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Abstract. Quantity and quality of producer gas, received from 1 kilogram of a fine dispersed plant raw material, 

depends greatly from its bulk density. Bulk density influences aerodynamic processes that take place in a layer 

of this material. A design of equipment for compacting plant raw material has been presented. A poly-fractional 

mixture of chopped wheat straw is used as a raw material. The investigation is done by the method of multifactor 

experiment, where the moisture content in the raw material, fine fraction content in the poly-fractional mixture 

of chopped wheat straw and its coefficient of compaction are variable factors. Based on the received data, 

response surfaces were built. The experimental results let define the optimal ranges of each parameter to provide 

the rational bulk density value, that provides the highest producer gas calorific value – 11.1 MJ·m
-3

. The 

obtained measurement results are in high correlation with the calculations. It was found that at the fine fraction 

content 50 % in a poly-fractional mixture, the coefficient of compaction 1.4 and moisture content less than 20 % 

bulk density is 200-250 kg·m
-3

. For that bulk density value the porousity coefficient is 0.54-0.61 that provides 

the best conditions for heat and mass exchange processes in energy production from poly-fractional mixtures of 

chopped wheat straw. The results let understand that it is possible to manage the gasification process and receive 

high values of the gasifier specific thermal productivity while changing the raw material bulk density. Using the 

obtained results the new laboratory practice for students of engineering courses was prepared and successfully 

tested. 
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Introduction 

Lectures on the disciplines “Designing and calculation of technological systems in horticulture”, 

“Machines and equipment for biotechnologies” and “Methodology and technology of scientific 

investigations” include all fundamental engineering technologies, namely: bioenergetic systems [1], 

technological processes in bioenergetic complex [1; 2],designing and producing machines and 

equipment for bioenergetics [3], exploitation of machines and equipment [3; 4], ensuring reliability 

and longevity of machines and equipment in bioenergetics [3; 4]. Master degree students study 

methods, technology and organization of scientific and investigation activities in the abovementioned 

direction, prepare reports about scientific work, reviews, scientific papers. 

Lectures are completed by the themes carried out in practice, namely, the technological process of 

recieving biofuel of plant raw material for energy production [5], production and usage of biodiesel 

[6; 7], biogas [8], producer gas [9], quality control of a received energy carrier [6], technological tests 

[10], operation of equipment working on alternative energy [11], production of energy of alternative 

energy carriers [12], etc. Students have an electronic form of educational and training materials on the 

university web [13] at their disposal, beside their own notes from lectures, for studying. 

Preparation of plant raw material is a fundamental operation of the biofuel production technology 

[3] and receiving energy on its basis [5]. When exploring technologies of direct burning of raw 

material and its gasification, one of the main fuel-technologic characteristics, alongside with the 

moisture content, tar, sulphur content, ash capability, windage, ability to sintering, is its volumetric 

calorific value [14]. To raise the volumetric calorific value of plant raw materials, technological 

operations like chopping and compaction are used [5; 14]. 

When studying the disciplines: “Machines and equipment for biotechnologies” and “Designing 

machines and equipment for bioenergetics”, students design and take part in investigation of 

operational parameters of equipment for briquetting and granulation of plant raw materials. The 

effectiveness of compaction, when using different types of equipment, is studied in practices. For 

example, when using the abovementioned equipment, it is possible to raise the straw calorific value 

from 14.25 MJ·kg
-3

 – when not chopped to 16.5–18.8 MJ·kg
-3

 – in form of pellets and briquettes. 

Next, we deal with processes of converting the prepared plant raw material into energy, namely: 

thermal, mechanical and electrical. Production of thermal energy is mostly reviewed, when studying 
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direct burning of raw material [3; 5], thermal, mechanical and electrical – when studying gasification 

technologies [3; 5; 15]. 

Both technologies have their flaws and advantages [3; 5]. However, with direct burning plant raw 

material, particularly straw, in boilers, as well as gasifying it students meet some negative factors. 

Among them are: ash-slag agglomerates formation [8; 12; 16], corrosive wear of equipment [4], 

periodical pattern of receiving heat (gas) and presence of mechanical and chemical incompleteness of 

combustion without propper raw material pretreament [3; 5; 17]. Students and teachers are looking for 

the ways of solving these problems together. 

Students also do scientific investigatons in chosen directions by themselves in form of master 

thesis on speciality “Agroengineering”. These theses match the modern level of science progress, and 

their topics are relevant. 

In the process of studying the discipline “Methodology and technology of scientific 

investigations” students investigate combined influence of physical and chemical properties of raw 

material on quality of biofuels on its base, as well as the dependence of the quality and quantity of the 

received energy on the raw material pretreatment method. 

The goal of this work is to determine the influence of the fine fraction content Rf, moisture content 

W
p
 and the coefficient of compaction k on the bulk density ρ of a poly-fractional mixture of chopped 

straw by the method of multifactor experiment. 

Materials and methods 

Ground wheat straw was used as vegetable raw material. The chemical composition of straw by 

dry mass is: С = 44.43 %, N = 0.52 %, О = 44.43 %, Н = 5.86 %, S = 0.11 %, cinder content is about 

6.5 %. On its base a poly-fractional mixture was made. The composition of the mixure is: small 

splintered stems ~ 8 mm long, wall thickness 0.15 mm; bigger splintered stems 10-30 mm long, wall 

thickness 0.15-0.25 mm; squished stems 20-40 mm long, wall thickness 0.3-0.5 mm; cylindrical even 

stems 15-35 mm long, wall thickness 0.2-0.3 mm, outer diameter 2-4 mm; cylindrical stems ~ 35 mm 

long with nubs, wall thickness 0.5-1.1 mm; all other fractions content less than 3 %.  

To compact the chopped straw mixture special equipment was developed, Fig. 1. 

 

Fig. 1. Experimental equipment: 1 – electric motor; 2 – drivetrain; 3 – pressing rollers;  

4 – pelleting matrix; 5 – pellet cooler 

Poly-fractional mixture bulk density was determined according to EN 15103:2009. The point of 

the method is as follows. Cylindrical capacity with volume of 5 L was filled with the poly-fractional 

mixture and weighed. Bulk density was detrmined from the netto weight and the cylinder volume. An 

electronic scales QILIVE Q-5635 was used, range 0-5000 g; resolution 1 g. Volume of the measuring 

cylinder was calculated according to GOST 32987. 

Moisture content of the poly-fractional mixture was defined according to EN 14774-2:2009. 

Quantity of chopped straw with known weight was dried in a drying oven at 105 ± 2 ºС until its 
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weight was no longer changing. Equipment: drying oven ShSU-M, tmax = 130 ºC; digital laboratory 

scales NЕ-100 range 0-100 g, resolution 0.01 g. Relative error of an indirect measurements of the bulk 

density and moisture content was calculated according to Student’s t-distribution [18]. 

Duration of the laboratory study is 160min. The first 80min are dedicated directly for the 

experiment; the last 80min are for mathematical analysis of the experimental data and for building 

surfaces of respond. Students are obligatory instructed about labour safety and all activities are held 

under supervision from the teacher. 

As soon as the program of following laboratory studies is about producing producer gas from 

biofuels, based on the poly-fractional mixture of chopped straw in a downdraft gasifier, then 

investigation of the physical and mechanical properties of the abovementioned fuels is performed with 

accordance to the gasifier’s process features [8; 12]. 

At start, students recieve from the teacher a poly-fractional mixtures of chopped wheat straw with 

known content of fine fractions. Mixture composition is expressed in content of fine fraction 

(length < 25mm) in percents. Mixture І – content of fine fraction 20 %; mixture ІІ – fine fraction 

content 35 % and mixture ІІІ – fine fraction content 50 %. The range of fine fraction content is chosen 

to provide such porousity of the mixture that provides running all reactions of the gasifying process 

with proper velocity and within defined time intervals, according to filtration and reduction theories 

[19]. Next, students define the moisture content W
P
 of every mixture according to EN 14774-2:2009. It 

should be 10, 20 and 30 %. If the raw material has different moisture content, then it is dried to the 

needed level. Then the poly-fractional mixture is compacted in the experimental equipment, Fig. 1. 

A multifactor experiment is done to determine the characteristics of connection between the 

independent factors (Rf, W
P
, k) and the dependent (ρ), and to find a mathematical equation to describe 

this connection. Experimental results from every stage of investigation are registerd in laboratory log. 

Factor variation intervals are: fine fraction content in the poly-fractional mixture of chopped 

wheat straw Rf – 20, 35 and 50 %; moisture content of the poly-fractional mixture of chopped wheat 

straw W
Р
 – 10, 20 and 30 %; the coefficient of compaction k – 1.0, 1.2, 1.4. Factor encoding: Rf = X1, 

W
Р
 = Х2, k = Х3. Variation levels of the abovementioned factors are given in Table 1. 

Table 1 

Variable factors and limits of their variation for definition of material bulk density 

Factor variation 

level 

Fine fraction content in 

mixture Rf, % 

Moisture content of 

mixture W
Р
, % 

Coefficient of 

compaction k 

Upper level (+) 50 30 1.4 

Middle level (0) 35 20 1.2 

Lower level (–) 20 10 1.0 

To reduce the number of experiments and obtain the regression equation, the mathematical 

method of the experiment planning, based on Box-Behnken quadric plan, was used [18]. The planning 

stage included the following steps. First of all, the factor encoding and scheduling were done, using 

statistical methods of randomization. The next step was implementation plan of the experiment. 

Testing of reproducibility of the experiments was done obligatory. The regression coefficients were 

calculated. The next step was assessment of the significance of regression coefficients and then – the 

test model adequacy check [18]. 

According to the plan of the multifactor experiment, the values of the model relative error are 

lower than 2.8 % [18]. This is the case for all experiments. The values of mean relative deviation are 

lower than 1.8 % [18]. Thus, the relative error value is less than 10 % [18]. Such relative error value is 

considered acceptable in modelling. Therefore, it can be concluded that the presented model predicts 

the bulk density of the poly-fractional mixture with high accuracy. 

Results and discussion 

As a result of laboratory experiments and statistical computation, a data array of the poly-

fractional mixture bulk density was received, see Table 2. The experimental results were processed 

using the software “Statistica”. 
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The Cochrane criterion was used to test the homogeneity of variances. The tabulated value of 

Cochrane criterion was G
tabl

 = 0.3346 at a 5 % level of significance for the number of degrees of 

freedom f2 = 2 and number of experiments f1 = 15. We received that G
com

 = 0.198 < G
tabl

(0.05; 15; 

2) = 0.334, therefore the process is reproduced. 

The Student test was used to determine the confidence intervals for regression coefficients. The 

tabulated value of the Student coefficient at a 5 % level of significance for the number of degrees of 

freedom f2 = 2 and the number of experiments f1 = 15 was t = 4.3 [18]. 

The significance of regression coefficients was tested according to the established confidence 

intervals and covariance. Adequacy test of hypotheses of the obtained regression equation was 

performed by the Fisher criterion. The estimated value of the Fisher criterion in the dispersion of 

inadequacy S
2

inadeq = 0.242 was F
com

 = 4.07. Since, F
com

 = 4.07 < F
tabl

(0.05; f1; f2) = 19.38, the 

hypothesis of the adequacy of the regression equation is confirmed. 

Table 2 

Planning matrix of multifactor experiment 

Experiment 

planning method 
Experiments results Model adequacy check 

No 

X1 X2 X3 ρ1 ρ2 ρ3 ρmed ρmed.com 
(ρmed – 

ρmed.com) 

(ρmed – 

ρmed.com)
2 

1  +   +  0 237.4 238.2 238.4 238.0 237.46 0.54 0.29 

2  +  – 0 198.5 199.2 199.6 199.1 198.29 0.81 0.66 

3 –  +  0 187.1 185.7 185.4 186.1 186.91 -0.81 0.66 

4 – – 0 155.6 153.8 155.7 155.0 155.54 -0.54 0.29 

5 0 0 0 185.5 186.3 187.0 186.3 186.53 -0.23 0.05 

6  +  0  +  250.1 251.2 251.4 250.9 250.31 0.59 0.35 

7  +  0 – 178.3 179.1 180.2 179.2 178.79 0.41 0.17 

8 – 0  +  195.8 195.3 194.9 195.3 195.71 -0.41 0.17 

9 – 0 – 139.2 139.5 139.9 139.5 140.09 -0.59 0.35 

10 0 0 0 186.8 186.6 186.2 186.5 186.53 -0.03 0.01 

11 0  +   +  241.9 242.8 241.9 242.2 242.63 -0.43 0.18 

12 0  +  – 174.5 173.0 171.5 173.0 173.25 -0.25 0.06 

13 0 –  +  202.1 201.5 201.8 201.8 201.55 0.25 0.06 

14 0 – – 143.9 144.1 144.5 144.2 143.78 0.42 0.18 

15 0 0 0 185.8 186.5 188.1 186.8 186.53 0.27 0.07 

Regression coefficients: b0 = 186.53; b1 = 23.33; b2 = 17.64; b3 = 31.79; b12 = 1.95; b13 = 3.98; 

b23 = 2.9; b11 = 4.47; b22 = 3.54; b33 = 0.22. 

After calculating the coefficients of the regression equation, their significance was estimated. 

After elimination of the abovementioned coefficients, the polynomial equation got the form: 

 

( ) ,·22.0·54.3·47.4··9.2··98.3

··95.1·79.31·64.17·33.2353.186

222 kWRkWkR

WRkWR

p

f

p

f

P

f

p

f

+++++

+++++=ρ
 (1) 

where: ρ – bulk density of the poly-fractional mixture from chopped wheat straw, kg·m
-3

; 

 Rf – fine fraction content in the poly-fractional mixture from chopped wheat straw, %; 

 W
Р
 – moisture content of the poly-fractional mixture, %; 

 k – coefficient of compaction. 

The coefficient of determination is R
2
 = 0.98. Graphical representations of the abovementioned 

equation are given in Fig. 2-4. 

According to equation 1, raising Rf , W
P
 and k leads to increasing of the bulk density ρ. The 

coefficient of compaction k makes the biggest impact on the bulk density, somewhat less influensive is 

the fine fraction content Rf, and the moisture content W
P
 makes the least impact. 
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a b c 

Fig. 2. Dependence of chopped wheat straw bulk density ρ on its moisture content W
P
 and 

coeffitient of compaction k for fine fraction content in mixture Rf: a – Rf = 20 %; b – Rf = 35 %; 

c – Rf = 50 % 

   
a b c 

Fig. 3. Dependence of chopped wheat straw bulk density ρ on its coefficient of compaction k, fine 

fraction content in mixture Rf for moisture content W: a – W
P
 = 10 %; b – W

P
 = 20 %; c – 

W
P
 = 35 % 

 
a b c 

Fig. 4. Dependence of chopped wheat straw bulk density ρ on its moisture content W
P
 and fine 

fraction content in mixture Rf for coefficient of compaction k: a – k = 1; b – k = 1.2; c – k = 1.4 

According to the dependencies in Fig. 2, at stable fine fraction content in the mixture Rf raising 

the moisture content W
P
 leads to increasing of the bulk density of the chopped straw mixture ρ. 

As it was prognosed, increasing the coefficient of compaction k raises the bulk density ρ. Linear 

nature of this dependency is explained, because the coefficient of compaction was introduced exactly 

as a linear parameter. According to Fig. 2, the influence of the moisture content W
P
 on the bulk density 

ρ is somewhat lower compared to the coefficient of compaction k. For example, raising the moisture 
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content from 8 to 30 %, increases ρ by 6-8 %, that is an evidence of such negative factor as high 

content of ballast in fuel. 

The aim of this laboratory study is to determine such values of the fine fracture content Rf and the 

corresponding values of the moisture content W
P
 and the coefficient of compaction k, that provide the 

bulk density ρ ≈ 200-250 kg·m
-3

 and the porousity coefficient of the fine grained layer between 

ε = 0.54-0.61 [20]. These conditions are provided at Rf = 50 %, k = 1.4 and W
P
 = 20 %. 

According to Fig. 3, at stable moisture content W
P
, rasing the coefficient of compaction k and fine 

fraction content Rf in the poly-fractional mixture, leads to increasing of the bulk density ρ. The 

influence of the fine fraction content Rf in the mixture on bulk density ρ is nonlinear. The fine fracture 

content Rf in the mixture influences the bulk density ρ less than the coefficient of compaction k. 

Let us look at the results from the point of further laboratory studies, namely, production of 

energy from biofuels based on the poly-fractional mixture by means of its direct burning or 

gasification. To provide the best conditions for heat and mass exchange processes in the fuel layer we 

use a material with the parameters Rf = 50 %, W
P
<20 % with the coefficient of compaction 

k = 1.4 [21]. Usage of chopped straw with the moisture content W
P
>30 % results in violation of heat 

and mass exchange processes in the active zones of thermotechnical equipment [8; 16]. A 

phenomenon of ash-slag agglomeration with the combustion zone localization is observed that is also 

proved by investigations [12]. 

According to Fig.4, for stable values of the coefficient of compaction k, rising of the moisture 

content W
P
 and fine fracture content Rf in the mixture, at the same time and separately as well, results 

in increasing of the bulk density ρ. At Rf < 20 % and moisture content W
P
 < 10 %, there is an area, 

where the bulk density ρ merely changes. This is a typical extrapolation error. 

From the results in Fig. 2-4, there is a conclusion that when producing energy from the poly-

fractional mixture of chopped straw and providing proper energy efficiency of thermotechnical 

equipment dependent on the moisture content of the raw material W
P
 and fine fracture content Rf, we 

have to choose such coefficient of compaction k, which provides normal conditions for heat and mass 

processes in the fuel layer. The results received by students during laboratory studies show that for the 

moisture content W
P
 = 20-22 % the coefficient of compaction should be within the range k = 1.1-1.25. 

The aim of this investigation was to check the results received by other scientists on defying the 

bulk density of different plant raw materials and the influence on this parameter on the physical and 

chemical properties. As well as to find, if it is possible to make a laboratory study that students can 

perform in 160min. It is found that our results correlate with the data from predecessors [16; 19–21]. 

Later it was proved that performing this laboratory study is possible in the laboratory of the 

Department of Tractors, Vehicles and Bioenergy Systems of the National University of Life and 

Environmental Sciences of Ukraine (NULES), and also at the Department of Mechanics and 

Engineering of Agroecosystems of the Zhytomyr National Agroecological University (ZNAEU). 

Therefore, the practice with the title “Defining the bulk density of fine dispersed plant materials” was 

prepared and tested at teaching. 

Conclusions 

The experimental study and numerical simulations of the bulk density of poly-fractional plant 

materials have led to the following conclusions. The aim was to verify the published investigations in 

literature sourses and to get data for the laboratory study preparation for the students of the 

engineering faculties of ZNAEU and NULES of Ukraine. 

1. By means of multifactor experiments the influence of the fine fraction content, moisture content 

and the coefficient of compaction of a poly-fractional mixture from chopped wheat straw on its 

bulk density was defined. It was found that raising Rf, W
P
 and k, leads to increasing of the bulk 

density ρ. The coefficient of compaction k makes the biggest impact on the bulk density. 

2. It was found that at Rf = 50 %, k = 1.4 and W
P
<20 % the bulk density is ρ ≈ 200-250 kg·m

-3
. For 

that bulk density value the porousity coefficient is ε = 0.54-0.61, that provides the best conditions 

for heat and mass exchange processes in energy production from poly-fractional mixtures of 

chopped wheat straw. 
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3. It should be admitted that the results received by students in laboratory studies correlate with the 

results published by other authors. Using the obtained results the new laboratory study was 

prepared and successfully tested for the students of the subjects “Designing and calculation of 

technological systems in horticulture”, “Machines and equipment for biotechnologies” and 

“Methodology and technology of scientific investigations”. 
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