value T , thus: TTT  12 ;…;

TTT ii  1 ; 

– the number of knife-grinders that are installed on the screw conveyor tube drum between one pair of 

two adjacent spiral turns is the same and equal 1 . 

In this case: 

– the sum of iinT...nTnT  2211  n -th steps of spiral turns, which is equal to the screw conveyor 

length kL , can be represented as dependence: 

  1
2

112211  nTT
nn

nT...nTnT z
j  , [m]        (20) 

where  

zn  – number of turns of each iT -th step; 

n  – number of iT -th steps; 

– total number of knives n , that are installed on the screw conveyor tube drum will be equal: 

 11  nnzn  ,  [ units]              (21) 

 

In addition, also accept the assumption that each knife-grinder designed as straight prisms whose 

height is equal to n and the basis of the prism is an equilateral trapezium, whose height is equal to nh , we 

can notice that the height of the trapezoid will be approximately equal to the height of the spiral coil, or 

 mkcn dD,hh  50 , three working side edges of the prism on both sides will have sharpening angle n

. 

In this case, the volume nV   which is occupied by knives-grinders will be equal: 
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Then, equations (18) and (19) will have a final form: 
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According to initial conditions md 0.04 m; T 0.01 m; n 0.002 м; zn 2; n 3; 6/n    

grad.; a 0.03 m; b 0.02 m; c 0.002 m, according to equation (23) results the built dependence of 

constructive geometric factor nk , and according to (24) – the filing factor zk . 

Analysis of the dependence (fig. 2) showed that constructive geometric factor nk  depends on the 

diameter changes kD  and step T  of the screw conveyor is in the range 0.025…0.07 on a number of 

variables iT -th steps that are equal to n 3, number of spiral turns of the same iT -th step – zn 2 and the 

number of knife-grinders, installed between one pair of two adjacent spiral turns 41   units. 

Fig. 2 - Dependence on change of constructive geometric factor nk  as functionality 

а –  T;Dfk knn  with 1 3 units’.; b –  1;nfk znn   with kD 0.16 m; T 0.05 m 

 

With this change, nk , which is defined as a functional dependence  T;Dfk knn   is reversible - with 

increasing of the diameter kD  and step T  of the screw conveyor constructive geometric factor nk  

decreases by parabolic function. We established that with increasing the number of knife-grinders 1 , which 

are installed between a pair of two adjacent spiral turns and the number of spiral turns zn  of one iT -th step, 
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the constructive geometric factor nk  increases in direct proportion to the 
1  і 

zn , thus, the average growth 

value of nk  is in the range 0.002…0.0025 and 0.003…0.005. 

In this regard, we can say that structural change in the number of blade-grinders 
1  and the number of 

spiral turns 
zn  of one iT -th step do not significantly affect the structural change of the factor nk . 

Three-dimensional graphical interpretation of filling factor changes depending on zk  as functional 

 T;Dfk kzz   and  T;Dfk kzz   given, respectively, on fig. 3 and fig. 4. 

 

Fig. 3 - Dependence of change of filling coefficient zk  as functional  TDfk knn ;  on 1 3  

а – three-dimensional surface; b – two dimensional surface cross section 

 

Fig. 4 - Dependence of change of filling coefficient zk  as functional  T;Dfk knn   on 1 3 

а – three-dimensional surface; b – two dimensional surface cross section 

 

It was established that the functional change of filling factor zk  depending on the diameter changes 

kD  and step T  of the screw conveyor (fig. 3, fig. 4), in contrast to the structural changes of geometric 

coefficient nk  of combined SGC has reversible type - with increasing kD  and T  filling factor zk  and also 

growing in the range 0.87…0.94. In this case dominant factor that largely regulates the quantitative value of 
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filling factor zk , is the diameter kD  of the screw conveyor, and a significant increase of zk  occurs when the 

value kD 0.12 m - in the range of change kD  from 0.12 to 0.16 (m) filling factor 
zk  growing on 0.05. Step 

change T  and increasing of interval T  of the screw conveyor has insignificant impact on the quantitative 

value 
zk  by increasing step T  from 0.04 to 0.08 (m) and increasing the step interval T  from 0.01 to 0.04 

(m) filling factor 
zk  increases, respectively, on 0.004 and 0.001. 

 

 

CONCLUSIONS 

The obtained values of filling factor zk  0.87…0.94 by its analytical nature, is the most-possible 

technological parameters of the transporting process of chopped root crops by working bodies of combined 

SGC and characterizes its maximum degree of workspace filling i.e. it can be stated that the maximum value 

of filling factor 
zk  ranges within max.zk  0.87…0.94. 

Thus, we established at analytical level, the numerical value of the maximum filling factor max.zk

0.87…0.94, is a further step for research of technological and energy parameters of chopped roots 

transporting process justification of combined SGC productivity and energy costs that are necessary for the 

simultaneous grinding and transportation, which ultimately will lead directly to a rational justification of 

structural and kinematic parameters of combined SGC working bodies. 
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ABSTRACT 

Elastic-conical SCl design for decreasing of impact loadings in half-couplings of screw conveyer safety 

clutches at the moment of their wearing is offered. Analytical dependence of impact loadings determination 

at direct and torque shocks in the investigated clutch with gap S of spring installation and certain safety 

clutch without gap is given. Graphic dependences of these relations on gap S and spring tension C and 

graphs of axial and rotational velocities dependences on impacts from inclination angle of nonworking limit β 

are shown. 
 

РЕЗЮМЕ 

Запропонована конструкція пружно-конусної ЗМ для зменшення ударних навантажень в 

півмуфтах ЗМ ГК в момент їх спрацьовування. Приведені аналітична залежність визначення 

ударних навантажень при осьовому та крутильних ударах в досліджуваній муфті з зазорами S 

установки пружини і певною запобіжною муфтою без зазору. Наведені графічні залежності цих 

відносин від зазору S і жорсткості пружини C і графічні залежності осьової і окружної швидкості при 

ударі від кута нахилу неробочої межі β. 

 
INTRODUCTION 

The creation of new and improvement of existing designs of transport and technological mechanisms 

are favourable for further production development and increase in labour productivity. Screw mechanisms 

(SM) are integrated parts of production complex mechanization and automation. During transport and 

technological processes operation with screw conveyers (SC) overloadings caused by technological 

processes of operations performance as well as stochastic phenomena often occur in their drives. These 

overloadings result in significant deformations and breakages of screw working parts. It is possible to prevent 

overloadings of technological character providing efficient filling of SC screw interturn space by transporting 

material or improving chargers (bins, heads). It is difficult to predict stochastic overloadings but they can be 

prevented using specially designed safety clutches (SCl) in SC drives constructions. 
The problem of the improvement of SM and their safety devices design is investigated by (Zenkov, 

1987; Ivashkov, 1987; Kolobov, 1987; Hryhoryev, 1972; Hevko B.М. et al., 1993; Rohatynskiy et al., 2014; 

Nahornyak et al., 1992). 

The researches of some authors (Holybentsev, 1959; Komarov, 1979; Loveykin, 2002; Nesterov, 2002 

and other scientists), deal with dynamic processes in machines. 

Machine drives are investigated by Malashchenko V.S. (2006); Polyakov V.S. and others (1974); 

Tepynkycheyev V.K. (1964); Hevko R.B. (2014). At the same time the problem of dynamic behaviour of 

machine drives with safety mechanisms still remains unsearched hence scientific-practical problem is vital. 

 
MATERIAL AND METHODS 

Safety friction, jaw, ball-type clutches, combined elastic-safety clutches (SCl) (Hryhoryev, 1972; 

Nahornyak, 1992; Malashchenko, 2006; Polyakov et al., 1974), are widely used in SC structures. However 

not all SCl structures meet the requirements concerning effective kinematic chain interruption in a case when 

overloading occur in SC. Thus for SC drives protection from overloading the spring-jaw and spring-ball type 

safety clutches are used at low speeds, small torque moment values and rotating masses of fittings. In a 

case of high speeds and large masses such clutches form frequent overloadings at the moment of chain 

reclosing. Mentioned above loadings cause quick wearing of cams and balls surfaces and unstability of 

rotational torque. 
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To decrease dynamical impact loadings in half-couplings of screw conveyer safety clutches at the 

moment of their actuation and increase of their operating life, elastic-conical SCl design represented in Fig. 1 

is proposed. 

 
Fig. 1 - Screw conveyer with elastic-conical safety clutch 

1 – drive shaft; 2, 4 – driving and driven half couplings; 3 – coupling engagement components (conical pins); 5 – driven shaft;  
6 – spring; 7 – holes with balls made of elastic material; 8 – elastic ring; 9 – nut; 10 – screw; 11 – electric motor 

 

Torque moment from electric motor 11 through the driving half coupling 2 and coupling engagement 

components 3 (pins) of conical shape is transferred to the driven half coupling 4 moving in axial direction and 

from it to the screw 10 of the screw conveyer. Half couplings are joined by compression spring 6 one end of 

which rests upon nut end 9 and another upon driven shaft shoulder 5. Thus if no external force is applied to 

the clutch, the S-sized gap is formed between the driven clutch face and the spring. In such a case at the 

starting impact moment during actuation time the spring elastic force 6 does not act on the driven half 

coupling. Besides balls 7 made of elastic materials are located in the grooves on half coupling faces 2 and 4 

and elastic ring 8 is mounted in the circular grooves. They cushion axial and radial impacts after actuation. 

In a case of the screw overloading and its emergency shutdown the driven shaft 5 stopping takes 

place. This provides conical pins 3 and balls 7 recession with the holes of driving half coupling 2 and axial 

movement of driven half coupling 4 with spring 6 compression. SCl restore its engagement when the loading 

is to decrease to the specified. The computation model of the screw conveyer with elastic-conical SCl is 

given in Fig.2. Since the equation of connection between driving and driven half couplings in elastic-conical 

SCl can be considered like in jaw one with identical jaw profiles then the computation model of elastic-conical 

SCl is reduced to the jaw SCl model. 

The clutch dynamic model is the mechanical system consisting of two torque masses 1 and 2 with half 

couplings at the ends. The given inertia mass moments are equal to I1 and I2 correspondingly. Half coupling 

is freely installed on the shaft of the driven torque mass and is spring-loaded in axial direction by spring of C 

rigidity with previous compression. Under unloaded conditions acting upon the given mechanical system the 

gap S is formed between the driven half coupling and thee spring. 

The moment produced by the motor Tdr and the moment transmitted by the clutch Tact upon the driving 

clutch rigidly mounted with torque mass 1. The motion resistant moment produced by the screw Tsh and the 

moment transmitted by the clutch T affect the driven mass 2. The axial force Fax from the driven half coupling 

side and the spring elastic force Fel act upon the moving half coupling. 

 

 
Fig. 2 - The computation model of the screw conveyer with elastic-conical safety clutch 
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In common case the torque moment produced by the driving mechanism Tdr is the function of the 

rotary speed 
1  of the driving mass  1fTdr  . In the given problem definition it is considered to be 

constant in time: .constTdr 
 

The torque 
'

shT  can be represented as the one consisting of two parts: constant and variable. 

'

sh sh TT T T             (1) 

where:  1ttfTT   − is its variable component as time function;  

t  – time; 

1t  − certain time value, starting from action upon the system which changes in time of resistant 

moment component produced by the driven mechanism.  

Longitudinal movement of movable half coupling up to half coupling release equals: 


tg

D
x




2
,              (2)  

where: 

D  − is the mean diameter of conical pins; 

  − is the inclination of holes active faces; 

  − is the turning angle of rotating mass 1 relatively to rotating mass 2.  

The axial force acting from the driving half coupling side on the driven one under the constant contact 

of conical pins surfaces with holes in half couplings (Polyakov V. S., and others, 1974) is: 

 1 1

2T D
F tg f

D d


 
     

 
              (3) 

where:  

1  − is friction angle between the conical pins and the holes; 

d  − is shaft diameter with mounted movable half coupling; 

1f  − is coefficient of friction in spline joint. 

Spring elastic force affecting the driven movable half coupling equals: 

 0elF c x S          (4) 

Let us assume that the clutch transmits definite moment. Hence the driven half coupling contacts with 

the spring one. Thus the movement of the clutch mechanical system is performed providing that KhxS   

and is described by the following equation system. (Presented equation system does not consider the 

vibration damping and rotating mass a 1 and 2 torsional rigidity). 

drI T T  1 1
 

sh TI T T T   2 2
 

   
T D

mx c x S tg f
D d

  
 

       
 

0 1 1

2
                   (5) 

 ;
2

21 






tg

D
x  

1 2
     

where:  

Kh  − is the maximum driven clutch move (conical pins height); 

1  − is the rotation angle of torsion mass 1; 

2  − is the rotation angle of torsion mass 2. 

Let us assume that at the time starting moment only the constant resistant moment of motion acts 

upon the driving rotating mass, i.e. motion takes place at the time moment t and corresponds to inequation 

10 tt   thus 0TT . Reducing the given above equation system we get the following equation: 

 1

2 1 0

dr sh

el el el el

T Tchh ch
i i S

I I I I
                 (6) 



Vol.51, No.1 /2017  INMATEH –

72 
 

Here 

1 2
1

1 2

;el

I I
I mhh

I I


 


     1

1

1 2

;
I

i
I I




    2
2

1 2

;
I

i
I I




 

;
2

1
tg

D
h


      

  12

D
h

D
tg f

d


 

   
 

 

Sumbolizing: 

;21 
elI

chh
 

 
1

0
12 a

I

Sch
i

I

T
i

I

T

elel

sh

el

dr 





  

and solving differential equation under initial conditions: 

,
2

1

0 


a
t




 
0

0
t

   

we obtain:                                                                   
2

1




a
  

or:                                                             2 1 0

1

1
dr shT i T i ch S

chh
         

Correspondingly:                             2 1

1
     dr sh ox T i T i ch s

ch
             (7) 

At a certain time moment 
1t  the motion resistant moment 

TT  changing in time is applied to the driven 

part. Let us assume that this moment depends on time linearly, i.e.  1tthTT  . 

Then at 1tt   and Khx   the system movement is described by equation 

 

el

shdr

elel I

thiSchiTiT
t

I

ki

I

chh 1101211 



 .                   (8) 

Accepting previous symbols and assuming that 2
1 a

I

ki

el

  under initial conditions 
2

1

1 


a
tt



, 

0
1


tt

 , we solve the equation in the form of: 

   2 2 1

1 13 2 2

a a a
sin t t t t           

                            (9) 

The movement according to the defined regulation is tking place until conical pins recession. Dynamic 

system behaviour after conical pins recession is fescribed by the following equation system: 

 

 













.

;

;

0

122

11

Sxcxm

ttkTI

TI

sh

dr













                      (10) 

The solution of the given (10) equation system is: 

 

2 3

1

31 32

1 2 3 2

3 3 0

2 6

dr shT T kt t k t
C t C

I I I I

C
x C sin t S

m

  
         

 


 
         

 

            (11) 

Constants C31, C32, C3, 3  are derived from the initial conditions determined by equation (10) at 

Khx  . 

After conical pins recession they contact again (now by their nonworking surfaces) and their mutual 

sliding occurs up to the moment of their working surfaces impact. 
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Conical pins contact following the recession takes place when: 

 1

1

2

2

Kh h tg tg
x

h tg D

   


 
                 (12) 

where: β – inclination angle towards the vertical of conical pins nonworking surfaces. 

The value of the axial force acting from the driving half coupling side upon the driven one after contact 

recovery under conical pins mutual sliding along the holes by nonworking surfaces is equal: 

 1 1

2
ax

T D
F tg f

D d

 
   

 
                 (13) 

and the axial displacement of the driven half coupling is: 

2

2

1

1K

h
x h h

h

 
    

 
 

where:   2
2

D
h

tg


 
 

The equation system describing the process of conical pins sliding by their nonworking surfaces along 

the holes takes the form: 

 













.

;

;

0

22

11

SxcFxm

TTTI

TTI

ax

Tsh

dr













          (14) 

 

The initial conditions are determined at the moment of contact. Mathematical description of this 

process is approximate as it is unknown how speeds are distributed after the contact and if the mutual sliding 

of conical pins along the holes without failure actually occurs.  

Within limits of the given problem set we consider that the contact of conical pins nonworking surfaces 

along the holes goes on “smoothly” without rebound and the impact is nonelastic i.e. relative speed of 

conical pins at the moment after the impact is equal to the projection of this speed before the impact on the 

axes coinciding with the direction of the conical pins nonworking surface (fig.3), that is: 

ai i ix cos R sin                   (15) 

Consequently (15) 

;cossincos2   iiai Rxx 
       

2i

ai i

x
sin cos sin

R
                       (16) 

 

 
Fig. 3 – The calculation scheme of the conical pins nonworking surfaces contact along the holes 

 

Here indexes i impact and ai after impact define the speeds at the moment of time that directly 

precedes the holes contact and moment of time that occurs directly after the moment of contact between 

nonworking surfaces of half coupling holes. 
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Equation system (14) can be reduced to the equation: 

 2 3 32 1 2

1 1 0

1

1sh
dr K* * * * *

el el el el el

ch h T chi ki h
T i t t S h

hI I I I I

  
             

   
                   (17) 

 

where: ;32

21

21* hmh
II

II
I el 




  

 
3

1 12

D
h

D
tg f
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 
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Introducing symbols ;
*

322

2

elI

hch
   ;1*3 i

I

k
b

el

 ,1
1

1

2
0312*3
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


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











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


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


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h

h
hSchiTiT

I
a Kshdr

el

  

 

and solving differential equation (17) we obtain: 

   
2

2

3
12

3

3
424 sin




a
tt

b
tC                                             (18) 

Constants 
4C  and 

4  are determined from the initial conditions.  

The equation (18) describes the process until the moment when spring elastic force elF  affects the 

driven half coupling. The spring interrupts its action at Sx  . 

 

Equation describing the system motion after interruption of the spring action is: 

 2 1 1 1

1
dr sh*

el

T i T i k t t i
I

                               (19) 

Taking into account the introduced symbol  ,
1

12*4 iTiT
I

a shdr

el

  the solution of this differential 

equation (19) takes the following form: 

 
;

62
4241

3

1
3

2

4 CtC
tt

b
t

a 


  2

2

1

1K

h
x h h

h

 
    

 
      (20) 

Constants 41C  and 42C  are determined from the initial conditions at the moment of time when the 

spring interrupts its action that is Sx  . 

The impact of conical pins by their working surfaces occurs when 0x . Dynamic loadings originated 

from conical pins of half couples impact by working surfaces result in increased wear of the impact surfaces 

and short clutch life (service time decrease). Dynamic loadings dF  on impact are determined from static 

ones stF  multiplying them by dynamic coefficient dK : 

d st dF F K         (21) 

In the given case both axial impact of half couplings and torque impact by driving and driven rotating 

masses occur. That is why we should distinguish the axial impact loading dF  of axial impact and dynamic 

impact moment iT  of torque impact.  

Thus dynamic coefficients FdK  and TdK  are different. Let us consider the case of impact loadings 

effect on axial and torque impacts in the investigated clutch with spring installation gaps S and certain safety 

clutch without gap. All values related to the investigated clutch are indicated by index 1 and those related to 

the given clutch by index 2. 

At the impact moment the static torque moments in both clutches are equal to: 

 11121 ttkiiTiTT shdrst  ;   

  311222 chttkiiTiTT shdrst  ,    (22) 
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where:   - preload adjustment of the spring regulating the clutch transfer moment in the known clutch.  

 

Static axial loadings are equal to: 

                               (23) 

To compare dynamic impact loadings in the investigated and given clutches we should find the ratio of 

these loadings in the above mentioned clutches. As it is difficult to determine the values of dynamic 

coefficients because of complexity of occurred processes let us assume dynamic coefficients to be 

approximately proportional to the speed modules at the impact moment: 

0FiFd KxK  
0TiTd KxK            (24) 

where:   
0FK , 

0TK  - are proportionality coefficients correspondently. 

Then in a case of torque impact we have 
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h
 ):    

1 1 1 1

2 2 2 3
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F T T

F T T ch



 
  


 

RESULTS  

Computer investigation of dynamics of proposed and given safety clutches enables to determine axial 

and angular mass velocities at the moment of conical pins impact by their working surfaces and relative 

dynamic impact loadings.  

The graph dependences on gap S and spring rigidity C and graph dependences of axial and rotational 

velocities on impacts from inclination angle of nonworking limit β are shown in Fig. 5 and Fig. 4.  

 

Fig. 4 – Dependences of axial and rotational velocities of half couplings  
on inclination angle of conical pins active faces (engagement elements) 

 
It is evident from the graphs that the proposed safety clutch with the spring installed with the gap 

makes it possible to reduce impact loadings by 10−15%. in comparison with the given one. It is 

advantageous to use conical pins with active faces 45° inclination angle as in this case the axial and 

rotational velocities of half couplings on impacts are minimal (Fig. 4).  

When the gap S increases, the dynamical impact loadings slightly decrease but the clutch loses its 

sensitivity and is unable to activating after the overload removal. That is why it is reasonable to make 

effective use of clutch designs with gaps 1 2S   mm. 

;
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1
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T
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Fig. 5 – Dependences of axial and rotational velocities of half couplings  

on inclination angle of conical pins nonworking faces (engagement elements) 

 
With the spring rigidity increase the dynamic impact loadings occurrence in compared clutches have 

zigzag-shaped changes but within small limits (Fig. 5). That is why it is advisable to use springs with 14000 

N/m rigidity. 

 

CONCLUSIONS 

Carried out experiments proved that the offered elastic-conical safety clutch of screw conveyer 

provides significant reduction of dynamic impact loadings under screw overloadings, increases accuracy of 

automatic half couplings reconnection after loading removal and at the same time considerably increases 

reliability and service life of screw conveyer driving mechanisms.  
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ABSTRACT  

 In order to reduce the energy consumption of greenhouse cooling in subtropical and tropical regions, 

we proposed a switching control strategy based on temperature prediction model. Due to the facilities driven 

by the on-off actuators in many greenhouses, the cooling system was treated as a hybrid system with 

discrete operating modes. When the indoor air temperature reaches the upper limit set by growers, the IARX 

model in each mode is used to predict the indoor air temperature over a specified horizon respectively. Then 

the energy consumption of each mode is pre-estimated and the mode with minimum estimation is selected. 

The control strategy was simulated. The energy saving potential of the proposed control strategy is related to 

a variety of factors. In this simulation, the results indicate that the control strategy saves 15.4% energy within 

the temperature range (20°C, 30°C); while it saves 24.6% energy within the temperature range (24°C, 30°C), 

compared with a reference with fixed switching rules. Finally, the main influencing factors of energy 

consumption were discussed. The conclusions are instructive for the future application of the control 

strategy. 

 

摘要  

 为减少热带和亚热带地区温室降温能耗，提出了一种基于温度预测模型的切换控制策略。由于许多温室

内的设备采用开关控制，因此把降温系统看作为带有离散运行模式的混杂系统。当温室内空气温度超过设定上

限时，分别使用每种模式下的 IARX 温度预测模型预测未来有限时域内温度的变化。然后评估每种模型的能耗，

并选择出能耗最小的那种运行模式。对该控制策略进行了仿真。其节能潜能与多种因素有关。在该仿真中，与

一个使用固定切换规则的参考控制方法相比，当温度范围为时(20°C, 30°C)，该控制策略可以节能 15.4%；而

当温度范围为(24°C, 30°C)，该控制策略可以节能 24.6%。最后讨论了影响能耗的最要因素。相关结论对于该

控制策略的今后使用具有指导意义。 

 

INTRODUCTION 

 A greenhouse is a plastic or glass building that can provide a suitable microclimate for plants, 

protecting them from severe and variable outdoor weather conditions. As a result, many greenhouses can 

operate all year round and produce much higher yields than the open land cultivation. However, the 

greenhouse production system consumes much more energy. The energy is consumed mainly for heating in 

cold regions (Sethi et al., 2008; Vadiee et al., 2014), and for cooling in subtropical and tropical regions 

(Kumar et al., 2009; Sethi et al., 2007). South China is located in the subtropical region, so the greenhouses 

in this area usually need cooling in most time of a year. In order to reduce the consumption of electric energy 

and fossil fuels for greenhouse cooling, some researchers tried to use renewable energy, such as solar 

energy (Chungloo et al., 2007; Cuce et al., 2016;), geothermal energy (Ozgener et al., 2010; Sethi et al., 

2007), etc. The use of renewable energy has a significant potential to reduce the consumption of 

conventional energy, but their systems are very complicated and the initial construction costs are very high, 

so that it is difficult to popularize these alternative methods. Another way to reduce the consumption of 

conventional energy is to design new control methods. Because the facilities in many greenhouses are 

driven by the on-off actuators (Teitel et al., 2004), it’s difficult to use the conventional control methods, such 

as PID control (Hu et al., 2010), model predictive control (Blasco et al., 2007), fuzzy control (Nachidi et al., 

2010), etc., and the operating mode of greenhouse cooling system can be divided into different sub-modes. 

The greenhouse control system is treated as a hybrid system in this paper, due to the interaction between 

discrete on-off control signals and continuous environmental factors (Lin et al., 2014).  
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 At present, hybrid systems have been widely applied in many fields (Balluchi et al., 2013; Febbraro et 

al., 2016), but rarely used in the greenhouse control system. Yang et al. adopted hybrid automata and 

studied the modeling and control of the temperature system in a greenhouse with only one on-off ventilation 

window (Yang et al., 2011). Chu et al. also studied the temperature control system based on hybrid automata 

in a greenhouse with three facilities, i.e., a roof window, a fan and a wet pad (Chu et al., 2015). However, the 

energy-saving issue was not considered in their studies. Another problem is that the design of switching 

rules is very complicated when there are multiple facilities, because several environmental factors have to be 

taken into account, such as indoor and outdoor air temperature, solar radiation, etc.  

 We proposed a switching control strategy of different cooling modes based on temperature prediction 

model for energy saving, because some simple temperature prediction models have been developed for 

control purposes (Frausto et al., 2003; Xu et al., 2016). The rest of the article is organized as follows. In 

Material and Method section, the proposed switching control strategy for energy saving is described at first. 

Then the simulation experiments are designed and a mechanistic model is used to test the energy-saving 

effect of the proposed control strategy. In Results section, the simulation results are introduced at first. Then, 

the energy-saving potential of the proposed control strategy is analysed by comparison with a reference one 

with fixed switching rules. At last, the main influencing factors of energy consumption are also discussed. 

The paper is concluded at last. 

 

MATERIAL AND METHODS 

Switching control strategy for energy saving 

 In subtropical and tropical regions, there are usually multiple cooling facilities installed in a 

greenhouse. Four common kinds of facilities are considered in this research, i.e., roof windows, fans, a wet 

pad and external shading net. Assume that they are all driven by the on-off actuators, which is in accordance 

with the actual situation of many greenhouses. According to the first three kinds of facilities, the greenhouse 

operation is divided into three modes, i.e., natural ventilation mode, mechanical ventilation mode and pad-

fan cooling mode. When all the facilities don’t work, the operating mode is called passive mode in this paper. 

The operation process can be regarded as a switching one among the four modes, and the greenhouse is in 

only one of the four modes at any time. The shading net also affects the indoor air temperature, but it is not 

used to divide the operating modes, because it is folded or unfolded, mainly depends on the solar radiation 

intensity, having little containment relationship with the above four operating modes. Therefore, the shading 

net can be folded or unfolded, no matter that the greenhouse is in any of the operating modes. The switching 

control system of the greenhouse is shown in Fig.1. The outdoor environmental factors are used as input to 

the controller to facilitate the construction of indoor air temperature prediction model.  

Indoor air 

temperature

Natural ventilation

Passive mode

Pad-fan cooling

Mechanical ventilation
GreenhouseController

Outdoor 

environmental 

factors

External shading net

Outdoor 

environmental 

factors

 
Fig.1 - The greenhouse cooling system  

 

 We proposed a new switching control strategy based on temperature prediction model to reduce the 

energy consumed for greenhouse cooling. At first, it’s necessary to construct the prediction model of indoor 

air temperature in each cooling mode. At present, there are three kinds of prediction models, i.e., 

mechanistic model (Singh et al., 2006), ARX model (auto regressive prediction model with external variables) 

(Frausto et al., 2003) and neural network model (Frausto et al., 2004). The ARX model is simpler and has 

smaller computational burden than the other two kinds, so it is often used for control purposes. We have 

constructed the temperature prediction models in different operating modes based on the analysis of 

mechanistic models, called IARX (incremental ARX) model (Xu et al., 2016). The IARX models have fewer 

coefficients than typical ARX models, so they are more suitable for online identification in real-time control. 

The IARX prediction models of indoor air temperature in the natural ventilation mode and mechanical 

ventilation mode have the same form, shown as Eq.(1); while the prediction model in the pad-fan cooling 

mode is shown as Eq.(2).  

1 1( 1) ( ) ( )+i oi outT k T k R k                                                           (1) 
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1 1 1( 1) ( ) ( ) ( )+i oi out piT k T k R k T k                                            (2) 

where ΔTi(k+1) denotes the difference of indoor air temperature at the time instants k+1 and k (°C); ΔToi(k) 

the difference of outdoor and indoor air temperature at the time instant k (°C); ΔTpi(k) the difference of indoor 

air temperature and that of the wet air that just passes through the pad at the time instant k (°C); Rout(k) the 

solar radiation intensity at the time instant k (W/m^2); α1, β1, γ1 and ε are all coefficients.  

 When the models are used to predict temperature at the time instant k+i (i>1), it is necessary to 

provide the data of relevant environment factors at time k+i-1. However, the environmental data at future 

time instants are unknown in the actual control process. We will adopt the lazy man weather prediction 

method (Tap et al., 1996), in which the environmental factors remain unchanged over a specified horizon. 

The prediction method is effective when the horizon is not too long.  

 Assume the greenhouse is in the passive mode and the shading net is folded at the beginning. When 

the indoor air temperature reaches the upper limit, the model in each cooling mode is used to predict the 

indoor air temperature over a specified horizon respectively. Natural ventilation is the first choice because it 

consumes very little energy. As long as the predicted temperature in the natural ventilation mode is within the 

set range, this mode is selected directly and it is not necessary to consider the other two cooling modes. If 

the natural ventilation mode cannot reduce the indoor air temperature below the upper limit, the other two 

cooling modes will be adopted. Different from the natural ventilation mode, the mechanical ventilation mode 

and pad-fan cooling mode both consume much more energy. Of course, their capacities for cooling are 

significantly enhanced. In particular, the pad-fan cooling mode can reduce the indoor air temperature lower 

than that outside. In order to forbid the two cooling modes to run for too long time, we set the selection and 

stopping criteria for the two modes. The mechanical ventilation mode is taken for example. When the indoor 

air temperature reaches the upper limit and the predicted temperature over a specified horizon in the natural 

ventilation mode is also higher than the upper limit, the temperature model in the mechanical ventilation 

mode is used to predict over a specified horizon. If the predicted temperature can reach the lower limit, the 

cooling mode may be selected. The cooling mode is stopped when the indoor air temperature reduces to the 

average of the upper and lower limits. The selection and stopping criteria can ensure that the running time of 

mechanical ventilation is not more than the prediction horizon. The selection of pad-fan cooling mode is the 

same. If only one of the two cooling modes meets the selection criterion, it will be selected. If both modes 

meet it, it’s required to make further judgments between them. We pre-estimate the energy consumption of 

the two cooling modes based on the prediction results over a specified horizon respectively. The algorithm is 

shown in Eq.(3), and the cooling mode with the smaller estimation will be selected.  

 

 

. . |

1|

1

pred a

pred a

J P n t

s t T k n k T

T k n k T

n N

  

 

  

 

                                                                         (3) 

where the letter J denotes the energy consumption (J); P denotes the operating power of cooling mode (W); 

Δt the sampling period (s); N the length of prediction horizon (measured by the number of sampling periods); 

n the length of the continuous operation of cooling mode; Tpred(k+j|k) the prediction value of indoor air 

temperature at the time instant k+j (°C); TL the lower limit (°C); Ta the average of the upper and lower limits 

(°C).  

 The selection process of cooling modes will be repeated every time when the indoor air temperature 

reaches the upper limit. Assume that the pad-fan cooling mode can meet the cooling requirements in any 

case, which is consistent with the real situations of many greenhouses. In the above control process, two 

thresholds are set for the shading net. When the solar radiation intensity exceeds the high threshold, the 

shading net is unfolded; while when the solar radiation intensity reduces to the low threshold, the shading net 

is folded. The difference between the two thresholds is helpful to avoid frequent switching of the shade net. 

The accuracy of temperature prediction models is very important to the switching control strategy. In order to 

obtain good accuracy, the receding horizon method is adopted to update the model coefficients in time (Tap et 

al., 1996). Therefore, the switching control of cooling modes can be implemented for energy saving. 

Simulation experiments 

 We have constructed a mechanistic model of Venlo-type glass greenhouse microclimate to develop 

new control strategies and the discrete on-off control characteristics are fully considered (Xu et al., 2016). 
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The mechanistic model of greenhouse temperature system is shown as Eq.(4), and we will use it to simulate 

the proposed switching control strategy.  

 
           

 

1 2 3

. . 1, 0,1 1,2,3

in

a g a radin nv mv pf exch tran

j j

dT t
V C Q t x Q t x Q t x Q t Q t Q t

dt

s t x x j




     

    

       (4) 

where ρa denotes the air density(g/m
3
); Vg the greenhouse volume (m

3
); Ca the air specific heat (J/(g°C)); 

Tin(t) the indoor air temperature (°C); t time (s); Qradin(t) the solar radiation power received in the greenhouse 

(W); Qnv(t) the power loss caused by natural ventilation (W); Qmv(t) the power loss caused by mechanical 

ventilation (W); Qpf(t) the power loss caused by pad-fan cooling (W); Qexch(t) the power loss caused by the 

energy exchange through cover layer (W); Qtran(t) the power loss of crop transpiration (W); xj (j=1, 2, 3) 

decision variables and have values of either 0 or 1 (0 denotes OFF and 1 ON). There is at most one decision 

variable with the value 1 at any time, according to the operating process of greenhouse described in above 

switching control strategy section.  

 Before simulation, the data of four outdoor environmental factors should be provided, i.e., outdoor air 

temperature, relative humidity, solar radiation intensity and wind speed. A sunny day, Apr. 22, 2014 in 

Nanjing area is selected. Because cooling is not necessary at night, the control experiments are only 

simulated in day time and the simulation period is set to 7:30-16:30. The four outdoor environmental factors 

during this period are shown in Fig. 2.  
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Fig. 2 - Four outdoor environmental factors 

 

 The facilities in simulation are consistent with that in the greenhouse which is used to verify the above 

mechanistic model. There are four ventilation fans, which are controlled by the same on-off drive signal. The 

greenhouse operates in mechanical ventilation mode when only the fans are switched on. The total area of 

roof windows is about tenth of the greenhouse area, with the maximal opening angle 30°. The greenhouse 

operates in mechanical ventilation mode when only the roof windows are switched on. There is a shade net 

above the greenhouse, the light transmission of which is about 50%. The thresholds for the shading net are 

set to 420 W/m
2
 and 400 W/m

2
. The IARX model includes solar radiation intensity, so the working state of 

shading net will affect the prediction results. The IARX models expressed in Eq.(1) and Eq.(2) are revised 

based on the on-off characteristic of shading net, and the revised IARX models are as follows respectively.  

   4( 1) ( ) (1 ) ( )i oi outT k T k x R k                                                         (5) 

4( 1) ( ) (1 ) ( ) ( )+i oi out piT k T k x R k T k                                                  (6) 

where x4 is the control signal of shading net (0 denotes OFF and 1 ON); η the light transmission (50%).  

 The operation powers of all facilities are required to calculate the energy consumption of greenhouse 

operation. The rated power of each fan is 1KW, and that of wet pad is 2KW. While compared with fans and 

wet pad, the energy consumption of roof windows and the shading net is very little, so they are neglected. It 

has been found that the indoor air temperature can reach a steady state within 10 minutes after the 

greenhouse entered into a new operating mode in actual tests (Xu et al., 2016), so the prediction horizon is 

set to 10 minutes. In order to study the influence of the upper and lower limits and the set range of 

temperature on the energy consumption, we set three temperature ranges. The butterfly orchid plant were 
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potted in greenhouse when the mechanistic model was verified (Xu et al., 2016), so the temperature ranges 

are set as (20°C, 30°C), (24°C, 30°C) and (22°C,32°C), and they are numbered as case 1, 2 and 3, for easy 

identification. The above simulation experiments will be done in the three cases.  

 The IARX prediction models should be identified at first before use. For convenience, for the first three 

cooling requirements, the greenhouse is forced to enter into the three cooling modes successively. In order 

to obtain enough environmental data for model identification, the sampling period is set to 30s. After the first 

three cooling actions, the proposed control strategy is adopted for the greenhouse cooling system. As 

previously mentioned, the receding horizon method is adopted to update the model coefficients.  

 In order to explore the energy saving potential of the proposed control strategy, we designed a 

reference one without any temperature prediction model. The reference control strategy operates with fixed 

switching rules, which is described as follows. At the beginning, assume the greenhouse is in the passive 

mode and the shading net is folded. When the indoor air temperature reaches the upper limit, the natural 

ventilation mode is adopted at first. If the natural ventilation mode cannot meet the cooling requirement, the 

mechanical ventilation mode will be adopted. In order to prevent the fans from running for too long time, if the 

indoor air temperature cannot be reduced to the average of the upper and lower limits within five minutes, 

the greenhouse will be forced to transfer into the pad-fan cooling mode. When the indoor air temperature 

reaches the upper limit every time, the cooling mode adopted last time will be adopted at first. After unfolding 

the shading net, the switching process will repeat the above switching rules, and the natural ventilation mode 

is the first choice for cooling. Except for the switching rules, the other settings are the same as that in the 

proposed control strategy. The control strategies are programmed and simulated in MATLAB software.  

 

RESULTS 

 The dynamic behaviours of indoor air temperature in the three cases are shown in Fig. 3 to Fig. 8. The 

simulation results indicate that the two switching control strategies can meet the cooling requirement. The 

operating times of three cooling modes are counted in the three cases for the two control strategies, and 

listed in Table 1. The energy consumption of the two control strategies is calculated and shown in Table 2. 

The results in case 1 and case 2 indicate that the proposed control strategy has a good potential for energy 

saving. The results in case 3 will be analysed specially below.  
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Fig.3 - The indoor air temperature of the proposed control strategy in case 1 
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Fig.4 - The indoor air temperature of the reference control strategy in case 1 

 

 In case 1 and case 2, the dynamic behaviours of indoor air temperature simulated by the two control 

strategies are different, and the main difference appears in the later stage of the simulation process. The 

reason is as follows. For the proposed control strategy, the mode switch is based on the real-time prediction 

results. The prediction results of temperature models change with the outdoor environmental factors, so the 

proposed control strategy can choose the natural ventilation mode in time with the decrease of outdoor air 

temperature and solar radiation. Therefore, the proposed control strategy has a good adaptive ability, 
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compared with the reference one. The proposed control strategy can save energy about 15.4% compared 

with the reference in case 1; while it can save energy about 24.6% in case 2.  
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Fig.5 - The indoor air temperature of the proposed control strategy in case 2 
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Fig.6 - The indoor air temperature of the reference control strategy in case 2 
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Fig.7 - The indoor air temperature of the proposed control strategy in case 3 
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Fig.8 - The indoor air temperature of the reference control strategy in case 3  

Table 1 

The operating times of cooling modes in both control strategies 

Case 
Proposed control strategy (min) Reference one (min) 

NV MV PF NV MV PF 

1 400 3 53 371 20 52 

2 371 15 33 340 22 42 

3 458 3 3 493 0 0 

Note: NV natural ventilation; MV denotes mechanical ventilation mode; PF pad-fan cooling mode. 

Table 2 

 Comparison of energy consumption of two control strategies 

Case Proposed control strategy (kW.h) Reference one  (kW.h) Energy saving [%] 

1 5.5 6.5 15.4 

2 4.3 5.7 24.6 

3 0.5 0 -- 
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 The simulation results in case 3 are very different from that in the first two cases. The natural 

ventilation mode can meet the cooling requirement very well in case 3, so both the control strategies almost 

don’t consume energy. The proposed control strategy consumes a little energy because of the first three 

fixed cooling actions. It can be seen that the upper limit has a great influence on the energy consumption for 

greenhouse cooling. The higher the upper limit is, the less the energy consumption will be. According to the 

temperature integration theory (Sigrimis et al., 2000), a short-term high temperature has little effect on crops. 

Therefore, in some cases, allowing the indoor air temperature to exceed the upper limit briefly will be helpful 

for energy saving.  

 According the results in case 1 and case 2, the different energy saving effect indicates that the set 

temperature bandwidth has influence on the energy saving potential. In case 2, the temperature bandwidth is 

narrower, while the energy consumption is less. According to previous studies (Gu et al., 2001), the indoor air 

temperature changes in the form of a negative exponential function during the cooling process, and thus the 

energy for reducing 1°C is more and more as the indoor air temperature is reduced. Therefore, the narrow 

range is conducive to save energy. However, the simulation results also show that the indoor air temperature 

fluctuates more frequently in case 2. In fact, the narrow range leads to the frequent switch of operating 

modes, which means that the facilities are switched on and off frequently. It’s important to compromise the 

above contradictions for growers, because the frequent switch is easy to damage the facilities.  

 We focussed on the switching control of the three common cooling modes for energy saving, so we 

didn’t study the cooling effect of shading net quantitatively in this paper. The simulation results indicate that 

the shading net is effective to reduce the energy consumption. In case 1 and case 2, when the shading net is 

folded, the natural ventilation mode is unable to reduce the indoor air temperature below the upper limit; 

while when the shading net is unfolded, the natural ventilation mode can meet the cooling requirement well. 

The influence of shading net is also confirmed by the simulation results in case 3. Therefore, it’s necessary 

to make full use of the shading net for cooling greenhouse in future practice. Before setting the thresholds for 

shading, the demand of light illumination must be fully considered for the photosynthesis of indoor crops.  

 

CONCLUSIONS 

 In order to reduce the energy consumption of greenhouse cooling in subtropical and tropical regions, 

we proposed a switching control strategy based on temperature prediction model for the greenhouses with 

the facilities driven by the on-off actuators. The simulation results indicate that the control strategy has a 

good adaptive ability and a good energy saving potential. The control strategy is easy to implement without 

major revisions on the existing facilities. Even if there are more facilities, the control strategy is still 

applicable, as long as the operating modes are re-divided and the indoor air temperature prediction models 

in all modes are constructed. Therefore, the proposed control strategy has a good universality.  
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ABSTRACT  

This work aims to determine the energy use for greenhouse vegetable production and to estimate the 

mechanization index in Biskra province (Algeria).The results revealed that the total energy required for 

vegetable protected production is 119.68 GJ per hectare where the infrastructure was the highest energy 

consumer followed by the electricity and fertilizers with a share of 22%, 20% and 19%, respectively. The 

energy use efficiency was calculated as 0.82, showing the inefficiency use of energy in the protected 

vegetable production. The entire farmers use least machinery labour energy in hectare compared to the 

human energy and the itinerary crop is similar for all greenhouses. 

 ملخص

نتائج يهدف هذا العمل إلى تحديد استخدام الطاقة لإنتاج الخضار للزراعات المحميةوتقدير مؤشر المكننة في محافظة بسكرة )الجزائر(. وكشفت ال

على للطاقة يلي  الكهربا  جيغا جول في الهكتار الواحد حيث كانت البنية التحتية المستهلك الأ  119.68أن إجمالي الطاقة اللازمة لإنتاج الخضار المحمية هي 

، والتيتبين عدم كفا ة استخدام الطاقة في إنتاج الخضار 0.82تم احتساب كفا ة استخدام الطاقة وهي  .٪ على التوالي19٪ و 20٪، 22والأسمدة بحصة بلغت 

رية والأعمال الزراعية هي متماثلة في جميع البيوت جل المزارعين يستخدمونطاقة ميكانيكية في الهكتار أقل مقارنة مع الطاقة البش  .للزراعات المحمية

 .البلاستيكية

INTRODUCTION 
In the two last decades, Algeria has experienced a notable agricultural development driven by a 

prosperous trend in market gardening in plastic greenhouses due of the favourable climatic conditions and 

the government’s policy. As results of this development, Biskra province becomes the first producer of early 

vegetables nationally (Allache et al., 2015) where, the surface occupied by the greenhouse has increased by 

528.52% over the last 20 years (Belhadi et al., 2016). 

Taking into account limited natural resources and the impact of using different energy sources on 

environment and human health; it is substantial to investigate energy use patterns in agriculture 

(Samavatean, 2011).Therefore, research efforts have emphasized energy and economic analysis of various 

agricultural productions for planning resources in the ecosystem (Singh et al., 2002). While several works 

across the world have been conducted to estimate the energy use in greenhouse vegetable production, such 

as: Ozkan et al. (2004), Elings et al. (2005), Campiglia et al. (2007), Djevic and Dimitrijevic (2009), Ozkan et 

al. (2011), Pahlavan et al. (2011), Heidari and Omid (2011), Bojacá et al. (2012), Baptista et al. (2012) and 

Hedau at al. (2014). However, no studies have been published on energy input–output analysis and the 

mechanization index analysis of greenhouse vegetable production in Algeria. 

With these observations in mind, this study addresses the determining input-output energy use in 

greenhouse vegetable production in order to study the energy consumption efficiency. Furthermore, this 

study wishes to estimate the mechanization degree and the mechanization index for the greenhouse 

vegetable production in Biskra province, southern of Algeria. 

 
MATERIAL AND METHODS 

Study area 

According to Rekibi (2015), Biskra province occupies over 32% of national production of protected 

crops which make it the first producer of early vegetable in Algeria. The vegetables produced most 

extensively are tomato, cucumber, eggplant and pepper. For this reason, this study has been carried out in 

this region. The study area is located in the south-eastern of the country, the gateway to the Sahara. The 
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height above sea level is 112 m which makes it one of the lowest cities. The chief town of the province is 

located at 400 km of the capital, Algiers. It has surface area of 21,671 km², divided into 12 administrative 

districts (Fig. 1). Biskra has a hot desert climate, with very hot and dry summers and mild winters with annual 

rainfall averaging between 120 and 150 mm/year. The average annual temperature is 20.9°C. 

 

 

 

 

 

 

 

 

 

 

 

Survey 

An investigation was conducted in Biskra province during the season 2014-2015. The study employed 

face-to-face personal interviews using questionnaires which compound sections providing the economic 

characteristics, practices and management of the farm. The data have been collected from 65 farmers 

representing 5% of greenhouse vegetable growers from the six most productive municipalities, namely: 

M’ziraa, Ainnaga, Sidi Okba, Elaghrous, Doucen and Lioua (Fig.1). In this area, the vegetables produced 

most extensively are tomato, cucumber, eggplant and pepper. 

Energy input-output measurement 

Energy requirements in agriculture are divided into two groups, direct and indirect (Samavatean, 

2011). In this study, direct energy includes human labour, diesel, water for irrigation and indirect energy 

includes seeds, fertilizers, Farmyard manure, chemicals, machinery and infrastructure. Based on the energy 

equivalents of the inputs and outputs (Table 1), the metabolisable energy was calculated. Renewable energy 

(RE) consists of human labour, seed, manure and water for irrigation, whereas non-renewable energy (NRE) 

includes machinery, diesel fuel, electricity, infrastructure, fertilizers and chemicals. 

To analyse the energy flow, energy ratio (energy use efficiency) (ER), energy net (EN) and energy 

productivity (EP) indexes were calculated as following: 

 
 [MJ/ha]

 
 [MJ/ha]

Energy output
Output input ratio ER

Energy input
                           (1) 

   
 [kg/ha]

 [kg/MJ]
 [MJ/ha]

Total output
Energy productivity ( EP )

Energy input
                                         (2) 

  [MJ/ha]  [MJ/ha]  [MJ/ha]Energy Net EN Energy output Energy input                (3) 

 [MJ/ha]
 [MJ/kg]

 [kg/ha]

Energy input
Specific energy

vegetable output
                                                (4) 

 [MJ/ha]
 

  [$/ha]

Energy Input
Energy intensiveness

Cost of cultivation
                                                   (5) 

 
Table 1 

Energy equivalent factors used to transform the inputs and the outputs yield  
of the greenhouse tomato production system in Biskra region 

Energy source Unit 
Energy equivalent 

[MJ/unit] 
Reference 

Inputs   

Human labour h 1.96 Singh et al. (2002) 

Machinery h 62.70 Singh et al. (2002) 

Diesel oil l 45.40 Bojacá et al. (2012) 

Infrastructure kg   

Fig. 1 - Situation of study area 

 

https://en.wikipedia.org/wiki/Municipalities_of_Algeria
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Energy source Unit 
Energy equivalent 

[MJ/unit] 
Reference 

Steel  33.00 Medina A, et al (2006) 

Polyethylene  9.90 Medina A, et al (2006) 

Synthetic fibre  1.20 Medina A, et al (2006) 

PVC  11.60 Medina A, et al (2006) 

Fertilizers kg   

N  60.60 Ozkan et al. (2004) 

P 2O5  11.10 Ozkan et al. (2004) 

K2O  6.70 Ozkan et al. (2004) 

Farmyard manure kg 0.30 Bojacá et al. (2012) 

Pesticides kg   

Fungicides  216 Mohammadi and Omid (2010) 

Insecticides  101.20 Mohammadi and Omid (2010) 

Plant materials    

Plantlets unit 0.20 Bojacá et al. (2012) 

Water for irrigation m
3 

0.63 Bojacá et al. (2012) 

Electricity  kW h 3.60 Ozkan et al. (2004) 

Output 

Tomato, cucumber, 
eggplant, pepper 

kg 0.80 Ozkan et al. (2004) 

 

Greenhouse production is more expensive than producing the same crop in the open field, the most 

important factors determining costs are depreciation of the structure and equipment, labour, energy and 

variable costs such as plant material, substrate and fertilizer (Peet and Welles, 2005). For this, the 

output/input analysis was also applied in economic benefits. The process was similar with energy balance 

analysis. The economic analysis of the investigated farmers was determined using the following indicators 

(Fadavi et al., 2011): 

Gross value [$/ha]= vegetable yields [kg/ha] x price [$/kg]                                      (6) 

Gross return [$/ha] = Total production value [$/ha] – Variable cost of production [$/ha]  (7) 

Net return [$/ha] =Total production value [$/ ha] – Total production costs [$/ha]        (8) 

  [$/ha]
 

  [$/ha]

Total production value
Benefit Cost ratio

Total production costs
                                            (9) 

 [kg/ha]
[kg/$]

  [$/ha]

Vegetable yield
Productivity

Total production costs
                                           (10) 

Mechanization index estimation 

Mechanization index (IM): Singh (2006) presented a definition for mechanization index based on using 

living thing and machine in input energy which is calculated from the relationship. 

[%]
CEM

IM
CEH CEA CEM


 

                                                             (11) 

where: IM: mechanization index, CEM: Cost of using machine, CEH: Cost of manpower, CEA: Cost of using 

animal power.  

Machinery energy ratio (machine index), the machinery energy ratio is an index which represents the 

fraction of the total energy inputs through the various tools and implements used in different operations for 

cultivation of the particular crop. The machinery energy was determined using the following equation. 

[%]
Ed

MER
Te

                                                    (12) 

Where MER is the ratio of the machinery energy to the total energy input; Ed is the energy input through the 

various machines/implements; Te is the total energy input from human labour, animals, machine/hand tools, 

seed, and farm yard manures for the vegetable greenhouse production. 
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RESULTS  

The data were collected from 65 vegetable protection growers in Biskra province. The average size of 

greenhouses is around 2.1 ha with a range from 0.25 up to 12.75 ha. All of the surveyed greenhouses were 

the plastic houses and metallic structures. Also the data showed that almost all surfaces covered by 

greenhouse were irrigated using drip irrigation and about 73% of visited farms were privately owned and 

27% rented. 

 Energy inputs – outputs used analysis 

The summarized information on energy use pattern and yield value of vegetable production is 

presented in Table 2 and along with Fig.1 gives the percentage distribution of energy inputs. 

Table 2 

Amounts of inputs and output energy used in protected vegetable production. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The results revealed that the total energy required for vegetable protected production is 119.68GJ per 

hectare. Compared to other study, in Turkey, the consumption of energy by cucumber, tomato, eggplants 

and pepper were 134.77, 127.32, 98.68 and 80.25 GJ/ha, respectively (Ozkan et al., 2004). In central of 

Italy, the total energy requirements for producing the greenhouse vegetable crops were found in the range of 

64,232–142,835 GJ/ha (Campiglia et al., 2007).These results indicate that the energy consumption for 

vegetable greenhouse production is different from one region to another with light variation. Among the 

different energy sources the infrastructure was the highest energy consumer followed by the electricity and 

fertilizers with a share of 22%, 20% and 19%, respectively. This result is in accordance with that founded by 

A. Medina, et al (2006) where the highest portion of the energy use in Colombia comes from the greenhouse 

construction with 41.29% of the total energy use and the major part of this energy is attributed to the steel. 

Energy source Quantity per unit area [ha] Total Energy equivalent [MJ/unit] 

Input  

Human labour [h] 3457.03 6775.78 

Machinery [h] 31.38 1967.25 

Diesel oil [l] 129.02 5857.41 

Infrastructure [kg]   

Steel 146.68 4840.31 

Polyethylene 2082.54 20617.14 

Synthetic fibre 105.81 126.97 

PVC 130.82 1517.46 

Fertilizers [kg]   

N 278.86 16899.13 

P 2O5 354.66 3936.76 

K2O 274.50 1839.16 

Farmyard manure [kg] 47742.54 14322.76 

Pesticides [kg]   

Fungicides 10.30 2224.12 

Insecticides 96.47 9762.64 

Plant materials   

Plantlets [units] 17232 3446.35 

Water for irrigation [m
3
] 3154.00 1987.02 

Electricity [kW h] 6544.84 23561.42 

Output 

Tomato, cucumber,  
eggplant, pepper [kg] 

122095.24 97676.19 

Fig. 2 - Percentage distribution of energy inputs 
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The proportion of energy input of farmyard manure, pesticides, human labour, diesel oil, plantlets, 

water and machinery used for protected vegetable (tomato, cucumber,  eggplant, pepper) growing were 

12%, 10%, 6%, 5%, 3%, 2% and 1%, respectively. In similar works, in Antalya (Turkey), the results indicated 

that the bulk of energy consumed for greenhouse winter crop tomato production was: fertilizer (38.22%), 

electricity (27.09%), manure (17.33%) and diesel-oil (13.65%) (Ozkan et al., 2011), while, among input 

energy sources, diesel fuel and fertilizers contained highest energy with 54.17% - 49.02% and 21.64% -

24.01%, respectively (Heidari and Omid, 2011).This comparison shows that each region has specificity in 

terms of energy inputs sharing. 

The fertilizers and manure required to fertilize the soil are48650.56 kg/ha with nearly a third of total 

energy consumed (31%), this observation is a common belief that increased use of fertilizer and manure will 

increase the yield. 3457.03 h of human power and 31.38 h of machine power are required per hectare of 

vegetable production in the research area. The crop itinerary is mainly similar for all the greenhouses crops 

moreover it is carried out generally by human labour energy (6%) compared to machinery energy (1%). The 

source of human labour in the investigated farms is from either family members or mainly from hired 

(seasonal) labours. Also, 5857,41 MJ/ha of diesel fuel was consumed generally for machinery purposes and 

most of the machineries are mainly provided by rent.  

Table 3 presents the energy use efficiency, energy productivity, specific energy, net energy and 

energy intensiveness of protected vegetable production.  

Table 3 
Energy input–output ratio in greenhouse vegetable production 

Items Unit Protected vegetable 
production 

Energy input MJ/ ha 119681,69 

Energy output MJ/ha 97676,19 

Yield Kg/ha 122095,24 

Energy use efficiency --- 0.82 

Specific energy MJ/kg 0.98 

Energy productivity Kg/MJ 1,02 

Net energy MJ/ha -22005,50 

Energy intensiveness MJ/$ 2.09 

 

Energy use efficiency (energy ratio) was calculated as 0.82, showing the inefficiency use of energy in 

the protected vegetable production. Other results founded for protected vegetable, such as 0.66 for tomato 

(Pahlavan et al., 2011), 0.76 for cucumber, 0.61 for eggplant, 0.99 for pepper (Ozkan et al., 2004), 0.32 for 

tomato, 0.31 for cucumber, 0.23 for eggplant, 0.19 for pepper (Canakci and Akinci, 2006) have been 

reported for different crops, showing the inefficient use of energy, thus it is concluded that the energy ratio 

can be increased by raising the crop yield and/or by decreasing energy input consumption. Similar results 

such as 0.68 for tomato (Bojacá et al.,2012), 0.69 and 1.48 for cucumber and tomato respectively (Heidari 

and Omid, 2011) 0.8 for winter crop tomato (Ozkan et al., 2011) were calculated. 

The average energy productivity of protected vegetable was 1.02 kg/MJ. This means that 1.02kg of 

tomato, cucumber, pepper or eggplant output was obtained per unit energy. The specific energy, net energy 

and energy intensiveness of protected vegetable production were 0.98 MJ/kg, -22005.50 MJ/ha and 2.09 

MJ/$, respectively. Net energy is negative (less than zero). Therefore, it can be concluded that in protected 

vegetable production, energy is being lost and this result similar to that was obtained by other researchers 

such as: Ozkan et al. (2004), Canakci and Akinci (2006) and Pahlavan et al. (2011). Parallel studies obtain 

0.31 MJ/kg (Ozkan et al., 2004), 12380.3 MJ/t (Hatirli et al., 2006) and 0.94 kg/MJ (Ozkan et al., 2011) for 

the specific energy of corn production. 

Total mean energy input as direct, indirect, renewable and non-renewable forms are given in Table 4.  

Table 4 

Total energy input in the form of direct, indirect, renewable and non-renewable for vegetable production 

Form of energy [MJ/ha] [%] 

Direct energy 38181.63 31.90 

Indirect energy 81500.06 68.10 

Renewable energy 26531.92 22.17 

Non-renewable energy 93149.77 77.83 
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The total energy input consumed could be classified as direct energy (31.90%), indirect energy 

(68.10%) and renewable energy (22.17%) and non-renewable energy (77.83%). A number of resultants, in 

same cultivation system, revealed that for tomato in Turkey indirect energy (41.54%) is less than that of 

direct energy (58.18%), and renewable energy (81.60 %) is greater than that of non-renewable energy 

(18.12 %) (Ozkan et al., 2011)while for the same crop and region, the results show that the share of direct 

input energy was 59% in the total energy input compared to 41% for the indirect energy. On the other hand, 

non-renewable and renewable energy contributed to 88 and 12% of the total energy input, respectively 

(Hatirli et al., 2006). 

 Economic analysis 

In this section, the majority of studies worked on energy balance of protected vegetable and didn’t 

take into account the economic feature. From our perspective, the costs of each input used and calculated 

gross production values for protected vegetable production are shown in Table 5. 

Table 5 
Economic analysis of greenhouse vegetable production 

Economic index Unit Value 

Yield Kg/ ha 122095.24 

Sale price $ /kg 0.47 

Gross value  $/ ha 57384.76 

Variable cost  $ /ha 24842.28 

Fixed cost  $ /ha 3907.09 

Total cost $/ ha 28749.37 

Cost of production $/ kg 0.24 

Gross return $/ ha 32542.47 

Net return $ /ha 28635.39 

Benefit to cost ratio  1.99 

Productivity kg /$ 4.25 

 

The result reveal that, the gross value of production is 57384.76 $/ha where the total mean costs for 

the production was 28749.37 $/ha. About 86.40% of the total expenditure was variable costs, while13.59 % 

was fixed expenditure. Several studies reported that the ratio of variable cost was higher than that of fixed 

cost in cropping systems (Samavatean et al., 2011).Starting from these results, the benefit-cost ratio from 

protected vegetable production in the farms was calculated to be 1.99. These results are consistent with the 

findings reported by Canakci and Akinci (2006) where the benefit/cost ratio for the tomato, pepper, cucumber 

and eggplant production were calculated at 1.57, 1.15, 1.29 and 1.10, respectively. On the other side, 

benefit/cost ratio was calculated for others crop such as 1.36 for Garlic production (Samavatean et al., 2011), 

1.83 and 2.21 for greenhouse and open-field grape (Ozkan et al., 2007).Concerning the gross return, the 

calculation gave the result 32542.47 $/ha while for the productivity, it is 4.25 kg/$. 

 Mechanization index analysis 

Different clusters of farm were determined basing on greenhouse area. Table 6 illustrate that 

Mechanization index (MI) of 0.119 is obtained for protected vegetable production in the visited region. 

 

Table 6 

Mechanization Index and Machinery energy ratio for different land size 

 <1 1-<3 3-<5 >5 total 

Mechanization index (MI) 0.119 0.124 0.111 0.112 0.119 

Machinery energy ratio (MER) 0.008 0.012 0.007 0.017 0.010 

Number of farmers 41 12 4 8 65 

 

It seems that, the MI calculated for all clusters are almost equal with a small difference. All farmers use 

least machinery labour energy per hectare than the human energy labour, thus we could say that the 

itinerary crop is similar for all the greenhouses visited. These results could be explained by unavailability of 

the machine destined to greenhouse cultivation in the local market especially the planter machine, also due 

the finical situation of the farmer. Previous work has showed that the MI at all-India level was only 14.5% and 

it varied from 8.2% in sorghum and paddy to a highest value of 29.00% in wheat (Singh, 2006). 
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CONCLUSIONS  

This work aimed to analyse the energy balance for the protected vegetable in Biskra province 

(Southern of Algeria), also to make economic analysis and determination of the mechanization index for this 

sector. For this reason, a survey has been conducted with 65 farmers.  

The results revealed from this study could be presented as follows:  

 The total energy required for vegetable protected production is 119.68 GJ per hectare which is close 

to that reported in previous researches (Ozkan et al., 2004). 

 Among the different energy sources the infrastructure was the highest energy consumer followed by 

the electricity and fertilizers with a share of 22%, 20% and 19%, respectively. 

 Each region has specificity in terms of energy inputs sharing. 

 Energy use efficiency (energy ratio) was calculated as 0.82, showing the inefficiency use of energy 

in the protected vegetable production. 

 The gross value of production is 57384.76 $/ha where the total mean costs for the production was 

28749.37 $/ha. About 86.40 % of the total expenditure was variable costs, while 13.59 % was fixed 

expenditure. 

 All farmers use least machinery labour energy per hectare compared to the human energy labour, 

thus we could say that the itinerary crop is similar for all the greenhouses visited. 

As recommendations, the below propositions could enhance the control of energy flow in protected 

vegetable production and also allow the farmer to improve their financial situation, namely:  

 Providing a formation, by a qualified employer, to farmers for changing their wrong behaviours and 

the controlled input; 

 Improving the pest management using an integrated fighting method (IPM); 

 Elaboration of a strategy to introduce the machine for carrying out the farm operation and to promote 

the farm machinery. 
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ABSTRACT 

The paper substantiates the mechanical and technological principles of formalizing the structure of 

agroecosystems on the basis of optimizing the interdependence between the elements of the agroecosystem 

within a specified range of conditions. The equipment for the production of bioenergy resources is improved 

by means of minimizing its energy capacity with all qualitative indices of the technological processes 

preserved. 

 

РЕЗЮМЕ 

У статті обґрунтовано механіко-технологічні основи для формалізації структури 

агроекосистем на основі оптимізації взаємозв’язків між елементами агроекосистеми у визначеному 

діапазоні умов. Удосконалено обладнання для виробництва біоенергоресурсів шляхом мінімізації 

його енергоємності при збереженні якісних показників технологічних процесів. 

 

INTRODUCTION 

There is no doubt that every measure proposed for implementation in agroecosystems should not only 

provide soil fertility, but favour the expanded fertility renewal. Therefore, the important task is to determine 

the amount of plant biomass, which can be used in heating without any harm to soil fertility recovery. It 

should also be taken into account that the use of technological processes with high mechanization level does 

not always lead to higher economic production indices because of increased deductions in production costs 

for technical servicing and repair of technical equipment, as well as deductions for depreciation, which are 

not compensated by additional production profits. 

Oil-bearing crop production takes one of the leading positions in the structure of plant growing and in 

the whole system of agricultural production in Ukraine. In the structure of total agricultural output, 35% of 

total production volumes in all farm categories are due to these crops. The main producers of these products 

manufacture 60% of oilseed products (***Agricultural Ukraine, 2015). In terms of food security, the volumes 

of domestic production fully satisfy domestic demands in these products, leaving some bulk for export and 

raw materials for biofuels. 

The experience of using biogas plants was completely analysed by the Agency for renewable 

resources in Germany (***Guide to biogas, 2012). The authors of the analysis indicate that in the absence of 

biomass mixing in the reactor, after a while there is a separation of biomass with layer forming due to the 

difference in density of certain mineral and organic components, as well as to flotation of particles while 

yielding gas. Thus, the biggest part of the anaerobic bacteria biomass is situated at the bottom of the reactor 

and the organic part of the biomass substrate accumulates at the top of the reactor. As a result, the contact 

zone of anaerobic bacteria with biomass substrate is limited by a boundary layer of mentioned parts of the 

reactor. Floating crust of solid organic substances also blocks biogas yield. Facilitation of anaerobic bacteria 

contact with substrate biomass is provided by mixing the substrate, but intensive mixing should be avoided 

because it can cause stopping of anaerobic fermentation at the expense of disturbance of acetogenic and 

methanogenic bacteria symbiosis. In practice, a compromise is achieved by slow rotation of agitators or by 

their work within a short period of time. Part of the solid mineral inclusions contained in substrates based on 

manure is released in the process of biological decomposition inside the reactor. Mineral sediment reduces 

the useful volume of the reactor (Gouxa Х. et al, 2016; Satjaritanuna P. et al, 2016). 
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MATERIALS AND METHODS 

Structural diagram for the biological conversion of organic material in agricultural ecosystems with 

production of outputs and biofuels was developed on the basis of typical crop rotation for intensive farming in 

the Forest-Steppe zone using the calculation of the balance of humus and compost mixture formulation 

through agrochemical balances. The amount of straw for combustion was calculated as the difference 

between the total quantity of straw and the priority needs of its use. Heat generation ability of different types 

of straw was calculated on the basis of DSTU 3581-97 Energy efficiency. We used the methods of 

measurement and calculation of combustion heat. Biodiesel production resources were determined on the 

basis of statistical indicators of Ukrainian agricultural sector. Estimated volume of the produced biogas was 

determined on the basis of the intensity of organic biomass decomposition during its fermentation. 

 

RESULTS 

Biological energy conversion 

With due regard to well-known regularities and research results it is developed the structural diagram 

and simulation model of diversified manufacturing of products with biological energy conversion of organic 

raw materials for 6-field crop rotation with a total area of 300 hectares (fig. 1). 

 

Fig. 1 – Structural diagram for the manufacturing of production and energy on the basis of biofuels 

 

Structural diagram of diversified manufacturing of agricultural products and energy envisages: growing 

of rotation field crops with production of grain and sugar beets; harvesting of crop straw and rape stalks; 

leaving of shredded corn stalks in the field as mulch; feed production for poultry; manufacturing of poultry 

products; methane (anaerobic) fermentation of poultry manure with production of heat and electric power 

from biogas; the preparation and use of grain crop straw and rape stalks for heating needs in the form of 

briquettes, rolls or chaff; usage of grain crop straw, rape stalks and fermented manure for compost 

production; production of substrate for champignon growing in compost and champignon production; 
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production of biodiesel from rape seeds; use of glycerine residue for heating needs or its anaerobic 

fermentation. 

On the basis of the introduced scheme it was defined the balance of humus in crop rotation using the 

well-known equation: 
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where: 

B – the annual balance of humus in crop rotation, kg/ha; 

Si – the area under the i rotation crop, ha; Мі – mineralization of humus by the i rotation crop, kg/ha; 

Ui – the productivity of the i rotation crop, kg/ha; 

kDWі, kHі – output coefficients of dry weight of residues and their humification for the i rotation crop, rel. 

units.; 

ОBj – annual organic biomass volume of the j species (non-seed biomass of agricultural crops 

remaining in the fields, manure, compost, substrate and biomass of weeds, green manure, etc.), which 

enters the field during a year, kg; 

Wj – relative humidity of organic biomass of the j species, %; 

kHj – humification coefficient of dry organic biomass of the j species, rel. units.; 

n, m – the number of rotation fields and the number of organic biomass species respectively, units. 

Computer simulation model allows determining the quotient of straw, which can be used for heating 

needs individually for separate farm. Thus, under the conditions shown in the figure, it can be reserved 78 % 

of straw for heating needs, and the part of the gathered straw in amount of 136 tons should be used for 

humus deficiency compensation in order to compensate humus losses completely. This can be done by two 

methods – either to leave some chopped straw in the fields or to develop on its basis compost or substrate 

for growing champignons. 

Straw combustion 

On the basis of existing indicators, which characterize agricultural production in Ukraine during recent 

years in general, there were also made the calculations on defining the straw volume limits used for heating 

needs. This dependence defined as a percentage of the total amount of straw is as follows: 

      (2) 

where: 

C
%

 is the straw amount limit from the total amount which can be used for heating needs, %; 

D – annual humus deficiency, kg/ha. 

It should be mentioned, that in the case of the total humus deficiency in the range of 80 to 90 kg/ha, 

the use of straw for heating needs is impossible because of soil fertility preserving terms. The maximum 

amount of straw which can be used for heating needs with zero humus balance is about 50%. 

To ensure use of corn and sunflower tops for heating needs, as well as of rape stems, there remain 

unsolved technical issues of this plant biomass storage, that’s why nowadays it is usually crushed and left in 

the fields. 

When summarizing the data of chemical composition of straw it was assumed that the nitrogen-

sulphur ratio in cereal straw is 5 units (in legume straw – 10 units), and the hydrogen-sulphur ratio is 56 

units, which correspond to the averaged data according to (Barotfy I., Rapan P., 1988). The carbon-nitrogen 

ratio was taken as medium in volume, according to the data in (Shkarada M., 1985). On the basis of the 

generalized data, introduced in table 1, were received empirical calculation dependences for determination 

of heat of different straw combustion types. 

While calculations performed to prove the use of plant biomass for specific region or whole country, 

the heat of straw combustion should be determined by the equation which takes into account the importance 

of the volumes of a particular straw type. For example, it is known that the main volumes of grain crop straw 

in Ukraine are presented by wheat straw (from 40 to 60%), barley straw (from 20 to 30%), rye straw (from 3 

to 6%) and legume straw (from 2 to 8%). In recent years, it began to increase specific weight of rape straw, 

which reached values from 4 to 6%. 

It is well-known that grain crops, vegetative mass major producers, traditionally occupy from 40 to 55% 

in the structure of sowed crops. It should also be mentioned that with livestock decrease straw consumption 

66,4857,0%  DС
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for feeding and litter decreased as well, and the surplus straw is usually burned in fields. Using straw in 

existing volumes would allow natural gas saving in the range from 4.5 to 14.3 billion m
3
. 

Table 1 

Composition and calculation of straw combustion heat 

Field crop – the 
straw producer 

Content of dry weight, % 

Calculation formula, 

MJ/kg 
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Wheat 4.65 95.35 0.52 44.43 5.86 44.43 0.11 85 Qн
р
 = 16.261-0.1876W 

Rye 4.65 95.35 0.43 45.02 4.80 45.02 0.09 105 Qн
р
 = 15.309-0.1781W 

Barley 4.65 95.35 0.59 44.03 6.58 44.03 0.12 75 Qн
р
 = 16.914-0.1941W 

Oats 6.98 93.02 0.51 43.35 5.71 43.35 0.10 85 Qн
р
 = 15.865-0.1836W 

Corn 4.65 95.35 0.63 43.80 7.01 43.80 0.13 70 Qн
р
 = 17.304-0.1980W 

Rape 5.88 94.12 0.66 42.96 7.40 42.96 0.13 65 Qн
р
 =17.520-0.2002W 

Grain legumes 6.98 93.02 1.64 41.02 9.19 41.02 0.16 25 Qн
р
 =18.915-0.2141W 

 

It is necessary to mention the appropriateness and availability of rolled straw storage, because this 

technology allows quick removal of straw from fields and is realized by means of simple and reliable 

technical equipment. 

According to our estimations, while annual volume of straw combustion at the rate of 30 million tons, 

the total amount of natural gas yielded will be 10.9 billion m
3
. In these conditions, additional investments for 

preparation and combustion of straw will be 14.6 billion UAH, and their payback period will be from 1.2 to 1.3 

years. 

The effectiveness of straw combustion on the basis of comparison to heat generation by natural gas 

burning dependence from the heat production efficiency of straw when compared to gas heating and 

changing of straw cost. 

Biodiesel 

In Ukraine there are many cases of usage by agricultural producers of rapeseed oil in mixture with 

diesel for diesel tractors which have exceeded their service life. 

We found that rapeseed oil production for usage as biodiesel can be economically reasonable in terms 

of agricultural production, when compared to rapeseed selling if the total cost of production is high and close 

to the average selling price of rapeseeds, or if the price of realization is low and similar to the total cost of 

rapeseeds. 

Using biodiesel to replace diesel, it is necessary to heat biodiesel in the fuel lines of low pressure up to 

the temperature which provides the determined level of biodiesel filtration (Man X. et al, 2015; Corsini A. et 

al, 2015). To increase efficiency and temperature range of biodiesel use, we have designed and made a 

two-stage heating system, which allows using biodiesel under any values of environment temperature and 

provides an increase in completeness of fuel combustion. The second stage of fuel heating is made in the 

fuel pump-injector section for its better spraying and increase of speed and combustion completeness. 

Fuel prices are constantly increasing, and faster than those for agricultural products, which 

significantly affects production cost, realization price and farmers’ profit. The analysis shows (fig. 2) that in 

2000 farmers had to sell 4.6 tons of wheat to buy 1 ton of diesel, in 2006 it was necessary to sell 8.1 tons of 

wheat, in 2008 – 9.1 tons. Over the past 11 years the price of wheat increased 2.74 times and of diesel – 

4.73 times. 

On the basis of statistical data about consumption of diesel in agriculture and rape gross harvest, we 

have evaluated the capacity of replacing diesel to biodiesel while processing of whole rape harvest. 

The largest consumption of diesel in agriculture for the observed period was noticed in 2001, 2002, 

2000, and the lowest – in 2006, 2007, 2008; in 2011 it was observed the tendency of diesel use increase 

when compared to 2010 from 1201.4 thousand tons to 1349.7 thousand tons. Rape gross yield increase is 

being observed since 2004, and in 2009 was noticed production decline. The volume of biodiesel production 

while processing the whole rape harvest was to be the highest for the investigated period in 2008 – 900.6 
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thousand tons of biodiesel, in 2009 – 587.3 thousand tons, in 2010 – 460.8 thousand tons, in 2011 – 387.9 

thousand tons, and the lowest – in 2003 – 15.8 thousand tons, as well as in 2002 – 19.1 thousand tons. The 

quotient of diesel which can be substituted to biodiesel while processing whole rape harvest was the largest 

in 2008 – 64.7%. At the same time, as it is predicted, production and use of biofuel in 2020 will not exceed 

100 thousand tons per year (Geletukha G.G., Zheleznaya T.A., 2012). 

 

Fig. 2 – Change dynamics of required wheat sale volumes to buy diesel or produce biodiesel 

 

Farms can produce biodiesel after harvesting oilseeds, i.e. in autumn. In autumn-winter period diesel 

is limitedly used in agricultural production – in animal husbandry only (Ivanova B., Stoyanov S., 2016; Baskar 

G., Aiswarya R., 2016). The produced biodiesel is stored in warehouses for oil products till the beginning of 

spring field work. When stored in sealed containers, biodiesel does not lose its properties during the year, 

unlike rapeseeds and rape oil. Prices for fossil diesel are constantly increasing, especially at the beginning of 

spring, but the cost of produced biofuels in the previous year remained unchanged, that is one of the cost 

saving provisions in agriculture. 

The profitability of production of rapeseeds, rapeseed oil and based on it biodiesel is affected by a 

number of factors including: the cost and selling price of rapeseeds, production capacity of equipment which 

was used for production of oil and biofuels, the price situation in the diesel market. Profitability of rapeseed 

oil production was higher than the one of rapeseed production for the entire studied period, except of 2001, 

2002 and 2010. Profitability of biodiesel production was lower than the one of oil and rapeseeds in 2000-

2004, 2006, 2008, 2009, 2011 and 2012. Profitability of biodiesel production in 2005, 2007, 2010 and 2013 

was greater than the one of rapeseed production, which can be explained by reducing of rapeseed 

realization cost. 

Stable high demands, formed by the world market, and high prices provide highly profitable rapeseed 

production and are very attractive to investors. Profitability of rapeseed production was increasing till 2004 

and reached 69%, and starting from 2005 up to 2007 it tended to decrease, and stabilized at 17-35%. 

Profitability of rapeseed oil production was increasing till 2004 and reached 81%, from 2005 to 2010 – it was 

decreasing (except in 2008, when there was the highest index – 86%) and stabilized at the level of 8-17%. 

Analysing the profitability of biodiesel production, it should be mentioned, that by 2002 biodiesel production 

was not profitable, due to the relatively high cost of its production and a fairly low price of diesel. However, 

with the rising cost of fossil fuels, the profitability of biodiesel production has significantly increased, and from 

2004 to 2007 exceeded even the profitability of crop production, confirming the effectiveness of investment 

and the need to develop the biofuel production branches.  

The analysis of interest rates on deposits of banks of Ukraine shows that for the 2000-2011 the 

interest rate for individuals ranged from 12.6 to 20.4%, for legal entities – from 6.6 to 13.8% (National Bank 

of Ukraine). However, investing money into biodiesel production, investor derives much greater profit. So, in 

2004 the average interest rate on bank deposits for individuals was 15.7%, for entities – 8.9%, while the 

profitability of biofuel production was 40%, in 2007 respectively – 14.1 and 8.9%, and biofuel profitability – 

38%, in 2010, rates of banks – 18.8% and 13.7%, while biofuel production – 27%. Raising funds to produce 

biodiesel is probable not only to improve the efficiency of invested capital, but also to make contribution for 

improving the environmental situation of the country and for ensuring power independence industry, as well 

as the country as a whole. 
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BIOGAS 

Experience of using biogas reactors showed that there are reactors already half-filled with mineral 

sediment, which can be removed only with an excavator after total stopping of fermentation process. Floating 

layers, especially based on fibrous substrates, often form a crust and if it is not mixed, the reactor must also 

be stopped to remove it. 

Thus, the improvement of biogas reactor work to ensure the mixing of biomass substrate layers 

requires new technical solutions, one of which is mixing by rotation of the suspended reactor submerged into 

water. We have developed and patented several designs of modular anaerobic digesters of rotational type 

(Patent Ukraine №110077, 2015); the design of one of those is shown in fig. 3. 

 

 

Fig. 3 – Construction of anaerobic digester immersed into thermostatic liquid 

1 – horizontal outer casing, 2 – cylindrical reactor 3 – longitudinal bulkhead, 4, 5 – fermentation chambers,  

6, 7 – tubes for cart and removal of organic matter, 8 – pipe for biogas runoff, 9 – unloading camera, 10 – joints  

11 – mixing fingers, 12 – pipe for organic matter removing 

 

Our calculations showed that the microbiological decomposition while anaerobic fermentation of 1 kg 

of organic matter is accompanied by about 0.4 kg of methane yield and by 0.7 kg of carbon dioxide yield. 

Assuming that the volume of produced biogas is determined by the intensity of organic matter decomposing 

during organic biomass fermentation, biogas yield while fermentation in terms of normal conditions can be 

defined as follows: 

    (3) 

where: 
VBG is a specific biogas yield from the reactor under normal conditions, m

3
BG/m

3
BM per day; 

 biomass density, kgBM/m
3
BM; 

 biomass humidity, %; 

 dry matter content in relation to the total biomass, kgDM/kgBM; 

kОМ – organic matter content in relation to the volume of the total dry weight in fermenting biomass, 

kgOM/kgDM; 

 the number of decomposed organic matter per day in relation to the total organic mass, 

kgDOM/kgOM per day; 

MBG – biogas yield per unit of decomposed organic matter, kgBG/kgDOM ; 

biogas density under normal conditions, kgBG/m
3
BG. 
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Table 2 

Calculation of the specific release of biogas and biomethane 

Indicator Measurement Values 

Manure density kgBM / m
3

BM 1062 

Humidity % 90 

Water content kgW / kgBМ 0.9 

Dry weight 
% 10 

kgDМ / kgBМ 0.1 

Organic matter content 
% 80 

kgОМ / kgDМ 0.8 

The intensity of organic matter 

decomposing  

% per day 3.0 

kgDОМ / kgОМ per day 0.03 

kgDОМ/m
3

BМ per day 2.55 

Biogas yield from decomposed organic 

matter under normal conditions 

kgBG/ kgDОМ 1.1 

m
3

BG/ kgDОМ 0.92 

Biogas yield from the reactor under 

normal conditions 
m

3
BG/m

3
BМ per day 2.34 

Biomethane yield under normal 

conditions 
m

3
СН4/ m

3
BМ  per day 1.666 

The maximum level of organic biomass 

decomposing 

% 38 

kgРОМ  / m
3

BМ 32.5 

Fermentation time days 12.74 

 

At the same time, specific biomethane yield will be: 

                             (4) 

where: 

 
is specific biomethane yield from the reactor under normal conditions, 4

3 3

BMCH
m / m  per day; 

 volume of biomethane content in biogas, 4

3 3

BGCH
m / m . 

With the parameters introduced in table 2, the relations between the intensity of organic matter 

decomposing and specific biomethane and biogas yields, and fermentation time, will take the form shown in 

fig. 4. 

 
Fig. 4 – The effect of organic matter decomposing intensity on the specific yield of biomethane,  

biogas and fermentation time  

 

Biogas and biomethane yields increase proportionally with increasing the level of organic biomass 

decomposing in the reactor, and the fermentation time decreases exponentially until it reaches 38% 

fermentation level. 
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CONCLUSIONS 

Biological and energetic conversion of organic agrocenosis raw materials with energy production can 

ensure energy autonomy of agroecosystems in total energy balance. Though, it is impossible to do it 

according to the types of fuels and energy, since there is a limit on the possibility of autonomous production 

of electric power and gasoline. However, production of biodiesel and heat energy can be redundant. The 

source of raw materials that would meet the needs of agricultural production under centralized bioethanol 

production is sufficient. At the same time, to implement such systems, first of all, it is necessary to change 

the basic principles of society existence, regarding manufacturing of environmentally friendly production and 

biological diversity preserving. 

The heat of straw combustion reduces down to 0.18 to 0.21 MJ/kg for each percent of its humidity 

increase. Energy efficiency is increased while burning straw in the compressed form (briquettes, pellets). 

Baled straw should be burned in boilers equipped with cameras for post-combustion of volatile compounds. 

Non-pressed straw should be burned in crushed form by using eddy chambers. 

The main direction in manure fermentation process intensification is the increase of organic matter 

decomposition at the cost of creation of appropriate conditions for the development of anaerobic microflora. 

This can be achieved by creating stable fermentation temperature conditions and, what is more important, by 

providing quality biomass mixing, which, on the one hand, must not disturb the symbiosis of acetogenic and 

methanogenic bacteria, and, on the other hand, prevent the exfoliation of biomass in the reactor to mineral 

sediment and floating organic layer. 
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ABSTRACT 

Agricultural towing vehicles are driven under poor road conditions. The impact of rough road surface 

seriously affects the driving safety of agricultural towing vehicles. The mechanism of vibration of agricultural 

towing vehicles caused by rough roads is explored to reduce the adverse effects of road surface impact on 

the handling stability of agricultural towing vehicles and to improve the handling and steering stability of 

vehicles. First, the adverse effects of rough road input conditions on the handling stability of electric power 

steering (EPS) system were considered, and the kinetic model of the EPS system and the eight degree-of-

freedom models of the whole vehicle were established. Second, tire and road surface impact models were 

introduced. Finally, the stability of the steering system under rough road input conditions was analyzed. 

Results show that the current following accuracy of the proposed motor control system is increased by 5%, 

and the final return-to-center residual angle of the steering wheel is 15 degrees. This study indicates that 

the vehicle vibration caused by road surface impact affects not only the driving stability of vehicles but also 

the smooth return of the steering system. The motor control system designed in this study effectively 

reduces the adverse effects of road surface impact on the steering system. The analysis and research 

process and the results are suitable for the investigation on the return-to-center performance of the EPS 

system for passenger and freight cars and the response of vehicle handling stability under different 

vibration sources. 

 

摘要 

农用牵引车辆行驶路面条件恶劣，路面不平产生的冲击严重影响了农用牵引车辆的行驶安全性。为了

降低路面冲击对农用牵引车辆操纵稳定性造成的不良影响，本文研究了路面不平引起的农用牵引车辆振动的

产生机理，以提高车辆转向时的操纵稳定性。首先，针对不平路面输入状况对电动助力转向系统操纵稳定性

产生的不良影响，建立了电动助力转向系统动力学模型与整车 8 自由度模型，同时引入了轮胎和路面冲击模

型，分析了不平路面输入状况下转向系统的稳定性。结果显示，本文设计的电机控制系统的电流跟随准确性

提升了 5%，转向盘的最终回正残留角度为 。研究表明，路面冲击产生的车辆振动不仅对车辆的行驶稳定性

产生影响，同时会影响转向系统转向回正平顺性，本文设计的电机控制系统有效降低了路面冲击对转向系统

性能造成的不良影响。本文的分析和研究过程适用于研究乘用车及货运车电动助力转向系统回正性能和车辆

操纵稳定性在不同振源下的响应，研究结论可以应用在不同路面激励下，电动助力转向系统转向盘回正响应

的理论研究中。 

 
INTRODUCTION 

Agricultural towing vehicles have complex working conditions because roads in the wild field are 

rough, and these vehicles are prone to making lateral and yaw motion when steering. When the steering 

wheel of agricultural towing vehicles returns to center, road surface impact also affects the accuracy of the 

return-to-center angle of the steering wheel, thereby causing the vehicle to deviate from the safe travel 

path. The EPS system is combined with the active front-wheel steering system in which the damping 

compensation algorithm is used to control the power motor in the EPS system, to effectively reduce the 

negative effect of road surface impact on the steering system (Fan lu and Zhou bing, 2014). The vibration 

sources of vehicles, such as the jitter that occurs when the engine is running, and the low-frequency 

vibration of the steering system itself, affect the steering stability of vehicles (He Ren and Miao Lidong, 

2009). In the research on road vibration, the road surface input model is divided into random and non-

random road surface input models; currently, research on the road surface input model mainly focuses on 
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non-random road surface input model (Hu Jianjun, et al., 2008). Scholars generally believe that the high-

precision control algorithm of motor current tracking and the simulation technology of computer-based road 

vibration play a unique role in suppressing road vibration and improving EPS steering stability (Hamada H. 

et al., 2006; Anthony J, 2000). Other scholars have also conducted considerable research to explore the 

improvement of the response speed and precision of motor used in the EPS system and to reduce the 

adverse effect of vehicle vibration on the motor tracking performance. Zhao and Bei (Bei Shaoyi et al., 

2011) applied the fuzzy PID control algorithm to the return-to-center control to improve the return-to-center 

stability of the EPS system, and the experimental results indicated that the algorithm improves the 

insufficient and overshoot return-to-center situations of the steering system. Borowiec et al. (Sen A. et al., 

2010) collected data on the vertical acceleration speed of left and right suspension racks of a vehicle under 

three road conditions, namely, asphalt, stone, and imitation railway crossroads; their analysis results of the 

collected data values showed that the vertical vibration of the suspension rack caused by roads is a low-

frequency vibration. Múčka (Múčka P, 2016) used the “road surface vehicle driver” as a carrier and 

established the relationship between the international flatness index and road roughness impact response 

to improve the driving comfort and vehicle safety of the driver.This study analyzes the kinetic model of the 

EPS system, the road surface input model, and the eight degree-of-freedom (DOF) whole vehicle model, 

and investigates the effect of road surface impact on the steering stability of the EPS system. 

 
MATERIAL AND METHODS 

Eight DOF model of agricultural towing vehicles 

Based on the yaw, lateral, and pitching motion of vehicles, the vehicle longitudinal dynamics of the 

four DOF mathematical model was established. Formulas 1-3 are the kinetic equation of the vehicle in the 

yaw, lateral, and pitching DOFs (Xiao Hansong et al., 2014; Guo Konghui, 1991), respectively. 

z aw x x y y x x x x

y y y y

B B
I Y F F F F F F a F F

F F b F F

1 2
11 12 11 12 12 22 11 12

11 12 21 22

[(- )cos - (- )sin ] (- ) [( )sin
2 2

( )cos ] - ( )                                                                         

  



      

  

        (1) 

Where awY  is yaw angular velocity of vehicle (rad/s),   is steering angle of front wheel (°), a  is 

distance between vehicle centroid and front wheels(mm), b  is distance between vehicle centroid and rear 

wheels (mm), 1B  and 
2B  is distance between front wheels and between rear wheels respectively (mm), zI  

is vehicle yaw moment of inertia (kg/m
2
), , ,  x11 x12 x21F F F  and 

x22F  is lateral force of left front, left rear, right 

front, and right rear tire, respectively (N), , ,   y11 y12 y21 y22F F F and F is longitudinal force of left front, left rear, 

right front, and right rear tire, respectively (N). 

The pitch motion equation of vehicles is as follows: 

            ( - ) - -
y s 0 aw s11 s12 s21 s22

J m D u vY F a F a F b F b 0                                         (2) 

Where sm  is mass of the whole vehicle (kg), yJ  is the pitch moment of inertia of the vehicle body 

(kg/m
2
), , ,  s11 s12 s21F F F and s22F  is suspension force (N), v  is vehicle horizontal velocity (m/s),  is vehicle 

pitch angle (°), u  is vehicle lateral velocity (m/s
2
), 

0D  is coefficient of body roll. 

The lateral motion equation of vehicles is as follows: 

- ( ) - -x s 0 aw s11 11 s12 11 s21 22 s22 22

1 1 1 1
J f m e v uY F B F B F B F B

2 2 2 2
                         (3) 

Where: 
xJ  is vehicle lateral moment of inertia (kg/m

2
), f is the roll angle of the vehicle, 

0e is 

coefficient of body pitch. 

The vertical displacement caused by random road excitations will change the vertical force of 

vehicles. The vertical motion equation of vehicles is shown in Formulas 4-7. 

( - ) ( - ) ( - )t1 t1 t1 r1 t1 s1 s1 t1 s1 s1 t1m x k x x k x x c x x                                          (4) 

( - ) ( - ) ( - )t2 t2 t2 r 2 t2 s2 s2 t2 s2 s2 t2m x k x x k x x c x x                                      (5) 

( - ) ( - ) ( - )t3 t3 t3 r 3 t3 s3 s3 t3 s3 s3 t3m x k x x k x x c x x                                      (6) 

( - ) ( - ) ( - )t4 t4 t4 r 4 t4 s4 s4 t4 s4 s4 t4m x k x x k x x c x x                                      (7) 
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where , ,t1 t2 t3m m m  and 
t 4m  is suspension mass (kg),  and 

r4x  is Roda surface stimulus input 

(mm). , ,  s1 s2 s3x x x  and 
s4x  is suspension mass and displacement at the connection of suspension (mm), 

, ,  s1 s2 s3c c c  and 
s4c  is equivalent damping coefficient of left front wheel, left rear wheel, right front wheel 

and right wheel, , ,  s1 s2 s3k k k  and 
s4k  is suspension stiffness coefficient, , ,t1 t2 t3k k k  and 

t 4k  is tire stiffness. 

The longitudinal displacement of vehicles will cause the change in vehicle suspension force. 

Formulas 8–11 are used to calculate the suspension force. 

( - ) ( - )s11 1 t1 11 1 t1 11

1 1
F K x a B f C x a B f

2 2
                                        (8) 

( - - ) ( - - )s12 1 t2 11 1 t2 11

1 1
F K x a B f C x a B f

2 2
                                       (9) 

( - ) ( - - )s22 2 t3 22 2 t3 22

1 1
F K x b B f C x b B f

2 2
                                    (10) 

( - ) ( - )s21 2 t4 22 2 t4 22

1 1
F K x b B f C x b B f

2 2
                                    (11) 

where , ,t1 t2 t3x x x  and 
t 4x  is sprung mass displacement (mm). 

Formula 12 expresses the conversion relationship between the steering and the front-wheel angle. 

                                                              (12) 

where  l1M  and 
l 2M  is positive moments of left and right front wheels (kg), k  is stiffness of steering 

system, n is total transmission ratio of steering system. 

The DOF of the whole vehicle model is illustrated in Fig.1. 

           
Fig.1 - Whole vehicle model 

Kinetic model of EPS system 

The EPS system is a steering column EPS system (Lin Yi et al., 2007; Mohammadi H and Kazemi R, 

2003), and the established kinetic equation of the EPS steering system is expressed as Formulas 13–17. 

r

s s s s s s d

p

x
J BSteering column k T

r
     : ( - )                                  (13) 

                         (14) 

( - ) ( - ) s r m m r
r r r r r s m

p p p p

k x k i x
m x bRa x F

r r r
k

r
c     ：                               (15) 

, ,  r1 r2 r3x x x
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n k
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
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                                               (16) 

  
-

 m m
mMotor current

u k
i

R


：                                                       (17) 

where eJ  is deceleration mechanism inertia (kg/m
2
), 

mJ is motor moment of inertia (kg/m
2
), sB  is damping 

coefficient of steering column, eB  is damping coefficient of deceleration mechanism, mB  is  motor damping 

coefficient, sk  is stiffness coefficient of torque sensor, mk  is motor torque coefficient, mT  is motor 

electromagnetic torque (N.m), aT  is power torque of motor (N.m), dT  is input torque of steering wheel 

(N.m), 
rx  is rack displacement (mm), pr  is pinion radius (mm), 

mi  is motor current (A), 
rm  is total mass of 

pinion and rack (kg), rb  is sticking coefficient of the rack; G  is transmission ratio of deceleration 

mechanism; U  is motor voltage (V), rF  is force of tire on the road (N) , sJ  is moment of inertia of steering 

column (kg/m
2
). 

Tire Model 

The conversion between steering and the front wheel angle requires using the return-to-center torque 

of the tire; thus, introducing the tire mechanics model is necessary. The establishment of a relatively perfect 

tire model is difficult because the force of the tire is influenced by many factors, such as tire material, 

pressure, and positioning parameter. This study quotes a mature tire model, namely, the tire magic formula 

model (Li Songyan et al., 2009). 

In formula 18, rF  is the force between tire and road surface. If the tire sideslip angle is less than 3°, 

then the lateral force is linearly proportional to the transverse displacement of the rack rx .  

r
F D C Bx E Bx Bx sin{ arctan[ - ( - arctan )]}                                            (18) 

where Y  is a longitudinal force, lateral force, or return-to-center torque; x  is the tire sideslip angle or 

longitudinal slip rate; D  is the peak factor; C  is the shape factor; B  is the stiffness factor and E  is the 

curvature factor.  

Under pure rolling conditions, the lateral force applied on the tire is expressed as follows: 

y v
F D C BX E BX BX S1 1 1 sin{ arctan[ - ( - arctan )]}                                      (19) 

where vS  is the vertical displacement of the tire lateral force curve. Road surface conditions affect the 

smooth driving of vehicles, and the dynamic load of the tire is closely related to road excitation. 

Road time-domain model of four-wheel input 

The road-surface input model (Lu Shifu and Zhao Heng, 1999) acting on the tire is expressed as 

follows: 

r w
x t F x t B w t0 0 1 ( ) ( ) ( )                                                           (20) 

where [ ]   、 、 T

r r1 r2 r3 r4x x x x and x  is the road excitation input of four wheels. ( )1w t  is the white noise input of 

the left front wheel. wF  is the product of vehicle speed V and road roughness coefficient a.  

Determination of return-to-center status of EPS system 

The torque sensor used in the designed EPS system integrates the function of detecting the steering 

wheel angle. Therefore, the return-to-center conditions of the EPS system can be judged by the steering 

wheel angle and the change rate of angle. The judgment bases are demonstrated as follows: 

Power control conditions: , ;s s0 0    

Return-to-center control conditions: , ;s s0 0    

Design of variable structure controller of global fast terminal sliding mode 

A global fast terminal sliding mode control (SMC) can make the system (Liu Jinkun, 2000) state 

converge to zero within a finite time, whereas an ordinary sliding mode control gradually converges under 

the linear sliding mode surface. The dynamic performance of the system is better than the ordinary sliding 

mode control.  

 

-   a
m m m m m

T
J B TMot

G
or   ：
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Design of sliding mode surface  

The EPS system is a two-order system, and the sliding mode surface equation of the sliding mode 

controller is q ps e e e    , where - s re x
, 

-s re x , where e is the error signal, 
s  is the steering wheel 

angle, the state variable rx  is the displacement of gear, and α is the constant larger than zero and satisfies 

the Hurwitz polynomial. 0b 
, 

 p
 and 

( ) q p q
are positive odd number

, in which ( )F t represents the 

non-linear part, ( ) ( ) q pF t f t e . The sliding mode surface equation satisfies the following conditions: (1)

(0) (0) (0) ( )s e e F t   ; (2) , (0) 0t s  ; (3) q ps e e e     and can be differentiable. Condition (1) 

ensures that the initial condition of the system is on a sliding mode surface. Condition (2) ensures the 

gradual stability of the system. Condition (3) ensures the occurrence of sliding mode motion.  

Verifying the stability of sliding mode controller  
The high-order single-input single-output nonlinear state equation of the global fast terminal sliding 

mode controller is expressed in the following formulas: 

                                                                         (21) 

                                                             (22) 

According to the sliding mode surface equation, the recursive expression for the sliding mode surface 

of the global fast sliding mode is expressed as follows:  

                                                    (23) 

According to formula 23,  

                                                  (24) 

                               (25) 

After substituting formula 2 into formula 25,  

                                                            (26) 

According to Lyapunov function,  

                                                                       (27) 

Then, ( )

- - - -- -2 q p p

n 1 n 1 n 1 n 1V s s s s    , p+q is an even number; thus, when V 0 , the system is stable. 

Design of sliding mode control rule  

If 
sx  ,then the EPS system model can be represented by a high-order single-input single-output 

nonlinear system:  

                                       
 

;                       
  (28)

 

 

The control rule of the global time-varying sliding mode, vsseq uuu  , ( ) ( ) ( ) ( )x f x g x u t d t   is 

substituted into s 0 . Then, 

                (29) 

RESULTS 

In this study, an LH-UTV-400 low-energy-consumption agricultural towing vehicle is used as the 

research object. Fig.2(a) depicts the real vehicle.  

Table 1 displays the measurement parameters of the vehicle. 
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Fig. 2(a) - Picture of vehicle 

 

 
Fig.2(b) - Picture of vehicle model 

 

Fig.2(b) illustrates the vehicle simulation model established in SolidWorks software based on the 

measurement parameters of the vehicle. 

Table 1 

Vehicle parameters 

Name of parameters Parameter 

value 

Mass of vehicle, (m/kg) 3021 

Mass of suspension, (ms/kg) 2687 

Lateral inertia moment of body, (Jx/kg/m
2
) 1960 

Distance between front wheels, B1 (mm) 1320 

Distance between rear wheels B2 (mm) 1330 

Distance between vehicle centroid and front axle, a (m) 1.24 

Distance between vehicle centroid and rear axle b (m) 1.28 

Body yaw rotation inertia Ix (kg/m
2
) 10437 

Mass of front wheel non-suspension, mt1, mt2 (kg) 55 

Mass of rear wheel non-suspension, mt3, mt4 (kg) 58 

Stiffness of front suspension ks1, ks2 (N/m) 17000 

Stiffness of rear suspension  ks3, ks4 (N/m) 2000 

Total transmission ratio of steering system, n 18 

Stiffness of left-front tire and left rear-tire  kt1,kt2 (N/m) 192000 

Stiffness of left-front tire kt3 and left-rear tire  kt4 (N/m) 192000 

The total stiffness of the steering system k (N/m) 2317 

The damping coefficients of left-front wheel and left-

rear wheel cs1 cs2 (Ns/m) 

2048 

The damping coefficients of right-front wheel and right-

rear wheel cs3 and cs4(Ns/m) 

2048 
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Comparison between accuracy of motor target current tracking through the variable structure 

control algorithm of the global fast terminal sliding mode and PID algorithm 

The preconditions for the variable structure controller of the global fast terminal sliding mode to reach 

the steady state include the following: (1) The sliding mode surface moves on the surface s = 0 from t = 0. 

(2) The phase trajectory of the system finally converges to 0. In Fig.3, the sliding mode surface selected by 

global fast terminal sliding mode control has a position displacement of −0.1 near s = 0 at the initial stage of 

the system motion, which lasts for approximately 0.25 s, and the state variable selected from the system 

moves on the sliding mode surface s = 0. In Fig.4, the phase plane of the sliding mode controller is 

convergent, indicating that the sliding mode control is stable. The motion trajectory of the state variable 

selected by the sliding state controller has been on the sliding mode surface, and the system has strong 

robustness. Therefore, applying the sliding-mode control algorithm in the motor control system is essential 

to enhance the control accuracy of the EPS system. 

 

 
  Fig. 3 - Sliding mode surface 

 

  
Fig. 4 - Phase trajectory 

 

After adding the control algorithm of the global fast sliding mode into the EPS system, the tracking 

accuracy of the motor target current is increased by 5%. In Fig.6, the control algorithm of the global fast 

sliding mode increases the robustness of the system and weakens the jitter effect of the road surface 

impact on the motor current. In Fig.5, the traditional PID algorithm has obvious inadequate motor current 

tracking effect, whereas the motor current has a significant jitter. The effect of road surface impact is 

retained. 
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Fig. 5 - Traditional PID control 

 
Fig. 6 - Global fast sliding mode control 

 

Relationship between vehicle handling stability and road surface impact 
Based on the simulation model of “road surface–EPS system vehicle,” this study compares the 

response curves of the yaw angular velocity with the lateral acceleration by using the sliding mode and the 

PID control and concludes that the yaw angular velocity response of the vehicle controlled by the global fast 

sliding mode control is zero under road surface impact, and the yaw angular velocity response residual of 

vehicle is 0.01 under control of traditional PID. The results indicate that the global sliding mode control can 

effectively overcome the impact of road direction input on the yaw angular velocity of the vehicles.  

Fig.7 indicates the response of yaw angular velocity and Fig.8 indicates the response of lateral 

angular velocity. 

   
Fig. 7 - Response of yaw angular velocity 
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Fig. 8 - Response of lateral angular velocity 

 

According to the judgment basis of the return-to-center conditions of the EPS system, Fig.9 analyzes 

the return-to-center residual angle of the steering wheel.  

The results indicate that the steering-wheel residual angle of the EPS system that is added with the 

return-to-center control is 15°. This steering wheel angle does not cause a jitter phenomenon. Meanwhile, 

the steering-wheel residual angle of the EPS system that excludes the return-to-center control is 40°. This 

steering wheel angle generates significant jitter because of the effect of road surface impact.  

 
Fig. 9 - Diagram of steering wheel return-to-center results 

 

CONCLUSIONS 

 In order to reduce the adverse effects of road surface impact on the handling stability and the smooth 

return-to-center of agricultural towing vehicles, the LH-UTV-400 low-energy-consumption agricultural towing 

vehicle was taken as research object, a road surface impact model was established, road surface impact 

model was combined with the whole vehicle model, the global fast terminal sliding mode control algorithm 

was added into the EPS control system, and a complete simulation model of “road surface - vehicle-EPS 

system” was established.  

 Finally, the main conclusions are presented below: 

- when agricultural towing vehicles were steering, road surface impact increases the amplitude of the 

yaw motion and lateral motion of vehicles, and reduces the driving stability of vehicles. 

- when steering wheel returns to center, the vibration caused by road surface impact was transmitted 

to steering wheel, resulting in the slight jitter of steering wheel, and reducing the stability of steering system. 

After global fast terminal sliding mode control algorithm was added into motor control algorithm, the tracking 

accuracy of motor current was improved significantly. After the steering wheel returns to the basic middle of 

angle, the return-to-center process of steering wheel was more smooth and stable. 

- global fast terminal sliding mode control algorithm could make the power motor of the EPS system 

respond quickly to different steering conditions, improved the steering performance of vehicles in the 

condition of road excitation input, and it had great engineering practice significance in improving the 

steering stability of vehicles. 



Vol.51, No.1 /2017  INMATEH –

110 
 

The steering stability response of the EPS system for agricultural towing vehicles under road surface 

impact is investigated, a motor current tracking control algorithm based on the global fast terminal sliding 

mode variable structure control algorithm is proposed, the accuracy of tracking and controlling motor 

current is improved, the return-to-center angle of steering wheel is calculated more accurately, and the jitter 

of steering wheel is weakened. Due to the limitations of models, the road surface impact investigated by 

this research is small-amplitude high-frequency impact. Based on this research, the influence of low-

frequency large-amplitude road surface impact on the EPS system’s return-to-center stability will be 

explored in future research, and the whole vehicle model will be further improved in the future. 
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ABSTRACT 

Jujube fruit, also called Chinese jujube (Zizyphus jujuba Mill.), is the main economic crop in Southern 

XinJiang  province of China. However, due to the lack of suitable jujube irrigation technology, it not only 

wastes water resources, but also increases soil salinization. Indirect subsurface drip irrigation is a kind of 

high efficient water-saving irrigation technology, suitable for fruit tree irrigation. Dripper discharge is an 

important parameter in irrigation design. In this paper, an indoor experiment was adopted, and the effect of 

different dripper discharges on the distribution rules of water and salt were analysed in wetted body under 

indirect subsurface drip irrigation, and appropriate dripper discharges was selected to adjust the growth 

environment of crop root system. This study aims to provide theoretical guidance on using the indirect 

subsurface drip irrigation technology for jujubes in arid area. 

 

摘要 

特色林果—红枣是中国新疆南疆的主要经济作物，但由于缺乏适宜红枣的灌溉技术，不合理的灌溉技术

不仅浪费水资源，而且加剧了土壤次生盐渍化。间接地下滴灌是一种高效节水的灌溉技术，适宜于果树灌溉。

其滴头流量是灌溉设计中的重要参数，为研究滴头流量对间接地下滴灌下土壤水盐运移的规律，本文通过室内

试验研究，分析不同滴头流量对湿润体特征及湿润体内水盐分布变化的影响规律，选择适宜的灌溉流量，以调

节作物根系的生长环境。以期为间接地下滴灌技术在干旱区枣树中应用提供理论指导。 

 

INTRODUCTION 

Drought and soil salinization are the main factors that hinder the agricultural development of arid areas 

in southern XinJiang  province of China (Yang Yu et al. 2016; Xiaodong Li et al., 2016; Xiaoming Li et al., 

2011). In recent years, jujube fruit called Chinese jujube (Zizyphus jujuba Mill.) with a high economic value 

has been grown in large areas, enabled rapid development and promoted the local economy and ecological 

environment (Xiaoou Li et al., 2014; Ming Hong , et al., 2014). However, local irrigation technology not only 

wastes water resources but also causes serious soil salinization because of the lack of a suitable fruit 

irrigation technology. A suitable water-saving and salt-inhibiting irrigation technology for jujubes in arid areas 

should be identified. 

Indirect subsurface drip irrigation is an efficient water-saving irrigation technology. This technology 

mainly consists of a surface drip irrigation system and a water-conducting device and it is characterized by 

the effect of using a surface-dripping method to achieve subsurface drip irrigation. In the process of irrigating 

fruit trees, a water-conducting device can be used to supply water to the root zone of fruit trees and to 

reduce surface evaporation and interception. This device is suitable for irrigating fruit trees. Experimental 

results show that compared to surface drip irrigation, indirect subsurface drip irrigation can better reduce 

evaporation among trees and improve water utilization efficiency (Meshkat et al., 1998).  

Similar to surface drip irrigation, indirect subsurface drip irrigation is a type of partial root-zone 

irrigation that has a limited soil-wetting area. The size and distribution of the soil-wetting area can affect crop 

yield.  

Dripper discharge is one of the most important elements in local irrigation design (Mingsi Li et al., 

2006), with its size affecting not only the shape and moisture distribution of wetted body but also the salt 

leaching and salt distribution in wetted body (Shu Wang et al., 2005; Chunqin Liu et al., 2007). Accordingly, 

laboratory tests were adopted and the effect of different dripper discharges on the water and salt distribution 

http://www.so.com/link?url=http%3A%2F%2Fdict.youdao.com%2Fsearch%3Fq%3DSouthern%2520XinJiang%26keyfrom%3Dhao360&q=%E5%8D%97%E7%96%86+%E8%8B%B1%E6%96%87&ts=1489884997&t=f6446c78f404614078440a1dea9b355
http://www.so.com/link?url=http%3A%2F%2Fdict.youdao.com%2Fsearch%3Fq%3DSouthern%2520XinJiang%26keyfrom%3Dhao360&q=%E5%8D%97%E7%96%86+%E8%8B%B1%E6%96%87&ts=1489884997&t=f6446c78f404614078440a1dea9b355
http://www.so.com/link?url=http%3A%2F%2Fdict.youdao.com%2Fsearch%3Fq%3DSouthern%2520XinJiang%26keyfrom%3Dhao360&q=%E5%8D%97%E7%96%86+%E8%8B%B1%E6%96%87&ts=1489884997&t=f6446c78f404614078440a1dea9b355
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were evaluated in wetted body under the condition of using indirect subsurface drip irrigation in this study. 

This study aimed to provide theoretical guidance on using the indirect subsurface drip irrigation technology 

for jujubes in arid area. 

 

MATERIAL AND METHODS 

Water-conducting device components 

The test system was composed of three parts (Sanmin Sun, et al., 2015): a soil-box, a water supply 

device, and a water-conducting device. The soil-box was a 500 mm (L) × 500 mm (W) × 500 mm (H) cube 

made of 8 mm-thick plexiglass. The water supply device was composed of a water bottle and guide pipe with 

flow control valve. The water-conducting device was composed of water permeable boundary and 

impermeable boundary, impermeable boundary for PVC tube. In order to observe the water level in the PVC 

tube, the PVC tube was symmetrically divided along the tube diameter, placed into half of the inside wall of 

the soil box at a depth of 20 cm, and the testing soil was put into the box. Gravels screened in 2–5 mm were 

filled into the bottom of the PVC tube, which formed permeable boundary 5 cm high. 

 

Fig. 1- Diagram of the components of indirect subsurface drip irrigation 

 

Method and materials 

The sample soils were selected from 0-50cm sandy loam soil of Tarim Irrigation Area in the southern 

Xinjiang province of China. The soil samples were air-dried and layered in the soil-box according to the 

predetermined soil bulk density of 1.40g/cm
3
, after the screening of the sieve with the pore size of 1 mm. 

After 24 hours of irrigation, soil samples were collected from different profiles at 10, 20, and 30 cm 

(Profiles A, B, and C, respectively) away from the water-conducting device horizontally. The sampling depth 

of each profile was 40 cm, and every 5 cm depth was determined as one soil layer. Each treatment has 24 

soil samples, and a total of 72 soil samples were collected. Soil moisture content was measured by the oven-

drying method. After mixing 5 and 25 g of dried soil and water, respectively, and filtering the solution with 

filter paper, the electrical conductivity of the leach solution was measured with the DDSJ-308A electrical 

conductivity meter (INESA).  

Testing program: The test-designed diameter for the water-conducting device and the height for the 

permeable stratum were fixed at 90 mm and 50 mm, respectively. Water flow was fixed at 1.5, 2, and 4 L/h, 

respectively. The irrigation amount was fixed at 4 L. 

The purpose of the experiment was to study the distribution of water and salt under different water flow 

rates and the relationship between the distribution of water and salt in the wet body. 

Data processing 

The conversion between soil salinity content and soil conductivity was calculated according to the 

references (Yu Zhang et al., 2011; Qiaoxia An et al., 2016). 

 

RESULTS  

Effect of dripper discharge on soil moisture distribution 

Under the subsurface drip irrigation condition, the capillary force of soil is the main force that affects 

water movement in soil. The force is equal in all directions. When the soil is dry, capillary force is greater 

than gravity. Thus, water flows evenly in all directions, including the upward direction. When the soil 
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becomes moist, soil pore reaches saturation, capillary force becomes weak, gravity exceeds capillary force 

and water flow downward (Zhenghua Wang et al., 2006). Along with the increasing irrigation time, a 

saturated area will be formed around the dripper. The saturated area has high water matric potential and 

gravitational potential. However, the soil outside the saturated area has low matric potential. Thus, water 

spreads in all directions from the dripper. When the distance between soil and dripper increases, soil water 

content decreases. Therefore, the area close to dripper has the highest water content in wetted solum. 

However, the water content decreases gradually in all directions. In this experiment, the water-conducting 

device was buried 20 cm deep into the ground. After irrigation, the soil layer at a depth of 20–30 cm had the 

highest water content. When the distance between soil and water outlet increased, the water content of each 

vertical soil layer gradually decreased in the upward and downward directions. In the horizontal direction, soil 

water content gradually decreased when the distance between soil and water outlet increased (Figure 2). 

 
 

Fig. 2- Effect of dripper discharge on soil water distribution 

 

Figure 2 shows that the dripper discharge had a significant effect on the distribution of water content in 

wetted solum. When the other conditions were the same, the soil water content of three soil profiles at a 

depth of 15–30 cm near the water outlet gradually increased with dripper discharge increase. By contrast, 

the soil water content of soil layers at depths of 0–15 cm and 30–40 cm gradually decreased. Accordingly, a 

large dripper discharge could facilitate water movement in the horizontal direction, whereas a small dripper 

discharge could facilitate water movement in the vertical direction. 

 

Effect of dripper discharge on the soil salt distribution in the vertical profile 

Under the indirect subsurface drip irrigation, water moves upward and downward in the vertical 

direction, and the water content of soil near the water outlet is large. Therefore, the water potential gradient 

of soil is large. Water moves rapidly, so that the soil salinity is effectively diminished. When the distance 

between soil and water outlet increases, soil water content decreases, soil matric potential decreases, soil 

suction capacity increases, salt content gradually decreases with water movement and salt content in soil 

accumulates at the upper and lower edges. In this experiment, a water-conducting device was buried 20 cm 

deep into the soil, so that the salt content of soil layer at 15–30 cm deep near the water outlet reached its 

minimum (Fig. 3).  

 

Fig. 3 - Effect of dripper discharge on the soil salt distribution in the vertical profiles 
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The salt contents of other soil layers in profiles A and B basically increased when the distance 

between soil layer and water outlet increased. The salt content of other soil layers in profiles C initially 

increased and then decreased when the distance between soil layer and water outlet increased. The salt 

content of soil layer at 5–10 cm and 30–35 cm was the highest, which might be caused by the decreased 

vertical wetting distance of profiles C. The 5–10 cm and 30–35 cm soil layers were at the edge of the wetting 

front. Salt accumulated in these soil layers, resulting in the highest salt content. 

 

Effect of dripper discharge on the soil salt distribution in the horizontal section 

The variation characteristics of salt content in each horizontal soil layer are shown in Figure 4. In the 

5–35 cm soil layer, the salt content of all soil layers in profile A was the lowest. When the horizontal distance 

between soil layer and water outlet increased, salt spreads rapidly with water and gradually accumulated at 

each soil layer. Consequently, the salt content of each soil layer basically showed an increasing trend from 

profile A to profile B to profile C. By contrast, the 0–5 cm and 35–40 cm soil layers in profile B had the 

highest salt content. The soil salt content of each section initially increased and then decreased. This trend 

might be related to the relative position of different sections and wetting front edges. Profile B was only at the 

edge of the wetting front, where salt accumulated. Profile C was outside the wetting front and its salt content 

was substantially consistent with the base salt content of soil. 

Dripper discharge had different salt-leaching effects on different sections. Figure 4 shows that, at the 

10–30 cm soil layer, a large dripper discharge leads to a low soil salt content. The salt content of the 0–10 

cm and 30–40 cm soil layers decreased when dripper discharge increased. This result indicated that a large 

dripper discharge could promote water and salt leaching, whereas a small dripper discharge could promote 

salt leaching in the vertical direction (Tao Li et al., 2010).  

 
 

Fig. 4 - Effect of dripper discharge on the soil salt distribution in the horizontal section 

 

Relationship between salt distribution and water content increment in wetted solum 

The sampled soil was homogeneous air-dried loam soil and had a consistent salt content. Soil water 

content increases after irrigation, the soil water content increment is equal to the difference of the soil water 

content between after irrigation and before irrigation, the soil salt content at a certain area could represent 

the effect of water content on soil salt leaching, i.e., a low soil salt content could indicate a good desalination 

effect. In the experiment, the soil water content increment and the soil salt content of each section were fitted 

(Fig. 5).  
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Fig. 5 - Relationship between salt distribution and water content increment in wetted solum 

Figure 5 shows that, after three treatments, the soil moisture increment and the soil salt content in 

profile A and B had a good correlation. A high soil moisture increment had a good soil salt-leaching effect and 

could decrease soil salt content. The soil moisture increment and the soil salt content in profile C had a poor 

correlation. This result might be due to the fact that profile C was near the edge of wetted solum. Different 

sampling points and wetting fronts also had different relative positions (several points were not in the wetting 

front, several points were on the wetting front, and several points were in the wetting front). The fitting result 

indicated that, in wetted solum, a high soil moisture increment could have an evident salt-leaching effect. 

 

CONCLUSIONS 

(1) Under the experimental conditions, the 20–30 cm soil layer had the highest soil water content. As 

the distance between soil layer and water outlet increased, the soil water content of vertical soil layers 

gradually decreased in the upward and downward directions. In the horizontal direction, the soil water 

content gradually decreased when the distance between soil layer and water outlet increased. In wetted 

solum, the soil that was near the water outlet had a low soil salt content. When the distance between soil 

layer and water outlet increased, soil salt content increased. 

(2) Dripper discharge had a significant effect on the distribution of water and salt movement in wetted 

solum. A large dripper discharge could promote water movement in the horizontal direction, whereas a small 

dripper discharge could facilitate water movement in the vertical direction. The corresponding large dripper 

discharge could promote salt leaching in the horizontal direction, whereas small dripper discharge could 

promote salt leaching in the vertical direction. 

(3) In wetted solum, when the soil moisture increment in the same profile was high, then salt leaching 

would become evident. 

 

ACKNOWLEDGEMENT 

This work was financially supported by the National Natural Science Foundation of China (Nos. 

51069013 and 51369028), the College Students’ Innovative Projects of China (No. 201410757004), and the 

College Students’ Innovative Projects of Tarim University (No. 2015027). The authors express their gratitude 

to Mr. Cai Huanjie, professor of Northwest Agriculture and Forestry University, for his help and 

encouragement in conducting this research. 

 



Vol.51, No.1 /2017  INMATEH –

116 
 

REFERENCES 

[1] Chunqin Liu, Jinsong Yang, Xiaobing Chen, et al., (2007), Movement and redistribution of water and 

salt in relation emitter discharge (滴灌流量对土壤水盐运移及再分布的作用规律研究), Acta Pedologica 

Sinica,Vol.44, Issue 11, pp.1016-1020, Nanjing/China; 

[2] Meshkat M R C, Warner S R Workman, (1998), Comparison of water and temperature distribution 

profiles under sand tube irrigation, Transactions of the ASAE, Vol.41, Issue 6, pp.1657-1663, 

American Society for Agricultural /U.S.A.; 

[3] Mingsi Li, Shaozhong Kang, Haiyan Sun, (2006), Relationships between dripper discharge and soil 

wetting pattern for drip irrigation (点源滴灌滴头流量与湿润体关系研究), Transactions of the CSAE, 

Vol.22, Issue 4, pp.32-35, Beijing/China; 

[4] Ming Hong , Yingjie Ma, Haxi Mu, et al., (2014), Research and application of red jujube Micro-Irrigation 

Technology in Xinjiang (新疆红枣微灌技术研究及推广应用现状分析), Water Saving Irrigation, Issue5, 

pp.62-66, Wuhan/China; 

[5] Qiaoxia An, Sanmin Sun, Rong Xu, et al., ( 2016), Effect of permeable boundary of water-conducting 

device on water and salt transport under indirect underground drip irrigation, Vol.49, Issue 2, pp.31-36, 

INMATEH-Agricultural Engineering Journal, Bucharest/ Romania; 

[6] Sanmin Sun, Qiaoxia An, HuanJie Cai, et al., (2015), Research on salt movement law in jujube root 

zone under indirect subsurface drip irrigation (枣树间接地下滴灌根区土壤盐分运移规律研究 ), 

Transactions of the Chinese Society for Agricultural Machinery, Vol.45, Issue 1, pp.160-169, 

Beijing/China; 

[7] Shu Wang, Gangyong Li, Guoxia Meng, et al., (2005), Effects of dripper discharge and spacing on 

growth of cucumber in Chinese solar greenhouse under drip irrigation (日光温室滴灌条件下滴头流量和

间距对黄瓜生长的影响), Transactions of the CSAE, Vol.21, Issue 10, pp.167-170, Beijing/China; 

[8] Tao Li, JianFeng Zhang, HuiJuan Cheng, et al., ( 2010),The wetting front distribution characteristic 

and the fitting model of single point free infiltration under deep pit irrigation in the field (深层坑渗灌田间

单点入渗湿润锋分布特性及拟合模型研究), Vol.28, Issue 4, pp.36-39, Agricultural Research in the Arid 

Areas; 

[9] Xiaodong Li, Fenghua Zh, Yu Zhu, (2016), Agricultural irrigation water quality and soil salinization in 

typical areas of Southern Xinjiang (新疆南疆典型地区农业灌溉水质与土壤盐渍化关系的研究), Xinjiang 

Agricultural Sciences, Vol.53, Issue7, pp.1260-1267, Urumqi/China; 

[10] Xiaoming Li, Jingsong Yang, Meixian Liu, et al., (2011), Study on soil salt distribution with drip 

irrigation under mulch in cotton boll period in south Xinjiang (南疆膜下滴灌棉花花铃期土壤盐分分布研

究), Soils, Vol.43, Issue2, pp.289-292, Nanjing/China; 

[11] Xiaoou Li, Guoxin Yu, (2014),  Development status and construct countermeasure of Jujube brand in 

Xinjiang, ( 新 疆 红 枣 品 牌 发 展 现 状 及 建 设 对 策 ), Northern Horticulture, Issue8, pp.170-174, 

Harbin/China; 

[12] Yang Yu, Haibin Gu, Li Zhang, et al., (2016), Analysis of soil salt characteristics in oasis farmland (绿

洲农田盐碱斑土壤盐分特征分析), Journal of China Agricultural University, Vol.21, Issue 3, pp.89-95, 

Beijing/China; 

[13] Yu Zhang, Lihong Wang, Sanmin Sun, et al. ,(2011), Indexes of salt tolerance of cotton in Akesu river 

irrigation district (阿克苏河灌区棉花耐盐指标的确定), Scientia Agricultural Sinica, Vol.44, Issue 10, 

pp.2051-2059, Beijing/China; 

[14] Zhenghua Wang, Desheng Lv, Xinming Wen,(2006), Experimental research on influence of discharge 

to soil water-salt transport under line source permeation of SDI (流量对地下滴灌土壤水盐运移影响的试

验研究), Journal of Irrigation and Drainage, Vol.25, Issue 6, pp.61-65, XinXiang/China.   

 
 

  

http://asae.org/
http://www.so.com/link?url=http%3A%2F%2Fdict.youdao.com%2Fsearch%3Fq%3DBucharest%26keyfrom%3Dhao360&q=bucharest&ts=1489892461&t=a22bc6271c670852fd5f00cee33ab4f
http://www.so.com/link?url=http%3A%2F%2Fdict.youdao.com%2Fsearch%3Fq%3DRumania%26keyfrom%3Dhao360&q=%E7%BD%97%E9%A9%AC%E5%B0%BC%E4%BA%9A%E8%8B%B1%E6%96%87%E6%80%8E%E4%B9%88%E5%86%99&ts=1489892560&t=11169c8cc39183667ccd84a153292e6
http://qikan.cqvip.com/article/detail.aspx?id=34729738&from=zk_search
http://qikan.cqvip.com/article/detail.aspx?id=34729738&from=zk_search
http://qikan.cqvip.com/article/detail.aspx?id=37928025&from=zk_search
http://qikan.cqvip.com/article/detail.aspx?id=23650674&from=zk_search
http://qikan.cqvip.com/article/detail.aspx?id=23650674&from=zk_search


Vol.51, No.1 /2017  INMATEH –

117 
 

 

MATHEMATICAL MODEL VALIDATION AND ANALYSIS OF SOIL WATER  

AND NITROGEN TRANSPORT IN WATER STORAGE PITS 

/ 

蓄水单坑土壤水氮运移的数学模型验证分析研究 
Master  Zhonghua Ni 

College of Engineering and Technology, Shangqiu Polytechnic, No.566,  

South Section of Shenhuo Avenue, Shangqiu, Henan / China 

E-mail: ni.zhonghua@yahoo.com 

 

Keywords: water storage pit, water and nitrogen transfer, mathematical model, verification analysis 

 

ABSTRACT 

Water storage pit irrigation is a common irrigation method widely used in the northern part of China 

which can combine water-saving irrigation with soil and water conservation. Applying this method, this study 

analyzed different temperature and water content of the soil and established correlative models to study the 

water and nitrogen transport of soil in water storage pits. The results showed that the difference between the 

measured values of water and nitrogen obtained from the models and the actual values was small, either 

under different temperature or irrigation amount, suggesting that the models were correct. 

 

摘要 

蓄水坑灌法是北方地区普遍使用的浇灌方法，该种方法浇灌的优点是将节水灌溉与保持水土有机结合

起来，本文在此种浇灌方法上，对土壤的不同温度、不同水量进行分析研究，并建立相关模型，重点研究蓄

水单坑下的土壤的水氮运移。结果发现，不同温度下，水分和氮素的模型测出来了的值与实际测出来的值误

差较低，不同灌水量的情况下也能准确检测出吻合度较高的数据，说明该模型是正确的。 

 

INTRODUCTION 

Since ancient times, China has long been a big agricultural country. Currently, despite its abundant 

total water resources, China is in a noticeable lack of fresh water resources (Holland et al., 2015).  

The development of agriculture is inseparable from water and fertilizer and fertilizer is rich in nutrients 

and is an important nutriment for crop growth. Nitrogen is the mostly absorbed nutrient element by crops, so 

the use of fertilizer in China is also wide (Zhang, 2016). In recent years, with the continuous increase of 

population, the shortage of water resources is becoming more and more serious. At the same time, the 

combination of water resources and water fertilizer is an important way to realize agricultural high yield and 

high efficiency, thus how to achieve scientific irrigation of water and fertilizer on crops has become a key 

technology.  

Water storage pit irrigation method was initially put forward for solving the water shortage and soil 

erosion problems in northern China (Fang, et al., 2014). For the fact that nitrogen cannot be adequately 

absorbed and used since agricultural irrigation and fertilization have long been carried out separately in 

China, the application of storage pit irrigation method can not only save water, but also reduce soil erosion 

(Ma, et al, 2010).  

Many experts have studied this irrigation method. Fan Xiaobo et al (Fan et al., 2013) established a 

TRIME-PICO IPH system and revealed the water content in the soil under the condition of water storage pit 

irrigation, thereby improving the utilization of water. In an indoor soil column evaporation experiment, Wang 

Zengtao et al (Wang, et al., 2011) studied the law of soil evaporation, and analyzed the mechanism of soil 

water movement under the water storage pit irrigation condition during evaporation.  

B Askri et al. (2014) used the HYDRUS-1D model on the basis of the water storage pit irrigation 

method in the study of the water of date palm and achieved good results.  

Sepaskhah A R et al. (2012) studied the effects of different N rates and water-saving irrigation on 

rapeseed yield and nitrogen leaching.  

In this paper, the soil water and nitrogen transport model in water storage pits was tested under 

different temperature and different irrigation amount. The results show that the model can well reflect the 

water and nitrogen transport situation in the soil, thus it is applicable. 
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MATERIAL AND METHODS 

Water storage pit irrigation method 

Water storage pit irrigation method is to dig around the trunk 5-7 water storage pits and place on the 

bottom of the water storage pits waterproof material to avoid deep percolation of the irrigation water. During 

irrigation, the water is led into the water storage pits through the circular canals and then penetrates into the 

root of the soil through the pit walls. In the farming areas, this method consists of water storage pits, solid 

wall facilities, annular ditches, covering facilities, and ditches (Li et al., 2016).  

The specific design is shown in figure 1. 

 

Fig. 1 – Field area engineering schematic diagram 

 

The diameter of a single storage pit is determined according to the volume of irrigating water quota 

and is about 30 cm generally. The number of water storage pits needed by a single plant depends on the soil 

irrigation rate, which must ensure that the middle layer soil is completely wet in the neighbouring pit and 

realize the pit volume required by the irrigation rate. The circular canal locates at the lower part of the trunk 

and is a shallow canal which connects all the water storage pits. In addition to water delivery, it can also 

share the water volume under large rainfall conditions. The ditch is a fixed channel connecting the main 

irrigation system with the annular canal. It is generally divided according to the contour line and located in the 

upper trunk, which is beneficial to the artesian flow of the water during irrigation and can block the water 

produced by excessive rainfalls to reduce water and soil loss. The size of the section of the ditch is 

determined by the amount of water conveyed (Zhang et al., 2010). 

MODEL CONSTRUCTION 

Each layer of soil is assumed to be homogeneous and isotropic, ignoring the biological effects and 

chemical effects of soil on water production and the impact of solutes on soil moisture. The soil can be 

considered as porous media without skeleton deformation and soil water is a kind of incompressible 

continuous liquid. During the infiltration with different system temperature, the irrigation water achieves a 

uniform spread to the surrounding area, taking the centre axis of the water storage pit as the symmetric axis. 

Therefore, the water storage pit irrigation can be considered a two-dimensional plane situation.  

Fig. 2 is the infiltration profile of the water storage pit, where: 

OG is the water storage pit axis Oy; 

OB - the ground plane r, (i.e., the soil surface);  

AF - the puddle wall;  

EF - the bottom of the pit;  

EG, GH, BH are respectively the left border, lower border and right border of the model 

boundary.  

H1 - initial depth of the puddle,  

h2 - depth of the water storage pit,  

h3 - total height of the soil,  

r1 - radius of the water storage pit,  

r2 - calculated radius of the soil. 
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Fig. 2 – Profile diagram of a water storage pit 

 

 
Water movement model 

Because the water in the single reservoir is the positive pressure water and the pothole is the negative 

pressure, the governing equation of the model chooses the basic equation of the saturated-unsaturated soil 

water movement, and g is the dependent variable of the negative pressure head. 
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where: 

 is the water content in the soil; 

)(gK
 - unsaturated soil hydraulic conductivity; 

t - infiltration time; 

r - horizontal coordinate of the puddle; 

y - depth of the soil below the surface.  

 

In order to obtain the unsaturated hydraulic conductivity, the soil water characteristic curve and the soil 

saturated hydraulic conductivity were solved at first, as follows: 
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where: 

m is the volume water content of saturated soil;  

r  - soil residual volume water content;  

Km - saturated soil hydraulic conductivity;  

Sω - effective volume water content; 

ρ  - inverse of the intake air pressure;  

b0 - soil pore size distribution index;  

a0 - 1-1/b0; 

j0  - porosity connectivity parameter.  
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The two-dimensional convection-diffusion equation describes the transformation process of urea in 

soil as follows: 
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(4) 

where: 

c  is the soil volumetric quality; 

j - nitrogen element,  

qr and qy are soil moisture flux in the r-direction and soil moisture flux in the y-direction;  

Q
 - source term of the transformation between nitrogen forms;  

H - reminiscence of the transformation between nitrogen forms;  

Drr - the effect coefficients of the concentration gradient in the r-direction on the diffusion flux of the 

solute in the r-direction; 

Dry  - the effect coefficients of the concentration-gradient in the y-direction on the diffusion flux in the 

r-direction solute. 

 

EXPERIMENT DESIGN 

Water and Nitrogen Experiments at Different Temperatures 

The soil bulk density was 1.51 g/cm
3
, and the following experiments were carried out in the 

environments of 5
o
C, 10

o
C, 15

o
C, 20

o
C, 25

o
C, 30

o
C and 35

o
C, respectively: 

(1) The orifice plate and the copper mesh are installed on one end of the plexiglass soil column, and 

the pressure in the semi-infinite soil column is pushed in line with the external pressure. 

(2) The experiment was air-dried, blended with 2mm sieve, mixed and layered, and packed into 

plexiglass soil column according to the standard of 5cm per layer. Then, copper mesh and supportable 

porous plate are installed, covered with bottom plate to prevent the collapse of the soil edge. 

(3) Preparation of 100mgN / L potassium nitrate solution, poured into the bottle. The temperature of 

the incubator was adjusted to 5°C, 10°C, 15°C, 20°C, 25°C, 30°C and 35°C, respectively, and the plexiglass 

soil column was placed in an incubator. 

(4) The Markov bottle is made the constant water head for infiltration and the water level and the 

lower edge of the soil column is maintained in a balance. 

(5) When the wet front is 2/3 that of the length of the soil column, the water supply is stopped. At the 

end of the experiment, the soil water content and the concentration of nitrate were determined by taking 5 g 

of soil in each layer. The soil water content was measured by oven-weighing method. The soil water content 

was measured by oven at 105°C, and the concentration of nitrate nitrogen was detected by flow analyzer. 

Experiments on Different Irrigation Quantity 

(1) On the first day after irrigation, soil samples were extracted with a 2 cm diameter, 1 m long soil 

drill. The soil samples were taken in plastic bags and aluminium boxes, and well marked for use in soil 

moisture and nitrogen measurements. 

(2) Soil extraction was carried out along a same radial section every day. Sampling points are taken 

at the points where r is 20, 25, 30 and 35 cm in the radial direction. For the vertical direction, sampling points 

are chosen at the points where y is 10, 25 and 30 cm. The upper limit depends on the wet range.  

(3) The soil moisture content was determined by dry weighing method. The oven temperature is 

adjusted to 105°C to bake the soil for 6-8 hours, and the soil is then removed and put into the desiccators for 

weighing after cooling. Finally, )/()( QYYX   is used for water content determination. In the equation, X is 

the container + wet soil weight and Y is the container + dry soil weight; Q is the container weight. 

(4) According to the above steps, the water content and NO3-N of the 3rd, 5th and 7th day of 

irrigation were measured. 
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RESULTS 

Water and nitrogen transport at different temperatures 

Water content 

 

 
Fig. 3 –The measured and model values of soil water content at different temperatures 

 

As shown in figure 2, the left figure is the comparison of the measured value and the model value of 

soil volumetric moisture content, changing with the vertical depth changes at 35
o
C system temperature, on 

the 15th day, when the radius is 45 cm.  

The right figure is the comparison of the measured value and the model value of soil volumetric 

moisture content, changing with the vertical depth changes at 25
o
C system temperature, on the 5th day, 

when the radius is 25cm.  

The left and right graphs show that the values obtained by the model agree well with the actual 

measured values. At the edge of the moist soil, the model value is slightly larger than the measured value, 

because the reduction rate of the volume of soil moisture around the wetting front of the moisture is faster 

than other regions. At the same time there is the possibility of human influence, that is, the operation of 

mixing with dry soil can lead to the result that the model value is greater than the measured value.  

On the whole, the error range between the model value and the measured value is small and the error 

is within the allowable range. Therefore, the model can effectively verify that the water content determination 

model with constant volume head water infiltration is correct. 

 

Nitric nitrogen 

 
Fig. 4 – The measured and model values of soil nitric nitrogen at different temperatures 
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As shown in figure 3, the left graph shows the comparison chart of the simulated and measured 

values of vertical nitrate nitrogen distribution at 35
o
C, on the 5th day, when the radius is 25cm; the right 

graph shows the comparison chart at 25
o
C, on the 10th day, when the radius is 45cm.  

From the figure, we can see that the content of NO3-N in the more humid edge soil is higher, and in 

the middle part is smaller, with the model values close to the actual ones.  

The average error is small, within the allowable range, so the model can effectively detect the 

situation of nitrogen in soil. 

 

Water and nitrogen transport of different irrigation 
Water content 

 
Fig. 5 – The contour map of soil water content under different irrigation water amount 

 

As shown in Fig. 4, the distribution characteristics of the contours of the three water-cut maps are the 

same, representing the maps when the irrigation water amount is 6L, 8L and 10L. When the irrigation 

amount is 6L, the soil surface water content is low. With the increase of depth, water content begins to rise 

and is about 0.165 at 20 cm depth and 0.175 at 30 cm depth and reaches the maximum value at 50 cm 

depth. The depth area of the increase in water content is 40-60 cm, which is the same case when the 

irrigation water amount is 8L and 10L. It shows that in the water storage pit, the deep water content is larger 

and the water content in the middle and deep layers also increases with the increase in irrigation. 
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Nitrate nitrogen 

 

Fig. 6 – The nitrate content at different irrigation water amount 

 

As shown in Fig. 5, when the irrigation amount was 8 L, the concentration of nitrate nitrogen increased 

first and then decreased. The soil NO3 - N concentration increased at the depth of 20-40 cm, and reached 

the maximum at 40 cm depth. The concentration of NO3-N decreased in the depth of 40-60 cm and 

gradually increased after 60 cm. The middle and deep level irrigation of the puddle has good water retention 

feature and soil water can be considered as an important carrier of soil nutrient cycling and flow. From figure 

5 and figure 6, we can see that the soil water content began to increase at 30-60 cm depth and peaked at 

about 50 cm. For NO3-N, it dissolves in the soil solution and migrates soil colloid along the soil gap, so the 

adsorption capacity of soil on it is weak. The nitrate nitrogen in the soil below 40cm depth presents a 

decreasing trend. With the increase of soil depth, the nitrification was weakened, and the denitrification was 

gradually enhanced. Denitrification requires denitrifying bacteria, while most of denitrifying bacteria are isoxic 

bacteria and only a small part of denitrifying bacteria are good bacteria. At the depth of 70-80 cm, the nitrate 

content increased due to the accumulation of NO3-N in the edge of the wetted soil. The other irrigation water 

had the similar characteristics. It should be pointed out that when the irrigation amount is 10L, the 

concentration of NO3-N in the soil is obviously smaller than 1, indicating that the nitrate infiltration is more 

obvious in the lower soil layer. 

 
CONCLUSION 

The development of agriculture is inseparable from water, soil and fertilizer. To make the 

relationship among the three more clear, in this paper, water and nitrogen contents in soil under different 

temperature and different irrigation water conditions were studied.  

The water and nitrogen values of the model were in good agreement with the measured values. With 

the increase in irrigation volume, the water content in the deep layer also increased. Besides, large 

irrigation volume led to the more obvious infiltration of nitrate nitrogen in the lower soil layer. The moisture 

movement model and the nitrogen transport model established in this experiment had certain accuracy and 

feasibility, and should be popularized and used. 
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ABSTRACT  

The aim of this work is to study the possibility of remedying polluted agricultural soils by lead with the 

association: earthworms / barley. An experimentation of sixty pots was conducted in controlled conditions 

containing artificially contaminated soil by lead. It is divided into three systems: S1: soil-plant; S2: soil-

earthworms; S3: soil-plant-earthworms, and five blocks representing lead concentrations: control; 500 µg g
1
; 

1000 µg g
-1

; 1500 µg g
-1

and 2000 µg g
-1 

with 4 replicas each. 

The results show that the S3 system (soil-plant-earthworm) has the highest remediation rate 

compared to the two other: S1 (soil-earthworm), S2 (soil-plant). The presence of earthworms Lumbricus sp 

decreases the bioaccumulation of lead by Hordeum vulgare, while concentrations recorded in earthworm 

tissues suggests that the presence of the plant considerably increase those concentrations. 

The concentrations of lead in soil, earthworms and plants are influenced by the physical and chemical 

soil parameters; however, other factors related to the pollutant, the species of both earthworm and plant and 

their interactions can increase or decrease retention of lead by the soil and its bioaccumulation. 

 

RÉSUMÉ  

 Le but de ce travail est d’étudier la possibilité de remédier les sols agricoles pollués au plomb à l'aide 

d'une association vers de terre / orge. Une expérimentation de soixante pots comportant des sols 

artificiellement contaminés au plomb a été menée dans des conditions contrôlées. Elle est répartis en trois 

systèmes : S1: sol-plante ; S2: sol-ver de terre; S3: sol-plante-ver de terre et cinq blocs représentant les 

concentrations de plomb : 500 µg g
1
; 1000 µg g

-1
; 1500 µg g

-1 
; 2000 µg g

-1 
et témoin avec 4 réplicas chacun. 

Les résultats montrent que le système S3 (sol-plante-ver de terre) présente le taux de remédiation le 

plus élevé comparé aux deux autres : S1 (sol-ver de terre), S2 (sol-plante). La présence des vers de terre 

Lumbricus sp diminue la bioaccumulation du plomb par Hordeum vulgare, alors que les concentrations 

enregistres dans les tissues des vers de terre suggère que la présence de la plante accrois 

considérablement ces concentrations.  

 Les concentrations du plomb dans le sol, les vers de terre et la plante sont influencées par les 

paramètres physico-chimiques du sol cependant d'autre facteurs liées au polluant, a l’espèce du ver de terre 

et a celle de la plante et leurs interactions peuvent augmentées ou diminuées la rétention du plomb par le 

sol et sa bioaccumulation. 

 

INTRODUCTION 

 Earthworms are one of the dominant groups of macro invertebrates of ground in several terrestrial 

ecosystems representing nearly 80% of the biomass of soil. They are identified as ecosystem engineers for 

their long-term effects on soil physical, chemical and biological properties (Edwards and Bohlen, 1996; 

Blouin et al, 2013; Bityutskii et al, 2016). 
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 Due to their constant contact and their strong interaction with soil, earthworms can be profoundly 

affected by the soil pollution and accumulated contaminants in their bodies. Those characteristics among 

others allowed their use as indicator organisms of soil contamination (Lanno et al, 2004; Xiao et al, 2006). 

 Earthworms can concentrate some chemical products by involving selective absorption and excretion 

mechanisms, which vary according to species and families of chemicals. The toxic effects of a large number 

of chemical substances and the analysis of their absorption and metabolism have been identified to 

underline the importance of earthworms in biomonitoring of soil quality (De Vaufleury et al, 2013). 

 Human activity is the source of soil contamination by various organic and inorganic compounds. 

Heavy metals pollution caused by industrial enterprises activity and road traffic has reached high levels in the 

soil in some regions (Ha et al, 2011; Jiang, Z.F., 2012; Adriano, D.C., 2001; Alkorta et al, 2004). 

 It is established that such heavy metals as copper (Cu), zinc (Zn), lead (Pb) and cadmium (Cd) show a 

different effect of acute and chronic toxicity to animals and plants (Cheng et al, 2002; Li M, et al, 2009; Li N 

et al, 2009). Excessive levels of lead in soil inhibit the normal plant growth, disturb the ecosystem equilibrium 

and have an extremely negative impact on the environment and human health (Mishra et al, 2006 Zeng et al, 

2006). 

 Studies on the ability of certain plant to accumulate heavy metals propose them as an alternative to 

the physical and chemical methods of decontamination. 

 Several studies were conducted using the plant / earthworms association for soil remediation. 

Earthworms increase the availability of heavy metals in some situations and aid in maintaining the structure 

and the quality of soil. The introduction of earthworms into metal contaminated soils has been suggested as 

an aid for the phytoremediation processes (Lemtiri et al, 2015; Jusselme et al, 2012). 

 The main objectives of this study are: i) to study the possibility of decontaminating a polluted by lead 

arable land using the association earthworm / plant; ii) to assess these two organisms impact on soil physics- 

chemical parameters. 

 

MATERIAL AND METHODS 

Samples and characterization of experimental soil 

 The soil samples were taken in uncontaminated arable land to the depth of 0 - 30 cm. All soil samples 

were air dried, crushed, sieved at 5 mm and mixed. This sieved soil was used for the pot experiment. 

 The soil samples were sieved at 2 mm additionally to provide physics-chemical analyses. The 

distribution of particles according to their size, or particle size analysis was determined by sedimentation 

using the Robinson pipette. Soil pH was measured using a soil suspension in a ratio (M/V) 1/5. The organic 

matter (OM) was determined by calcination in the oven at 500 °C according to NF ISO10694. The cation 

exchange capacity (CEC) was determined by percolation according to NF X 31-130. The electrical 

conductivity was measured in a soil suspension (M/V) 1/5 according to NF ISO 11265. The total lead 

concentration was determined by tri-acid attack following standard NF X 31-147, and measured by atomic 

absorption spectrometry (Agilent Technology. 55 AA). The characterization of experimental soil and the 

averages of lead concentrations in the soil, barley and earthworms (µg g
-1

 dry weight) are represented in 

Table 1. 

Lead contamination of soil 

 The soil was artificially contaminated with four levels of lead  (500 µg/g, 1000 µg/g, 1500 µg/g and 

2000 µg/g ) using lead nitrate powder [Pb (NO3) 2] dissolved in distilled water, in addition to uncontaminated 

soil (control) with a lead concentration (<100 µg/g) in the international norms described by (AFNOR X 31 in 

1996). 

 Experimental procedure 

 Three factors were involved in the experimental design: (i) lead concentration in soil; (ii) Presence / 

Absence of the earthworms and (iii) Presence / Absence of the plant. The experimentation is divided into 

three systems: S1: soil-plant; S2: soil-earthworms and S3: soil-plant-earthworms, five blocks representing 

lead concentrations:  control, 500 µg g
-1

, 1000 µg g
-1

, 1500 µg g
-1

 and 2000 µg g
-1

 with 4 replicas each (see 

fig. 1). This disposition will allow to study and compare the effect of each organism alone on the soil and the 

effect of their association at different levels of pollution. 
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Table 1 

Lead concentrations in the soil, plants and earthworms (µg g
-1

 DW),  

and chemical parameters measured in the experimental soils 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

Fig. 1 - Experimental design  

 

Parameters   Mean±SD Minimum Maximum 

Soil (N=60) 

Clay (%)
a 

Silt (%)
a 

Sand (%)
 a
 

OM (%)
 b

 
pHwater

 c
 

CEC(meq100
-1

g)
 d
 

EC (µs/cm)
 e
 

 
24,51±3,73 

9,54±5,90 
65,98±5,49 

2,30±0,37 
7,42±0,57 

11,93±3,20 
831,27±273 

 
15,30 

0,77 
45,95 

1,50 
6,39 
0,13 

335,00 

 
34,35 
25,54 
74,49 

3,12 
8,34 

18,55 
1485,00 

System 1(N=16) 

Pb soil (µg/g)
 f
 

Pb plant (µg/g)
 f
 

Remediation (%)
 g
 

Control 1 (N=4) 

Pb soil (µg/g)
 f
 

Pb plant (µg/g)
 f
 

Remediation (%)
 g
 

 
331.86±66.95 
59.44±13.16 

17.93±1.87 
 

50.00±21.60 
11.75±3.10 

27.13±12.34 

 
200,00 
38,00 
14,85 

 
20,00 

9,00 
16.67 

 
430,00 
75,00 
21,50 

 
70,00 
16,00 
45.00 

System 2 (N=16) 

Pb soil (µg/g)
 f
 

Pb EW (µg/g)
 f
 

Biomass (g) 
Remediation (%)

 g 

Control 2 (N=4) 

Pb soil (µg/g)
 f
 

Pb EW (µg/g)
 f
 

Biomass (g) 
Remediation (%)

 g
  

342.5±54.59 
24.01±10.97 

2.11±0.45 
7.54±1.95 

 
70.00±16.33 

8.20±0.48 
3.13±0.1 

12.29±1.49 

250,00 
12.55 

1.40 
5,32 

 
50.00 

7.50 
3.00 

10.38 

440,00 
54.54 

2.90 
12.99 

 
90.00 

8.59 
3.20 

14.00 

System 3 (N=16) 

Pb soil (µg/g)
 f
 

Pb plant (µg/g)
 f
 

Pb EW (µg/g)
 f
 

Biomass (g) 
Remediation (%)

 g   

Control 3 (N=4) 

Pb soil (µg/g)
 f
 

Pb plant (µg/g)
 f
 

Pb EW (µg/g)
 f
 

Biomass (g) 
Remediation (%)

 g   

 
316.25±87.25 

38.00±5.68 
26.01±6.66 

1.18±0.47 
18.79±2.14 

 
67.5±9.57 

20.25±2.25 
12.84±1.09 

2.78±0.13 
49.01±10.81 

150,00 
31.00 
16.53 

0,90 
15.70 

 
60,00 
17.00 
11.36 

2.60 
40.29 

430,00 
50.00 
39.00 

2,50 
22.69 

 
80,00 
23.00 
13.93 

2,90 
64.72 

a   
Size particles by sedimentation using the Robinson pipette method.

 

b   
Organic matter was determined by calcination in the oven at 500°C according to NF ISO10694.

 

c   
pHwater with distilled water (w:v  1:5  ratio).

 

d   
CEC  determined by percolation according to NF X31-130. 

e
  Electrical conductivity water suspension with ratio 1:5. 

f
  Digestion with mixture of three acids inspired by the NF X 31-147. 

g  
calculated according to :(R1/R0)*100 ; [R1: accumulated Pb in the system, R0: 

   accumulated Pb in soil]. 
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 Sixty pots (18 cm diameter x 20 cm height) were prepared with 3 kg of dry soil, contaminated and 

mixed. The plant used in this experiment is a grass, common barley Hordeum vulgare L. Ten seeds were 

sown in the pots of the system S1 and S3. The experiment was conducted in greenhouses (temperature of 

25 ± 2°C and 60 ± 5% relative humidity) and germination was determined visually. The pots of the three 

systems are watered daily to keep the soil moist. After 4 months, adult anecic earthworms Lumbricus sp 

were collected in an uncultivated and unpolluted soil of Tiaret. They were rinsed to remove the soil, kept in 

plastic box in the laboratory (24 h) for cleaning their gut. 2 - 3 earthworms (mass: 3 ± 0.5 g) were introduced 

into each pot of system S2 and S3; to provide a density of about 100 g m
-2

 (Blouin et al, 2006; Jusselme et 

al, 2013). The experiment was conducted under controlled conditions during 21 days. 

Harvesting and treatment of samples 

 At the end of the experiment the samples were harvested, the aerial part of the plant was cut at 

ground level. The stems and leaves were separated and preserved in paper bags. Then the pots were 

overturned on plastic. Earthworms were gathered, their survival was determined by observing their activities 

in the hand; afterward they were rinsed, weighed and conserved for 48 hours in boxes containing moistened 

paper with distilled water to clean their gut (Lemtiri et al, 2015; Bityutskii et al, 2016).  

 The roots were collected, washed with distilled water to remove the soil and kept in paper bags, the 

soil dried in the open air for 48 h. The samples were the subject of a series of operations as follows: 

- dehydration: the usual method is dehydration in an oven at 105° ± 2° C for 72 hours, and the earthworms 

for 24 h. 

- grinding: This step is highly critical as it can be source of contamination or loss. For this, the grinder used 

is an agate mortar; 0.5 to 1 g of the powder obtained is placed in quartz capsules and calcined in an 

oven, the temperature of which being gradually increased to 450 ° C for 3 h. 

- mineralization and dissolution: after calcination, the sample are placed in an acid solution (10 ml of 

hydrofluoric acid HF 40% and 3 ml of perchloric acid ClHO4 70%) and heated in a sand bath until total 

evaporation of the solution. Outside of the sand bath, we added 1 ml of nitric acid HNO3 and 10 ml of 

distilled water and allowed 30 min, after that, it was placed in the sand bath for 30 min to 1 h. 

- filtration and dilution: After filtration, the obtained extracts are diluted with 100 ml of distilled water 

(Durand, C., 2003). The lead concentration was determined by atomic absorption spectrometry. 

Statistical analysis 

 The statistical treatment was performed using two software packages STATISTICA 8 and SPSS 20. 

The data obtained were subjected to several analyses: Descriptive statistics, ANOVA, ANOVAR and 

correlation analysis. Firstly, the effects of soil lead levels on the concentration of lead in earthworm’s tissues 

and plant were evaluated through analysis of variance (ANOVA). Secondly, the effects of physicochemical 

parameters of soil on the concentration of lead in earthworm’s tissues and plant were investigated. Finally, 

the effects of lead levels (block T, B1, B2, B3 and B4) and the systems (S1, S2 and S3) on Pb concentration 

in earthworms’ tissues and plant were evaluated. Differences were considered significant at P≤0.05*, highly 

significant at P≤0.01** and very highly significant at P≤0.001***. 

 

RESULTS 

Levels of lead in soil 

 The concentrations of lead in soil within blocks of each system before and at the end of the 

experiment are represented in fig. 2.   

S1T S11 S12 S13 S14 S2T S21 S22 S23 S24 S3T S31 S32 S33 S34

Sy tem/Block

-500

0

500

1000

1500

2000

 Pb Intial (ug/g)

 Pb Final (ug/g)

 
Fig.2 - Lead levels in the experimental soil 
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 We see that the final concentrations of the soil have greatly reduced compared to the initial 

concentrations, a positive correlation was observed between the levels of contamination and soil 

concentrations with a correlation coefficient r=0,94*** and a highly significant effect p<0.001***.  

 The toxicity of metals does not depend only on the total concentration but also on their mobility and 

reactivity with other components of the ecosystem (Abollino.et al, 2002). Many authors classify this 

reactivity in the order: Ni>Zn>Cu>Pb (Harter, R. D., 1983; Kabala and Szerszen, 2002). Lead is generally 

found in surface horizons 0-20 cm than in deeper soil layers (Contat et al, 1991). Several factors affect its 

mobility and bioavailability: pH, soil texture especially clay content and organic matter content.  

Concentrations of lead in the three systems 

 Remediation percentages of the three systems (including the five blocks) are shown in fig. 3. We 

observe that the association plant-earthworm (S3) shows the highest rate of remediation (accumulation) 

24.83 ± 13.26 %, a highly significant difference was observed between the three systems p<0.001***. The 

concentrations of lead accumulated in the plant and earthworm increased significantly with the levels of 

lead in soil p <0.001***. 

 The accumulation of lead by barley varies depending on the concentration of lead in the soil and the 

physic - chemical parameters of the soil (Maatoug et al, 2013). This concord with the results found in our 

study. Bioaccumulation of metals in earthworms depends a lot on the species and the characteristics of 

their environment, including soil composition and pH (Van Gestel and Ma 1988; Morgan J.E. and  Morgan 

A.J. 1991; 1999). De Vaufleury A. et al, 2013).The presence of the plant and earthworms can create a 

competition between them for the accumulation of lead. By producing exudates, plants can modify metal 

speciation and their behaviour in soil, particularly in the rhizosphere (Chaignon and Hinsinger, 2003; Uzu, 

G.et al, 2009). Therefore, plants can change the metal accumulation by earthworms (Lemtiri et al, 2015). 

Current effect: F(3, 57)=96,340, p=0,0000

Type III decomposition

Vertical bars denote 0,95 confidence intervals
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Fig. 3 - Percentage of remediation in the three systems S1: soil-plant;  

S2: soil-earthworm; S3: soil-plant-earthworm 

 

Effects of the interaction plant / earthworms on the contaminated soil 

 Our study focused on the interaction between earthworm Lumbricus sp and the plant Hordeum 

vulgare for bioremediation of artificially contaminated soil with lead. In order to study the effects of the five 

lead concentrations used in this experiment which are divided into blocks, on the recorded soil 

concentrations, an ANOVA test was performed (fig. 4). A very highly significant difference is observed for 

the effect of lead dose added to the ground on the lead concentration in the soil, plants and earthworms 

P<0.000***. 

 We notice an important fixative power of lead by the ground following the doses added at the 

beginning of the experiment. 

 The system S3 presents the highest concentration of lead extracted from the soil. We also observe 

that the plant accumulates more lead on its own 49.9 ± 22.83 µg g
-1

 than in the presence of earthworms 

34.45 ± 8.92 µg g
-1

. The correlation matrix shows a positive correlation between Pb soil and Pb plant 

r=0.688**. 

 The concentrations of lead in earthworm tissues after 21 days of exposure are positively correlated 

with soil concentrations with a correlation coefficient r=0.919** and a highly significant effect p≤0.000**.We 

observed that concentrations of lead in earthworm tissues are higher in the presence of the plant 23.37 ± 

8.02 µg g
-1

 against 20.85 ± 11.71 µg g
-1

 in its absence. 
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Wilks lambda=,01500, F(24, 125,31)=16,993, p=0,0000

Vertical bars denote 0,95 confidence intervals
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Fig. 4 - Effect of the interaction between bloc and Pb concentrations in plant,  

earthworm and soil for the three systems 

 

 Barley accumulates the trace elements to different degrees depending on the metal and its 

concentration in the soil. (Maatoug et al., 2013) reported that in an agricultural soil close to a highway 

contaminated with lead 1714.39 ± 512.62 µg g
-1

, barley accumulates until 36.28 ± 14.90 µg g
-1

. In our 

study, we find that for lead concentrations in the soil of the order of 331.86 ± 66.95 µg g
-1 

barley 

accumulates 59.44 ± 13.16 µg g
-1

. 

 Lead contrary to the other elements (Zn, Cu) is not an essential element, although present in the 

plants, it does not participate to any known physiological or biochemical function (Marschner H.,1995). Pb 

is accumulated by the plant according to another uptake pathway than those of the essential elements Zn 

and Cu (Lemtiri et al 2015). In this study, lead being added in a highly soluble form may be more available 

and easily absorbed by the plant, which explains the high concentrations accumulated by barley.  

Earthworms (of various species) that live in soils polluted by metals, mainly of anthropogenic source, have 

heavy metal contents much higher than those which develop in unpolluted areas (Ireland M.P., 1983; 

Morgan J.E. & Morgan A.J., 1988; Dai et al, 2004; De Vaufleury et al, 2013). Other studies report that 

concentrations in earthworms were weakly correlated with those of soils (Beyer and Cromartie, 1987; 

Abdul Rida and Bouché, 1995). The results found in this study indicate a very significant correlation 

between lead levels in soil and lead concentrations in earthworms Lumbricus sp. 

 An increase of metal concentration in plants was observed in the presence of earthworms (Wen and 

Hu, 2004). These results are opposite of what we observed in our study. Lead concentration in barley 

decreases greatly in the presence of Lumbricus sp. It can be explained by a different accumulation 

capacity and affinity according to the plant and the metal.  

 Earthworms can concentrate some chemicals involving selective absorption and excretion 

mechanisms, which vary according to earthworm species and chemical families (De Vaufleury A, 2013). 

 The ability of earthworms to accumulate heavy metals is widely studied (Morgan et al, 1986; Beyer 

W.N.et al, 1987; Morgan J.E. and Morgan A.J., 1992). Some differences in bioaccumulation were reported 

between ecophysiologically distinct earthworms (Morgan et al, 1993; Van Vliet et al, 2005; Kamitani and 

Kaneko, 2007). The presence of the plant increases the concentration of lead in earthworm tissues. 

Effect of physicochemical soil parameters on Pb soil, Pb plant and Pb earthworms 

 In order to investigate the effect of physicochemical parameters of the soil on the accumulation of 

lead in the soil, plant and earthworms we performed a correlation analysis with a variance analysis 

(ANOVA). 

Effect of pH 

 We observe a negative correlation between soil pH and lead soil, plants and earthworms with a 

correlation coefficient r=-0.572**, r=-0.396*, r=-0.410**, respectively. ANOVA revealed a significant effect 

of soil pH on the Pb soil p=0.037*and Pb plant p=0.002**, but no effect on the Pb earthworms p=0.224.  

 The pH is a factor whose role is crucial for the mobility of metal ions, because it influences the 

number of negative charges that can be brought into solution (McLaughlin, M.J., 2000). Generally, when 
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the pH increases, the cations are less soluble and less mobile (Blanchard C., 2000; Santillan-Medrano and 

Jurinak, 1975; Kabala and Szerszen, 2002).  Different interpretations have been advanced to explain the 

influence of soil pH on the accumulation of lead (McBride,1994). It was found that the Cd, Cu, Hg, Ni, Pb 

and Zn are strongly absorbed by the roots at pH<5.5 (Blaylock and Huang, 2000). 

 The accumulation of metals in earthworms is influenced by their concentration in the soil, and in the 

case of Cd, by the pH (Spurgeon et al. 2006). The low bioavailability of metals (Cu, Pb and Zn) in a 

contaminated soil with an alkaline pH, and the absence of toxic effects were confirmed experimentally in 

Lumbricus terrestris, in urban soils little rich in nutriment of Montreal (Kennette D., 2002). Among the 

reasons that may explain the limited effects of pH change on the concentration of earthworm tissue (Oste 

et al. 2001) suggest firstly, an effect of pH on the absorption by the skin, and secondly, the influence of 

soil particles ingested. 

Effect of CEC 

 The cation exchange capacity is positively correlated with lead soil r=0.221 and earthworms 

r=0.215**and is weakly correlated with the lead of the plant with a correlation coefficient r=0.023**. 

ANOVA shows no significant effect of CEC on the Pb soil, Pb earthworms and Pb plant p˃ 0.05. 

 The pH influences the CEC, the nature of the organic matter and its decomposition via the fauna 

and flora of the soil. (Allan and Jarrell, 1989) have shown that CEC decreases gradually as decreases the 

external pH. The soil constituents thus modified will register increase or decrease the complexation 

capacity of the elements and therefore the mobility and bioavailability of trace elements (McBride et 

al1997; Sauvé et al, 1997 Sauvé and McBride, 1998; Venditti D., 2000). Simultaneous measurements of the 

cation exchange capacity suggest that this soil parameter is a better indicator of the bioavailability of Cd 

and Zn because it takes into account the type of clay and organic matte (Lock K. & Janssen C.R., 2001). 

Effect of clay rate 

 Concerning the clay content it has a positive correlation with Pb soil r=0.234** and Pb earthworms 

r=0.102 and negatively correlated with the Pb plant r=-0,054**, the analysis of variance indicated a highly 

significant effect for Pb soil and Pb plant p<0.000*** and highly significant for Pb earthworms p<0.005 **.  

 Clays and organic matter play a predominant role in the adsorption of lead by the plant. Trace 

elements show a high affinity for the humic substances with which they form stable humic -clay complex, 

eventually soluble. This explains the abundance of the trace elements on the surface mainly in  the 

presence of organic matter (Baize D., 1997). 

 Lock and Janssen (2001) conducted experiments with Enchytraeus albidus, which show that the 

toxicity of Cd and Zn depends on the nature of the clay used and the organic matter.  

Effect of organic matter 

 A weak correlation was observed between the organic matter and the three variables, however it is 

negative with Pb soil r=-0,029**, Pb earthworms r=-0,038 and positive with Pb plant r=0.052**. ANOVA 

shows no significant effect p>0.05. 

 The assimilation of trace elements by plants is highly dependent on the bioavailability of these 

elements in the soil. The soil constituents, especially clays and organic matter can interact with the metal 

across different chemical interactions (electrostatic interactions etc.)  All these interactions limit the 

bioavailability of the metals in the soil (Tanner and Headley, 2011).  

 The soil characteristics have a different impact from one earthworm species to another also 

depending on the studied metal (Peijnenburg W.J.G.M., 1999; Posthuma L., 1998). It was observed an 

increase of lead concentration in earthworms exposed in soil with high lead contamination (Grelle and 

Descamps, 1998; Scaps et al., 1997). Pb accumulation is proportional to the time of exposure. However 

the concentration in the earthworms remains much lower than that of soil. These results are similar with 

the results that we found in our experiments. 

 

CONCLUSIONS 

 The present study shows that using the association Hordeum vulgare and Lumbricus sp significantly 

increases the concentrations of lead extracted from the soil. The concentrations of lead in Lumbricus sp 

tissues and Hordeum vulgare increase with increasing levels of lead in the soil. 

 The lead concentrations in the soil depend on the physico-chemical parameters. However, other 

factors (element content and mobility) may increase or decrease retention of lead by the soil. The system S3 
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(soil-plant-earthworm) has the highest rate of remediation 24.83 ± 13.26 % compared to the two others S1 

(soil-earthworm) 8.49 ± 2.67 % and S2 (soil-plant) 19.77 ± 6.41 %. 

 The presence of earthworms Lumbricus sp decreases the bioaccumulation of lead by Hordeum 

vulgare, while content recorded in tissues of earthworms suggests that the presence of the plant significantly 

increases the element concentration. This can be explained by a competition between the two organisms in 

the absorption of trace elements. 

 Several studies report that the accumulation of trace elements differs from one species to another. 

However, the interaction between two organisms such as earthworms and plants can be complex and 

influenced by many factors: the species of the plant and the earthworm, the physico-chemical parameters of 

the soil, the levels of pollution and the nature of the pollutant. 

 The results of this study suggest that it is possible to use the association plant/earthworms for the 

bioremediation of agricultural soils polluted by lead. 
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ABSTRACT  

Considering the serious soil and water losses that impede the development of agricultural production 

in Loess Plateau in China, this study investigated the soil water infiltration, runoff yield, and sediment yield 

through simulated rainfall using rainfall water of different qualities; additionally, this study investigated the 

influence of water quality on rainfall-induced erosion. The effects of rainfall water quality on soil erosion 

under artificial simulation were studied in the State Key Laboratory of Soil Erosion and Dryland Farming on 

the Loess Plateau from 2015 to 2016. This experiment used four rainfall water types (water, natural 

precipitation, natural hydrops, and tap water) and three typical loess plateau soil samples (Loessal soil, Lou 

soil, and laminated Lou-Sand). The effect of water quality on soil erosion under the same rainfall intensity 

(60mm/H) and slope (5°) was determined. Results showed that the intensity of rainfall erosion was 

significantly affected by water quality, and soil erosion intensity gradually decreased with increased sodium 

adsorption ratio and conductivity (water<natural precipitation<natural hydrops<tap water) under natural 

hydrops; the runoff coefficient of soil erosion was the lowest (29.3%) under natural hydrops; stable 

infiltration rate and rainfall erosion were the lowest under rainfall hydrops; and soil erosion was the highest 

under water. Moreover, the influence of water quality on rainfall erosion was affected by soil type. 

Compared with the Loessal soil, which contains low amount of clay particles, the erosion of rainfall to the 

Lou soil with higher content of clay particle was more susceptible to the water quality. Water quality plays 

an important role in soil erosion and exerts more significant effects on soil with higher clay content. 

Therefore, water quality factors must be fully considered in studying and simulating rainfall erosion. 

 

摘要  

针对中国黄土高原水土流失严重，阻碍农业生产发展的现状，研究不同水质的水在模拟降雨条件下的

土壤入渗和产流产沙特征，揭示水质对降雨侵蚀过程的影响。于 2015-2016 年在黄土高原土壤侵蚀与旱地农

业国家重点实验室，开展了人工模拟条件下不同降雨水质对土壤侵蚀影响的研究。本实验设计了 4 种降雨水

质（去离子水、天然降水、天然积水、自来水）和 3 种典型的黄土高原土壤（黄绵土、塿土和层状塿-砂）,在

相同降雨强度（60mm/h）和坡度（5°）的条件下，水质对土壤的侵蚀状况的影响。研究结果表明，降雨侵蚀

的强度受水质的显著影响，随着水中钠吸附比和电导率的增加(去离子水<天然降水<天然积水< 自来水)，土

壤侵蚀强度逐渐降低（天然积水下的塿土径流系数最低,为 29.3%）；降雨积水条件下，土壤稳定入渗率最

高，降雨侵蚀程度最低，而去离子水对土壤的侵蚀程度最大。水质对降雨侵蚀的影响特征还受土壤类型的影

响，粘粒含量较高的塿土降雨侵蚀受水质影响比粘粒含量较低的黄绵土更加明显。因此，水质在土壤侵蚀过

程中起着重要作用，且对粘粒含量较高的土壤作用更加明显，在模拟降雨侵蚀研究方面需要充分考虑水质因

素. 

 

INTRODUCTION 

Agricultural development in arid and semiarid areas is achieved mainly by fully utilizing natural 

precipitation, by reducing surface runoff, and by increasing soil moisture. Given the fragility of the 

ecological environment, sustainable development of modern agricu lture and the possibility of obtaining 

high yield of existing agricultural land have become very difficult. The quality of atmospheric 

precipitation will exert a direct impact on soil quality and crop yield.  
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The Loess Plateau in China has a fragmented terrain and scarce vegetation cover; moreover, rainfall 

commonly occurs as heavy rain, and variation in land is lacking. Erosion resistance of Loessal soil, 

especially its antiscourability, is quite weak and thus is not suitable for the implementation of agricultural 

cultivation measures, which in turn become the common leading factors of soil erosion (Jie et al., 2004). For 

a long time, the erosion resistance of Loessal soil not only limited the sustainable development of 

agriculture in this area but also became the root cause of the low income of farmers. Loess Plateau mainly 

consists of loose Loessal soil, which is characterized by low fertility, low content of agglomerates, and high 

vulnerability to rainfall erosion. This region has a heterogeneous land structure, showing a layered 

distribution; with intensified rainfall erosion, the fertile topsoil thickness gradually decreases, and land 

production efficiency has become low and unstable. 

Artificial rainfall simulation effectively regulates rainfall and rapidly realizes the erosion process; this 

approach is widely used in soil and water conservation research (Wenyan et al., 2005; Guangyan et al., 

2011). The results have shown that the simulated rainfall water quality exerts a significant impact on soil 

erosion process, and the degree of influence is significantly affected by soil type (Lili et al., 2015). Lorenzo 

found that rainfall water quality can change the process of soil erosion, and the influence of water quality on 

silty clay soil is larger than that on silty loam (Borselli et al., 2001). Zhang showed that the soil erosion 

amount increases as the sodium adsorption ratio (SAR) of irrigation water increases, whereas it gradually 

decreases as conductivity increases (Lijun et al., 2010). Therefore, studying the impact of water quality on 

rainfall erosion has important theoretical and practical significance in revealing the characteristics of rainfall 

erosion and the choice of water quality in simulated rainfall experiment. Moreover, the present research 

was conducted to provide some data useful in preventing soil and water losses in Loess Plateau region and 

improve the utilization rate of natural precipitation and promote agricultural development. 

The physical and chemical properties of aqueous solution can significantly affect soil water potential 

and hydraulic conductivity (Yuli Zhao and Jianzhi Niu, 2012). Studies have shown that the type and content 

of solute in water affects the density, surface tension, and viscosity of water, affecting the movement of 

water in soil pores (Caijing Zhou, 2008). At present, the effects of solute on soil hydrodynamic parameters 

are mostly saline material. The hydraulic conductivity of soil has been suggested to be related to the 

composition and content of exchangeable cations in soil solution and soluble electrolyte concentration 

(Carter and Robbins, 1978; De and Wierenga, 1984), and the hydraulic conductivity decreases as SAR 

increases; when distilled water was used to simulate rainfall, hydraulic conductivity decreases (Oster and 

Frenkel, 1980). Xiao studied the impact of irrigation water quality on the hydraulic properties of unsaturated 

soil and found that highly mineralized irrigation water could increase soil hydraulic conductivity (Zhenhua 

Xiao and Hongfu Wan, 1998); Feign found that increased sodium ion content of irrigation water can cause 

soil particle contraction and colloidal particle dispersion and expansion, thereby affecting soil permeability 

(Feigin et al., 1991). To a certain extent, increase in soil salt concentration can promote flocculation of soil 

particles, increase in aggregate ability, stabilization of soil structure, increase in soil macrospores, and 

enhancement of permeability. Therefore, water quality is quite important in soil moisture movement and soil 

structure. However, studies on rainfall erosion have devoted little attention on the impact of water quality. 

Investigations on soil erosion will not only help to improve the existing theory on soil erosion but will also 

provide an important basis for accurate prediction of soil erosion under different rainfall conditions. 

Loess Plateau is characterized by loose soil, sparse vegetation, serious erosion, and fragile ecology. 

Soil erosion has long been a core problem that constrains ecological civilization construction and regional 

sustainable development in Loess Plateau. Discussing the influence of water quality on rainfall erosion 

process is of great significance in understanding the process, intensity, and model prediction of soil erosion 

in this area, and it is a kind of sustainable circular agriculture with very important ecological protection 

significance. In Loess Plateau, a large number of artificial simulated rainfall experiments were conducted, 

and the water used for the simulated rainfall was mostly tap water or well water. Given that water quality in 

different places obviously varies, the effects of water qualities on rainfall erosion will also vary in artificial 

simulated rainfall experiments. In this study, where Loessal soil and Lou soil were used as research 

objects, artificial simulated rainfall experiments were conducted using deionized water, tap water, natural 

precipitation, and natural hydrops, and the influence of water quality on slope runoff and sediment yield and 

soil water infiltration was analysed to reveal the influence of water quality on rainfall erosion, providing a 

scientific basis for accurate prediction of soil erosion process. 
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MATERIAL AND METHODS 

Rainfall simulator 

 A simulated rainfall experiment was conducted in the Hall of Artificial Simulated Rainfall in the State 

Key Laboratory of Soil Erosion and Dryland Farming of Loess Plateau, Northwest A & F University, China 

from 2015 to 2016. Disturbed soils were studied, and homogenous Lou soil, Loessal soil, and Lou-sand 

laminated soil were used as samples. Loessal soil was collected from Ansai County of Shaanxi Province 

(109°19′46″N,36°51′44″E); Lou soil was collected from Yangling Demonstration Zone of Shaanxi Province 

(108°5′40″N, 34°16′20″E); and river sand was collected from the riverbed of Weihe, Yangling (108°4′39″N, 

34°14′9″E). Table 1 shows the physical and chemical properties of the soil samples. The soil samples were 

air-dried, pressed, crushed, screened through 5 mm sifter, and mixed for subsequent use. Bulk density was 

controlled based on the bulk density of the undisturbed soils (Sandy soil, Lou soil, and Loessal soil). For the 

air-dried soils, the required soil quality for each processing was calculated according to the volumetric 

moisture content (approximately 2%) and soil bulk density for layered filling. Special plate was used to blur 

the layer to prevent vertical layering of soil. 

Table 1 

Physical and chemical properties of soil samples 

 
Particle composition /% 

Non-mulching 
Texture 

Dry bulk 

density 

[g/cm
3
] 

Ks 

[mm/min] Particle sizes 

[mm] 
0-0.002 0.002-0.05 0.05-1.00 

Homogenous 

Lou soil 
22.8 68.5 8.7 silty loam 1.4 0.020 

Sand soil 4.49 20.87 75.64 medium sand soil 1.8 2.791 

Loessal soil 9.10 61.80 29.10 silt loam soil 1.2 0.577 

 

Materials and experimental design 

Experiments were performed using a fully saturated design. Three types of soil exist: Lou soil (L), 

Loessal soil (Lo), Lou soil (L)-Sandy soil (S); four types of rainfall water exist:  water (C), natural 

precipitation (R), natural hydrops (J), and tap water (Z). After different combinations of soil types and rainfall 

water quality were made, 12 treatments were designed, and each treatment was performed three times. 

The experiment involved the use of water supply device, rainfall simulator, and soil bin (Figs.1 and Figs.2). 

The rainfall simulator was a movable needle-type sealed box with a height of H2=40cm, a length of 

L1=145cm, a width of W1=145cm, and a needle spacing of D=2 cm. The average diameter of the raindrops 

is d = 2.97 ± 0.05 mm, the rainfall height is H1=220 cm and the rainfall uniformity was greater than 94%. 

Rain intensity was controlled by a peristaltic vacuum pump. An erosion soil bin (100 cm × 40 cm × 30 cm) 

was self-manufactured. Evenly distributed holes were created at the bottom of the soil bin to exclude gravity 

water. The rainfall intensity was 60 mm/h, and the soil bin slope was set as 5°, which was quite common in 

Loess Plateau, and the duration of rainfall was 60 min. 

 

 
Fig. 1 - Schematic of artificial simulated rainfall device 
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Fig. 2 - Artificial simulated rainfall device 

 

During rainfall, runoff and sediment samples were collected every 3 min from the time when the flow 

yield was observed on the slope. After the rainfall was finished, the runoff collected was measured, the 

sediment was separated, and the amount of sediment was measured by using the drying method. The 

infiltration rate was calculated as follows equation (1) (Yuanjun Zhu and Ming-an Shao, 2006): 

                                     
TAK

AF
Ri




 cos  [cm/min]                                                   (1) 

where: 

    i is the infiltration rate, [cm/min]; R is the rainfall [cm]; T is the duration of rainfall [min]; θ is the slope of 

soil bin [°]; F is the flow yield within the interval [g/min]; S is the sediment yield within the interval [g/min]; K 

is the conversion ratio [1g/cm
3
]; A is the cross sectional area of soil bin [cm

2
]. 

Prior to the rainfall test, three rain gauges were placed in the areas where the soil bins were located. 

Calibration was performed after the rainfall intensity stabilized. The mean was determined and taken as the 

rainfall intensity. The formula was as in the following equation (2) (Qianhua et al., 2015): 

                                   
T3

PPP
P 321




      [mm/min]                                                   (2) 

where: 

P is the average rainfall intensity [mm/min]; T is the rainfall duration [min]. 

The water types used in the artificial simulated rainfall include water, tap water, natural precipitation, 

and rainfall hydrops. The water was produced by the Institute of Soil and Water Conservation, CAS&MWR; 

compounds and ions were not detected. The tap water was collected from the residents of Yangling District, 

Shaanxi; natural precipitation was collected from natural rainfall in Yangling, Shaanxi. Rainfall hydrops was 

a natural precipitation that has been stored for more than one year. Table 2 shows the SAR, pH value, and 

conductivity of the four water types. 

Table 2  

Physical and chemical properties of different types of rainfall water 

Type of water quality 
sodium adsorption 

ratio [m•Mol/L] 
pH conductivity [µS/cm] 

Water[D] 0.00 7.04 3 

Natural precipitation[P] 0.03 7.76 36 

Natural hydrops[H] 1.47 7.97 452 

Tap water[T] 2.24 7.78 634 

 

Data analysis 

SPSS software was used for correlation analysis, and Excel and Origin were used for correlation 

calculation and chart drawing. 
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RESULTS 

Changes in soil flow yield and runoff coefficient 

Flow yield time and runoff coefficient are important indexes that characterize soil water infiltration; 

these indexes are affected by factors such as soil type, rainfall intensity, and slope (Zhixin Xu and Mengli 

Zhao, 2001). Initially, rainfall completely infiltrates into the soil, and no runoff yield is observed in the slope. 

When the rainfall intensity is greater than the infiltration capability of the soil, the excess rainfall will cause 

slope runoff. The initial flow yield time is the main factor affecting the runoff process and the degree of 

rainfall (Tianxu et al., 2011).  

Table 3 shows the flow yield time and runoff coefficient in different soils as a function of water quality. 

We could see that: 

Table 3 

Flow yield time of soils under different water qualities 

 Flow yield time, s Runoff coefficient, α 

Water quality Lou soil  Loessal soil 
Lou soil-

sandy soil 
Lou soil  

Loessal 

soil 

Lou soil-

sandy soil 

Water [D] 240.0 1800.0 180.0 0.618 0.264 0.683 

Natural precipitation [P] 480.0 1560.0 360.0 0.458 0.297 0.502 

Natural hydrops [H] 978.0 1320.0 840.0 0.293 0.299 0.378 

Tap water [T] 540.0 1620.0 360.0 0.440 0.287 0.498 
 

 

 

  

For the homogenous Lou soil and Lou soil-sandy soil (Top Lou soil layer and bottom Sand layer), as 

SAR and conductivity of rainfall water increased, the flow yield time was postponed and the duration of 

natural hydrops was extended. Moreover, as soil and water erosions and conductivity of rainfall increased, 

the flow yield time started to decrease, indicating that SAR and conductivity of rainfall water showed the 

highest threshold values. This result suggested that water quality could reduce the intensity of rainfall-

induced soil and water erosions. The flow yield time of Loessal soil was longer than that of Lou soil 

because the infiltration capability of the Loessal soil was stronger than that of Lou soil, and it was 

characterized by loose particles and strong water absorption capacity. For the Loessal soil, as the SAR of 

rainfall, the flow yield time decreased and the natural hydrops showed the shortest duration. Moreover, as 

the SAR of rainfall increases, the flow yield time decreased once again; this pattern was opposite that of the 

variations in Lou soil and Lou soil-sandy soil. The infiltration rate was related to the physical properties of 

oil, as follows: (1) Soil texture. The structure and texture of soil were not uniform, facilitating blockade of 

water. Therefore, the infiltration capability of Lou soil-sandy soil was weaker than that of Lou soil. (2) Bulk 

density of soil. Previous results showed that the higher the bulk density, the lower the infiltration rate 

(Jiangsu Wen, 2012) and the shorter the flow yield time. The increasing flow yield times were as follows: 

Lou soil-sandy soil < homogenous Lou soil < Loessal soil. The slope runoff was calculated using the water 

balance method, that is, runoff was the difference between rainfall amount and infiltration amount. 

Therefore, the slope runoff was closely related to soil water infiltration rate. If the infiltration rate was large, 

the runoff amount was small. If the soil pores of Loessal soil were large, the flow yield time was long, and 

the runoff generation time would be postponed. Therefore, the runoff coefficient would be low. The soil 

water infiltration rates of Lou soil and Lou soil-sandy soil were low, the bulk densities were large, the flow 

yield times were short, and the runoff coefficients were large. Additionally, due to the laminated structure of 

Lou soil-sand soil, the sandy soil of lower layer blocks the water (Wenyan et al., 1995; Wenyan et al., 

2005). As a result, the permeability of the soil to water was considerably small, the runoff increased, and 

the runoff coefficient was the greatest. From the perspective of rainfall water quality, the runoff coefficient of 

natural hydrops was the lowest, whereas that of the deionized water was the highest. The type of rainfall 

water displaying the appropriate SAR and conductivity can relatively relieve the erosion effect of soil with 

high viscosity. 

 

Influence of water quality on soil water infiltration 

Infiltration rate is the amount of water that infiltrated the soil within a given time, reflecting the 

infiltration capability of soil. Generally, for the three soil types under any rainfall water quality, soil water 
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infiltration rates decreased as time was shortened (Fig.3). The results of the independent sample T 

examination showed that for Lou soil and Lou soil-sandy soil, the soil water infiltration rate of the deionized 

water was significantly lower than that of the three other rainfall water types (p<0.05), and the rainfall 

hydrops showed the highest soil water infiltration rate. The soil water infiltration rate of tap water and 

natural precipitation did not significantly differ (p>0.05). Different from Lou soil, under four water qualities, 

the Loessal soil didn't display significant difference in terms of soil water infiltration rate (p> 0.05). The soil 

water infiltration rates of the four water types were quite close for the first 30 min after infiltration. Therefore, 

the influence of water quality on soil water infiltration rate depends on soil type. 

 

 
Fig. 3 - Changes in soil water infiltration rate of artificial simulated rainfall 

 

Water quality matters only for heavy clay soil; thus, for Lou soil and Lou soil-sandy soil, the soil water 

infiltration rate was higher under the natural hydrops than that under the four other rainfall water types. The 

decreasing infiltration rate of the different water types was as follows: natural precipitation > tap water > 

natural precipitation > deionized water. With the SAR and conductivity of rainfall, the infiltration rate of soil 

increased while the soil erosion decreased. However, the rate of soil erosion was the lowest under natural 

hydrops. As the SAR increased, the soil water infiltration rate decreased, whereas the erosion worsened, 

indicating that the SAR and conductivity had a range of threshold values. The SAR of deionized water was 

0; thus, when deionized water infiltrated into the soil, no spectrometer exchange occurred. By contrast, the 

sodium ions would be dissolved, which changed the flocculation of clay particle and promoted the 

dispersion. As a result, soil pores were blocked, and soil water infiltration rate decreased. Figure showed 

that in terms of SAR, an inflection point was observed under the effect of natural hydrops. The tap water 

showed the highest SAR, and the infiltration rate of tap water was lower than that of natural hydrops. 

Therefore, the SAR of rainfall water that promotes soil water infiltration was confined within a certain range. 

Flocculation of soil clay particle and the stability of soil aggregates are determined by the 

composition of ion concentration of soil solution, which further determine the conductive capability and 

infiltration rate in soil and the difficulty of runoff generation on earth’s surface (Fahu Li and Guojing 

Rong,2004). The different water qualities of artificial simulated rainfall will lead to the different electrolyte 
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concentrations and conductivities. The increase in electrolyte concentration in soil solution will promote the 

formation and development of soil crust, and the increase in conductivity of soil solution will inhibit the 

formation of soil crust, which will further affect the runoff and sediment yield during rainfall erosion. 

Hydration will occur if rainfall water of different qualities acts on the soil. The base cations will cause the soil 

to swell and explode. The aggregates are damaged, and the particles are dispersed, blocking the pores. As 

a result, the hydraulic conductivity or infiltration rate of soil decreases. In this study, the clay particle content 

of Lou soil (22.8%) was higher than that of Loessal soil (9.1%). The influence of water quality on the 

infiltration rate of Lou soil is higher than that on the infiltration rate of Loessal soil, consistent with the results 

of Ben-Hur et al. (Ben-Hur et al., 1985). 

 

Influence of water quality on flow and sediment yields 

Fig.4 showed the runoff and sediment yield caused by erosion of Lou soil, Loessal soil, and laminated 

soil under the four types of rainfall water. During erosion, natural hydrops showed the lowest runoff and 

sediment yield, whereas the water showed the highest runoff and sediment yield (Fig.4). In the two-layered 

structure of Lou soil and laminated Lou soil-sandy soil, the decreasing erosion capabilities of rainfall water 

types were as follows: water > natural precipitation > tap water and natural hydrops. Therefore, in the 

artificial simulated rainfall experiment, the water quality greatly influenced the test results and thus was a 

factor that cannot be ignored. Moreover, a proper increase in SAR of rainfall water with different qualities 

(contents of sodium, magnesium, and calcium ions in aqueous solution) can prevent slope erosion. These 

ions will prevent slope erosion to some extent. 

 

 
Fig. 4- Changes in rainfall runoff and sediment yield under different types of rainfall water. 

 

Application of Philip infiltration model in rainfall infiltration process by using different SARS 

The influence of SAR on the characteristics of soil water infiltration is simulated using a Philip 

infiltration model, and the infiltration of rainfall water types with different SAR changes with time. The Philip 

model assumes that at any moment of infiltration, the infiltration rate displays the relationship of power 

series with time, and the specific infiltration model was as follows equation (3) (Zhongdong Wu and 

Quanjiu Wang, 2008): 

                              At0.5SI(t)    [cm]                                 (3) 

Where: 

I is the accumulated infiltration amount [cm]; S is the infiltration rate [cm/min
0.5

]; A is the stable 

infiltration rate [cm/min]; and t is the infiltration time of rainfall [min]. 

In equation (3), the relationship between accumulated infiltration amount and was expressed as a 

quadratic equation (the intercept is 0). After being fitted, the coefficients of the quadratic term were the 

stable infiltration rate A. The coefficient of one degree term was the infiltration rate S. Moreover, because A 

= i(∞), during rapid infiltration, it could be considered as A = 0 (A = i(∞)). The fitted equation was the straight 

line passing through the origin, and its slope was the soil infiltration rate S. 
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Table 4  

Physical and chemical properties of different types of rainfall water 

Type of water 

quality 

Type of water 

quality 
Water 

Natural 

precipitation 

Natural 

hydrops 
Tap water 

Homogenous Lou 

soil 

S 0.277 0.302 0.338 0.329 

R
2
 0.988 0.955 0.971 0.978 

Fitting equation (I) 0.277t
0.5

 0.302 t
0.5

 0.338 t
0.5

 0.329 t
0.5

 

Lou soil-sandy soil 

 

S 0.257 0.301 0.391 0.292 

R
2
 0.995 0.980 0.954 0.990 

Fitting equation (I) 
0.257 

t
0.5

 
0.301 t

0.5
 0.391 t

0.5
 0.292 t

0.5
 

Note: R
2
-Pearson product-moment correlation coefficient 

 

The water quality did not significantly influence the Loessal soil. Therefore, the Philip infiltration 

model was used to simulate the Lou soil and Lou soil-sandy soil. Table 4 showed that the sequence of 

infiltration rate (as determined using the Philip model) for the homogenous soil and the Lou soil-sandy soil 

with similar initial moisture content under the one-dimensional rainfall infiltration was as follows: natural 

hydrops → tap water → natural precipitation → water. Comparison of the result of the Philip model with the 

observation results suggested that when SAR was relatively low, (its SAR was smaller than that of natural 

hydrops), the results of the Philip infiltration model is similar to the experimental results; when the SAR was 

relatively high (its SAR was smaller than that of natural hydrops), and the experimental demonstrated that 

as SAR increases, the infiltration rate of soil reached the highest when the SAR was the one of natural 

hydrops. As the SAR increased, the infiltration rate decreased. Therefore, when SAR was relatively low (its 

SAR was smaller than that of natural precipitation), the results of the Philip infiltration model was opposite 

to the experimental results. This finding indicated that when the Philip infiltration model was applied to study 

the infiltration rates of rainfall waters of different qualities, the calculation results would be more accurate for 

the rainfall water type with low SAR. For the water quality with a relatively high SAR, the calculation results 

showed certain deviations, consistent with the results of Zhongdong Wu, although the specific mechanism 

remains to be studied. 

 

CONCLUSIONS 

Artificial simulated rainfall experiment was conducted to study the influence of the quality of four 

types of rainfall water (water, tap water, natural precipitation, and natural hydrops) on soil water infiltration 

and soil erosion under the same rainfall intensity and slope, as well as determine the influence of the water 

quality of rainfall and farmland irrigation on soil quality. In this study, Loessal soil and Lou soil were used as 

soil samples. The following conclusions were drawn. 

(1) Water quality significantly influenced the infiltration rate in Lou soil and Lou soil-sandy soil.  

Water showed the lowest soil water infiltration rate, which was significantly different from that of tap water, 

natural precipitation, and rainfall hydrops, whose soil water infiltration rates did not significantly vary. Water 

quality did not significantly influence the rainfall infiltration rate. Therefore, the influence of water quality on 

soil water infiltration rate depended on soil type. The low infiltration rate worsened the soil condition, 

promoted water erosion, and reduced soil quality, affecting soil productivity.  

(2) Water quality significantly influenced the characteristics of erosion runoff and sediment yield. 

As the salt concentration of rainfall water increased, the erosion intensity of the soil gradually decreased. 

The influence of water quality was considerably more significant in Lou soil with relatively high clay particle 

contents; in Loessal soil, as salt concentration of rainfall water increased, the degree of soil erosion 

gradually decreased, indicating that the influence of transportation process of eroded sediment was made 

more complicated by water quality relative to the influence of the runoff process. For this reason, the 

influence of water quality on the erosion intensity varied depending on the soil type. 

(3) When the Philip model was adopted in simulating the infiltration of rainfall water of different 

qualities, relatively accurate calculation results for the rainfall water with relatively low SAR were obtained. 

For the aqueous solution with relatively high SAR, the results obtained using the Philip model displayed a 
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certain degree of deviation. That is, the SAR of rainfall water had certain range of threshold value. In this 

experiment, rainfall erosion was lowest when the SAR equals the SAR of natural hydrops. 

Studies on water quality are conducted in irrigated farmland. In this work, the problem on water 

quality was incorporated in the rainfall experiment to study the influence of water quality on soil erosion 

process. Meanwhile, it is combined with the laminated soil stricture, providing a new theoretical basis for 

soil infiltration mechanism. Given that the water containing different solutes enters into the soil, the solute 

content of soil solution will change, and the soil solute will undergo chemical and physical processes during 

movement of solution on the earth’s surface and underground. A complex material migration system is 

formed due to multiple factors and the interactions of these factors. A more comprehensive analysis of the 

quantitative relationship between soil erosion and migration of soil is necessary, and a mathematical model 

of soil erosion must be established to provide scientific basis for agricultural production and disaster 

prevention and control. 
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- single author: the author's name (without initials, unless there is ambiguity) and the year of publication: 

          “as previously demonstrated (Brown, 2010)”. 

- two authors: both authors' names and the year of publication: (Adam and Brown, 2008; Smith and Hansel, 2006; 

Stern and Lars, 2009) 

- three or more authors: first author's name followed by "et al." and the year of publication: “As has recently been 

shown (Werner et al., 2005; Kramer et al., 2000) have recently shown ...." 
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Citations of groups of references should be listed first alphabetically, then chronologically. 

 

Units, Abbreviations, Acronyms 

 Units should be metric, generally SI, and expressed in standard abbreviated form.  

 Acronyms may be acceptable, but must be defined at first usage.   
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