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 This paper proposes a method to determine the optimal parameters for 

the drying of soybean using a kinematic vibration dryer. Among the 
main parameters of the investigated vibroconveyor are heat and mass 

transfer, physical and mechanical. The paper presents a mathematical 
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 model of the dependence of parameters of the soybean drying process 

of soybean built based on experimental data obtained by organizing an 

effective experiment plan with a sufficiently large number of factor lev-
els. To determine the rational parameters for drying soybean, it is im-

portant to build the most accurate and adequate mathematical model, 

which will determine the most accurate values of the required parame-
ters. For this purpose, it is recommended to conduct an experiment with 

as many levels of factors as possible. The article proposes an experiment 

established on a dedicated balanced orthogonal plan, which is optimal 
according to the D-efficiency criterion. Based on the experimental data, 

an adequate mathematical model of the dependence of the drying char-

acteristics of soybean (moisture of the processed material (%), temper-
ature inside the product layer (°С) on the parameters – vibration ampli-

tude (mm), distance from the conveyor surface (mm), radiation power 

(Wt), weight (g·min-1). Following the analysis of the constructed math-
ematical model, optimal parameters of the developed vibroconveyor in-

frared dryer were substantiated. The main characteristics of the vibro-

converyor mechanism of interoperational transportation of bulk 
products in the working area were also determined, and a technical and 

economic analysis of the developed oscillatory system was conducted. 

Introduction  

The agricultural industry is one of the most important in the economy of any country. The 

most important stage in food production, along with the cultivation of agricultural crops, is 

the organization of the storage process (Faichuk et.al., 2022; Lutsiak et.al., 2021). 

Drying grain as a technological method is a well-known method of protecting raw mate-

rials from spoilage (Palamarchuk et al., 2015; Palamarchuk et al., 2017). The increase in grain 

production by the agricultural sector of Ukraine is inextricably linked with the need to con-

stantly improve the technology of basic operations of grain processing after harvest, and, 

above all, drying. This operation determines the quality of crop conservation. Since the main 

purpose of drying is to remove excess moisture from the grain to increase its stability during 

storage, the main requirement for the drying process is to maintain the technological quality 

of the grain. One of the most effective drying methods is infrared drying, which uses infrared 

radiation. Under the condition of using infrared radiation, the duration of heat treatment is 

significantly reduced due to the lack of thermal resistance of the boundary layer of the prod-

uct to the radiation flux, the energy of which is directly absorbed by the surface of the raw 

material particles (Cook and Nachtrheim, 1980; Atanazevich, 2000). 

The main parameters of the drying mode are the temperature and speed of the drying 

agent, the temperature of grain heating in the drying chamber, the thickness of the grain layer 

in the direction of movement of the drying agent, and the exposure of the heating process. 

One of the most effective ways to intensify drying processes is to use vibration. The result of 

the influence of this technological factor is intensive circulation and relative movement of 

product particles in the working chamber along different trajectories, providing optimal con-

ditions for heat and mass transfer. Moreover, it allows a broad scope of regulating vibration 

parameters, which allows for processing significant volumes of production, in different dis-

tances (Malkina et al., 2019; Samoychuk et al., 2020). 
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The choice of optimal processing modes for the developed vibroconveyor is based on  

a comprehensive analysis of the results of theoretical and experimental studies of the main 

parameters of the installation. 

Many works (Kuhfeld, 2010; Cook and Nachtrheim, 1980; Bartel and Sherbert, 2000) are 

devoted to the problem of constructing balanced optimal designs.  

Al Labadi (2015), Atkinson end Donev (1989), Atwood (1973), Yu (2011), Meyer and 

Nachtsheim (1995), Sagnol and Harman (2015) proposed a number of algorithms and ap-

proaches to construct plans based on the D-efficiency criterion. Kuhfeld (2010) proposed an 

effective approach and a computational algorithm to construct a D-optimal orthogonal bal-

anced experimental design, mn, where m is the number of levels of factors, and n is the num-

ber of factors. 

Jung and Yum (1996), Nguyen and Miller (1992) proposed a mathematical model that 

describes the operation of the vibrowave infrared drying model. Based on the experimental 

data, rational values of the parameters (factors) of the equipment operation are determined. 

In this paper, we consider a mathematical model of the process of vibratory drying of soy-

bean, built on the basis of experiments with five factors at five levels each. To build the 

model, an orthogonal balanced design scheme is used, built on the basis of special block 

operations on matrices. The optimal values of the parameters of drying are established based 

on a mathematical model constructed from the results of the experiment. 

A full factorial experiment gives the most complete information about the object of research 

for a given number of factors and their levels. In this design, the columns of the matrix are 

not correlated, and the design is orthogonal and balanced. However, a significant drawback 

of such a plan is the need for a large number of experiments. So, for example, with five 

factors, each of which varies at five levels, it is necessary to carry out 54=625 experiments. 

This significantly limits the use of such plans. 

One of the ways to obtain sufficiently complete information about an object while reduc-

ing the number of required experiments is to build a fractional plan. In this case, it is possible 

to use not the entire matrix of the design of the full factorial experiment, but only some of its 

rows. In this case, the matrix of the plan must be constructed in such a way that even part of 

the information fully reflects the object under study. In other words, the plan must be effec-

tive. 

One of the indicators of the quality of the plan completeness is the fact that each factor at 

each level is repeated in the plan matrix the same number of times, that is, the matrix of such 

a plan forms an orthogonal array and the plan is balanced (Kuhfeld, 2010). 

The plan built on the basis of an orthogonal array is balanced, since it contains the same 

number of each level of each factor, each pair of factors occurs the same number of times.  

If the plan is balanced and its matrix is orthogonal, then the criterion of D-efficiency of such 

a plan is of greatest importance. According to this criterion, the expected forecast error based 

on the response function is minimal. 

Purpose and scope of work 

The purpose of the article is to prove the operating parameters of the developed vibro-

conveyor infrared dryer for soybean based on the analysis of a mathematical model.  

The mathematical model is built based dedicated orthogonal (balanced) experimental design, 

optimized according to the adopted criteria. 
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To study the technological, energy, and design parameters under infrared radiation for the 

efficiency of moisture removal from the product, an experimental model of a vibration-wave 

infrared dryer was developed (schematically shown in Fig. 1). The model includes a conveyor 

for transporting the processed soybean seeds. 

Following a dedicated experiment, a mathematical model was built, which allowed sub-

stantiating the operating parameters of the developed vibroconveyor infrared dryer, and to 

carry out its technical and economic analysis. 

In this work, the problem of constructing a mathematical model of the work of an exper-

imental model of a vibrowave infrared dryer is solved by organizing an effective scheme 

(plan) for conducting experiments with a sufficiently large number of factor levels and, at the 

same time, a small number of experiment repetitions. 
Since the purpose of this study is to build an effective plan for conducting an experiment 

with a large number of factor levels and with the subsequent determination of the optimal 

values of factors based on the constructed model, the most appropriate criterion is D-opti-

mality. 

 

 

Figure 1. Experimental installation for studying the operation of the vibroconveyor infrared 

dryer: 1 – conveyor; 2 – rollers; 3 – lever; 4 – tension roller; 5 – feeder; 6 – collector; 7 – 

infrared emitters; 8 – processed material 

The vibroconveyor system was analyzed according to the kinematic, power, and energy 

evaluation criteria. The amplitude of vibrations was investigated as kinematic characteristics 

and determined using equipment made by the company Robotron. Its previbration sensors 

were rigidly mounted on the vibrating surface and then signals from the sensors were cap-

tured using oscilloscopes and converted into physical quantities (Palamarchuk et al., 2016; 

Ginzburg, 1973; Palamarchuk et al., 2017). 
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Figure 2. An installation scheme for drying using an infrared irradiator: 1 – basket;  

2 – infrared illuminator; 3 – drying chamber; 4 – electronic scales; 5 – exhaust fan;  

6, 7 – switch and switch of installation; 8 – fan switch; 9 – infrared illuminator switch;  

10 – temperature parameter switch; 11 – power regulator; 12 – voltmeter; 13 – ammeter,  

14 – product temperature indicator 

To determine the main parameters of infrared radiation, e.g., the temperature in the pro-

cessing area, the power of the emitters, the mass characteristics of the sample during thermal 

exposure, the equipment shown in Figure 2 was used (Jung and Yum, 1996; Nguyen and 

Miller, 1992). 

The temperature was changed by adjusting the amount of electric power and the distance 

of the product to the source of infrared radiation. 

When the measurements were made, a basket with a sample of the test product was placed 

inside the drying chamber, which is connected to the electronic scales using a copper wire. 

Using a special regulator set the required power of the infrared illuminator (Bandura et al., 

2015). 

To measure the temperature, a chromel-alumel thermocouple connected to a potentiome-

ter was used, with a display of temperature data on the indicator. AQUA-15 grain moisture 

meter was used to determine the moisture content of the products (Palamarchuk et al., 2015; 

Ivanyshyn et al., 2020; Yermakov et al., 2019; Ginzburg, 1973). 

Research results  

After collecting the material and compiling the results of the evaluation of selected sup-

pliers, the results were summarized in the form of tables broken down into individual product 

groups. The tables contain detailed information on the evaluation of each supplier with  

a detailed listing by individual indexes. It also contains collective information for the entire 

assortment group. Data analysis was performed to determine the current quality level of de-

livery for the selected criteria. Based on the data obtained and the adopted scores, following 

an evaluation, the suppliers were awarded appropriate results and their status was color-

marked. 
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The optimal drying parameters of soybean were determined based on a study of the math-

ematical model. To build a mathematical model, experimental studies were organized and 

conducted according to a specially constructed plan (Schneid, 2010; Schubert, 2005; Bulga-

kov et al., 2020; Palamarchuk et al., 2019; Yermakov et al., 2021a; Yermakov et al., 2021b; 

Tryhuba et. al., 2022; Samoichuk et al., 2020). 

On the basis of preliminary researches the following factors were defined: amplitude of 

fluctuations A (mm), distance from a surface d (mm), power of radiation N, (W), material 

supply (g·min-1) (Bulgakov et al., 2020; Palamarchuk et al., 2017). 

The parameters y1 – moisture of the processed material (%) and y2 – temperatures in the 

middle of the grain material layer, (℃). 

Each factor varied at five levels. The values of the levels of variation of the factors are 

given in Table 1. 

Table 1. 

Levels of measurement of factors influencing the process of drying soybean seeds 

Factors 
Natural  

designations 
Coded  

designa-
tions 

Factor levels 

  4 3 2 1 0 

Amplitude of oscillations, mm (A) x1 5 4.125 3.25 2.375 1.5 
Distance from the surface of the 

conveyor, (mm) 
(d) x2 25 22.5 20 17.5 15 

Radiation power, (W) (N) x3 400 375 350 325 300 

Material supply, (gmin-1) (m) x4 2300 2475 2650 2825 3000 

 

In work (Malkina et al., 2019), a special technique is proposed for constructing a balanced 

orthogonal design of type mn, which is optimal by the criterion of D-efficiency. 

According to this technique, a matrix of the orthogonal design of the experiment of the 

form 45 is proposed (m = 5 is the number of factor levels, n = 4 is the number of factors). 

Number of repetitions of the surface experiment 3. Table 2 shows the matrix of the experi-

ment and the average knowledge of the responses y1 – the content of the cut material (%),  

y2 – temperature in the middle of the ball of the grain material, (℃). 

 

Table 2.  

Balanced orthogonal experiment design matrix 

No. z1 z2 z3 z4 y1 y2 

1 0 0 0 0 13.8 41 

2 0 1 2 3 11.7 52 

3 0 2 4 1 12.8 45 

4 0 3 1 4 11.2 54 

5 1 1 1 1 12.9 45 

6 1 2 3 4 11.2 56 
7 1 3 0 2 12.4 47 

8 1 4 2 0 13.4 40 

9 2 2 2 2 12.3 49 
10 2 3 4 0 13.2 42 

11 2 4 1 3 11.8 51 
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12 2 0 3 1 12.8 47 

13 3 3 3 3 11.8 53 

14 3 4 0 1 12.9 44 
15 3 0 2 4 11.1 57 

16 3 1 4 2 12.2 50 

17 4 4 4 4 11.5 57 
18 4 0 1 2 12.2 50 

19 4 1 3 0 13.1 44 

20 4 2 0 3 11.8 52 

y1 – moisture of the processed material (%), 

y2 – temperatures in the middle of the layer of grain material, (℃). 

 

After constructing the plan for constructing the orthogonal matrix of the plan, standard-

ized orthogonal coding was performed (Cook and Nachtrheim, 1980), that is, the calculation 

factors were replaced with a set of coded variables according to the relations: 

 
Level 0 1.58 -0.91 -0.65 -0.50 

Level 1 0 1.83 -0.65 -0.50 

Level 2 0 0 1.94 -0.50 

Level 3 0 0 0 2.00 

Level 4 -0.28 -0.91 -0.65 -0.50 

As a result, an orthogonal balanced plan was constructed, which has the best D-efficient 

parameter among plans of the same dimension (Malkina et al., 2019). 

On the basis of experimental data (Table 2), mathematical models were built for each of 

the studied parameters. 

The mathematical model for the y1-value of the material (%), has the following form  

(taking into account only the significant parameters of the model): 

y1 = -6.3635 + 0.5442x1 + 0.1565x2 + 0.0160x3  

+ 0.0071x4 - 6.5·10-6x2 x4 - 0.00022x1x4 - 5.6·10-5x2x4 

where: 

x1  – amplitude of oscillations, (mm) 

x2  – distance from the surface of the conveyor, (mm) 

x3  – radiation power, (W) 

x4  – material supply, (g·min-1) 

 

For the indicator y2 – the value of the temperature in the middle ball of the grain material 

(℃), the mathematical model takes on the following form (taking into account only the  

significant parameters of the model) 

y2 = 98.0365 + 0.5186x1 - 0.1863x2 + 0.0177x3 - 0.0202x4 

 

where: 

x1  – amplitude of oscillations, (mm) 

x2  – distance from the surface of the conveyor, (mm) 

x3  – radiation power, (W) 
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x4  – material supply, (g·min-1) 

 

Based on the Fisher criterion, the adequacy of the constructed models was proved. The 

calculated value of the Fisher test for the first model is Fp = 1790.24, and for the second 

model it is F = 1415.23. The mathematical models are adequate at a significance level of 

0.05. 

The analysis of the constructed model allows to determine rational values of drying pa-

rameters. As observed, the rational values of the humidity of the processed material are 12.35 

- 12.45%. On the basis of model (1) we find the corresponding values of drying parameters: 

amplitude of fluctuations A = 3.5 ± 0.45 mm, distance from the surface of the conveyor  

d = 20 ± 1.3 mm, radiation power N = 350 ± 13 W, weight, m = 2670 ± 90 g·min-1. 

Rational values of temperature in the middle of the layer of grain mass ranged from 47 to 

50℃. According to the constructed model (2), this temperature value is reached at the fol-

lowing parameter values: amplitude of fluctuations A = 3.9 ± 0.45 mm, distance from a con-

veyor surface, d = 19 ± 1.3 mm, radiation power N = 355 ± 13 W, material supply, m = 2675 

± 90 g·min-1.  
 

Conclusions 

1. To determine the rational parameters of the vibroconveyor infrared drying of soybean, 

experimental studies were conducted according to a specially organized experimental 

plan. Due to the fact that the proposed plan has the property of balance and D-efficiency, 

the mathematical model allows for an effective analysis of the influencing factors. 

2. The experimental data according to the research plan allowed to substantiate the mode 

parameters of the developed vibroconveyor infrared dryer, the main characteristics of the 

vibration wave mechanism of interoperative transportation of bulk products in the work-

ing area, and to conduct technical and economic analysis of the developed vibration sys-

tem. 

3. Using the discussed soybean drying method is rational at the following parameters:  

amplitude of 3.5-3.9 mm, distance from a surface of 19-20 mm, radiation power of  

350-355 W, material supply of 2670-2675 g·min-1. At the same time the optimum value 

of humidity of soybean is 12.35-12.45 % and temperature in the center of gravity of the 

grain is 45-47°C. 
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OPTYMALIZACJA PARAMETRÓW WIBRACYJNEJ SUSZARKI 

DO SOI 

Streszczenie. W pracy zaproponowano metodę wyznaczania optymalnych parametrów suszenia soi za 

pomocą suszarki z funkcją kinematycznego wzbudzania drgań. Główne parametry badanego urządze-

nia to wymiana ciepła i masy oraz właściwości fizyczne i mechaniczne. W celu przeprowadzenia badań 

zbudowano model matematyczny zależności między wskaźnikami procesu suszenia soi na podstawie 

danych doświadczalnych uzyskanych poprzez zorganizowanie efektywnego schematu doświadczenia 

z odpowiednio dużą liczbą poziomów czynników. By określić racjonalne parametry suszenia soi należy 

zbudować jak najdokładniejszy i adekwatny model matematyczny, który wyznaczy najdokładniejsze 

wartości wymaganych parametrów. W artykule zaproponowano przeprowadzenie eksperymentu na 

specjalnie skonstruowanym zrównoważonym planie ortogonalnym, optymalnym według kryterium D-

efektywności. Na podstawie danych eksperymentalnych opracowano odpowiedni model matematyczny 

zależności charakterystyki suszenia soi (wilgotność przetwarzanego materiału (%), temperatura we-

wnątrz warstwy produktu (°С) od parametrów – amplitudy drgań (mm), odległości od powierzchni 

przenośnika taśmowego (mm), mocy promieniowania (Wt), masy (g·min-1). Analiza zaproponowanego 

modelu matematycznego pozwoliła uzasadnić optymalne parametry opracowanej wibrosuszarki na 

podczerwień, główne cechy mechanizmu wibracyjno-falowego do transportu produktów sypkich w ob-

szarze roboczym oraz przeprowadzić analizę techniczno-ekonomiczną opracowanego systemu oscyla-

cyjnego. 

Słowa kluczowe: schemat doświadczeń, kryterium efektywności D, model matematyczny, suszenie, 

optymalizacja, system 

 

 


