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ABSTRACT

The shapes and parameters of the edge curve of a rotary blade have important influence on the slip
cutting performance, soil cutting resistance and soil throwing performance of the rotavators of a handheld
tiller. In this study, taking the handheld tiller’s rotary blade as a case study, the mathematical model of the
edge curve of the rotary blade was built, and the CAD system of the rotary blade was obtained by means of
the secondary development of AutoCAD based on Visual BASIC. Three rotary blades with different
diameters and different edge curves were designed through the CAD system, the relative error of system
output and calculated values (Excel) of parameters were studied, and the variation of grass removing angle
of edge curve, scoop angle and tilling width were analyzed as well. The results showed that: the relative
error of the system output and calculated values are at the level of 0.5%; the grass removing angle and
scoop angle of edge curve edge are in the preferred value range; with cornerite increase, the grass
removing angle and scoop angle linearly increase at large; on conditions of other parameters being
constant, the tilling width decreases with increase of alpha angle.

WE

BEBFZ T] 7] [ 1 26 JE-R TN BB TTHEHI 78 V1 BE S L)1 B ) I A 1 BE 5 A EZ 2. KX LLTT
HH AT T] 9B, EL T L ERF 2 7T 7] L1 1 26 1980 #7227 Visual Basic /7 AutoCAD 4
IR, F32) THERFZITH) CAD # . idi% CAD #Z, il T 3 1AHG A EEFIAFEINT] #2619 5E
BEZT], BT T HZE ] E A5 E(Excel) fIHIXT R 2, M0 17771 2675 004 8 R LA F I 5 I & 1L
M. ZARZEH]: R R HHE RIS A RTINS R 2L 2 0.5% KV ] [ 12678 D] #1 FI1LT I i A A (R 7
;BRI REE AT KT, BB TERT; ERMF ARG T, LIFE & TN
T NI AT

INTRODUCTION

The arable land of China that locates in the hills, mountains and plateaus region accounts for 69.3%,
and the arable land located in the plains and basins accounts for only 30.7% (Hao, et al, 2003). Currently,
handheld tillers are mainly used in the arable land in the hilly and mountainous areas. The functions of soil
cutting, pulverization, soil turning, soil throwing and soil levelling, etc., and function that pushes the tillers
forward by the soil reacting force from the soil-tilling are all achieved by the interaction of rotavator and soil
while soil-tilling. The rotavator consists of some rotary blades and a shaft, and the geometric parameters of
the blade directly affect the performance of a rotavator and the corresponding handheld tiller (Niu, et al,
2015). The shape of rotary blade edge including lengthwise edge and sidelong edge is decided by curve
equation, maximum cornerite of the lengthwise edge curve, sidelong edge apex cornerite, bending angle
and bending radius. And it has a significant impact on the grass removing angle and scoop angle, etc.,
thereby it affects the performance of grass removing of rotary blade, cut soil resistance and throwing soil
properties.

At present, many scholars made some extensive investigations on the edge curve of blade of a
handheld tiller's rotary blade, but they mainly focused on the performance of a single parameter or
parameters of the experimental optimization. Hao et al studied the grass removing angle of lengthwise
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edge, and found that the optimal values of the angle were in the range of 35-55° (Hao, et al, 2014); Gai et
al studied the bending angle of sidelong edge, and found that the best values of the angle should be in the
range of 115-125° (Gai et al, 2011); Sakai et al. experimentally studied the effects of scoop angle on soll
cutting process, and obtained the reasonable range of scoop angle of the rotary blade under different soil
conditions (Sakai et al, 1984); Saimbhi et al analyzed the force between the rotary blade and soil, and
optimized the geometric parameters of edge curve of the blade (Saimbhi et al, 2004). However, the
systematic research on the edge curve of rotary blade is not enough. For example, the principles to
determine each parameter and the relationship between the various parameters are not quite clear.
Standard GB / T5669-2008 (China) only provides curve equation and some parameters of common rotary
blade, and it is difficult to define the sidelong edge curve as it is a space curve. Furthermore, there is no
standard for the edge curve design of a handheld tiller's rotary blade, and reference is only given to the
edge curve of blade of common rotary blade.

In this study, taking the handheld tiller's rotary blade as a case study, with reference to the standard
GB / T5669-2008 (China) and JIS B 9210-1988 (2008 confirmed) (Japan), the mathematical model of the
edge curve of a handheld tiller's rotary blade was established according to the geometric relations between
each parameter, and the CAD system of rotary blade was obtained by means of the secondary
development of AutoCAD based on Visual BASIC. The variation of grass removing angle, scoop angle and
tilling width of rotary blade curve with different diameters and different shapes were studied as well. As a
result, the study can provide references to the design, force and vibration reduction, and performance
optimization for a handheld tiller's rotary blade.

MATERIAL AND METHOD
Material

The rotary blade, adaptable for wetland sticky paddy field tillage, is shown in fig.1. It was designed
according to Chinese National Standard GB/T 5669-2008 “Rotary tiller-rotary blades and blade holders”,
Chongqing Standard DB50/T 277-2008 “Blades of micro-cultivator”, and Japanese National Standard JIS B
9210-1988 (2008 confirmed) “Blades for tillers”. The main design contents of a rotary blade include curve
equation, maximum cornerite of the lengthwise edge curve, cornerite of sidelong edge apex, bending angle,
bending radius, tilling width, grass removing angle and scoop angle etc.

Centre of Bending angle
rotation Bending radius
Rotation radius

Back edge
T _curve

Tilling width

Sidelong
section

Holding section Y

Neck secti

o

n

; Sidelong edge
Ler:gthwme Lengthwise curve 9ec
section edge curve
Fig. 1 - Structure and composition of the rotary blade Fig. 2 - Developed view of the rotary blade in plane

containing lengthwise edge curve

To simplify the modelling of the blade curve, the sidelong edge of the rotary blade was unfolded
along the plane of lengthwise edge, and the coordinate system was defined as well, as shown in fig.2.
Where:
6
6

max 1S the cornerite of bending point;

max - Maximum cornerite of the lengthwise edge curve;
a' - angle between rotary radius of bending point with bending line;

a - angle between rotary radius of end point of the lengthwise edge curve;
E - apex of sidelong edge;
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6t - cornerite of the apex of sidelong edge;

r - bending radius;

B - bending angle;

b - tilling width;

line 1- line 4 are auxiliary lines;

p1- Ps are points of intersection;

t; and t, are points of tangency.

The edge curve is a spiral of Archimedes when it has been unfolded, and its equation is as follows:

R, =a,R+aR6O  [mm @)

where:

R, is rotation radius at a selected point on the edge curve, [mm];

R — rotation radius of a rotary blade, [mm];

6 — cornerite of the edge curve, [degree];

ap and a; — constants.

Taking three rotary blades with different diameters and different edge curves as a case study, the
construction process of the mathematical models and CAD system of the rotary blade was illustrated, and
the parameters of the rotary blades were shown in table 1. The grass removing angle, scoop angle and
tilling width, etc., of the blades were analyzed subsequently.

Table 1
Parameters of 3 rotary blades
R B R 'ma a €o Co IO
Rotary blade ao ai . . .
[mm] (°1 [ [mm]| [°] | [°] | [mm] | [mm] | [mm]
1 180 0.58 [0.0128 | 120 30 27 50 4 2 8
2 200 0.56 | 0.011 | 120 30 27 50 4.5 2 8
3 225 0.50 | 0.008 | 120 30 27 50 6 2 8

Method
The mathematical models of edge curve

The edge curve of rotary blade includes lengthwise edge and sidelong edge. The sidelong section
takes the main responsibility for the soil-cutting (Yue, 2008). The lengthwise section is not only closely
related to the performance of slip-cutting of the rotary blade, but also has a significant impact on the grass
removing performance.

The design parameters of lengthwise edge curve include maximum cornerite of the lengthwise edge
curve 6. the angle between rotary radius of end point of the lengthwise edge curve with bending line a
(namely the alpha angle for simplification), and grass removing angle 1.

Line 1 is the bending line of sidelong edge, line 2 is the bending midline, and line 1 is parallel to line
2. Point p; is the end of sidelong edge, and it corresponds to the maximum cornerite of the lengthwise edge
curve Bax, as shown in fig. 2. Angles of 6,,,x and a can be calculated as follows:

2 2
kzxz - kzxz - 2
+ tand,, | =(a,R+a,RO, ., 2
(kz —tané@,, k, —tan@_ (2R +2, ) @

a=a—0' o +0yay [degree] (3)

where:
(X2, Y2) is the coordinate of the bending point p,,
X, =(a,R+a,RO',,, )cosO" .., [mm];
y, =(a,R+a,RO",,)sin@’ .., [mm];
k, — the slope of line 2;
k, =tan(180—a'+6',,,).
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The grass removing angle of a point is defined as the angle between velocity vector and normal
plane, as shown in fig.3. Apply the derivative to equation of lengthwise edge curve, and the grassing
moving angle can be expressed as:

- _arctad 1im R(9+A9)cgs(9+A9)— R(e)c_ose
46-0 R(0 + A)sin(0 + A9)—R(6)sin @

j — 0, [degree] 4

1st back surface

. line3
Lengthwise edge curve

Co
lo
Normal plane linel
) Velocity vector
Center of rotation Tangent line
Fig. 3 - Definition of grass removing angle Fig. 4 - The schematic diagram of scoop angle

The design parameters of sidelong edge curve include cornerite of the apex of sidelong edge 6,
the bending radius r; the bending angle B8, scoop angle B;, and the tilling width b. where, r is generally set
as 30 mm, and 3 is generally set as 120°.

Since the length of the edge curve keeps constant before and after the bending deformation, there
is:

A—(A—tltz)cos(180—,8)—rsin,B:B (5)
where:

A — the distance between E and ps, and : A= t,p, . [mml;

B — the distance between E and p3, [mm].

When the end point of lengthwise edge P, is known, dimensions of A and B contain only one
unknown parameter 6g, thus 6z can obtained by equation (5).
Similarly, the tilling width b can be expressed as:

b=(A—t1t2)sin,8+(r—rcos(180—/3)), [mm] (6)

According to literature (Zhang Y., Yang L., et al., 2016), the scoop angle has the following
expression:

(5 - ¢y )cose

ol -3 -

y

S, =arcta +arctan—+o,, [degree] (7)
X

where:

€g is the blade thickness, [mm];

Co — edge width, [mm];

lo — edge surface width, [mm];

£—the angle of plane conversion, [degree], and it is generally set as 60°;

(x, y) — the coordinate of a point after the sidelong edge is bended, [mm];

a; — the angle between bending line and x-axis, [degree], as shown in fig.4.
The CAD system of edge curve

The relevant design parameters of the rotary blade curve can be calculated in accordance with
mathematical models. However, since some design parameters are interrelated and the mathematical
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models of some parameters are complex, lots of iterations are required to define the parameters. The
CAD system of the edge curve is an important part of CAD system of the rotary blade. By developing the
CAD system of edge curve, the design calculations can be greatly simplified, and the design efficiency can
be greatly improved. The CAD system of the edge curve consists of subsystems of computing and
graphics, and the program flow of the CAD system is shown in fig.5. The computing subsystem performs
the calculation function of design parameters and the graphics subsystem performs the drawing function

of blade curve designed.

Design parameters
input

Design
parameters group
within database?

Computing subsystem

| !

Parameters results
output

| |
l

» Store into database

I

Print

Graphics subsystem

End

Fig. 5 - The program flow of CAD system

RESULTS
Interface of the CAD system

The main interface of the CAD system of edge curve of the rotary blade is shown in fig.6. Click the
Parameters input button, and this will open a panel for parameters input; Close the Parameters input panel
by clicking the Close button after parameters input; then click the Compute button in the main interface,
and the design parameters of the edge curve that meet the design requirements will be obtained; then
click the Print Button, and this will open a panel for displaying outline of the edge curve of a rotary blade,
as shown in fig.7.
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Accuracy verification of the CAD system

There are 2 ways in which we can obtain the final design parameters, namely by means of Excel
calculation and CAD system. The former is obtained through direct calculation based equations of
mathematical models of edge curve, and it needs much calculation and time for the calculation; the latter
being obtained through iterations, accompanying by such errors as iterative error and approximation error,
thus parameter values of CAD system output deviate from those calculated values. Take 3 main
parameters of edge curve of the rotary blades, namely alpha angle a, the cornerite of the apex of sidelong
edge B¢ and the tilling width b, for the accuracy verification, and the results of error analysis are shown in
table 2.

Table 2
Error analysis
Results
Rotary
blade Parameters | Calculated Output Relative
(Excel) (CAD system) error [%]
a [degree] 45.396 45.250 0.32
1 O: [degree] 45.858 45.620 0.51
b [mm] 61.524 61.457 0.32
a [degree] 46.426 46.20 0.44
2 O: [degree] 47.020 46.836 0.39
b [mm] 58.640 58.374 0.45
a [degree] 46.824 46.647 0.37
3 6: [degree] 47.256 47.018 0.50
b [mm] 56.284 50.062 0.39

As can be seen from table 2, the relative error of the system output and calculated values is at the
level of 0.5%, which confirms that the accuracy of CAD system is good and it meets the design
requirements of a handheld tiller’s rotary blade.

Effects of parameters of edge curve on the performance of a rotary blade

By the CAD system of edge curve of the rotary blade, values of grass moving angle with different
cornerite of lengthwise edge were obtained for the rotary blades with other parameters listed in table 1, as
shown in fig.8. As can be seen from fig.8, for a preselected point on the edge curve with certain cornerite,
the grassing moving angle of rotary blade 3 has the maximum value and those angles of rotary blade 2
and rotary blade 1 decrease sequentially. With the increase of cornerite of the lengthwise edge, the grass
moving angle approximately increases linearly. The grass moving angle of the lengthwise edge for the
rotary blades with parameters in table 1 ranges from 38.3 to 53.1°, and it is in the recommended range of
35- 55°, according to literature (Hao X., Li Z., et al., 2014). The grassing moving angle contributes much to
the performance of slip cutting and grass removing performance, and the bigger of grassing moving angle,
the better of the performance of slip cutting and grass removing.
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Fig. 8 - Grass removing angle of lengthwise edge curve

Similarly, values of scoop angle with different cornerite of sidelong edge were obtained by the CAD
system for the rotary blades with other parameters listed in table 1, as shown in fig. 9. As can be seen
from fig.9, for a preselected point on the edge curve with certain cornerite, the scoop angle of rotary blade
3 has the maximum value and those angles of rotary blade 2 and rotary blade 1 decrease sequentially.
With the increase of cornerite of the sidelong edge, the scoop angle approximately increases linearly. The
scoop angle of the sidelong edge for the rotary blades with parameters in table 1 ranges from 57.8 to
69.2° and it is in the recommended range of 55-75°, according to literature (Sakai J. et al., 1984). The
rotary blade is suitable for tilling in loam and clay loam, and it is consistent with the application situation of
soil type of wet and sticky soil for the rotary blades studied.

79 - Rotary blade 1
69 4 H63 T Rotary blade 2
°:66 | E Rotary blade 3
63 =%
& 5
o60 - z
S57 - Rotary blade 1 2’53 1
A5q Rotary blade 2 E
51 | | ‘ Rotar‘y blade‘3 48 : : ‘
29 33 36 40 43 47 40 45 50 55
Cornerite of sidelong edge ['] Alpha angle[]
Fig. 9 - Scoop angle of sidelong edge curve Fig. 10 - Tilling width of the rotary blade

Changing the alpha angle leads to the change of tilling width of a rotary blade, and this can be
employed to obtain the required tilling width of the rotary blade. While keeping parameters of rotation
radius of rotary blade, bending angle and bending radius, etc. constant, the values of tilling width of the
rotary blades (listed in table 1) of different alpha angle were obtained by the CAD system, as shown in fig.
10. As can be seen from fig.10, with the increase of alpha angle, the tilling width decreases. According to
the literature (Chinese Academy of Agricultural Mechanization Sciences, 2007), the number of rotary
blade of rotavator and production costs can be reduced by increasing tilling width. Nevertheless, tilling
width that exceeds the suitable values will seriously affect the stiffness of rotary blade and pulverization,
therefore the actual application requirements need to be considered while determining the tilling width.

CONCLUSIONS

(1) Based on mathematical model of edge curve, a CAD system of edge curve of the rotary blade
was developed in this study. The relative error of the system output and calculated values is at the level of
0.5%, and it can meet the design requirements of a handheld tiller’s rotary blade.

(2) With increase of cornerite of the lengthwise edge, the grass moving angle approximately increases
linearly. And the grass moving angle of lengthwise edge for the rotary blades with parameters in table 1 ranges
from 38.3 to 53.1°, which indicates good performance of slip cutting and grass removing of the rotary blade.

(3) With increase of cornerite of the sidelong edge, the scoop angle approximately increases linearly.
The scoop angle of sidelong edge for the rotary blades with parameters in table 1 ranges from 57.8 to 69.2°,
which is consistent with the application situation of soil type of wet and sticky soil for the rotary blades studied.
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(4) With increase of alpha angle, the tilling width of the rotary blades decreases. While keeping
parameters of rotation radius of rotary blade, bending angle and bending radius, etc. constant, the
required tilling width could be obtained by adjusting the alpha angle.
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ABSTRACT

The article presents the key tendencies of improving machines for subsoil basic tillage and sowing
machines in order to implement resource-saving cultivation technologies and the basics of harvest
forecasting. The suggested design of the combined chisel deep tiller with additional deformers and twin
toothed rollers enable achieving better quality indicators of tillage while cultivating heavy soil. The new
pneumatic and mechanical sowing device with peripheral layout of cells on the seeding disk and passive
device for taking out excess seeds by centering method was developed. The new sowing device assures
even distribution of seeds on the feeding area. The article presents key results of the research and
recommendations for application of the suggested machines.

PE3IOME

B cmammi HasedeHi ocHO8HIi meHOeHUii 800CKOHaneHHs1 MawuH 0risi 6e3nonuyeso2o 0CHOB8HO20
06pobimkKy rpyHmy ma nocieHUX MawuH 3 MemoK 3arnposadKeHHs1 MexHoso2ili pecypco3bepicaoyo20
3emriepobcmea | peanizauil OCHO8 rpozspaMyeaHHsl epoxaro. 3arporioHogaHa KOHCMPYKUIs
KoMmbiHosaHO20 4Hu3enbHo20 2rubokoposnywysayda i3 dodamkosumu OegopmamopaMu ma crapeHuMu
3ybyacmumu KomKaMu, BUKOPUCMAaHHS $SKo20 00380s15i€ 00CS2mu [OKpaweHUX OKa3HUKie siKkocmi
06pobku nid yac pobomu Ha saxkux rpyHmax. [Ans iHmeHcucpikauil nocieHux onepauili po3pobrneHo Hoaul
rnHesmMomMmexaHiyHul sucigHul anapam 3 nepugepiliHuM posmaulyeaHHSIM KOMIPOK Ha 8UCi@HOMY OUCKY ma
rnacusHUM npucmpoem 0Ons eudarneHHsi 3alieo20 HacCiHHA 8iduyeHmposumMm crnocobomMm, wo 00380rsE
3abesneyumu piGHOMIpHUL p0o3n0din HacCiHHS 3a MIoWer XueeHHA. B pobomi npedcmaesnieHi OCHOBHI
pe3ynbmamu 0ocnidxeHb ma pekomeHoauii w,o 00 8UKOPUCMAaHHS 3anpornoHO8aHUX MallUH.

INTRODUCTION

The basis of effective achievement of technologies of agricultural production is the forecasting of
harvest which is based on the system of reclamation of productivity and soil protective technologies.
Another important factor is the quality of seeds preparation, resource saving mechanization and
production automation including effective plant protection from diseases, pests and weeds.

It is well-known that fertility is the ability of soil to feed plants with necessary quantity of nutrients,
water, warmth and air (Horunzhenko V.E., 1996).Today we face constant lack of fertility which is the result
of intensive cultivation, growing monocultures that exhaust soil and pollute the environment in Ukraine.
Another important aspect is the decrease of organic stuff in the cultivated layer and systematic application
of erosion-dangerous agricultural machines (Horunzhenko V.E., 1996). Therefore, the search for new
technologies and ways of mechanization to preserve the fertility and decrease resource losses,
preservation of the environment and growing ecologically safe products are the guarantee of rich harvests
and welfare of the country.

Harvest forecasting is one of the important and prospective trends in production technologies
particularly tilled crops that make possible to use material, labour and energy resources rationally to get
maximum production with high quality (Moroz N.V., 2011). Today there are separate trends of harvest
forecasting that help analyzing and assessing the quality of growing of tilled crops but the trends can only
partially assist in the provision of quality and fertility of crop production (Osadchij S.l., 2014). Complete
implementation of harvest forecasting technology into the real economic conditions is constrained by a
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range of problems which have to be solved complexly. One of the key problems is the choice of the tools
for soil cultivation that provide the realization of the technologies of soil protection and resource saving
agriculture including precision seeding as even distribution of seeds on the feeding area guarantees good
harvest in future.

In order to implement the basics of harvest forecasting it is important to go through certain stages.
The first step towards harvest forecasting is to choose moistness conservative, soil protective and energy
saving cultivation. The second step is to prepare seeds for sowing and the third step is to assure equal
distribution of seeds on the feeding area while sowing (Vasylkovska K., 2013; Vasylkovska K.V., 2013;
Vasylkovska K.V., 2014).

To improve seed germination the qualitative cultivation should be done which helps to keep
moistness due to destruction of soil and stimulating effective development of the plant root system
because of the qualitative soil loosening of the cultivated layer.

Saving and restoring soil fertility is necessarily accompanied by a deep loosening of soil which
minimizes the number of further tillage operations and provides conditions for humus accumulation
(Leshchenko S., 2014). It should be noted that the application of traditional tools for basic tillage does not
allow intensifying all factors that ensure effective increase and reproduction of fertility. Certain types of
mechanical cultivation such as traditional mouldboard and disk ploughing, cultivation and rototilling can
lead to intense biological destruction and compaction of soil, and it loses its structure. Taking into account
the necessity of basic tillage in the conditions of high moistness as well as in dry conditions especially in
the areas with possible erosions, the traditional methods of basic tillage cannot be used and the effective
alternative method is subsoil tillage in the form of deep loosening (Vetokhin V.I., 2008; Leshchenko S.M.,
2013; Salo V.M., 2014).

It is known that sowing should be done in certain agricultural periods. They influence the conditions
of plant sprouting (even sprouting) and its further development. It is also connected with moistness and
temperature of the upper soil layer. If the agricultural period of sowing is assured then there will be better
sprouting.

Even sowing and even distribution of seeds assure not only good germination but also good harvest
in future. Moreover, while increasing the evenness of seeds distribution on the feeding area we decrease
the amount of weeds in the field.

Therefore, the issue of improvement of technical appliances for basic tillage and sowing can
become the initial stage in harvest forecasting and practical solving of this task will enable increasing the
competitiveness of crop products and implement the basics for soil protective and energy saving
cultivation.

MATERIAL AND METHOD

The basis of minimal soil cultivation is a subsurface deep loosening which can be done with the help
of chisel deep tiller (Leshchenko S., 2014; Vetokhin V.l., 2008; Leshchenko S.M., 2013). Chiseling allows
increasing the tilling width of the machine compared to ploughing and to decrease fuel losses for basic
tillage (40-50%), destruct compacted subsoil layer. But there are some disadvantages in this operation
including incomplete cutting of weeds, impossibility to achieve solid furrow sole after tillage, low level of
incorporation of residues into the soil, weed seeds and fertilizers, creation of big clods on the surface of
the field.

Chisel deep tillers produced in Ukraine and in the former Soviet countries are not much different
from their foreign analogues but the quality of working elements and the material used for their production
shorten the terms of exploitation. Taking into consideration scientific research in the sphere of
technologies of subsoil tillage the Department of Kirovohrad National Technical University under the
supervision of Professor Vasyl Salo designed the construction of the universal combined chisel adapted to
the real soil and climatic conditions of Ukraine (Fig.l1a).

The main working elements of the designed machine are chisel plough which consists of stem 7,
spike 8, tooth for breaking clods 9 and the wings 10 (Fig. 1b). The additional working element is a twin
toothed roller 4 (Fig.1a) which has the mode of tillage depth regulation as well as it breaks big clods,
incorporates and mixes plant residues into lower layers at the depth of 15-20 cm. Depending on working
conditions of the twin toothed roller, it is possible to adjust the chisel tilling depth and the intensity of
mixing and crushing of residues after tillage.
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While loosening of soil with chisel plough the spike 8 cuts solid soil, tooth 9 crushes clods
intensively and takes them away from stem 7 and the wings 10 cut weeds and additionally crush the soil
and depending on their adjustment can even the furrow bottom.

In its turn, the precision seeding is provided with dispensing element of the seed drills. Since the
beginning of the twentieth century there have been made searches for constructions implying single-grain
sowing. One of the first pneumatic and mechanical sowing machines was a seed drill with drum-digital
dispenser designed in the USA in 1904 (Patent US of America Ne773205, 1904). By their design, the
pneumatic and mechanical appliances may be of disk or drum type, and by the way of their application
they are divided into vacuum and extreme pressure devices.

Fig. 1 — Combined chisel deep tiller

a — general view of deep tiller ; b — 3D model of chisel plough
1 — frame; 2 — chisel plough; 3 — screw mechanism of adjustment of tillage depth; 4 — toothed rollers;
5 — screw mechanism of roller adjustment; 6 — roller frame; 7 — stem; 8 — spike; 9 — tooth; 10 — wing

Sowing machines that are used in mass production have insufficient dispensing capacity caused by
limited seed disk rotary velocity and random uncontrolled redistribution of spacing between seeds in the
furrow because of the high relative velocity of the seeds (Horunzhenko V.E., 1996; Sysolin P.V., 2001;
Vasylkovska K,. 2013). To increase the efficiency of seeding precision of cultivated crops the Department
of Agricultural Engineering of Kirovohrad National Technical University designed and manufactured a
prototype of the new pneumatic and mechanical disk for sowing device (Vasylkovska K., 2013;
Vasylkovska K.V., 2013; Vasylkovska K.V., 2014) (Fig. 2).

The main feature of the new sowing device is the application of sowing disk 1 with peripheral layout
of cells 2. Behind the cells there are blades 3 on the inner surface of the disk for enforced seizure of seeds
by the disk 9 in the chamber and their further transportation to the release spot.

To remove excess seeds from the cells of seeding disk 1 at the top of the cylindrical surface of the
body there is a passive cavity-shaped device 7, that gets excess seeds and separate them from the disk
transporting the seeds back to the filling zone. In the lower part of the housing surface there is seeding
hole 6 which provides free release of the seeds to the furrow.

The design of the pneumatic and mechanical disk sowing device due to the enforced seizure of
seeds by blades 3 ensures the reliability of the process of filling the cells of the sowing disk and increases
the efficiency of removal of excess of seeds with the help of passive device 7. It makes reliable the
process of releasing seeds from the cells in the sowing area. This ensures an even distribution of seeds in
the furrow through the stabilization of the dispensing process and releasing seeds from the sowing disk.

In order to confirm the hypothesis about the necessity of harvest forecasting we conducted testing
of implementation of new highly efficient working elements for tilling and sowing machines in the system of
resource-saving technologies of cultivation of agricultural crops.

Tests of combined chisel -deep tillers were conducted during 2013-2015 in the fields of Kirovohrad
region. The conditions of testing corresponded to the average conditions in the region: mechanical soil
texture was heavy and with medium loam; soil hardness was 20...35 kg/cm? at the depth of 0-10 cm,
35...65 kg/cm?® at the depth of 10-20 cm, and 60...100 kg/cm?® at 20-30 cm. Permissible humidity was
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limited to soil sticking to the chassis system of the tractor and working elements of the chisel. Technical
characteristics of combined chisel deep tillers (Table 1) makes possible to assess their competitiveness in
comparison with the best foreign analogues.

C

Fig. 2 — Pneumatic and mechanical sowing device
a — scheme; b — 3D model of the sowing device; ¢ — 3D model of the fragment of sowing disk

1 — sowing disk; 2 — cell; 3 — blade; 4 — drive shaft; 5 — housing; 6 — seeding hole;
7 — passive device (container) for removing excess seeds; 8 — vacuum chamber; 9 — seeds

Table 1
Characteristics of combined chisel deep tillers

Machine-Type CN-1,5 CN-2,5 CN-3,5 CN-4,5
Productivity, ha/hour 1.2 2.0 2.8 3.6
Working width, m 15 25 3.5 4.5
Tillage depth, cm 50 50 50 50
Number of working elements, pieces 3 5 7 9

Depth of roller tilling, cm 15 15 15 15
Necessary tractor power, HP 80 - 120 120-180 160-220 250-340
Weight, kg 750 1200 1700 2300

After deep loosening we made performance assessment by the coefficient of soil crushing and
evenness of depth tilling. We considered structural elements of soil to be appropriate if they did not
exceed the size of 50 mm. Also we conducted the assessment of the impact of speed rate on quality
performance. The experiments were repeated five times and the results have average values.

The results of experimental studies to determine the quality indicator of loosening were evaluated at
the depth of tilling h=32-40 cm. The height of the ridge that is formed between adjacent passages of chisel
ploughs on the bottom of the furrow was h1=18-20 cm. The maximum speed of the machine was limited
by critically possible speed at maximum transmission in specific soil and climatic conditions based on
providing the necessary traction which is developed by tractor suspension system without tractor drive
wheels slip. The analysis of the results (Fig. 3) shows that the lowest quality of soil crushing is achieved by
chisel working without rollers and this figure ranges from 49% to 60%, and the increase of working speed
improves quality indicator. Similar result is observed when chisel is used with one roller (operation with
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one roller is achieved by changing position of the adjusting screw 5 (Fig. 1)), but the quality indicators of
the unit are much higher k=55-69%.

Field tests of experimental prototype of pneumatic and mechanical sowing device mounted on the
serial seed drill section YIMNC-12 connected to the tractor MTZ-82 were conducted in fields of agro-
industrial Group “Favorit” Ltd (Pidhaitsi of Kirovohrad district, Kirovohrad region) (Vasylkovska K., 2015;
Vasylkovska K., 2015).

Sowing seeds of sugar beet variety «Yaltushkivskyy YC-72» was held on 2 ploughing beds with the
area of 0.86 hectares each after ploughing and pre-seeding tillage. The speed of the tractor was 4.26 km/h
on the first ploughing bed, and 7.24 km/h on the second bed. Sowing rate of seeds was 10.65 pc./line m.
Checking the quality of sugar beet seeding was held on 10 scoring areas with the total length of 40 m.

Sowing seeds of maize variety «Orzhytsa 237 MB» was held on the ploughing bed with area of 0.43
hectares. Sowing rate of seeds was 7 pcs/line m. Sowing seeds of soybean variety «Jubilee» was held on
the ploughing area of 0.43 hectares. Sowing rate of seeds was 10 pcs/line m.

Quiality control of corn and soybeans sowing was held on 5 scoring areas with the total length of 20
m.

Quality of seeding was estimated by the coefficient of variation o of distribution of seeds along the
length of the row which shows standard deviation to the arithmetic mean of the plurality and variability is
considered to be small if the coefficient of variation is not higher than 10%, the average variability is more
than 10% but less than 20%, and significant variability is with the coefficient of variation of 20% (Voytyuk
P., 2005).

Crushing quality with one roller = 57.4069-1.9735*x+0.3574*x
Crushing guality with two rollers = 75.4868-6.753*x+0.8206* x>
k% Crushing quality without rollers = 54.4189-3.50 16*x+0.5438*x
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46 | ! | . " " “a - with one roller
3 4 5 6 7 8 9 10 S, - with two rollers
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Fig. 3 — Correlation of the quality of soil crushing k on the chisel working speed V
in different modes of operation of the twin toothed roller

RESULTS

After analyzing the results of experimental studies of combined chisel unit which operates in the
conditions of heavy and medium loam it is possible to state that the most efficient soil tillage is achieved
during chiselling with two rollers at the speed of 7-8 km/h. Quality indicator of crushing soil in these
conditions is 70-75% which is higher than the corresponding figures of some foreign machines (for
example, under heavy black soil conditions for Artiglio S 250-500 «Gaspardo» k=55-60%, Cenius 400/18
«AMAZONE» k=58-65% (Leschenko S., 2014; Leshchenko S., 2015).
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Quality assessment of sowing sugar beets showed the following results (Fig. 4):

- the first ploughing bed showed that coefficient of variation of distribution of sugar be et seeds along
the length of the row was 10.3% for the prototype and 14.6% for the serial;

- the second ploughing bed showed that coefficient of variation of distribution of sugar beet seeds
along the length of the row was 9.8% for the prototype and 18.4% for the serial.

Quality assessment of sowing maize and soy seeds showed the following results (Fig. 4):

- coefficient of variation of distribution of maize seeds along the length of the row was 11.2% for the
prototype and 14.4% for the serial;

- coefficient of variation of distribution of soy seeds along the length of the row was 9.8% for the
prototype and 15.9% for the serial.

The results of testing of sowing device of the suggested design showed that the coefficient of
variation of distribution of seeds in the furrow in all cases has little variation (compared with serial type).
This fact confirms the hypothesis of stabilization of seeding parameters.

CONCLUSIONS
In summary, we can state that deep loosening by chisel deep tiller is an alternative to the traditional
tilage which improves water and air condition of soil, reduces biological destruction of useful soil
components, ensures the destruction of compacted subsoil and reduces energy costs for conducting basic
cultivation. The design of the universal combined chisel significantly expands the possibilities of its use in
various operations of deep loosening with additional possibility to crush clods and incorporate crop
residues to a certain depth by the twin roller as well as the traditional chiselling and soil slotting. It was
established that the combined chisel of the proposed construction with two toothed rollers has quality

index of crushing soil k=68-75% at the speed of the machine V=7-8 km/h.
20
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Fig. 4 — Variation of distribution of seeds of the studied cultivated crops in the row
for the prototype and serial sowing units

The experimental studies of the pneumatic and mechanical seed drill for precision seeding with new
pneumatic seeding device with peripheral layout of cells on the seeding disk and passive device for
removing excess seeds by centrifugal method proved a more even distribution of seeds in a row. The
application of new pneumatic and mechanical sowing machine allows reducing seed costs while
maintaining high quality seed distribution in the line, thus even seed distribution on the feeding area. The
coefficient of variation of distribution of sugar beet seeds in the furrow v=9.8...11.2 at minor variation is
possible with the following parameters: dilution in the vacuum chamber AP - from 0.2 to 0.3 kPa
(Vasylkovska K.V., 2016), the rotary velocity of cells of the seeding disk V, from 2.0 to 2.5 m/s, and the
speed of the sowing unit V. 1.0 to 2.0 m/s.

18



Vol.50, No.3 /2016 INMATEH —Agricubtusal Engineering

Therefore, consistent implementation of the designed devices in the processes of growing crops will

practically enable achieving certain basic techniques of harvest forecasting in the system of soil protective
and resource saving agriculture.
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ABSTRACT

Seedling picking is important in corn transplantation and can directly influence the efficiency of
transplanters. To avoid high injury rate caused by the seedling picking system to separate seedlings and
the pot, a pot separator that can cooperate with tube transplanters was designed. First, design
requirements of the pot separator were proposed according to corn transplantation demands and the
characteristics of the paper pot. Second, based on the transplantation technology of paper potted
cultivation, 35-day potted corn seedlings were chosen as test materials. Finally, the cutting characteristics
of the paper pot were experimentally studied using a home-made cutting device and a microcomputer
control electronic universal testing machine. Results showed that soil with 60%—67% soil moisture content
is more suitable for potted corn seedlings. Single paper pot cutting in the shearing mode had the highest
integrity and the damage rate was lower than 5%. The conditions to obtain the minimum cutting force of the
paper pot were: 63%—67% soil moisture content, 500 mm/min cutting speed, and 30° cutting angle. The
cutting force decreased with the increase of soil moisture content, and the maximum cutting force
decreased with the increase of cutting speed. Research results provide reference for future optimization of
the pot separator and are significant for promoting the development of fully automated corn transplanters.

WE

AR TR BT HIEETSF, EHEZBERYNT T ERCFE A T8 a5 o i fl et 7
B FE B S, i Tk S G E BRI G T B . B e, IR IR BN Z
FIACERFLFF AT, FEHI I EEBLRHT 11 B e K, T T AT BHLER, 57 B 35 KA AT H) T KK HT
B 7, FIHE #0515 E R PLE ] 777 58 i 5 B 5 5 X AR G 1 7T T il 5 F
Tre ZAREN: HAKFAE 60%-67%.2 /1 B Bt i H 1% B AR FEHEK T BT 7 )3 AR it 1 4
B, IFENT 5% FRACER OB i@ D 9 A G K E Sy 63% —67%, LJH & E
500mm/min, L75)//&% 30 ° ; LI EEE EAKFAI T E T O] 7T R A ARG O 8 G 5 A i 0
o TR LT A FEPLFIHIE IR T 27, X2 50 TR BRI R RRA EZ R X .

INTRODUCTION

Corn is not only considered a main grain crop but also an important raw material for chemistry, fuel,
and other industries. Compared with direct sowing, transplantation increases accumulated temperature that
can accelerate the sowing time, prolong the growth period of crops, and increase corn yield and quality
(Xiang W, et al., 2015; Lu Y T, et al., 2011). Most corn transplanters are semiautomatic (Cui W, et al., 2015;
Yu X X, et al., 2014; Xu B X, et al., 2015) and require manual cultivation of seedlings, which is labor
intensive and has low efficiency. The existing fully automated transplanters (Shi T, 2015) have complicated
structures and are expensive, which prevents the large-scaled promotion and application of mechanized
transplantation.

Seedling picking mechanism is an important component of fully automated transplanters and
distinguishes the fully automated transplanters from the semi-automatic ones. Fully automated
transplanters mainly have the pick-up and push-out types. In foreign countries, Kumar designed a double
row vegetable transplanter for paper pots, which was highly customizable and had an 81% working
efficiency (Kumar G, et al., 2011). Tian S B designed a fully automated transplanter for vegetables and
flowers based on the PLC system (Tian S B, et al., 2010). Some studies have studied the law of motion of
planetary gear trains in the seedling separator and navigation control algorithm of the transplanting robot.
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They found that the structure was relatively complicated (JOVAN D, et al., 2011; Tong-jie Li, et al., 2012;
Zhou Z Y, et al., 2014; Li S, et al., 2014; Zheng F Y, et al., 2016). Mao Hanping et al. designed a seedling
picking mechanism, but the mechanism failed to integrate the mechanical structures of the pot (Mao H P, et
al.,, 2011). In China, Yu Gaohong (YU G H, et al.,, 2011) designed an incomplete intermittent driving
planetary gear system with a non-circular gear, which realized the non-uniform velocity rotation of the
planet gear relative to the planet carrier. Li Hua (Zhang L, et al., 2014) developed an automatic control
system for a clamp plug-seedling picking mechanism by a single chip. Zhang Min (Zhang M, et al., 2014)
simplified the overall structure, and designed a crank sliding push-out device with a connecting rod without
a seedling delivery system. Liu Weixiang (Liu W X, et al., 2016) et al. designed a push-out and pick-up
automatic seedling picking system, which resulted in a seedling picking rate of 98.44% and a matrix loss
ratio of 36.67 %. Yan Xiaoyue et al. developed a row seedling picking transplanter based on cucumber
seedlings (Yan X Y, et al., 2013), which increased the automation and efficiency of the transplanter. Liao
Qingxi et al. designed a potted seedling separator with a conveyer belt for grape seed oil (Liao Q X, et al.,
2015) and conducted a pot integrity test under different extrusion modes; seedling separation efficiency
was at 90%. Yu Lei et al. designed a double row fully automated corn transplanter with a paper pot (YU L,
et al., 2015), which had a planting missing rate of less than 3%. However, this transplanter had high
standardization requirements on the seedling container. All of these machines have to pick up seedlings
from the pot and the seedling separator has to contact with the matrix, which can damage the matrix and
the seedling root system to different extents.

To avoid damages to pot and seedlings caused by the machine, a pot separator that directly cuts
pots was designed. The cutting characteristics of the paper pot separator were studied using the
mechanical engineering research method. Research results provided references for the succeeding
optimization design of the seedling separator.

MATERIAL AND METHOD
Overall design of the seedling separator

The seedling separator could transplant potted corn seedlings without separating the pot and
seedling, which increases efficiency and ensures the high survival rate of seedlings. According to the
service conditions and agricultural requirements, the following technological requirements were proposed to
the seedling separator:

(1) Replace manual seedling separation to reduce labour intensity and increase production
efficiency.

(2) Meet the requirements of corn transplantation by cutting a single row of paper potted seedlings
into single potted seedlings and orderly delivering it to the seedling guide tube.

(3) Avoid the seedling pot separator and protect the corn root system to increase the survival rate of
transplanted corn seedlings.

To accomplish pot separation and deliver single pots to the seedling guide tube orderly, the overall
design of the seedling separator was proposed according to these technological requirements. The
seedling separator consists of a cutter, a transporter, and a rack (Figure 1). The cutter is the main part of
the seedling separator and the object of this study.

Fig. 1 - Three-dimensional assembly map of the seedling separator
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The disc cutter cuts the paper pots at a uniform rotation speed. The conveying chain makes
intermittent movements. It stops moving when cutting paper pots and delivers cut paper pots to the
seedling guide tube. The disc cutter is above the transporter end and consists of a disc cutterhead and two
symmetric cutting edges. The cutting edges are connected to the cutterhead by bolts. During the cutting
rotation, each cutting edge passes through the space between the conveyer belt end and the inclined
gusset plate.

Finite element analysis on the cutting edge

The finite element analysis on the cutting edge was performed by UG. The cutting edge was made of
65 MN steel, and the applied force was 100 N. Deformation and deformation displacement of the cutting
edge are shown in Figure 2. The deformation was recorded at <0.099 mm, which is small and negligible.
This datum provides the reference for the next experimental verification.

Fig. 2 - Finite element analysis of the cutting edge

Test materials

The square paper pots used in the experiment were designed by the Heilongjiang Bayi Agricultural
University. They are made by the compaction of paper and thin film with 10 connected pots in one row
(Figure 3). Paper pots ensure material biodegradability, low injury rate to seedlings, and high survival rate
of transplanted seedlings. Compared with plant pots, paper pots are easier to cut and consume less
dynamics. Square pots have smaller intervals than columnar ones, which is beneficial for the root growth of
seedlings because of the uniformity in water distribution and their larger matrix capacity.

Fig. 3 - Paper pot Fig. 4 - Paper potted seedlings

Paper pots are degradable and have excellent strength. Pot sizes are listed in Table 1. In this
experiment, about 35-day paper potted seedlings were chosen as test materials (Figure 4).

Table 1
Size parameters of corn paper pots
Name Numerical value
Overall size (Length*Width*Height) [mm] 500*38*38
Single pot Size(Length*Width*Height) [mm] 45*38*38
Holes 10
Rows 1
Cutting wall thickness [mm] 5

Experimental equipment

Soil moisture content was tested by a drying oven and a balance. The paper pot cutting test was
done using the universal testing machine and the home-made cutting device. Consistent initial cutting
position was maintained under the assistance of scale calibration. Experimental equipment used are as
follows:
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(1) Pot cutter device. Figure 5 is the bending cutter device that cuts pots by applying stress on the
upper pot surface through the press cake. Figure 6 is the shearing cutter device that cuts pots using the
cutting edge.

(2) WDW-200E microcomputer control electronic universal testing machine. The maximum test force
was 200 KN.

(3) JD series multifunctional electronic balance with an accuracy of 0.001 g.

(4) Scale with an accuracy of 1 mm.

(5) DGG-9070B electric heating constant temperature air dry oven.

{§
"Itll

4l llll

Fig. 5 - Bending cutter device Fig. 6 - Shearing cutter device

Test method
Soil moisture content measurement by drying method

Soil samples were dried in the 105°C dry oven with constant weight. Carbonization of the organic
matter in soil is easily obtained over high temperature. Soil samples were then placed into a dry glass
container and covered to cool to room temperature. Soil moisture content was calculated. Soil moisture
content was obtained from a single-factor experiment as presented in this calculation formula:

P(%) = B-C

xlOO 1)

where P is soil moisture content, A is the weight of alumlnum specimen box (g), B is the weight of wet
aluminum specimen box (g) and C is the weight of dry aluminum specimen box (g).

Bending cutting of corn paper pots
Pots are placed on the platform during bend cutting, while the waiting pot for cutting is suspended out
of the platform. This process provides a uniform load from the universal testing machine until the pot is
damaged completely (Figure 7). The initial descending position was kept constant by using a straight ruler.
q

1
N
zj C,_li_]z._

l

1. Paper pots 2. Platform
Fig. 7 - Bending cutting of corn paper pots

In the bending failure experiment, pots on the platform bear no stress, and the suspending pot is
equal to the cantilever with a uniform load. According to the bending stress analysis of the cantilever,
shearing force and bending moment on any section of the suspending pot can be presented as:

F(xX)=gx(0<x<1) [N] (2)
Where q is uniformly distributed load, [N/m]; x - extended length, [m]

M(x):-£(0§x<1) [Nm] 3)

where point C has the largest shearing force, F=gl, and the largest bending moment, My« = dl ’12.
Thus, point C is considered a dangerous section and the suspending pot can break at point C.
The positive bending stress on any section of a single suspending pot is:
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o=—=% 4)

o is bending normal stress, [N/m?;
M, — bending moment of the section whether point X is in [Nm];

W, — coefficient of the bending section [m?]
Pots are uniform and W, is a fixed value. Pots are cut when point C reaches the critical positive

bending stress.
Shear cutting of corn paper pots

In the shear cutting experiment, pots are placed on the testing platform and the pot lined up for
cutting is suspended out of the platform (Figure 8). Applied loads are concentrated at the pot located on the
platform edge, that is, the section where point C is in, thus stress at point C quickly increases to the critical
positive stress. The pot breaks at point C, thus completing the cutting process.

1
ZT
N

1. Paper pots 2. Platform
Fig. 8 - Shear cutting of paper pots

Orthogonal test

According to the orthogonal test, soil moisture content, cutting speed, and cutting angle (the angle
between the interface of two paper pots and the plane of cutting edge) were considered the influencing
factors. Corn paper pots were numbered in sequence. Soil moisture content, cutting speed, and cutting
angle of each paper potted seedling are shown in Table 2.

Table 2
Levels of test factors
Levels
Factors
1 2 3
Soil moisture content A [%)] 60-63 63-67 67-70
Cutting speed B [mm/min] 200 350 500
Cutting angle C [] 10 20 30

RESULTS
Effect of cutting mode on pot integrity

Figure 9 shows the bending failed pot. The pot has serious deformation failures and random
breakage position, which is inappropriate for transplanting. The shear failed pot is shown in Figure 10. The
potted seedling retains high integrity, regular cutting section, and an injury rate that is lower than 5%.

Therefore, shear cutting shall be adopted.
—— AT

D54 .S

Fig. 9 - Potted seedling after bending failure Fig. 10 - Potted seedling after shear failure
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Effect of soil moisture content on cutting force

Based on agricultural requirements, soil moisture content for corn transplantation should be kept at
60-70%. Potted seedlings were cultivated under three different soil moisture contents. Each of moisture
content was tested three times, and the mean was obtained. The variation curve of the cutting force with
time is shown in Figure 11. According to the test data, the pots with 67—70%, 63—-67%, and 60—-63% soil
moisture content require a cutting form of 48 N, 53 N, and 58 N, respectively, which indicates that cutting
force is negatively correlated with soil moisture content. This decrease in cutting force is due to the
reduction of soil cohesion as the thickness of the water film surrounding soil particles increases when soil
moisture content increases.

0.07

0.06 -

0.05 A

0.04 —=— soil moisture contents 67%-70%

0.03 —— soil moisture contents 60%-63%
—=— soil moisture contents 63%-67%

Ctting force (KN)

0.02 1

0.01

0 : : : : : : : : : : 3
05 1 15 2 25 3 35 4 45 5 55 6

-0.01 -
T(s)

Fig. 11 - Variation of cutting force with time under different soil moisture contents

After cutting, potted seedlings with 60—67% soil moisture content showed the lowest injury rate, and
cut pots maintained high pot integrity. The potted seedlings with 67—70% soil moisture content reached an
injury rate of 10% because of the high soil moisture content and high porosity, which prevents high pot
integrity after cutting. Based on the results, corn pots with 60—67% soil moisture content are appropriate
for cultivation of corn seedlings.

In general, cutting force increased first and then decreased as the cutting depth of the pot
increased. The maximum cutting force was between 50-70 N, while the maximum cutting force loaded by
the cutter in the finite element analysis was smaller than 100 N. This result confirmed that the cutter
design was reasonable. The cutting force reached the extreme value at 0.5 s of contact between the cutter
and the pot. The desired cutting force gradually declined until the failure process ended.

Effect of cutting speed on maximum cutting force

The variation of the maximum cutting force with the cutting speed is shown in Figure 12. Maximum
cutting force decreased to some extent with the increase of cutting speed. With the increase of cutting
speed, the time for contact deformation of the pot shortened and the cutting force decreased, which also
decreased the maximum cutting force.
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Fig. 12 - Variation of maximum cutting force with cutting speed
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Orthogonal test results

According to the factors and levels selected, a three-factor, three-level orthogonal test was carried
out. The test plan and results are shown in Table 3.

Table 3
Test plan and results of the three factors and three levels
Factors Integrity Cutting force
Test No. A (%) B (mm/min) coO) n (%) F (N)
1 1 (60-63) 1 (200) 1(10) 96 62
2 1 (60-63) 1 (200) 1(10) 95 62
3 1 (60-63) 2 (350) 2 (20) 97 57
4 1 (60-63) 2 (350) 2 (20) 96 59
5 1 (60-63) 3 (500) 3(30) 96 52
6 2 (63-67) 3 (500) 1 (10) 97 52
7 2 (63-67) 1 (200) 1 (10) 96 60
8 2 (63-67) 2 (350) 2 (20) 96 57
9 2 (63-67) 3 (500) 2 (20) 97 50
10 2 (63-67) 3 (500) 3(30) 96 46
11 3 (67-70) 1 (200) 1(10) 90 48
12 3 (67-70) 1 (200) 1(10) 91 50
13 3 (67-70) 2 (350) 2 (20) 90 47
14 3 (67-70) 2 (350) 2 (20) 89 49
15 3 (67-70) 3 (500) 3(30) 90 46

As shown in Table 3, cutting speed is the most important influencing factor of cutting force. Conditions
to achieve the minimum cutting force of corn paper pot are A2B3C3: 63—67% soil moisture content, 500
mm/min cutting speed and 30° cutting angle. This data coincides with the single-factor test results and
confirms the reasonability of the design angle (30°) of cutting edges in the seedling separator.

CONCLUSIONS

Cutting characteristics of paper pots are experimentally studied to address high seedling injury rate
and low efficiency of existing seedling separators. Based on the results, a seedling separator that can
directly cut paper pots is designed. We can conclude that soil moisture content for potted corn seedling
should be controlled between 60-67% to meet the agricultural requirements and maintain the integrity of a
single potted seedling after the cutting process. Shear cutting is superior to bend cutting for corn paper pots,
and the injury rate of seedlings is lower than 5%. The maximum cutting force decreases with the increase of
cutting speed. The minimum cutting force of the corn paper pot is achieved under 63—67% soil moisture
content, 500 mm/min cutting speed, and 30° cutting angle. A cut single pot is delivered to the seedling guide
tube. This seedling separator can lessen labor intensity and increase transplantation efficiency. In this
design, two cutting edges are installed on the cutter head. In future research, installing four cutting edges on
the cutter head can be done to further study seedling separation efficiency.
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ABSTRACT

To eliminate the serious threat of weeds to farmland crops, this study proposes a laser weeding robot
based on a novel 3UPS-RPU parallel mechanism (PM). The robot uses laser thermal effects to eliminate
weeds in crop rows. The novel 3UPS-RPU PM is composed of three UPS-type active legs and one RPU-
type active leg. Approaches for solving the inverse kinematics, inverse/forward velocities, inverse/forward
accelerations, active forces, and constrained forces of this PM are derived and unified for other PMs with
linear active legs. The kinematic curves demonstrate that the input of active legs 1 and 3 are consistent,
while the moving platform moves according to a line-type translational movement which is the unique
characteristic of the proposed PM. The active legs move according to a non-linear motion law, while the
moving platform of the PM moves according to a line-type patterns, which is a common characteristic. The
kinematic curves show that this PM has steady movement with no sudden changes or breakpoints which
satisfies the stability requirements for the laser in the robot. Theoretical formulas and results provide a
basis for the optimization of the structure design, control, dynamic performance analysis, manufacturing,
and applications of the 3UPS-RPU PM.
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INTRODUCTION

Farmland weeds grow and spread easily thus compete for different resources, such as moisture,
nutrients, sunlight and space, that crops need to grow. Weeds also become sources of infection through
pathogenic bacteria, which seriously affect the normal growth of crops, resulting in the decrease in yield
and quality.

Chemical weed control has always been used in traditional agricultural production and has been
proven to have harmful side-effects (Martins et al., 2016; Nath et al., 2016; Datsch Silveira et al., 2016).
(Datsch Silveira et al., 2016) evaluated the mutagenic effects of two herbicides, namely, Clorimurom
Nortox® and Imazaquim Ultra Nortox®, which are widely used on soybean crops in Brazil. Allium cepa
assay was used as the test system. The two herbicides caused mutagenic damages in the Allium cepa
cells, which implied the need for careful handling of these products to minimize the risk of human and
environmental contamination. Ecotoxic effects of commonly used herbicides i.e. glyphosate, atrazine,
metribuzin and alachlor were evaluated on the biological and demographic parameters of Zygogramma
bicolorata Pallister on parthenium in laboratory by Hasan (Hasan et al., 2016) Based on the present study,
none of the tested herbicide can be classified as safe to Zygogramma bicolorata, while glyphosate was
found to be least toxic. Therefore, this weeding process not only affects the growth of crops but also
pollutes the soil, resulting in herbicide wastes—a serious threat to the health of farmland workers.
Furthermore, the safety of agricultural products is also affect by the drug residue.
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Mechanical weed control was developed to replace its chemical counterpart, which utilizes standard
tools, such as field hoes to weed. (Cordill et al., 2011) proposed a mechanical weed control machine
containing a sensing arrangement, control algorithm and dual mechanical end effectors was successfully
developed and tested. The overall functionality of the machine was proven, but the percentage of fatally
damaged plants was 8.8% in the absence of weeds and reaching 23.7% in heavy weed infested areas with
hundreds of weeds per m®. (Pérez-Ruiz et al., 2012) described a fully automatic intra-row mechanical weed
knife path control system for transplanted row crops. A real-time kinematics global positioning system
(GPS) was used to automatically detect crop planting positions and to control the path of a pair of intra-row
weed knives travelling between crop plants along row centerline. (Pérez-Ruiz et al., 2014) also described
the development and in-field assessment of an automatic intra-row, hoe-based weeding co-robot system
with real-time pneumatic hoe actuation based on an accurate odometry sensing technique. In this work,
mechanical weed control was achieved by a co-robot actuator that automatically positioned a pair of
miniature hoes into the intra-row zone between crop plants.

However, mechanical damage to crop seedlings can be easily inflicted because of the restriction of
the movement precision of mechanical weeding devices. The soils turned over by mechanical weeding
device tend to bury the seedlings. Moreover, weed seeds may be spared from mechanical weeding, which
may lead to their re-germination.

Currently, concerning about the impact of eco-agriculture from western countries, a growing humber
of consumers demand natural food with little to no chemicals because of the eco-agricultural effect from
Western countries. Automated, non-chemical, intra-row weed control techniques for crop production
systems have become a necessary challenge for industrialized countries. To satisfy the needs of the
market, new methodologies need to be developed to produce satisfactory outcomes without damaging the
environment. Therefore, this research presents a laser weeding robot that does not rely on chemical
resources.

In recent years, PMs have been extensively studied and applied because of their high durability,
lower manufacturing cost, simple structure, large bearing capacity and easy to control, etc (Ganesh et al.,
2015; Li et al.,, 2016; Yang et al.,, 2016). Various PMs have been used in fields such as walking legs,
parallel machine tools, rehabilitation robots, industrial robots, heavy-duty forging manipulators, etc (Jiang et
al., 2016; Lin et al., 2016; Song et al., 2016) . Generally, PMs with four degree of freedom (4-DoF) have
attracted significant attentions because they are simpler in structure, easier manufacture, cheaper, and
more sustainable than PMs with 6-DoF (Dong et al., 2016; He et al., 2015) . To create some novel 4-DoF
PMs and investigate their kinematic characteristics have great significances in current industrial
manufacturing and other fields.

However, up to now, no study have been found existed on 3UPS-RPU PM with two rotations and two
translations and this is the first time that PMs will be used in laser weeding robot. This research focuses on
the kinematics and statics analysis of the proposed PM and proposes a unified method for solving the
kinematics and statics of PMs with linear active legs because a 3-UPS-RPU PM is the basis for the laser
weeding robot. In addition, this paper provides a theoretical basis for its optimum structural design, control,
manufacturing, and different applications.

MATERIAL AND METHODS
Description of the Laser Weeding Robot

The laser weeding robot uses laser thermal effects to eliminate weeds in crop rows. The main robot
components are the frame, a 3UPS-RPU 4-DoF PM, a laser, a control system, batteries, and two vision
systems, as illustrated in Figure 1.

Batteries
A Control system

Frame

Advance -

i First vision system

/

é\

Second vision system \3UPS-RPU parallel mechanism

Fig. 1 - Scheme of the laser weeding robot
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The 3UPS-RPU PM is held over the frame and trailed by a conventional tractor. The first vision
system is placed in the front of the tractor to detect weeds in real time and send their coordinates to the
control system while the robot is in motion. A secondary vision camera is used to improve robot precision
and it is placed close to the laser. Its mission is to correct inertial perturbations by relocating every
individual weeds detected by the first vision system.

The 3UPS-RPU PM is composed of a moving platform, a fixed base, three UPS-type (U represents
universal joint, P represents prismatic joint, S represents spherical joint) active legs and one RPU-type (R
represents revolute joint) active leg with the linear actuators, see Figure 2. Since each of the active legs
with the linear actuator only bears the axial force that along its own axis, it has a larger capacity of load
bearing and is simple in structure.

Moving platform -

Spherical joint - . -
“Universal joint

Active leg 4

UPS-type limb - / ' RPU-type limb

Universal joint

Fixed base
Fig. 2 - The 3UPS-RPU parallel mechanism Fig. 3 - Schematic model of 3UPS-RPU PM

In the 3UPS-RPU PM, the number of independent common constraints is A= 0; the order of
mechanism is d = 6 - A = 6; the number of links is n =10 including one moving platform, four cylinders, four
piston-rods and one fixed base; the number of joints is g = 12, including three universal joints, four prismatic
joints, four spherical joints and one revolute joint; the DoFs of the joints are fp = fg = 1 for prismatic or
revolute joint, fu= 2 for universal joint, fs = 3 for spherical joint; the number of redundant constraints is v = 0;
the redundancy DoFs is ¢ = 0. Based on the revised Kutzbach-Gribler equation (Huang et al., 1997), the
DoF of the 3UPS-RPU PM is calculated as

M =d(n—g—1)+§:fi +V—-{=6x(10-12-1)+(2x3+4x1+3x3+2x1+1x1)=4 (1)
i=1

Thus, the 3UPS-RPU PM has four DoFs with two translational DoFs and two rotational DoFs.

In the laser weeding robot illustrated in Figurel, the Y axis of the coordinate system P-XYZ is
along the advance direction of the robot, Z axis is perpendicular to the frame, while X axis is confirmed
by the right-hand rule. The 3UPS-RPU 4-DoF PM can achieve movements along the Y and Z axes
directions and rotations around the X and Y axes. Among them, the movement along the Y axis is used
to compensate for the positional change of the weeds so that the laser beams of the robot will remain
stationary to the weeds. The movement along the Z axis allows the robot to work in the field with
different crop heights, greatly improving the working space. With its simple structure, the laser weeding
robot can be used in different height or line spacing crops without the risk of burying seedlings and
damaging crops.

Analysis of 3UPS-RPU PM

The coordinate system O-XYZ is fixed at the centre of the fixed base at O, and o-xyz is fixed at the
centre of the moving platform at o, as illustrated in Figure 3. A;(i=1, 2...4) are equally distributed around a
circle with a radius of r, on the fixed base. B; (i=1, 2...4) are uniformly distributed around a circle with a
radius of r, on the moving platform. At the initial time, the coordinate systems O-XYZ and o-xyz are parallel,
and Z-axis is coincident with z-axis.

Before analyzing the inverse kinematics of the 3UPS-RPU PM, the position of A;(i =1, 2...4) in O-
XYZ, B; (i =1, 2...4) in 0-xyz, and B; (i=1, 2...4) in O-XYZ must be determined, and they can be expressed
as:

AiX Bix o BiX o Ix mx nx
A = AiY ' Bi = Biy ' Bi = BiY ’ Ro = Iy my ny ’
AZ Biz Biz Iz m, n,
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B° =R°B +o0 (i=1, 2...4) @)

Where o=[ X, Y, Z, ]T is the position vector of o-xyz in O-XYZ, matrix RY is a rotation transformation

matrix from o-xyz to O-XYZ and it’'s formed by two Euler rotations of (x y;), namely, a rotation of a about x-
axis, followed by a rotation of 8 about y;-axis, where y; is formed by y rotating about x by a. Let A be one of

(a, B) and set cA= cosA, sA= sinA, thus, Rf is derived as follows:

cB 0 sB
RS =| sasB ca —sacB
—casB sa cacf

Each active leg, I; (i = 1, 2...4) can be expressed as:
|, =B°-A 3)

Thus, the formula for solving |; (i =1, 2...4) are derived as:

2
|12 = |Blo_A1|
= X2+ (-r,ca+r, +Y, )2 +(-rsa+Z, )2
12 —|go_ 2
P=[B-A
=(r,cB+ X, —r,) +(r,sasB+Y,) +(-r,casB+Z,)
=g Af = TP X ) e (o) (rcash + 2) @)
I3 = |Bg _A3|
= XZ+(r,ca+y, —ra)2 +(nsa+2, )2
2 =[B- A,
=(-1,CB+ X, +r1, )2 +(-r,sasB+Y, )2 +(r,casB+Z, )2
The unit vector n; of |; (i =1, 2...4) can be derived as:
| 1 Bix _Ax
ni:I_'zl_ By — Ay (5)
! i BiZ_AiZ
Let V and v; be the velocities of the moving platform at o and B;, respectively, written as:
V VX wx
V:{ } V=V L o=|w |, v =vrwxsn (=1, 2...4) (6)
@ 6x1 VZ w

Where v and w are the velocity and angular velocity of o-xyz at o, r; (i=1, 2...4) are the vectors
from point o to B;. Through Equation (6), the velocities along the active legs |; (i = 1, 2...4) are derived
as follows:

Vi =Vi-h, =(v+w><ri)~ni :ni"/"'(rixni)'o‘J (i=1’ 2"'4) (7)
v, n(rxn,)
Vv T ¥
- V|2 _ ni (r,x nz)T |:V} ®
I n, (r;xny) W s,
Vil [} (rxn,) |,

The force situation of the 3UPS+RPU PM is shown in Figure 4. Constrained force Fy, which is
applied on the moving platform, is in parallel to the revolute joint R of the RPU limb.
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The restriction moment My, applied on the moving platform, is parallel to the z-axis. Let ns be the
unit vector of revolute joint R, and ng be the unit vector of z-axis.

Fig. 4 - The force situation of the 3UPS + RPU PM

Since constrained force Fy and restriction moment My don’t do any work during the movement of
moving platform, there must be:

T T
Fng-v+(r,xFyng)-w=0, (Myn,)-w=0 :>|:?)5 (r4nxTn5)} ~V:[8} 9)
1x3 6 26

By combining Equations (8) and (9), the formula for solving the inverse/forward velocities and
the Jacobian matrix G are derived as follows:

v, v,
V| V|
2 2
— V|3 :G'V, V :G—l. V|3
v, v,
0 0
_O - _O .
- A
n, (rxn,)
T T
n, (r,xn,)
T T
n: (r,xn
Soa| ™ (M) 10)
n, (r,xn,)
T T
ng (r,xng)
T
L Ol><3 n6 _l6x6

Let A be the acceleration of the moving platform at 0. Let a and ¢ be a linear acceleration and an
angular acceleration of moving platform at o, respectively.
They can be expressed as follows:

a a')( E)(
A:{} a=|a, |, €=|¢ (12)
3 6x1 az gz

Suppose there are two vectors n, { and a skew-symmetric matrix 7 .There must be the following
relevant Equations (Huang et al., 1997):

ny ¢y 0 -n, n
n=\n,|. ¢{=¢,|. A=\ n, 0 —n, |, nx{=AC, A" =-1 (12)
n, (z _ny n, 0
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By differentiating the first four rows of Equation (10) with respect to time, four accelerations a,

along the i " active leg are expressed as follows:

a, =[n (nxn) |ARVTHV (=1,2..4) (13)

Where Ho= L Eea - i [nT (r.xn.)T}r Oss Qs
Ll =N Joxs L Lhxm I b 0 N foe

3x3 i

By differentiating the fifth row of Equation (10) with respect to time, we obtain:

Ops = g (rxng)” [A+VT HgV (14)
Where Hj ={ Oz 03*5 }

03><3 — I, Ng

By differentiating the sixth row of Equation (10) with respect to time, we obtain:

O.s =[0y5 N§ |A+VT HgV (15)
-1 T
0 0 cf 0 O 0 —cacB —sacf
Where, H, :[ 03*3 JM} ,J, =|| sasB ca O | ¢B sasB -casP
83 a Jlexe —casfB sa 1 0 0 0

Combining Equations (13) with (14) and (15), an inverse acceleration a;,, a forward acceleration
A, and a Hessian matrix H are derived as follows:

a,=GA+V'HV, A=G"(a,-V HV) (16)
T T
Where a,=[a,a a a 00] and H=[H, H, H, H, Hy H,] .

Active/Constraint Forces and Torque

The 3UPS-RPU PM is an ideal constrained system when the gravity and friction of all the links are
ignored, and its workload can be simplified as a wrench (F, M) applied on the moving platform at o, where F
is the central force and M is the central torque. (Fx, Fv, Fz, My, My, Mz) are the components of (F, M) and
they are balanced by four active forces F;(i=1, 2...4), one constrained force Fy, and one restriction moment
My, each of F; is applied on and along the active legs |;(i=1,2...4).

Based on the principle of virtual work, and Equation (10), the formula for solving the
active/constrained force and torque are derived as follows:

~ -T — -
\Y T
Fl

i Fl
F, rz F,
Fs v FT F FT
5|4+ V = 0, 3 =
F4 Vr4 |:T:| F4 G+|:Tj| °
R 0 R
_MU_ | 0 | | My |
_Fl _
F,
F3 B T F B 1 F
| B =-(e) H__(e ) a7)
R
_MU_

Where, —(GT )_lis defined as a force Jacobian matrix.
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RESULTS
Results Analysis and Discussion

In the 3UPS-RPU PM, when given pose parameters of moving platform with respect to time, the
length, velocity, acceleration of four active legs can be calculated. Set r, = 400 mm, r, = 300 mm, and the
original distance between two platforms is H = 600 mm. Two cases are employed in analysis of the PM.

In case one, the moving platform is presumed to move according to a line-type translational
movement, that is,

0:5*t (18)
5=t

Based on the relevant analytics of Equations (4), (10) and (16), the lengths, velocities and
accelerations of the four active legs that over time are obtained through the Matlab software, and are
presented in Figures 5(a), 5(b), and 5(c), respectively.

According to the results and data shown in Figure 5(a), the lengths of the four active legs are initially
the same. As time goes by, the lengths of active leg 4 becomes the longest while active leg 2 becomes the
shortest. According to the results and data shown in Figure 5(b), the velocity of active leg 4 is at a
maximum while active leg 2 is constant at a minimum. According to the results and data shown in Figure
5(c), the acceleration of active leg 2 is at the maximum while active leg 4 is constantly at the minimum, but
the values are greater than zero. The lengths, velocities, and accelerations of active legs 1 and 3 are
always consistent with each other, and their values are between that of active legs 2 and 4, that is, the input
of active legs 1 and 3 are always consistent. The results and data shown in Figure 5(a), 5(b), and 5(c) are
consistent with the actual movement and in accordance with the geometric characteristics of PMs. The
velocity and acceleration of the four active legs are changing all the time. Therefore, the movements of the
PM are non-linear.

Case two is the presumption that the moving platform of the mechanism moves according to a line-
type rotational movement, that is,

a =(1m/90) *t

B =(m/90)*t

X, =0 (19)
Z,=0

Based on the relevant analytics of Equations (4), (10) and (16), the lengths, velocities and
accelerations of the four active legs over time are obtained through the Matlab software, which are
presented in Figures 5(d), 5(e), 5(f).

According to the results and data shown in Figure 5(d), the lengths of the four active legs are initially
the same. As time goes by, the lengths of active legs 1 and 2 become shorter while those of active legs 3
and 4 become longer. According to the results and data shown in Figure 5(e), the velocities of active legs 1
and 2 gradually increase while those of active legs 3 and 4 continually decrease. According to the results
and data shown in Figure 5(f), the accelerations of active legs 1 and 2 are always greater than zero, while
those of active legs 3 and 4 are always less than zero. Moreover, the slopes of active legs 2 and 4 are
larger than those of active legs 1 and 3. The results and data shown in Figures 5(d), 5(e), and 5(f) are
consistent with the actual movement and in accordance with geometric characteristics of PMs. The
velocities and accelerations of the four active legs shift at all times. Therefore, their movements are also
non-linear two.

As a result, the moving platform of the PM moves according to line-type patterns, but all active legs
move according to the non-linear motion law and all the PMs have the same Characteristics.

The kinematic diagrams show that the PM movement is steady and its displacement, velocity, and
acceleration curves exhibit no sudden changes or breakpoints, illustrating the correctness of this PM, and
satisfying the stability requirements for the laser in the robot.

Theoretical formulas and results provide a basis for the optimization of the structure design, control,
dynamic performance analysis, manufacturing, and applications of the 3UPS-RPU PM.
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Fig. 5 - Kinematic analysis of active legs
CONCLUSIONS

With the increase in the demand for green vegetables and make up the inadequacies of Chemical
and mechanical weeding, a more efficient method of weeding has become a necessity. This research
demonstrated a laser weeding robot based on a novel 3UPS-RPU PM, which utilizes laser thermal effects
to eliminate weeds in crop rows. This research focus on kinematics and statics analysis of the 3UPS-RPU
PM as it is basis of the weeding robot. The conclusions are shown as follows:

(1) The approaches for solving the inverse/forward velocities and accelerations of the 3UPS-RPU PM
were derived and unified for other PMs with linear active legs. The velocity Jacobian matrix and Hessian
matrix derived can be used to analyze the kinematic singularity of PMs.

(2) The curves of the lengths, velocities, and accelerations of the four active legs showed that the
movement of active legs 1 and 3 were consistent with each other, while the moving platform moved
according to a line-type translational movement, which is a unique characteristic of the proposed PM. All
active legs moved according to the non-linear motion law, while the moving platform of the PM moved
according to a line-type pattern, which is a common characteristic of PMs. These results are used for the
control system of the robot. The stability of the kinematic curves show that the PM satisfies the stability
requirements for the laser in the robot. Thus, the weeding quality can be improved greatly.
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(3) A simple approach for solving the active constrained forces of the 3UPS-RPU PM was derived

based on the principle of virtual work, and this approach can be used on other PMs.

In addition, this paper provides a theoretical basis for the optimum structural design, control,

manufacturing, and different applications of the robot. Future work should combine theoretical analysis with
field experiments.
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ABSTRACT

The analytical models to determine the residual service life of metal undercarriages of open profile
fertilizer spreaders at exposure in organic and mineral fertilizers environments are developed. The service
life of rail elements is considered as the sum of periods of formation and subcritical growth of fatigue
cracks. The formulae for determining stress intensity factors near existing cracks are developed, as well
as the formulae for determining the service life of “Z” cross section and “Q” cross section. The kinetic
equations for determining the formation and distribution periods are deduced. When examining the
calculations, it was found that mineral fertilizers in comparison with organic ones greatly reduce the
service life of elements under study.

PE3IOME

lMobydosaHo aHanimuyHi modeni Ond 8U3Ha4YeHHS 3anuuwkoeoi 008208(YHOCMI HeCy4dux
MemarnoKkoHCMpPyKyiti po3kudayie dobpus 8idKkpumozo npointo 3 ypaxysaHHAM ernusie cepedosuly
opaaHiyHuUX i MiHepanbHuUx 0obpus. [oszosidHicmb bankosux ernieMeHmig 3anucaHa sk cyma repiodie
3apo0XeHHs1 | OOKpUMUYHO20 pPOCMYy 6MOMHUX MmpiWuH. 3anucaHo ¢opmynu Onsi 8U3HAYeHHSs
KoegbiyieHmi8 iHMeHCUBHOCMI HarfpyXeHb 8 OKOJli Has8HUX MPIUUH, KiHemuy4Hi pieHSHHS Ons
BU3HAYeHHS repiodie 3apO0XKeHHS | MOWUPEHHS, a makox ¢hopmMmysiu Ofisl 8u3Ha4YeHHs pecypcy ons Z-
nodibHoeo | Q-nodibHoeo nepemuHy. Ha ocHoei po3paxyHkie ecmaHo8/1eHo, Wo MiHeparbHi 0obpusa
3MEHWYMb pecypc po3sansdyeaHux efieMeHmie 8 binbwili Mipi HiXX opaaHiyHi.

INTRODUCTION

Some aggressive agricultural environments, in particular fertilizers, acting as an additional fatigue
factor, significantly reducing the resistance to cracks formation (Gaydar S.M., 2011; Severnev M.M. et al,
2011). Some of the well-known theoretical approaches to reducing the phase of cracks formation are
substantiated by electrochemical heterogeneity of the material in active slip planes. This fact causes the
formation of pittings, which can be considered as the initial defects and additional stress concentrators

(Fig.1).

Fig. 1 — Corrosion-fatigue damages of fertilizer spreaders metal structures after two seasons of operation

Other approaches associate the acceleration of cracks formation with the weakening of protective
films on the metal surface (Yarema S.Y., 1973; Panasiuk V.V. et al, 1988; Romaniv O.N. et al, 1990;
Troshchenko V.T., 1981; Cherepanov G.P., 1974; Schijve J., 2003; Andreykiv A.E., Darchuk A.l., 1992). It
is well known that these films are formed due to exposure of a specimen in aggressive corrosive
environment and are destroyed by slip lines. During this process, in the destruction area of a film, a
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galvanic couple originates with a small anode zone and with a large cathode zone, which is a solid oxide
layer on a specimen surface. Thus, the process of local metal solution accelerates in slip bands, and the
cracks formation period N, is significantly shortened. This type of destruction is characteristic for metal
structures elements of fertilizer spreaders because of joint influence of dynamic load and aqueous
solutions of mineral or organic fertilizers. In most cases, the main carriage components of agricultural
machinery metal structures under study are thin rod components.

MATERIAL AND METHOD

The known deformation-minimizing method of rod systems was applied to define the stress-
strained state of a trailing fertilizer RTD-9. The energy of bending deformation and torsion that greatly
influences the undercarriage was considered. All stated above is proved by correlation with experimental
data. To perform the calculations, the values of internal power factors were developed. Based on these
factors, the stress-strained state in the most loaded sections of metal structures was defined (Table 1).

Fig. 2 — Sections of the undercarriage of organic fertilizer spreader RTD - 9
with maximum stresses

Table 1
Stresses in the most dangerous sections of the undercarriage of solid organic fertilizer spreaders RTD -9
setr:‘lt(-i)on The values of normal stresses, MPa
1. 160 MPa (“Z” cold-bent section 200x60x5, GOST 13229-78).
2. 152 MPa (“Z” cold-bent section 200x60x5, GOST 13229-78).
3. 188 MPa (two “Z” cold-bent welded sections 200x60x5)
4. 66 (“Z” cold-bent section 200x60x5, GOST 13229-78).
5. 126 (“Z” cold-bent section 200x60x5, GOST 13229-78).
6. 68 (“Z” cold-bent section 200x60x5, GOST 13229-78).
7. 105 (“Z” cold-bent section 200x60x5, GOST 13229-78).
8. 99 (two “Z” cold-bent welded sections 200x60x5)
9. 152 (“Z” cold-bent section 200x60x5, GOST 13229-78).

In all calculations, the solution of mixed organic fertilizer acts as the corrosive working environment.
It is a solution of mixed cattle manure and pig manure (1/2+1/2) and a saturated solution of nitro-
phosphate.

Further calculations should be performed for the most loaded elements of section Ne1 (longeron —
“Z” cold-bent section 200x60x5, normal stresses in cross-section 160 MPa); section Ne3 (“QQ” section -
two “Z” cold-bent welded sections 200x60x5, the normal stress in intersection 188 MPa, geometric
characteristics of profiles) (Pisarenko G.S., Yakoviev A.P., Matveev V.V., 1988).
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Residual service life of a metal structure is defined by the durability of its most loaded elements.
According to the modern theory of delayed fracture mechanics of structural elements, the service life of a

structural element N 0 with variable loads (Yarema S.Y., 1973; Andreikiv O.E., Kit M.B., Khyl' S.V. 2013;

Romaniv O.N. et al., 1990; Troshchenko V.T., 1981; Cherepanov G.P., 1974; Schijve J., 2003; Andreykiv
A.E., Darchuk A.l., 1992). is defined:

N,=N;+N, 1)
where N3 - period of formation of fatigue cracks; Nﬂ - period of subcritical growth of fatigue cracks.
The period of formation of a fatigue crack N,, in the element of structure with the external loading of
amplitude o, in variable in time stresses (Romaniv O.N. et al, 1990) is presented as follows:
N3 = Ny1070/% )
Thus, to determine N = N, of corrosion macro-crack formation in the element under study, it is
necessary to specify experimentally the characteristics of an area of fatigue curve finite life o,, N,

(Romaniv O.N. et al., 1990). Methods of testing results under the influence of aggressive environments
are presented in. Specified characteristics of metal structure materials of fertilizer spreaders are analyzed
in the same work.

Based on the results, the definition N = Nﬂ of subcritical growth of a corrosion - fatigue crack is
depicted by the following mathematical problem:
V=V, K_<K _ <K; 3

scc I max li

dl .
N Al R)* (Kiex = K (K =K ) ™ Ky <Ky <Ko,

with the given initial and final conditions

N=0,10)=1; N=N,, I(N,)=1, K ()=K¢ (4)
where:
K e - Maximum stress intensity factor (SIF) for the cycle;
Kic: Kimax - correspondingly, the upper and lower SIF threshold values in the kinetic diagrams of

12,

propagating fatigue and corrosion mechanical cracks, MPa-m™;
R=K, /K |y, - l0ading cycle asymmetry;

V, - constant speed value of near-threshold corrosion-fatigue crack propagation to the intersection
with a diagram of fatigue crack propagation with a stress intensity factor K, .. =K, ;

P, - corrosion fatigue characteristic features of the material that are defined experimentally.

K

growth of a corrosion-fatigue crack in the element under study is defined by means of calculation (3) and

(4).

Based on experimentally developed V_, B, K.,K the period N = N, of subcritical

thmax * li’

In metal structures of agricultural machinery frames, thin rod elements are commonly used. For
these elements, the stress due to bending deformation is defined according to (Pisarenko G.S. et al.,
1988).

oc=MW " (5)
where M - value of the bending moment, W, - section modulus.

In undercarriages of fertilizer spreaders, the rail elements of open and closed profiles are
commonly used: channels, “Z” profiles and “Q” profiles. Service life of maximum loaded elements
determines the service life of a metal structure in general. Thus, the service life of the given elements is
determined by the formula (1), where the period of corrosion-fatigue crack formation is determined

according to Weller curve (2). Determination of subcritical growth period Nﬂ associates with some

mathematical difficulties. For this reason, in this paper, the research is devoted to the determination of
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periods of subcritical growth of corrosion-fatigue cracks in rails of the given profiles due to bending loads.
The open profile rail elements weakened by a straight surface crack of a length |0 under the action

of cyclic bending load are analysed. It is necessary to determine the period of subcritical crack growth
(remaining life) N = Nﬂ. Definition of the period of subcritical growth of a fatigue crack is the number of

cycles of loading the structure element. Finally, the crack growths a size | = |,. Thus, the further operation

of a construction is possible only after the debugging. The problem is solved by relations (3) and (4). The
most complex task is to determine the SIF of a kinetic equation (3). When determining the stress intensity

factor, K, , a thin-walled metal element of a metal structure with a surface crack of a length | is assumed
to be loaded in such a way that its stress-strain state is relatively symmetrical to the line of crack
placement. Therefore, when determining the value K, , a half-plane with a surface crack (Andreikiv O.E.,
Dolins'ka I.Y., Kukhar V.Z., 2013) is considered as one of the limiting states.

K =1120 NI (6)

o - nominal normal stress, MPa;

Hox

Based on the above, SIF of a crack is defined by the formula

K =ovz-1(112+F(e)) (7)
where £ =1/D; D - the maximum size of a cross section of the structure element under study behind
the line of crack placement; o — nominal tension at the crack top; F(g) — dimensionless function, if

£—>0 F(&) = 0. In each given case, the function F(¢g) is defined according to the specific features of

the structural cracked element.
The rail of “Z” cross section is loaded with the bending moment M (Fig.3).

pE

9]
P9

j

Fig.3 — “Z” profile cracked rail

To implement the mathematical models (3) and (4), it is necessary to account analytically the SIF
as a stress function and section modulus W, . The section modulus is determined (Pisarenko G.S. et al.,
1988)

W, =(6H)'[hH®—(h—t)(H —2t)°] (8)
RESULTS

To account the SIF, two cases were investigated. The first case: a crack length | is short as
compared to the outline cross-sectional dimensions. Thus, the state of stress near the crack top is
equivalent to stresses omax that occur during the tensile of a half-infinite plate with an edge crack

(Panasyuk V.V., 1988) (6). The second case: the contour of the crack is in a zone close to the neutral axis
of a cross section. To determine the SIF, the problem solution of the bending moment M of a band with an

edge crack is applied (Panasyuk V.V., 1988). The unknown function was assumed as F, (&) in the form
of polynomial coefficients that maximum approximate the correlations for the SIF. Thus, in these two
limiting cases, the dependence for SIF K, is developed:

K, =oV2h+H [z [L12+F (e)] )
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F.(5) =052,[¢ (1+6.42" ~6.53¢ +5.86¢'), & =1(2h+H)™
After substitution (9) into (3) and integration within the initial and final conditions (4), in order to
determine the period of subcritical crack growth N = Ng) the following formulae are deduced:

NY = Ii\;clo " ZEEZJ—F%“)‘ Ill‘:(:l)(f)ldg “T 2thr TR 2h|jr H (o)
f ()= W[l.12+ FETI, f.(s)= ”2"452}(3]” H) 124 F o)
The resulting formula (1: (2), (10) enable to account the servic; life of the rail Np
N, = N,10'% + 'i\;'O + Kic(H +2) Tl_ i) g, (11)

c ﬂthﬁ(l_ R)* 2, f,(e)-1
Characteristic features of the material N,,c,,V,, K, , K, K, B, are under experimental study. In

eq. (11), a component |, is the value of a small order depending on a size of the material structural
parameter (Savruk M.P., 1988).

To consider an incipient crack as a macroscopic one and to apply rightfully the formula (11), it is
more efficient to assume the value |0 of at least two millimeters. In this case, the calculated value N,
will be reduced and the error will increase the service life.

The study (service life calculation N = Np) of the structure element of undercarriage (“Z” cross-
section 200x60x5, is St 37-3) is carried out according to the formula (11). The element is cyclically
loaded by the moment M (Fig.3) in the previously mentioned working environments. Based on the

analysis of kinetic diagrams of fatigue (Schijve J., 2003), mechanical and fatigue properties of St 37-3
should be described as follows (Fig. 4-6):

V, m/cycle
0E-05 7
©
o p B
E -
o F - 0E-06 £
0E-07 ¢ .
200 | e
0E-08 ¢+ %4 o
100 F |
| Kii
L k- 0E-09 1 1 1 s T T
5 6 7
10 10 10 N, cycle l()Krh Kscc Kll MPa\/a 100
Fig. 4 — Weller curves for St 37-3 are squares; Fig. 5 — Kinetic diagrams of fatigue cracks
in a fertilizer solution of nitro-phosphate — propagation in St 37-3 in air—circles, at
circles; in mixed organic fertilizer - triangles exposure in a mineral fertilizer solution
of nitro-phosphate - triangles
- testing in air

N, =1.51-10°cycle, B =4.51.10°(cycle)*(MPa)*, K_ =102 MPa-lm,

12
o, =120,18MPa, K, =12,81MPa/m, R=0,1; 42
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- testing in a fertilizer solution of nitrophosphate
o,=95.63 MPa, N,=234 -10°cycle, K, =50MPaxlm,

13
V_=2,32-10° m/cycle; 13)
- testing in mixed manure
o, =12156MPa, N,=144-10°cycle B =4.81-10°(cycle)*(MPa)*, |, =I,,
V. =0, K, =11.21MPa\m, R=0.1,K =101 MParIm (14)
Based on (12) - (14), the formula (11) is deduced for all cases of loading in environments.
o 1—f
Ni’” =1.51-10"""* +4.18-10’ j —d (2) & (15)
0.00625 fz (5) —1
- nitro-phosphate solution
«1-f (¢
N =2.34-10"""" +4.31-10°(558.430* —0.002) + 4.18-10' | L-Ley, (16)
2 f(e)-1
g =1745.090", & =5513.660".
- mixed organic fertilizer
) 8-c/12156 - 1- f3 (‘9 )
N® =1.44.10"""*+65-10" | —=——ds (17)
0.00625 f4 (8) -1 '
f (£) =9.66-10°c’¢[L. 12+ F(¢)I', f,(e) =3.75-10°c'¢*[1.12+ F(&)],
f,()=9.86-10"0c’¢[1.12+ F (¢)]’, f,(¢)=6.40-10"c"¢’[1.12+F, (&)]’
N,, cycle
s LS 9-10° |
s gunt 3" O 1
> il ]
. . C 7-10°%] 3
10 ]
L] O
] " 4-10°4 5
; . ; ; 160 180
10 15 20 25 30l o, MPa
Ky, [MPa]/m
Fig. 6 — Kinetic diagrams of fatigue cracks propagation Fig. 7. — Graphic dependence of service life
In St 37-3 in air — circles, at exposure in a solution N =N p of “Z” profile rail on stresses O curve :
of mixed organic fertilizers-squares 1 - air; 2—nitro-phosphate solution; 3 (dashes)— mixed manure
The value |i in formulae (11), (16) is deduced from K, (g)=K,, |. =(H +2h)g, and

determined, approximately, for the given case, |, =558.430°" .

Based on (15), (16) and (17), the graphical dependences of service life N = Np of “Z” profile rail

as a stress function o are developed (Fig.5). Corrosive environment significantly reduces the metal

structure service life.

The study of a metal undercarriage element of “Q” cross section (Fig.8). The given rails are
commonly used in frame constructions of tractor-trailers and fertilizer spreaders.
The case of loading by a cyclical bending moment M is considered in the mentioned corrosive

environments. The challenge is to determine the service life N, that is, to determine the necessary
number of loading cycles that cause the formation and symmetrical intersection of two corrosive fatigue
cracks on the bottom part of the element. The component N3 is defined according to (2), Nﬁ - during

the solving of mathematical problems (3), (4).
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To implement the mathematical model (3), (4), the stress intensity factor as a stress function and

W, should be analytically accounted. The section modulus due to bending W, (Pisarenko G.S., et al,
1988)

W, =2(6H)*[hH® = (h—t)(H — 2t)*] (18)

The stress intensity factor is determined by means of G and based on (9), where the value o is

defined by means of correlations (5) and (18). It stands to reason that, the service life N, of the given rail

element is determined according to (11) and with consideration of data (12)-(14). Based on the above
mentioned, the equations (15)-(16) should be developed. Their solution is shown in Fig.7. As Fig.5 shows,

the service life N, of rail elements at the given loads is significant. Nevertheless, their residual service
life Nﬂ, if the crack of initial length 1, is available, could be relatively shorten. Thus, the service life of a
spreader framework largely depends on the value |,. Therefore, the determination of residual service life

of cracked rail elements is of great importance. The residual service life of the ‘ () ’cross section element
with two symmetrical cracks on the parts (Fig.6) is N . The cross section 200x60x5, St 37-3 under
bending by the moment M (Fig.6) and maximum stresses of amplitude o =188 MPa are analyzed when
loaded in air, in a solution of nitro-phosphate, and at exposure in mixed organic manure.

2
T :
)
T = 1
x| | x 10%
12
h ]
i J L 10° — :I)) T
== — 3
0.03  0.06 °
Fig8-—* Q) ” cross section cracked rail Fig 9 — Service life of “ Q) ” cross section rail

1 - air; 2—nitro-phosphate solution; 3 — mixed organic manure

Solution is based on the implementation of the mathematical model (3), (4) taking into account the
relations (12) - (14). As a result, to determine the residual life Nﬂ , the following formulae are deduced

- air
0.156 1_ f (8)
N =4.18-10’ ]
. J fe)-1 (19)
- nitro-phosphate solution
0.156 1_ f (8)
N% =1.37-10°(0.049-¢)+4.18-10" | ———d ot6] _ f
y (00492 ] -1 N"=418.10 | f;l(g)ldg,
0.00625(z, (0.056 s f(e)-
0.04%(£,(0.23 (20)
- mixed organic manure
N© =65.10" | 1By, 21)

5 f(e)-1
f(e) =3.41[1.12+ F (&), f,(¢) =4.68-10°°[L.12+ E (&)]*

f.(e) =3.48¢1.12+F(g)]’, f,(e)=7.99-10'¢’[1.12+F ()]
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Based on (19) - (21), in Fig. 9 the graphical dependences of residual service life of “C)” cross
section on the initial length of a crack &, are developed. The nitro-phosphate solution could significantly

shorten the residual service life.

CONCLUSIONS

The analytical models to determine the service life of rail elements of fertilizer spreaders
undercarriages with cyclic bending deformation, taking into account the mode of operation, are
developed.

Based on (15), (16) and (17), the graphical dependences of service life N = Np of “Z” profile rail

as a stress function o are developed (Fig.5). Corrosive environment significantly reduces the metal
structure service life.

Based on (19) - (21), in Fig. 9 the graphical dependences of residual service life of “Q)” cross
section on the initial length of a crack &, are developed. The nitro-phosphate solution could significantly

shorten the residual service life.
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ABSTRACT

Reusing water drainage can effectively reduce water consumption in greenhouses. However,
disinfection is unavoidable. A proper solar disinfection system needs uniform temperature distribution. Four
different adiabatic tanks (prism, changed prism, cube and half-cylinder) were compared to achieve
temperature distribution using a 3D computational fluid dynamics simulation. The tanks were equipped with
solar heat pipes and their heat flux was assumed constant. A 30 minutes transient simulation was performed.
The results showed that the cube tank had the most temperature uniformity, then the prism but with lower
mean temperature. The changed prism and half-cylinder had almost similar effects and lower uniformity.

0355

isie s dilal S o) _piilijy S i pie s Lol 280 iaLS |y LIS 0 ] Cipema siga sh 4 2l 50 b il ol ealdics]
pan b il i) dai 5 c12So iy St pudiio oy puliic) CiliSa g 0 o s Jlgn 2 Lad SR 6 e il ecalio (sl ) pa
A Gl sla el 4 ke Gy llae OYlw Salin (sans 4w (5l 4pd il ooldin] b L ay js7 U aind dulia (Oles
slod U Ay sdiia O ) aer 5 axSKa e 48 2i0ls Gl gl 2 alail | )38 (5 jlor dassd 4880 (oew 30 S o g i (Tl s LS 5 jene
LI (5 a8 R I 5 e (518 il 4 i) dani g A08ly JKG _puadT ) pulii | AL | R G Cp i ¢ T il

INTRODUCTION

Clean and safe water is one of the most basic human needs. WHO-UNICEF (2015) reported that 663
million people still lack improved drinking water sources. “Although three-quarters of the earth’s surface is
water, only 1% is available for direct use, and this often requires treatment before it can be used safely.
Water contains many kinds of microbes and organisms, which can cause disease. It is estimated that 80% of
all sickness and disease in developing countries is caused by unsafe water and inadequate sanitation”
(Aniruddha Bhalchandra and Jyoti Kishen, 2013).

“Over the last 25 years, droughts covered more than 37% of EU territory and affected more than 100
million people. The total cost of droughts over the past 30 years amounts to more than 100 billion Euros”
(Andreu et al., 2014). Iran with dry and semi-dry region has water scarcity and approximately 92% of total
water consumption pertains to agriculture (the ministry of energy, 2016). Wastewater treatment for
agriculture has positive benefits and it is necessary due to water scarcity (EPA, 2012). Hydroponic system is
one of the proper methods in dry regions. Reusing hydroponics water drainage can save 20 to 30 per cent in
water consumption (Tripanagnostopoulos and Rocamora, 2007). However, all of these need water
disinfection.

One method that can actually kill pathogens instead of simply removing them is heat (Burch and
Thomas, 1998). Thermal energy can be supplied for disinfection by two nonrenewable and renewable
resources. Nonrenewable resources of energy will finally finish and their prices have vicissitudes. In addition,
global warming and climate changes are other disadvantages. Solar energy is a renewable, clean, free and
sustainable resource. One of the existing methods to use solar energy is collectors. Solar heat pipe is an
advanced collector and has some privileges: lower losses, higher efficiency, protected from freezing and
overheating and absorbing beam and diffuse radiation (Kalogirou, 2014). Thus it was selected in this study.

Various applications demand different temperature distribution in a storage tank. In some applications,
such as for domestic hot water systems, stratification is attractive because, hot and cold water are separated
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inside a well stratified tank and this can improve hot water supply (Alizadeh, 1999). However, for disinfection
purposes a uniform temperature distribution is desirable, because pathogens must stand in a certain
temperature for a while in order to be killed (Feachem et al., 1983).

Temperature adjustment method has always a main contribution in the final decision related to the
solar disinfection system. Some researchers have been applied solar collectors for disinfection purposes by
various temperature controlling systems. Bansal et al. (1988) designed a solar collector where only near
boiling water could exit from system. Duff and Hodgson (2005) made a solar water pasteurization system
without valves. Water flow was adjusted based on density difference. Thermostatic valves have been used in
some solar collectors to control output water temperature for disinfection (Hameed and Ahmad, 1997; Bigoni
et al., 2014).

Ali (2012) studied gained energy of two flat plate solar collectors (cylindrical and cubic shape) and
recommended the cylindrical collector for continuous loading (tank has valves to supply required flow rate).

Yang et al. (2016) compared different tank shapes in cooling process to find which tank has more
energy storage capacity and thermal stratification. They recommend sphere and barrel water tank for thermal
energy storage and shapes with sharp corners for thermal stratification.

Heat source inside a storage tank tends to create two parts of cold and hot region, and nature of heat
transfer tends to create uniformity. However, tank geometry can effect temperature distribution. Previous
researches (Joudi et al., 2004; Jordan and Furbo, 2005; Garnier et al., 2009; Oshchepkov and Frid 2015)
focused on stratification in a solar water heating systems. A solar collector designed for disinfection,
especially with a non-continuous form, should provide a uniform temperature distribution. This paper
attempts to show which tank shape has a more uniform temperature distribution.

MATERIAL AND METHOD

In this research, four tanks with different shapes (fig.1) and same volume (0.02940 m3) were selected.
The lengths of changed prism, cube and half-cylinder were 0.9424, 1, 0.96105 and 0.95634 m, respectively.
Tank walls were supposed to be in adiabatic state.

The condenser part of solar heat pipe is 60 mm long and its diameter is 14 mm. This part should be
completely inside water as shown in the changed prism and cube tanks in fig. 1, but due to limitations
caused by geometry and the angle of condensers, the whole part of condenser could not enter the prism and
half-cylinder tanks (fig.1). There were five condensers in each tank and their distance was the constant value
of 0.174 m. All five condensers in all tanks had the constant angle of 35 degrees with the horizon (all tanks
were full of water).

Fig. 1 - Tank with different sections of changed triangle, rectangle, triangle and semi-circle (units: meter)

To measure heat flux of condensers, one solar heat pipe (length=1800 mm, @=58 mm, Deno solar
equipment Co.) was exposed to the sun with the angle of 35° on 9 March 2016 (location: 37°39'36.4"N
44°58'59.0"E) from 9:00 to 15:00, as is shown in fig.2, and the amount of energy (q) was calculate by
equation (1). A small tank was placed on the condenser part and a small pump used to circulate the water.
Two waterproof temperature sensors (DS18B20) were placed in inlet and outlet path and connected to by an
electronic board to measure the temperature. The average of one-day data resulted in the flux of 20186
W/m? and it was applied as a constant flux for simulations.

q = mcAT = mc(Toyue — Tin) (1)
Where: g - gained energy (J/s); ¢ - water specific heat (J/kg K);
T - temperature (K); m - mass flow rate (kg/s).
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Solar heat pipe

Fig. 2 - Measuring condenser heat flux

A 3D computational fluid dynamics simulation was used by ANSYS-CFX software. A 30 minutes
transient analysis with the k-epsilon turbulence was chosen. “One of the most prominent turbulence models,
the k-¢ (k-epsilon) model, has been implemented in most general purpose CFD codes and is considered the
industry standard model. It has proven to be stable and numerically robust and has a well established regime
of predictive capability. For general purpose simulations, the k-&¢ model offers a good compromise in terms of
accuracy and robustness” (ANSYS, 2013). For as much as there is free convection, buoyancy model was
activated. Initial water temperature inside the tank was set to 15 C. During simulation, tanks had constant
water without any inlet or outlet flow. As geometry and boundary conditions were symmetric, the half part of
tanks was considered in simulations and also in figures.

Results should not vary with different mesh numbers and time steps. Thus, the independency of mesh
and time step were done as described by Angermann (2010).

Two-sample Kolmogorov—Smirnov statistical test (Dytham, 2011) was used for comparing temperature
distribution in different tanks using IBM SPSS statistics.

The results were evaluated by considering equation (1). Tanks had the constant mass of water (29.4
kg), heat flux was (20186 W/m?), simulation total time was 30 minutes and initial water temperature was
15’ C as mentioned above. Therefore, final uniform water temperature was calculated. The calculated
temperature (expected uniform temperature in table 1 and table 2) was compared with the average
temperature of all nodes estimated by the simulation.

RESULTS

Table 1 and table 2 present the results of mesh and time step independency. Meshes, which had lower
difference with expected uniform temperature in table 1, were selected and used with different time steps.
Expected uniform temperature in the prism and half-cylinder (table 1) was different from other tanks
because, as described previously, the length of condenser in these tanks was different.

As can be seen in table 2, the results do not vary considerably by the time steps. In addition, standard
deviation, coefficient of variation (CV) and standard error of mean in the table 1 and table 2 have low values
representing results uniformity. Thus, for final simulation, the time step of one second was applied to
discriminate more accurately the temperature distribution.

Table 1
The results of simulation for different mesh numbers and tank shapes
coefficient of Expected

Tank Element temMg?arl[ure Standard variation S;?r%?%rf uniform Difference

section number P deviation (Cv) temperature [%]
[K] [%)] mean K]

Changed 67493 291.4202 0.5277 0.1811 0.0048 1.20
prism 156837 291.6140 0.6949 0.2383 0.0040 294.95 1.13
419100 292.0197 1.1444 0.3919 0.0042 0.99
58300 290.8417 0.6672 0.2294 0.0065 1.05
Prism 91860 290.9510 0.5898 0.2027 0.0044 293.93 1.01
597751 290.8510 0.5471 0.1881 0.0017 1.05
80500 291.3151 0.5216 0.1790 0.0061 1.23
Cube 167416 291.7085 0.8387 0.2875 0.0067 294.95 1.10
578612 291.2710 0.3898 0.1338 0.0017 1.25
Half- 202446 292.1846 0.9145 0.3130 0.0048 0.87
cylinder 393865 291.9053 0.7298 0.2500 0.0027 294.76 0.97
718581 291.9717 0.8149 0.2791 0.0023 0.95

* selected mesh numbers
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Table 2
The results of simulation with the selected mesh numbers for different time steps
. Expected
Tank Selected time Mean Standard Ccv Standard unpiform Difference
section element step | temperature deviation (%) error of temperature (%)
number (s) (K) mean )
5 292.2311 1.0795 0.3694 0.0039 0.92
Cgiggne‘j 419100 10 292.0197 11444 | 0.3919 | 0.0042 294.95 0.99
20 292.3350 1.1333 0.3877 0.0041 0.89
5 290.9298 0.5980 0.2055 0.0045 1.02
Prism 91860 10 290.9510 0.5898 0.2027 0.0044 293.93 1.01
20 290.7972 0.6105 0.2099 0.0046 1.05
5 291.7649 0.8413 0.2883 0.0068 1.08
Cube 167416 10 291.7085 0.8387 0.2875 0.0067 294.95 1.10
20 291.6504 0.8287 0.2841 0.0067 1.12
| 5 292.2788 0.9029 0.3089 0.0047 0.84
c;ii(;-er 202446 10 292.1846 0.9145 0.3130 0.0048 294.76 0.87
20 292.1173 0.8988 0.3077 0.0047 0.90

Table 3 and table 4 show results with the time step of one second. All data have low standard
deviation, CV and standard error of mean. It confirms uniformity of the results. However, velocity values have
higher CV because in some parts of tanks water velocity is zero.

The cube and then the prism had the minimum value of variation in temperature and velocity. The
changed prism and half-cylinder had similar conditions. The prism and half-cylinder had lower mean
temperature as described for expected uniform temperature.

The temperature and velocity distribution are illustrated in fig. 3 and fig. 4 based on nodes data. The
Kolmogorov-Smirnov test certified that all tanks had significantly different temperature and velocity
distribution (table 5).

Table 3
The results of final simulation (temperature data)
Tank Mean Standard Ccv Standard error Expected uniform Difference
. temperature . temperature
section deviation [%] of mean [%0]
(K] (K]
g::;ged 291.9727 0.9367 0.3208 0.0057 294.95 1.01
Prism 290.5577 0.4849 0.1669 0.0033 293.93 1.15
Cube 291.2542 0.3142 0.1079 0.0022 294.95 1.25
Ha_lf- 291.7044 0.8880 0.3044 0.0059 294.76 1.04
cylinder
Table 4
The results of final simulation (velocity data)
Tank section Mean velocity Standard deviation cv Standard error of mean
[m/s] (%]
Changed prism 0.003893 0.002336 60 0.000014
Prism 0.003213 0.001847 57.50 0.000013
Cube 0.004207 0.002003 47.61 0.000014
Half-cylinder 0.003627 0.002184 60.20 0.000014

According to fig. 3, the best temperature uniformity belongs to the cube tank followed by the prism,
changed prism and half-cylinder tanks. The prism tank had lower mean temperature because a little part of
condenser was outside of the tank. Although velocity distribution in all tanks was statistically different, the
cube and prism tanks had approximately similar distribution. The distribution was also the same in the half-
cylinder and changed prism (fig. 4). It is expected that high velocity value assist to better temperature
distribution (Cengel and Ghajar, 2015) as happened in the cube case (table 4). The higher velocity and flow
in fluid will cause an increase in the mixture level and, consequently, result in higher uniformity.
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Fig. 3—The histogram of nodes with different temperatures

12 12

Changed prism Cube

- A

SIS F IS SESF IS SESESESS “aﬁ”@@" P ISFESEIEESFEESE S

Half- cylinder

Prism

PEGIPIGIFEGIFIFIIIIFE]  HINIFILIII8442484080F
Veloey (ms”) Velocty (s
Fig. 4 - The histogram of nodes with different velocities

Table 5
Two-sample Kolmogorov-Smirnov test for comparing temperature and velocity distribution
Kolmogorov-Smirnov Z p-valve
Comparison item

Temperature | Velocity | Temperature | Velocity
Changed prism, prism 98.370 18.824
Changed prism, cube 54.196 15.503
Changed prism, half-cylinder 30.529 6.734 .

0.000

Half-cylinder, cube 34.581 20.301
Prism, cube 92.089 26.756
Prism, half-cylinder 91.839 15.509
** p<0.01
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It should be noted that the prism tank with lower mean velocity had proper uniformity because its
mean temperature was lower than other tanks. For considering more details, nodes having top percentage in
the fig. 3 are presented in fig. 5 (figures are the half of tanks due to symmetry). The picture confirms the
similarity of changed prism and half-cylinder tanks, but cube tanks in right side perform differently. A vortex
formed inside the tank disturbs uniformity (fig. 6). Although the cube tank had the best uniformity, reducing
marginal space or optimizing condensers distance can boost uniform distribution. In addition, Ali (2012)
recommended a cube tank in non-continuous flow for gaining more energy.

Fig. 5 - The location of most frequent temberature in each tank
(changed triangle and rectangle: 291.19-291.41 K, triangle: 290.39-290.61 K and semi-circle: 290.99-291.21 K)

As it can be seen from fig 5, the prism tank has apparently better conditions than the cube tank;
although distribution data do not prove it. However, approximately 44.8 % nodes had lower temperature than
the average in the prism tank while about 55% nodes in the cube tank were close to the average. Fig. 7
shows nodes with the mean temperature of tanks. In these nodes, the volume of water in the cube was
13.1% higher than the prism tank (0.001244 m? in front of 0.0011 m3). In addition, the nodes with mean
temperature in the prism only occupied top parts of tank, while in the cube case, they were distributed in
different parts. Therefore, all cases certify that the cube tank presents more uniformity. Furthermore,
considering velocity in the prism tank reveals that most nodes of fig. 5 (prism) have low velocity.

Velocity
Vector
1543002

1.167¢-002
7717003
3858003

0.000e+000
[ms™1]

‘Temperature
292084002

291504002 [

2910e+002
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Fig. 7 — Nodes with mean temperature (rectangle: 291.25, triangle: 290.56 K)
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In the symmetry and mid plane of the tanks, temperature contour plots (fig. 8 and fig. 9) show that the
cube tank is different from others. It has the less stratified model while similar stratification exists in the
changed prism and half-cylinder tanks, approximately. The prism tank has intermediate status among the
tanks. Yang et al. (2016) reported similar status for tanks being in cooling process. It was proved that shapes
with horizontal plane surface had lowest stratification.

Temperature
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Fig. 8 - Temperature contours on the symmetry plane

There is not adiabatic wall in nature; therefore, collected hot water at the top of condenser in changed
prism (fig. 8) will be unsuitable for real applications due to heat losses.

All tanks had three regions with higher temperature placed above the condensers except for the cube
tank having four parts (fig. 9). It increases temperature uniformity in the cube tank.

Temperature
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Fig. 9 - Temperature contours on the mid plane perpendicular to the symmetry plane

CONCLUSIONS

A 3D transient computational fluid dynamics simulation on a solar heat pipe collector with four tank
shapes (prism, changed prism, cube and half-cylinder) was done. The collector had non-continuous flow,
constant heat flux, adiabatic walls and natural heat convection. Comparing different tanks it has revealed
that the cube tank had the best uniform temperature while the half-cylinder was unfit in temperature
uniformity. Temperature distribution in the changed prism was similar to the half-cylinder and the prism
had intermediate status. Since the tanks had maximum temperature variation in the start of simulation, first
30 minutes duration was selected in this study. The two-sample Kolmogorov-Smirnov test certified that
distributions had statistically significant differences. Transient CFD simulation is time consuming and
requires much time for reaching higher temperatures. Therefore, further experimental research should be
conducted in order to analyze the operation of the proposed tanks for real disinfection temperatures (60-
100°C).
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ABSTRACT

A rapid and non-destructive method based on hyperspectral scattering technique for determination of
beef freshness (i.e.,TVB-N) was studied in this study. Hyperspectral images of 60 beef samples stored at
4°C for 1-18 days were acquired using a VIS/NIR hyperspectral imaging system in the wavelength range of
400-1100 nm, and the scattering profiles of every wavelength were fitted to a Lorentzian distribution
function to give three parameters a (asymptotic value), b (peak value) and c¢ (full width at b/2). The single
parameters (a, b or c) or their combined parameters (a+b/c or (b-a)/c) were used to develop least square-
support vector machine (LS-SVM) models for prediction of beef freshness. The performance of a LS-SVM
model developed using (b-a)/c was the best among all the tested models, showing R.=0.91, R,=0.86,
SEC=5.83 mg/100 g and SEP=5.21 mg/100 g. A genetic algorithm was used to optimize the parameter (b-
a)/c for developing a GA-LS-SVM model, which performed best showing R.=0.97, R,=0.96, SEC=3.38
mg/100 g and SEP=3.85 mg/100 g. This study provided a new non-destructive method based on a
hyperspectral imaging technique combined with a genetic algorithm for rapid prediction of beef freshness.

WE

FUIH 55 BB FE R TTIAE RFER V2L (TVB-ND , SEH T4 A B0 5 [ T 5 R ks . i o
VLT Ak B iR 1R 7 48, DRI 1 8 7EA°C F1~18 K60 74 47 F# 147 /19400~1100nm & K< 75 11 85 o6 i F R 7
BN 24 50 A7 B I 5 TR R AL IR 126, TIRAS [T 5 (AL AT 261975 16 24 250, FIIHIE 16 24 25 a
. by cRA G ZHa+blc, (b-a)lc#VTVB-NJIR D _Fe X AN (LS-SVM) T, S RER MG 2
#(b-a)lc Hr & 2 119 T 4 /2 472 1 1 1 55 1 700 0 119 700 46 6 7 0 R FR ol 22 70 Jjlf #90.91 . 0.86 A7
5.83mg/100g. 5.21mg/100g. /& 1EE A (GA) X4 & 2 Hb-a)lc 17 (L 7 E #H #GA-LS-SVM Fil 7,
12 LEZEFITTHIZE TR 56 5 F 0 ) #E #10.97 . 0.96, Ap/fEz250 7 F 1T %3.38mg/100g . 3.85mg/100g. #F
TLLERA, JH a4 6 38 6 575 GE 08 TRAFH T A I HITNB-N - & B 4 1A 3 B 8 1 OF 1 e
PRI FEELE T —FhF 7772

INTRODUCTION

Beef is a kind of high-value nutritional meat. Because it is important in human diet and highly valued
by consumers, beef consumption shows a trend of increase in meat product market (Ortega et al., 2016).
Freshness is one important quality of beef, which influences beef consumers’ purchase choice and the
diet's safety. With the improvement in living standards and life quality, beef consumers show more
concerns about the evaluation and grading of beef freshness (Owusu-Sekyere et al., 2014). During the
course of processing, circulation and marketing of fresh beef, many factors such as environment
temperature and microbial breeding can influence beef freshness, making beef physico-chemical
characters change with time. Under influences from bacteria and enzymes, beef proteins may be
decomposed into basic nitrogen substances such as amines. Those basic nitrogen substances, when
subjected to organic acids generated in beef decomposition processes, may form salt-ground nitrogen
substances that gather in the meat. Those kinds of substances are volatile and referred to as total volatile
base nitrogen (TVB-N). With the increase of storage time and corruption degrees of meat, meat TVB-N
content increases gradually. Meat TVB-N content can reflect the freshness of meat. TVB-N content in fresh
meat and in metamorphic meat differs significantly, and the content difference is in agreement with
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consumers’ sensory evaluation. Therefore, TVB-N content is an objective criterion for the evaluation of
meat freshness. China’s current food hygiene evaluation criterion considers TVB-N content as the only
indicator for the determination of meat freshness. Therefore, TVB-N content is an important indicator for the
determination of beef freshness, and now in China beef freshness is graded according to TVB-N content as
required by China’s national standard GB2707-2005. However, the detection of beef TVB-N is currently
conducted with traditional physico-chemical testing methods showing some limitations such as time-
consuming processes and sample-destructive processes as well as influences from artificial factors. The
traditional testing methods fail to meet the requirements for rapid, non-destructive and automated detection
of beef TVB-N.

Spectrum-based detection methods are convenient, rapid and non-destructive with good
measurement reproducibility, and have been widely used in the detection of fresh meat quality and safety
(Peng and Zhang, 2013; Wang et al., 2013; Liu et al., 2016; Lohumi et al., 2015). Some studies reported
the detection of meat freshness based on near-infrared (NIR) spectrum (Hou et al., 2006; Xu et al., 2009),
where the investigators carried out preliminary studies on the detection of meat freshness by using NIR. Cai
et al. (2009; 2011) predicted pork TVB-N content by using NIR spectrum in two studies, where the
prediction correlation coefficients (R,) were 0.823 and 0.808, respectively. Ma et al. (2012) developed a
prediction model based on partial least squares-support vector machine (LS-SVM) and predicted beef pH
with non-destructive visible and near-infrared spectrum, achieving a good prediction result with a R, of
0.935 and a SEP (standard error of prediction) of 0.111. Morsy et al. (2013) developed robust linear and
non-linear models of NIR spectroscopy for detection and quantification of adulterants in fresh and frozen-
thawed minced beef, which were mixed with pork, beef offal and beef fat trimming, but there are some
limitations in the NIR application. Hyperspectral imaging is a new detection technology that can provide
many spatially resolved spectral data in a sample, and can comprehensively reflect the surface and internal
characteristics of the sample. The hyperspectral imaging technology has been used with high precision and
accuracy for the determination of chemical constituents or quality attributes in food and agricultural
products (Gowen et al., 2007; Wu and Sun, 2013; Xie et al., 2015; Kamruzzaman et al., 2016) and has
been used to detect meat quality attributes in recent studies (Wu et al., 2009; El Masry et al., 2012; Li et al.,
2015; Yang et al., 2017). Zhang et al. (2012) predicted pork TVB-N with a correlation coefficient (R,) of 0.90
and a SEP of 7.80 by using reflectance spectra of hyperspectral images. Spatially resolved hyperspectral
scattering profiles were used to predict pork tenderness, Escherichia coli contamination in pork and
microbial spoilage of beef (Tao et al., 2012; Peng et al., 2011). The hyperspectral scattering technique were
used to predict fresh beef tenderness (expressed in terms of the values of Warner-Bratzler Shear Force or
WBSF) and color parameters (L*, a*, b*), showing R, of 0.91 for beef WBSF, and R, of 0.96, 0.96 and
0.97, respectively, for colour parameters (Wu et al., 2012). The aforementioned research examples show
that hyperspectral scattering techniques can predict meat quality attributes. However, studies about
prediction of beef freshness based on hyperspectral scattering imaging have not yet been reported. This
study aimed to build a hyperspectral detection system for beef freshness measurement. In this system,
hyperspectral images of fresh beef would be collected and analyzed for extraction of hyperspectral images
scattering characteristics that would be used to establish a prediction model for determination of fresh beef
TVB-N and beef freshness.

MATERIAL AND METHOD
Hyperspectral imaging system

A hyperspectral imaging system in the wavelength range of 400-1000 nm was established and used to
acquire the images of beef meat samples in this study, and is sketched in Fig. 1. The hyperspectral imaging
system mainly consisted of a high-performance back-illuminated 12-bit charge-coupled device (CCD)
camera, an imaging spectrograph, a light source unit equipped with optical fibers, a computer installed with
a data acquisition and control software, a motor, a screw, a sample holder and a shield case. The imaging
system was enclosed in the shield case in order to minimize effect of ambient light. The optical fiber
functioned as a 150-W point light source in the imaging system, and the diameter of the point light beam
was 5 mm. The system worked in a line scanning mode, and all scans were achieved by scanning sample
positions at a 4 mm distance from the incident light centre to avoid signal saturation on the CCD detector.
The spectral resolution of the imaging system was 2.8 nm. Any image obtained with this system comprised
1376%1040 (spatialxspectral) pixels.
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Fig. 1 - The sketch of the hyperspectral imaging system Fig. 2 - The view of the test system

Experimental procedures
Sample preparation

A fresh beef meat product was purchased from a local supermarket on the day of the experiment and
immediately transported to a lab under refrigeration. Sixty beef samples were aseptically prepared by
trimming the meat into 60 pieces each in a uniform size of 8 cmx5 cmx2.5 cm (lengthxwidthxthickness).
The 60 samples were packed separately in commercial food-grade polyethylene bags and placed orderly in
a refrigerator at 4°C for 1-18 days. According to characteristics of beef corruption, the time period of
experiment was set to be 18 days. During the early 6 days, one sample was randomly withdrawn for the
hyperspectral imaging and reference TVB-N analysis with 12-h time intervals. During the late 12 days, two
samples were randomly withdrawn for the hyperspectral imaging and reference TVB-N analysis with 12-h
time intervals.
Acquisition of hyperspectral images

Before acquiring the hyperspectral imaging and reference TVB-N analysis in each experiment, the beef
samples were removed from the polyethylene bags and placed in the air for 20 minutes, which could allow
the beef surface’s moisture to volatilize minimizing moisture effect on the measurements. In order to
eliminate dark current effect of the imaging system, dark images were first collected by covering the camera
lens before the imaging of each beef sample. Before imaging, the object distance was measured by a
vernier caliper and maintained at a preset value by fine tuning of the vertical stage. For any sample, six
positions were selected for imaging, and the mean of the six images was used to denote the hyperspectral
image for that sample. In order to improve the signal-to-noise ratios, 2x2 binning was performed on the
original images for each sample. Therefore, the resulting image size of each sample was 688x520
(spatialxspectral) pixels. All the acquired sample images were saved in TIFF format for further analysis.
Total volatile base nitrogen (TVB-N) test

Fig. 2 provides a view of the test system. The TVB-N content in the beef samples was measured

according to the semi-micro Kjeldahl method as required by China’s national standard GB/T 5009.44 for
hygienic assessment of fresh and frozen meat of livestock (Hygiene and Committee, 2003, 2005; Huang et
al., 2014). All beef samples for testing were individually ground using a meat grinder (JYL-C022, Joyong
Company Ltd., China). Each ground beef meat sample (10£0.1 g) was placed in a beaker and impregnated
with 100 mL of distilled water for 30 min under sporadic beaker shaking every 2 min. The mixture was
filtered through a filter paper. Five millilitres of the filtrate was made alkaline by adding 5 mL of 10 g L™
Magnesia (MgO). Steam distillation was conducted for 5 min using a Kjeldahl distillation apparatus (KDY -
9820, Jinan Hanon Instrument Co. Ltd., China). The distillate was absorbed by 10 mL of 20 g L™ boric acid
and then titrated in triplicate with 0.01 mol L™ HCL. Before the titration of the beef samples’ distillate, a
blank samples’ distillate was titrated in triplicate and the data was subtracted from the above data of the
beef samples. The amount of TVB-N in each beef sample was calculated according to egn. 1.

(\/1—V2)><C><14><
mx5/100

TVB —N(mg /100g) = 100 (1)
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where V; is the mean titration volume (in mL) for the test sample measured in triplicate, V, is the mean
titration volume (in mL) of the blank sample measured in triplicate, c is the concentration (in mol L'l) of HCL,
and m is the weight (in g) of the ground beef sample.
Data analysis
Lorentzian function fitting to scattering profiles

When acquiring the hyperspectral images of the beef samples, we illuminated the samples with a
small continuous-wave light beam. The hyperspectral scattering image of any beef sample is a diffusely
reflected image generated at the sample’s surface around the incident light point, and the image was a
result of light propagation and light backscattering inside the sample (Mendoza et al., 2011). When applying
the hyperspectral scattering imaging to the determination of the TVB concentrations, we need to use
appropriate mathematical equations to describe the spectral scattering profiles and to reflect the information
in the profiles. A Lorentzian function was proposed to fit hyperspectral scattering images and a good fitting
result was obtained (Lu and Peng, 2006). Following Lu and Peng (2006), this study proposed a three-
parameter Lorentzian function as shown in eqn. 2 to fit the scattering profiles of the beef samples.

b.
| =@, 4—w (2
wi a\lvl+1+(%w‘)2

In eqgn. 2, | is the light intensity in the CCD count; x (in mm) is the scattering distance measured from
the beam incident centre; a is the asymptotic value of light intensity; b is the peak value of the scattering
profile at the light incident centre; c is the full scattering width of the scattering profile at one half of the peak
value; the subscript w; represents the i specific wavelength in the wavelength range of 400-1100 nm where
i=1,2,3,...,n and n represents the total number of wavelengths.

Development of Prediction models

In this study, except using individual Lorentzian parameters to develop prediction models for beef TVB-
N, we used a combination of the parameters to fully utilize the information associated with the three
individual parameters. An LS-SVM model was taken as the prediction model in this study; this kind of model
has been widely used as a prediction model and has shown good prediction results in many studies. The
details of the LS-SVM model principle can be referred to the study by Xu et al. (2015). Spectra with optimal
parameters were defined as best-parameter spectra for developing prediction models. A genetic algorithm
method was employed to optimize the spectra variables. In order to reduce effect of noise and light
scattering, the best-parameter spectra were subjected to pre-treatment methods such as Multiplication
Scatter Correction (MSC) and Savitzky-Golay smoothing (SG). All the data analysis was performed in a
Matlab 7.11 software package (Mathworks, Ltd., USA).
Genetic Algorithm

The method of genetic algorithm (GA) is a kind of numerical optimization method based on random
search and is particularly suitable for dealing with complex non-linear optimization problems and
combination optimization problems. GA begins with a population initialized randomly over the search space
of the optimization problem. By simulating the Darwinian evolution principle of “survival of the fittest”, GA
generates improved approximate solutions or optimal solutions through an iterative procedure. A detailed
description of the algorithm can be referred to the literature (Leardi and Gonzalez, 1998, 2000). GA has
been successfully used as a feature selection technique, improving predictive ability of prediction models
and making it very easy to perform model predictions. In this study, GA-selected feature variables of the
best-parameter spectra were taken as input variables for developing prediction models.

Evaluation of model performance

The stability, reliability and dynamic adaptability of prediction models were taken as the evaluation
criteria of model performance. As shown in eqgns. 3-6, four statistical indices, namely the correlation
coefficient of calibration set (R.), the standard error of calibration (SEC), the correlation coefficient of
prediction set (R,) and the standard error of validation were calculated to evaluate the performance of the
established models.

Re = JZ(y vy / Ji(yﬂ— Vo) ®
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Here, )A/i is the i" predicted value; y, is the i" measured value; Y., is the mean of the calibration or

prediction set; n_is the number of samples in the calibration set; n, is the number of samples in the

prediction set. Generally, models with higher R; and R, or with lower SEC and SEP are more satisfactory
than models with lower R and R, or with higher SEC and SEP.

RESULTS
Results of the TVB-N analyses

Sixty beef samples were measured during an 18-day period of storage. Fig. 3 depicts the reference
TVB-Ns of all the beef samples tested on each day of the experiment, and shows the change trends of
TVB-Ns with time. In Fig. 3, the horizontal axis represents the storage time (day) and the ordinate axis
represents the TVB-N content (mg/100 g). The TVB-N trend curve showed the daily mean (with error bars)
of TVB-N content tested on each day of the experiment. As shown in Fig. 3, the TVB-Ns content of the
reference beef sample stored at 4°C increased with the storage time during 1-18 days of storage, thereby
indicating a decrease of the beef freshness with the storage time. After the 7th day, the TVB-N content
exceeded 15 mg/100 g, a threshold value for edible beef as mandated in the aforementioned China’s
national standard, and therefore the beef after the 7th day was no longer edible.

The statistics of the 60 sample reference TVB-N contents are given in Table 1. As shown in Table 1,
the maximum TVB-N content was 62.40 mg/100 g and the minimum TVB-N content was 8.64 mg/100 g.
The mean value and the standard deviation (SD) were 28.96 and 13.41 mg/100 g, respectively. These data
showed a wide range of data coverage for beef meat TVB-N contents, implying that the TVB-N contents
measured in this study may represent a complete data set during the course of freshness change in stored
beef. Therefore, the freshness prediction model established based on this study’s data was likely to be
representative.
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Fig. 3 - Reference beef TVB-N tested on each day of the experiment

Table 1
A summary of measured beef TVB-N contents (in mg/100g)
Number of Max Min Mean Stapdgrd
samples deviation
60 62.40 8.64 28.96 13.41
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Hyperspectral scattering images

A typical averaged hyperspectral scattering image is shown in Fig.4a.The horizontal axis is a spatial
axis and the vertical axis is a wavelength axis. Different colours in the figure represented different
reflectance intensities. A vertical line taken from the image represented a spectral profile collected from a
particular point of the scanning line at the surface of beef. In essence, each scattering image was
composed of hundreds of spectra and each spectrum came from a different point at the beef surface.
Therefore, each scattering image reflected the character of beef quality. Fig.4b shows three spectral
scattering profiles at 588, 699 and 777 nm wavelength for a beef sample. All the spectral scattering profiles
were symmetric about the center point of scanning line, but showed large wavelength-dependence of the
scattering intensities. Fig.4c depicts the spatial scattering profiles of different beef samples with different
TVB-N contents (14.46, 22.70 and 32.74 mg / 100 g) at the wavelength of 777 nm. The peak intensities of
the scattering profiles decreased with the increase of TVB-N, but the half wave bandwidths changed in the
opposite direction. To describe the scattering characteristics reflecting the freshness of beef samples, a
Lorentz function was used to fit each of the scattering profiles, thereby generating a series of parameters
(a, b and c) that were all wavelength-dependent. The parameters were plotted versus wavelengths to give
the best-parameter spectra that were subjected to further analysis, as elaborated below.
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Fig. 4 - Hyperspectral scattering images of beef

Curve fitting of scattering profiles

The scattering profiles of all the 60 beef samples in the wavelength range of 400-1100 nm were fitted
to a Lorentzian function (eqn. 2). Fig. 5 represents the correlation coefficients of the fitting at different
wavelengths. As shown in Fig. 5, most of the correlation coefficients for the samples within the wavelength
range of 500-1000 nm were greater than 0.95, while the correlation coefficients were lower at wavelengths
outside that wavelength range. Therefore, only the data between 500 and 1000 nm were used in the
development of beef freshness prediction models.

Fig. 6 showed the extracted Lorentzian function parameters of all the beef samples; different beef
samples showed similar patterns of the parameter spectra for the same Lorentzian parameter (a, b or c)
despite the spectra intensity differences among different samples. The three types of parameters spectra
contained all scattering profile information in the hyperspectral images of all the beef samples. As shown in
Fig. 6, the parameter spectra contained much noise and drifted at the both ends of the wavelength range of
400-1100 nm, thereby indicating that the spectra should be subjected to pre-treatment to improve the data

quality prior to the development of prediction models.
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Modeling results with full-spectra data

The 60 samples were randomly divided into a calibration set of 45 samples and a prediction set of 15
samples. The 45 calibration samples were used to establish the prediction model, and the 15 prediction
samples were used to verify the accuracy and reliability of the prediction model. As mentioned eatrlier in this
study, LS-SVM was used to establish two separate quantitative prediction models, one based on the
individual parameters of a, b, ¢c and the other based on parameter combinations, namely a+b/c and (b-a)/c.
The prediction results were compared among models established by LS-SVM after three different types of
data pre-treatment, namely , the MSC pre-treatment, the SG pre-treatment and the MSC+SG pre-treatment
, and it was found that the MSC+SG pre-treatment generated the best results. Therefore, the parameter
spectra were all subjected to the MSC+SG pre-treatment prior to the development of the aforementioned
two quantitative prediction models. Table 2 shows all the TVB-N prediction results of the LS-SVM models
that were established either with the individual parameters or with the parameter combinations. As shown in
Table 2, the modeling results obtained with the individual parameter a and with the parameter combination
a+b/c were very close. The models using the individual parameter b or ¢ over-fitted the data. The modeling
result obtained with the parameter combination (b-a)/c was the best, reporting R.=0.91, SEC=5.83 mg/100
0, Rp,=0.86 and SEP=5.21 mg/100 g. This showed that the parameter combination (b-a)/c contained more
information of the scattering profiles of the samples. Therefore, the parameter combination (b-a)/c was
taken as the best input variable for establishing the prediction model of beef TVB-N.

Table 2
TVB-N prediction results of LS-SVM models using Lorentzian-fitting parameters

Parameter Rec SEC Rp SEP

a 0.87 7.13 0.88 5.01

b 0.94 4.83 0.75 6.97

C 0.93 5.24 0.83 6.10

a+b/c 0.86 7.36 0.86 5.21

(b-a)lc 091 | 583 0.86 5.21

(b-a)/c(GA) 0.97 3.38 0.96 3.85

Modeling results with optimized-spectra data by GA

In order to improve the prediction precision, the GA method was used to optimize the parameter
combination and select the effective variables for developing the LS-SVM model. In the GA method, the
population size of chromosome was set to be 30, the probability of mutation and the probability of cross-over
were set as 1% and 50%, respectively, and the number of run times was set to be 100. Because the initial
population of GA was generated randomly every time, the GA was randomly run 5 times to select effective
variables. Fig. 7 illustrates one among five variable-selection processes, where the selected parameter-
combination spectra variables were above the dotted line. On the whole, the GA-selected variables were
similar in each of the five selection processes, and were mainly centered at the wavelengths of approximately
630, 710, 930 and 980 nm, greatly reducing the number of variables required for developing the prediction
model as well as reducing information redundancy. The optimized variables used to develop the prediction
model of TBN-N (referred to as GA-LS-SVM) and the modeling results are shown in Table 2. The prediction
results of GA-LS-SVM were relatively satisfactory, as indicated by R.=0.97, SEC=3.38 mg/100 g (Fig.8a) and
R,=0.96, SEP=3.85 mg/100 g (Fig.8b). These results also showed that GA was able to extract effective
wavelength variables, thereby greatly improving the model’s prediction accuracy.
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CONCLUSIONS

The study demonstrated that a hyperspectral imaging techniqgue combined with a Lorentzian
distribution function could be a rapid and non-destructive tool for prediction of beef meat freshness. A
hyperspectral imaging system was used to capture hyperspectral scattering images of fresh beef
samples that were stored at 4°C for 1-18 days. Spatial scattering curves were extracted from the
hyperspectral images and fitted to a three-parameter Lorentzian distribution function. The fitting-
parameters of the Lorentzian distribution function were presented as parameter spectra and used to
develop a LS-SVM model for predicting beef TVB-N, an indicator of beef freshness. The primary findings
are as follows.

(1) In the wavelengths range of 500-1000 nm, the Lorentzian distribution function could give a
better fitting to the scattering curves of the beef hyperspectral images. The beef parameter spectra were
obtained and used as input variables for developing prediction models of beef TVB-N.

(2) The MSC+SG pre-treatment method was found to be the best one among the three pre-
treatment methods (MSC, SG, and MSC+SG) for developing prediction models. A LS-SVM prediction
model of beef freshness was developed. Among the prediction models established with the individual
parameters (a, b or c) or with the parameter combinations (atb/c or (b-a)/c), the prediction model
developed with the parameter combination (b-a)/c was the best, showing a correlation coefficient of 0.86
and a standard error of prediction of 5.21 mg/100 g. The variable (b-a)/c was optimized by GA and used to
develop a prediction model GA-LS-SVM, which showed improved prediction accuracy with R,=0.96 and
SEP=3.85 mg/100 g.

This study indicated that hyperspectral scattering imaging combined with Lorentzian distribution
functions and genetic algorithms may accurately predict beef TVB-N, providing a promising method for
rapid and non-destructive determination of beef freshness. This method is very likely to be applied to
real-time detection of meat quality and safety attributes in the future.
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ABSTRACT

In the article, we sustained the heat exchange process and regime parameters and defined the
changing patterns of temperature characteristics of the pressure in the working area in terms of vapour-
contacting heating in container.

PE3IOME

Y cmammi o06rpyHmogaHo mernyoobMIiHHI PEXUMHI rnapamempu [poyecy ma BU3Ha4YeHi
3aKOHOMIpHOCMI  3MIHU meMrepamypHUX XapakmepucmuK mucky 8 pobouili 30HI 8 ymosax
rapoKoHMaKmHo20 Hazpisy 8 mapi.

INTRODUCTION

The kinetics of biochemical reactions under varying degrees depends on the thermal, chemical and
mechanical sensitivity of the processed product, on pressure, temperature and chemical potential. Pressure
is distributed in a liquid by Pascal principle in all directions, accompanied by a large adiabatic pressure
changes with the speed of sound. For this reason, we can assume that there is pressure almost
instantaneously throughout the chamber. From this assumption it follows that the effect of pressure
comparing with the thermal process has the advantage that can influence rapidly and in homogenous way
to all the processed stuff regardless of shape, size and composition. However, it was left unattended
possibility of physical and thermal heterogeneity (Alekseev E. and Pakhomov E., 1982; Belyaeva M., 2003;
Nechepurenko I., 1991; Tugolukov E. 2004; Voronenko B. et al, 2008).

Creating high-productive heat exchange equipment that meets modern level of industry and
technology development requires significant intensification of heat exchange processes that are sufficiently
widely implemented in known scientific schools (Palamarchuk I. et al, 2013; Terzyev S. et al, 2014; Terzyev
S. and Kurakov A., 2012; Tsurkan O. et al, 2010; Tsurkan O. et al, 2015).

Among the intensification means factors were used devices of mechanical and technological
vibration action (Palamarchuk I., Bandura V., Palamarchuk V., 2013; Palamarchuk I., 2008), the use of
infrared radiation (Terziev S., Malashevych S., Ruzhytska S., 2011; Terziev S., 2016), baro-thermal effect
and others (Terziev S. ,2016).

One effective way, both in terms of the intensification of the process of heat and energy savings is
the product contact heating with steam use, which makes technology's impact on processed products.

Heat at products vapour-contacting heating is a complex phenomenon associated with the
simultaneous transfer of heat and mass substance. The number of transferred mass is determined by the
condensed steam and transferred to the heat (if vapour) - heat of vaporization (Voronenko B. et al, 2008).

In vapour-contacting heating it is taken into account a significant number of determining factors, the
most important are the thermal properties of the heating steam, and the physical and chemical properties of
the product. Taking into account all the factors that affect the process of heat transfer at vapour-contacting
heating and analysis are very difficult, not only in theory but in the experimental aspects as well.

The main parameter during heat sterilization of food, including using vapour-contacting heating
temperature is a product, which is the major factor for the establishment of canned food sterilization
regimes. Therefore, one of the main objectives of the study sterilization process at the appointed method of
heating is to determine the product temperature field or identify the dynamics of temperature change at
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different points in the product, depending on the parameters of steam that heats the conditions of supply to
the product and the physical properties of the treated material (TU 10.1-22769675-001, 2013).

Therefore, for foundation of heat exchange operational parameters it is necessary to determine the
patterns of temperature change characteristics of pressure in the working area in terms of vapour-
contacting heating in container.

MATERIAL AND METHOD

Instability of temperature field can be explained by the fact that the pressure rises in the phase of
volume increase due to changes in the temperature of the treated environment. The adiabatic change of
state in a clean, inert and homogeneous medium changes the temperature according to changes in
pressure, which is determined by (1):

dT:T'de (1)
p-C

©

where:
T — the temperature, (K);
,3 — coefficient of thermal expansion, (K™);
0 - liquid density, (kg / m%);

C , — specific heat, (J / (kg-K));

p — pressure, (Pa).

Depending on the product being processed at the pressure of 1 GPa temperature rises to several
tens of Celsius degrees. Filled chamber pressure is a system consisting of product packaging materials,
medium transmitting the pressure (intermediate fluid) and the steel wall of the chamber. These materials
have different thermal properties. Consequently, despite the initial parameters of homogeneous
temperature distribution, while increasing the pressure in the chamber, it can form a homogeneous
temperature field (Nechepurenko I., 1991).

For the formal definition of the temperature increase caused by increased pressure, we took the first
equation of conservation, which brought the equation (2) of total heat capacity H:

—d(p'H)W-(p.v-H):d—p+v-(WT)+v-(§.V)+p.d~v (2)
dr drt

where:

V —velocity vector fluid;
g - vector of gravity;

T —time, (sec).;
A —thermal conductivity of material, (W / (m-K));

f— tensor of stresses in the material.

For specific heat capacity h:
p@—d—pzv-(XVT)+n~®+pﬁ~\7 3)
dt drt

where:

@ - dissipation function;

I' — container radius, (m);

R; — autoclave radius, (m);

1 =In(r/ R,;) — independent argument of desired temperature.

Then, using thermodynamic ratio:
dh _ @‘ dp , dh
T

N daT 1 dp dT
dt dpf dt dT

“(l-o-T)—+c,—
,dt p dt P"dr

4)

where:
& - coefficient of heat on the outer surface of the cylinder.
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We got the heat equation:
p-de—T=a-T%+V-(kVT)+n-®+p-E]-\7 (5)
dr Dt

The last equation shows that the material derivative of temperature T as to time 7 carries material

derivative of pressure on P as to time 7, until dissipation function @ and the potential energy and flow that
carries high temperature, are low. Taking into consideration this fact, we came to approximate heat transfer
equation:

dT _ dT dp

halkl 6
dt p-c,dr ©

It is considered that the fluid motion is obvious in the processing of liquid substance pressure. To
show this mathematically, we assumed that the density increases with pressure and decreases with
increasing temperature grounded for much of the food and similar substances in the environment
(Palamarchuk I., Tsurkan O., Hurych A., 2015). The appearance of the flow in the liquid, which initially is at
rest was shown using mass balance equation:

a4 L v o(h.9) =
dT+V (p-v)=0 @

During the compression phase density increases with pressure. So, the first member of the equation

(7) is different from zero. Since the left side must be zero fluid velocity V must accept non-zero value.
Therefore, increasing the pressure increases the fluid flow. Temperature gradients are important in
handling a deviation from hydrostatic flow conditions. We have traced this conclusion using the basic
equations of hydrostatics:

dp
—==0 8
x (8)
dp
dy 9)
dp -

— 5. 10
g (10)

The equations (8-10) x, y and z are Cartesian coordinates. Without loosing z overview we accepted
that the vector of gravity points in the negative z direction. Further conversion of (9) and in respect of (10) in
relation it gave the following result:

d? d? dp -
e et (12)
dydz dzdy dy

Thus, the right side of equation (11) and original density must be constant and equal to zero:

dp =0 (12)
dy

However, this condition, as the hydrostatics cannot be kept. While density is a function of
temperature, and the latter is exposed to a direction different from the direction of gravity vector, equation
(12) is broken. As a consequence, there must necessarily appear vapour stream at a rate different from
zero, which leads to convective heat transfer and suspended solids.

For the developed scheme of autoclave where heat is carried by vapour placed outside cup, the
problem reduces to the calculation of non-stationary temperature field in a container that is heated from the
outer surface of the heat source given by the intensity of the light convection in the radial direction.

It is assumed that the thermal resistance of the outer wall is relatively small, and the thermal
properties of the material do not depend on temperature. This heat equation considering the convective
component has the form (Tugolukov E., 2004):

dt dt A d, dt
—4+u—= —(r—
dt dr c,-p-rdr dr

(13)

where:
U — velocity of the fluid m / s.
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Terms of uniqueness:
- Initial conditions for 7 =0

t(r,0)=t(r)=t, (14)
- Extreme conditions
dt
= ——al A 15
(G = = (15)
dt q
—)p =-a-(t-t)/ A—=2 16
( ar ) g, (t-t,) \ (16)
where:
t, — ambient temperature, (K);
tH — the initial temperature of the material processed, (K);
( - specific heat flux on the inner surface of the autoclave, (W/mz);
R, — radius packaging, (m).
RESULTS

As we consider the problem of calculating the temperature field depending on the radius of the
autoclave, it is assumed that the specific heat flow and the velocity of steam through the surface of the
container does not depend on its length and thus is not considered a limiting effect, manifested through the
finite size of the packaging.

Accordingly, we define the relationship between speed and specific heat flow. In vapour-contacting
heating steam is fed evenly and specific heat flow is equal to:

q,=G, i,/ 2-n-R; -l a7
where: Gn— steam consumption, (kg/s);
I, — enthalpy of steam (J/kg);

| —the length of container, (m).

The actual amount of steam, creating a convective flow can be determined from the heat balance
equation:
w b Cox (18)
where:
Gm— number of newly condensate, (kg/s);

Cpue™ specific heat capacity mass of condensate, (J/(kg K)).

The velocity of steam in an autoclave with r radius defined by:
u=G, /2-n-r-l-p, (29)
where: O — density of vapor.
Substituting (17) in (18) and (18) to (13), we get:
at A G, (ldt a d*

= = ——“n =2 — (20)
dt c,-p 2:m:l-p'rdr c,.p dr
G, c, -t
(ﬂj =" P ¥ (21)
ar )iy 2-m-R A
G, c, -t
(ﬂj :—g(t—t6)+# (22)
dr ), g, A 4-1-R,-\-|
t(r,0) =t, (23)

Equation (17-22) can be written in parametric form. As characteristic parameters we introduce the
following dimensionless quantities:

0=t /tH— the required dimensionless grand,;
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99 = te /tH— dimensionless magnificent environment;

Fo=t-Alc, - p- R/~ the number of Fourier;
B, =a- R /A - the number of Biot.
Q=G,-¢,/2-m-I-L In(R,/R)

With regard introduced dimensionless equations (20-23) will be:

a9 =exp(—2-n){(1—Ql)j—9+ﬁ}
n

dF, dn?
do
(a)m:o :Ql
deo 0
— =B (@, -0)-Q, -R -— |ex
(dn)n2=0 " |( g ) Q:L 1 RzJ p772

t(n,0)=1

(24)

(25)

(26)

(27)

(28)

The mathematical model, taking into account boundary conditions of a system of differential

equations (25)+(28), which solution has the form (Alekseev E. and Pakhomov E., 1982):

R
0:9(F0,Bi,77,Q1,R—1)

2

(29)

Thus, the mathematical model determining the dynamics of the temperature field in the container is
found dependence (29), satisfying the conditions of the field D{(F,,77);0 < F, <¢; O <n <n,)}of

(25) and limit (26, 27) and the initial conditions (28), respectively.

To solve this problem we apply numerical method (Belyaeva M., 2003). That is why we build a

uniform space-time increments chart:
An = 7, IN
where:
N — number of quantization step of given area AF, =@,/ M ;

M _ the number of partitions of a given region, pc.;
@, - Fourier pre-specified number (time).
Using conventional implicit difference scheme approximation of (25-27) it will be:
0, -6, =AK exp(_zni)[(l_el)(e —0,,,)/ 2An+(0,,,; —206,; +0,_,; )]Anz

where:

i+1,] i+1,]

(i=12,3.N-1j=123..M)
0,, —6,; =0,An
Oy, —On.r; =An-expn,[B (0, —6,,)-Q0,, ‘R /R, ]
We rewrite equation (29, 31, 32) in the form:
— AQH,,- + Cié?iyj -B6, =1(1=0123..N)

i i+,
where:
C,.B. .1, A,.C, .fy — coefficient describing boundary conditions;

8, ; — dependent function;

A ,B,,C., f. —energy equation coefficient.

Accordingly, (25-28), the expression for the coefficients of the system (33) takes the form:
A, =0;C, =1B=-1f, =—Qan

A = AF, exp(-2-mi)[(An? +0,5-Q - An") |
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(34)
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B = AF, exp(-2-ni)[ (AN +0,5-Q - An™") ] (35)
C, =1+2AF An 2 exp(-2-ni)
f.=06

i j-1

A =1Cy :1+An8Xpnz(Bi +Q %)
2
B, =0;f, =B.0,Anexpn,
Thus, using linear approximation of unknown function boundary problem is reduced to a system of
algebraic equations.
To solve this system we apply three-diagonal matrix algorithm. The solution of the boundary problem
for the j " time layer is defined by:

01,] = ai+1,j9i+l,j + P (36)
where: &, , ;, ﬂm, ; — selective coefficients are determined by recurrent formulas.
B, f,+Ap
ao:BO/CO;IBOZfOICo;a' - : ﬂi+1:; (37)

e (C| _Aiai) | (C| - Aai)

Note that the expression for 0 the point (N, j), respectively (34) taking into account (36) takes the form:

QN,j = ﬁN (38)

The results of numerical experiment to calculate the temperature field along the radius of the
cylindrical container, depending on the parameters of steam that heats and the product, are shown in
Fig.1,2.

Fig.1 shows the curve of temperature field at vapour-contacting heating of product from initial
temperature t, = 50°C to a final temperature t, , = 100°C condensing steam with temperature t, = 100°C at
the rate of steam equal to 0.001 kg/s, where r — distance distribution of temperature field. Ambient
temperature accepted t, = 20°C and the heat transfer coefficient on the outer surface of the cylinder is
a=10. As shown in Fig.1 at the initial time (1.5-3 sec), the temperature in the central layer almost
instantaneously increases to a temperature steam condensation. In the peripheral layers of the product
temperature does not change.

With further heating, mainly due to the resulting radial convective flows and thermal conductivity,
heat flow gradually reaches the peripheral layers over time 7 = 260 s. As a result, throughout the range is
set the uniform temperature field. To determine the influence of parameters of the heating steam at the
temperature field distribution of the product, we performed calculations at different temperatures vapour.

Fig.2 shows the curve of the temperature field at the heating vapour t, = 110°C. Apparently, fever
helps intensify the process of heat transfer. However, this leads to pronounced temperature difference
between central and peripheral fields.

Comparison of computer results with experimental data leads to the conclusion that the solution of
the problem of computer calculation the temperature field of product gives very satisfactory results between
the calculated and experimental data.
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Fig. 1 — Curve of temperature field in the heat vapour-contacting product in a cylindrical container
with an external supply of heat at the heating vapor:
t,=100°C:1-1t=0;2-t=1;3-t=20;4-t=40;5-t=80;6—t=120; 7—t = 160; 8 —t = 180; 9 —t = 200
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Fig. 2 — Curve of temperature field in the heat vapour-contacting product in a cylindrical container
with an external supply of heat at the heating vapor:
t,=110°C:1-t=0;2-t=1;3-t=20;4-t=40;5-t=80; 6 —t=120; 7 -t =160; 8 —t = 180; 9 —t = 200

CONCLUSIONS

e The presence of thermal heterogeneity in food and its further growth needs forecasting and
research measures to counter effectively implemented in the vapor-contacting sterilization.

¢ In mathematical modeling vapour-contacting heating products during sterilization had composed
the heat equation, taking into account factors such as changes in temperature, pressure, fluid flow rate
and the basic physical and mechanical properties of interacting environments.

e By using the methods of numerical analysis have been built depending graphic variables of
temperature fields that have identified the necessary conditions for intensification of heat exchange in the
vapour-contacting sterilization, which allows identifying effective operating modes of treatment.
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ABSTRACT

Moisture content loss of rapeseed (Brassica napus L.) and drying rate change with time during thin
layer hot-air drying were obtained through experiments. By means of volume weighed average, the moisture
content loss of rapeseed and airflow distribution in the drying box were simulated and analyzed in FLUENT
using methodology of CFD. For heat and mass transfer modelling of the rapeseed drying, a code
incorporating the effects of heat and moisture transfer was compiled by means of UDFs (User-Defined
Functions), and SIMPLE (Semi-Implicit Method for Pressure-Linked Equations) scheme was adopted to
solve the constitutive equations governing the rapeseed drying. Numerical findings were compared with the
experimental data, and they had good agreement with experiments: mean relative errors of moisture content,
air temperature and air velocity of modelling are 7.48%, 1.07% and 7.72 %, respectively.

WE

WAL TFEY T H B I HFT O RNT SN TR 5K T g [ g 2L &7 CFD AR
WP, i FLUENT 7B FFMHT T I 52K FRERS T ) 2 1 AR T2 A 5 2 IR TR
THRHIIEAANE VL FE, 180 UDFs FyFe 7K/ /5 77 6 F 0 SIMPLE 272 R RE TR FEHI A FG T FE s 1
HETRASL IR R A IRIFHT —E 1 K AR &R ESE NP R ZE 70T 7.48%  1.07% 71
7.72 %,

INTRODUCTION

Rape (Brassica campestris L.) is an annual herbaceous plant. The stem, leaf and tender shoot of rape
can be used as vegetables, and they have multiple nutritional ingredients. The blossoms are stable, being a
nectar source for honeybees, and nectar of rape blossom accounts for more than 40% of total nectar
production in China (Yang et al., 2014).The seed is the most valuable, collected component of the crop, as
the world’s third leading source of vegetable oil, after soybean and oil palm, and the second leading source
of protein after soybean (Yang et al., 2012). The main varieties of rape are Brassica rapa L., Brassica juncea
L. and Brassica napus L., and Rape (Brassica napus L.) are mostly planted in Yangtze valley, China, and the
seed production of rape (Brassica napus L.) accounts for 90% of the total (Li et al., 2006).

The harvest period of rapeseed often runs into rainy season of high temperature and high humidity.
The freshly harvested rapeseed contains high moisture content, then the seed may become deteriorated
because of overheat, acidification and mildew, which affect physiological characteristics of the seed for
seeding purpose and oil quality of the seed for oil purpose (Yang et al., 2012). Yang et al. (2013) mentioned
artificial drying is required to timely decrease moisture content of the rapeseed to safe levels for storage, and
hot-air drying is mostly employed among numerous drying methods. For hot-air drying, hot-air functions both
as heat supporter and as humidity carrier during the drying process. Uniform airflow distribution inside the
drying box is of paramount importance because it determines both the efficiency of drying and the
homogeneity of products being dried (Amanlou et al., 2010).

Rapeseed is an unsaturated porous medium with sorptivity, and its kernel owns complex porous
medium structure with biomass features. The heat and mass transfer process of rapeseed hot-air drying
consists of multi-phase coupling and wet-phase transition (Jiang et al., 2012). Although many experimental
works are conducted on drying characteristics of rapeseed and effects of air temperature on physiological
quality of the seed, little information is available on heat and mass transfer during hot-air drying of rapeseed,
and it is insufficient for dryer design and process control of rapeseed drying. Thakor et al. (1999) studied the
size and mass change of individual kernels of rapeseed, both whole kernel (hull attached) and embryo
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(kernel without hull), during drying using thermo-gravimetric analysis. Corréa et al. (1999) experimentally
studied germination and vigor response of rapeseed to air temperature and relative humidity after hot-air
drying. Duc et al. (2011) conducted thin layer drying tests to determine the most appropriate thin layer drying
model, effective moisture diffusivity, and activation energy for the moisture diffusion of rapeseed.

Mathematical modelling contributes to better understanding of heat and mass transfer and it is very
useful for improvement of dryer design and process control of drying (Tzempelikos et al., 2015). Dong-Hyuk
K et al. examined the simultaneous heat and mass transfer between air and rapeseed in a concurrent-flow
dryer by combined equations concerning air psychrometrics, physical properties, thermal properties,
equilibrium moisture content, thin layer drying of rapeseed, etc. to solve the drying model (Dong and Woong,
2010). Yang L. (2004) studied heat and mass transfer process in micro pores during hot-air drying of
rapeseed by means of Mixture Model of ANSYS Fluent, and analyzed effects of length to diameter ratio and
tortuosity of micro pores of seed kernel on hot-air drying. Amanlou and Zomorodian (2010) applied CFD for
designing a fruit cabinet, and experimental and predicted data from CFD analysis revealed good correlation
coefficients. An extensive analysis of the different mathematical approaches can be found in the works of
Datta, A.K. and Norton, T. et al. (Datta et al., 2007; Norton et al., 2013).

The main objectives of this study are:

(1) To obtain drying characteristics of rapeseed during hot-air drying for thin layer seed experimentally.

(2) To investigate methodology of CFD for analysis of heat and mass transfer during hot-air drying of
rapeseed.

(3) To compare numerical findings of the moisture content loss of rapeseed and airflow distribution in
the drying box with experimental data.

MATERIAL AND METHOD
Sample preparation

The rapeseed (Brassica napus L.), Chuanyou 18, was bought from Chongqing Seed Company. The
impurities, cracked, germinated, moldy seed and seed with green color were manually removed so as to
obtain uniform test samples. The initial moisture content of rapeseed was determined according to Chinese
standard GB/T14489.1-2008: Oil seeds - Determination of moisture and volatile matter content (China
National standardizing committee, 2008).

According to the initial moisture content of 8.7% d.b., test samples of the dry rapeseed were rewetted
to moisture content of 15% d.b., by adding pre-calculated amount of water, mixed, sealed with plastic bags,
and kept in a temperature controlled room at temperature of 2-4°C for no less than 48 h. Before starting
experiments, they were taken out from the controlled room and let them attain thermal equilibrium with
ambient air.

Experimental setup and procedure
Experiments were conducted in a lab-scale thin layer dryer as shown in fig. 1.

1 2 3 4 ﬂg 5
- g
T+ ool = |,
13 /12 11 10 _ 1 z
00 L O

Fig. 1 - Schematic diagram of the thin layer dryer
1 — computer; 2 - data acquisition; 3 - drying box; 4 - load cell; 5 — exit; 6 - sieve tray; 7 - temperature sensor;
8 - humidity sensor; 9 - plenum chamber; 10 — entrance; 11 - heater; 12 - valve; 13 - fan
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The experimental setup consists of fan, heater, valve, drying box, load cell, temperature sensor,
humidity sensor, data acquisition and computer. Sieve tray with a holding area of 150 mm x 150 mm is
included in the drying box. The cube drying box dimensions are of side length 400 mm. Exit of the drying box
is of diameter 100 mm. The mass flow rate and heat flow rate of hot-air are regulated by the valve, and the
heater, respectively.

The test samples of rapeseed, weighing about 420 g with a seed layer thickness of 20 mm, were
placed in the sieve tray. During the drying process, the samples were periodically weighed to determine
weight loss at 5 min intervals, from which the drying curves were obtained. The drying rate is
determined by (Zhang et al., 2012):

aw

W, -W
DR = - — i+l i
" bt , [d.b./s] (1)

i+1

where:
DR is drying rate of rapeseed, [d.b./s];
W — moisture content of seed in dry basis, [d.b.];
t —time, [s];
W, — moisture contents at t;, [d.b.];
Wi,1 — moisture contents at t;,4, [d.b.].

The additional measurements included air temperature and air velocity at 3 different positions,
namely top of seed layer, centre and exit of the drying box, and the measurements are for the validation
of experimental data and numerical findings of rapeseed hot-air drying. All measurements are of 5
replicas. The measuring instruments are the portable thermometer (DS18B20, Beijing Chuangyiling
Control Co. Ltd, China) and the anemometer (SUMMIT-565, Guangzhou Taishi Instrument Co. Ltd,
China).

Methodology for modelling and evaluation

In order to model the heat and mass transfer during hot-air drying of rapeseed with simplicity and
good validity, the relevant assumptions are described as follows (Jamaleddine and Ray, 2010):

The gas phase is a mixture of air and water vapour. The dispersed phase is a mixture of porous
homogeneous structure and liquid water. Both phases are incompressible.

Heat transfer occurs between both phases, and is no heat transfer between phases and walls of
the drying box.

There is no shrinkage and deformation of rapeseed kernels, and only water evaporation during
drying process.

There are no cohesive moves of rapeseed and effects of cohesive dissipation heat and thermal
radiation are not considered.

The hot temperature of air causes heat transfer from carrier, namely hot-air, to rapeseed, while
evaporation from water to vapour occurs from the rapeseed to gas phase. Constitutive equations
describing the mass and heat transfer are as follows (Thorpe et al., 2008).

The mass transfer equation is:

ww(pavw) =V-(p,DyVW)+S, (2)
where:
pa is density of air, [kg/m;
w — moisture content of air, [d.b.];
v — superficial or Darcian velocity of air through seed, [m/s];
Dess — effective diffusion coefficient of moisture through bulk seed, [m 2/s;];
Sy — moisture source term, [kg/(s-m3)];
V — the del operator.
The heat transfer equation is:

oH,,

1- W+ —X
(pa.s‘ca+ps( g)(cs+cw +8T D

%T 0,V (piT) = kg V7T 45, (3)

where:
gis void fraction of seed;
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Ca, Cs, Cy — Specific heat of air, seed and liquid water, respectively, [J/(kg-K)];
ps — density of seed kernels in dry basis, [kg/m?];

Hw — integral heat of wetting of water on seed, [J/kg];

T — temperature, [K];

ket — effective thermal conductivity of seed, [W/(m-K)];

S, — energy source term, [W/m?].

The moisture source term S,, in EqQ. 2 is expressed as:

oW
S,=-(1-¢)p. . [kg/(sm")] (@)

The energy source term S, in Eq. 3 takes the form:
Sh:—hs(l—s)ps%lv, W/m®] (5)

where:
hs is heat of sorption of water on seed, J/kg.

The physical configuration of the drying box for modelling is represented and meshed as shown in
fig. 2. The physical configuration has same dimensions as drying box of the thin layer hot-air dryer
mentioned above.

Adiabatic wall

Outflow

ﬁ\

Fig. 2 - Physical configuration, meshing of the drying box

Velocity inlet Porous medium

The corresponding boundary and initial conditions are defined as follows: Air in the drying box is
defined as fluid, and rapeseed on the sieve tray as porous medium. The initial temperature of rapeseed
is 298 K. Entrance of the drying box is defined as velocity inlet, and exit as outflow. The air velocity and
temperature of hot-air at entrance of the drying box are 1.0 m/s and 373 K, respectively. Walls of the
drying box are defined as adiabatic wall. Interface between fluid and porous medium is defined as
interior.

The physical properties of air and rapeseed for the modelling are listed in table 1.

Table 1
Physical properties of air and rapeseed
Properties Air Rapeseed
Density, [kg-m?] 1.225 945.5
Specific heat, [J-kg™-K™] 1006.43 1561
Thermal conductivity, [W-m™-K™] 0.0242 0.169
Viscosity, [Pa-s] 1.7894x107° -
Viscous resistance, [m'2] - 5.9x10°
Inertial resistance, [m™] - 3.2x10*
Porosity, [%] - 36
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In order to better demonstrate the coupling of heat and mass transfer during hot-air drying, a code
incorporating the effects of heat and mass transfer was compiled by means of UDFs (User-Defined
Functions) in a high level language of C. Reference of strategy for the code writing, with small
modification, was given to Thorpe’s work (Thorpe G.R., 2008). SIMPLE (Semi-Implicit Method for
Pressure-Linked Equations) scheme was adopted to solve the constitutive equations governing the
rapeseed hot-air drying in FLUENT.

For visual analysis of the CFD data and further explorations of the rapeseed hot-air drying, post-
processor of Tecplot 360 was employed to plot the contours of air velocity and air temperature in the
drying box.

The relative error of modelling with experiments is evaluated by:

‘DM - DE‘
E- x100% (6)
DE
where:

E is relative error, [%];
Dy, De — interested parameters from modelling and experiments, respectively.

RESULTS
Experimental results

The drying behavior can be characterized by measuring the moisture content loss as a function of
time.

The drying characteristics of rapeseed during thin layer hot-air drying are represented by the moisture
content loss curve and the drying rate curve as shown in fig. 3. The conditions for the experiment are as
follows: seed layer thickness of 20 mm, air velocity of 1.0 m/s, and air temperature of 373 K.
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(b) Drying rate curve

Fig. 3 - Drying characteristics of rapeseed by the experiment

Air temperature, air velocity and their distribution are important factors affecting the drying behavior
of rapeseed.
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The air temperature and air velocity at 3 representative positions of the drying box were measured
at 5 min intervals as shown in fig. 4 and fig. 5, respectively.
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Fig. 4 - Air temperature at different positions of drying box
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Fig. 5 - Air velocity at different positions of drying box

Modelling results of rapeseed drying

The moisture content loss of rapeseed can be obtained by modelling as shown in fig. 6. It is the
volume weighed average of porous medium of the rapeseed in the drying box. The volume weighted average
of a quantity is computed by dividing the summation of the product of the selected field variable and cell
volume by the total volume of the cell zone in ANSYS Fluent.
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Fig. 6 - Moisture content loss curve by modeling
The flow parameters of the rapeseed during thin layer hot-air drying can be visualized by post
processing. As the drying box has symmetrical geometry along vertical plane passing through axis of the exit

of drying box, the contours of air temperature and air velocity on this plane are representatively plotted as
shown in fig.7 and fig.8, respectively. The time intervals interested for the plotting are 600, 1200, and 1500 s.
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For the contours in fig. 7 and fig. 8, the X axis is along horizontal direction, and the Y axis is along
vertical direction, showing the dimensions of the drying box. The colours in the contours depict the
difference of parameters interested at different areas in the drying box, and the scales at the side of each
contour illustrate the values of parameter at the corresponding area. As a result, changes of air temperature
and air velocity in the drying box with the progress of hot-air drying are visually described.
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Fig. 8 - Air velocity contour of time intervals

Analysis and discussion

The moisture content loss curves of rapeseed thin layer hot-air drying showed that there is no
constant rate drying stage for rapeseed, as shown in Figures 3 and 6. The moisture contents of rapeseed
are 11.3%, 7.5%, 5.2%, 3.2% and 1.2% d.b. at 300, 600, 900, 1200 and 1500 s. The drying conditions are
air temperature 373 K, air velocity 1.0 m/s, initial moisture content of rapeseed 15% d.b. and layer
thickness 20 mm. The moisture transfer of rapeseed is mainly occurred in the former stage, and the drying
rate decreases with drying process continued. The moisture content (MC) of rapeseed from modelling and
experiments and their relative error are listed in table 2.

Table 2
Relative error of moisture content

Time MC from modelling MC from experiments Relative error

[s] [%d.b.] [%d.b.] [%]

300 11.8 11.3 4.4

600 8.1 7.5 6.8

900 5.0 5.2 3.9
1200 2.9 3.2 6.4
1500 1.0 1.2 16.0
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The distribution of air temperature in the drying box gradually changes with the drying process
continued, and the air temperature at the top of seed layer is much higher than that at centre and exit of the
drying box, of which benefits the rapeseed thin layer hot-air drying. The distribution of air velocity reaches a
stable status in quite a short period of time, and the air velocities at the top of seed layer and centre of the
drying box are nearly same, but with a small loss at centre position, and the air velocity at the exit of the
drying box is much higher than those at positions of the former two. The air temperature, air velocity from
modelling and experiments, and their relative error, at different positions and process time are listed in
tables 3 and 4.

Commercial CFD packages are capable of solving the general constitutive equations that govern
conservation of mass, energy and momentum and they must be tailored so that heat, moisture and airflow
distributions during drying of porous medium can be obtained. User-Defined Function is a successful
approach to model the heat and mass transfer during thin layer hot-air drying of rapeseed for CFD. The
moisture content and airflow distributions obtained from modelling showed considerably good agreement
with those from experiments: mean relative error of moisture content of modeling with experiments is
7.48%; mean relative errors of air temperature and air velocity are 1.07% and 7.72%, respectively.

By methodology of CFD modelling of the hot-air drying, the following performance parameters or
feathers can also be obtained: the time for drying certain amount of rapeseed of pre-measured moisture
content to required moisture level; the performance of rapeseed drying with temperature-change
technological process, namely different drying stages having different air temperatures; the airflow
distribution, including air temperature, air velocity, and pressure, etc., of a drying box with different
geometry. Therefore, the technological process and its control strategy of thin-layer hot-air drying of
rapeseed, and the structure and parameters of the drying box can be optimized by modelling, which can
provide reference and basis for optimization of drying technique and equipment of rapeseed hot-air drying.

Table 3
Relative error of air temperature
Position Time Temperat.ure from Tempgrature from Relative
[s] modelling, [K] experiments, [K] error, [%]
600 325 328 0.9
IT;yperOf seed %00 345 343 05
1500 355 350 14
600 310 305 1.6
Centre 1200 320 325 1.5
1500 330 328 0.6
600 315 310 1.6
Exit 1200 335 330 15
1500 340 340 0
Table 4
Relative error of air velocity
Position Time, [s] \nlweolzzlltliyng, [m-fsr'?]m \e/)flpoecrlitn}wlents, [mfrsoi? Sri?:,l\f‘;)]
600 0.30 0.27 11.0
Ey‘;rm seed 1500 0.30 0.27 11.0
1500 0.29 0.27 11.0
600 0.20 0.22 9.0
Centre 1200 0.20 0.20 0
1500 0.20 0.21 47
600 1.60 1.80 11.0
Exit 1200 1.80 1.70 5.9
1500 1.80 1.70 5.9
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CONCLUSIONS

In this study, a numerical investigation of heat and mass transfer during thin layer hot-air drying of
rapeseed was carried out, and the experimental measurements were taken for the respective drying
conditions. The following conclusions can be drawn from the results of this study:

(1) There is no constant rate drying stage for the thin layer hot-air drying of rapeseed. The moisture
transfer of rapeseed is mainly occurred in the former stage, and the drying rate decreases with drying
process continued.

(2) User-Defined Function is a successful approach to model the heat and mass transfer during thin
layer hot-air drying of rapeseed for CFD, and the moisture content loss of rapeseed and airflow distributions
in the drying box can be obtained from the modelling.

(3) Numerical findings had good agreement with experiments: mean relative error of moisture content
is 7.48%, and mean relative errors of air temperature and air velocity are 1.07% and 7.72%.
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ABSTRACT

This paper presents an approach, the mathematical algorithms and software implementation of
processes of discrete geometric modelling of open storage of bulk materials, such as surfaces of the equal
slope, taking into account the geometrical and technological requirements for newly created objects and the
physical and mechanical properties of bulk materials forming them. This approach and developed algorithms
will not only make possible to technologically project the construction of open storage of bulk materials in
time and provide a variety of geometrical requirements to objects, but also to make recommendations for the
selection and organization of transporting machines work which are necessary for.

PE3IOME

Y pobomi 3arnpornoHo8aHO midxid, MamemamuyHi anzopummu ma rnpogpamMHy peanis3auilo npouecis
OUCKPEMmMHO20 eeoMempu4YHo20 MOOeso8aHHsI 3a OOMOMO20I0 YUC/I08UX 10CAi008HOCMEU  8IOKpUMUX
cknadie cunkux Mamepiasnie SIK 08epPXOHb 0OHaKo8020 8IOKOCY, 3 YypaxyBaHHsIM 2eoMempuyHUX,
mexHooeiYHUX eumoz 00 cmeoptogaHux 06’ckmie ma I3UKO-MexaHidYHUX enacmusocmeli CunkKux
Mamepianig, wo Ix ymeoptoromb. Takul nidxid ma po3pobreHi anzopummu 00380/75iMb HE mMinNbKU
mexHOsI02i4HO 3anpoekmyesamu 38e0eHHs1 8i0Kpumux ckrnadie cunkux Mamepianie y yaci ma 3abesneqyumu

Uiy HU3Ky 2eoMempuyYHUX euMoe, WO eucysatombcsi 0o ob’ekmis, a U eupobumu pekomeHOauii u0do
nidbopy ma opeaHizauji pobomu HeobxidHUX A5l Ub020 MPaHCrIoOpMyYUX MalluH.

INTRODUCTION

When designing the open storage of bulk materials in a defined area that is limited by curved contour
of complex geometry, with the defined ceiling height of storage, the building of such structure models is
actual as for the organization of lifting machines work so as for the optimization of the storage of given
objects. Such models will make possible correctly and technologically design the construction of open
storage in time and provide a series of geometric requirements imposed on objects (Kupriiashkin A., 2015).

The main physical and mechanical property of bulk material, e.g. the ability of its elements to roll down
the sloping surface is the angle of natural inclination, the angle that is formed between the plane of the base
and the cone generatrix by free fall of bulk materials onto the horizontal plane (Boitsov Y.U. and Kartalis N.,
2013; Klein G., 1977; Vaisberh L., Demidov I. and Ivanov K., 2015).

This characteristic of the bulk material is basic when creating geometric models of surfaces of the
equal slopes as the ratio of the base size, its geometry and height of storage, its volume and mass are
directly dependent on this angle (see Fig. 1).

Fig.1- Phbtos of existing dumps of bulk materials
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Geometrically, the problem of modelling of open storage of bulk materials as surfaces of equal slopes,
based on the curvilinear contour of a defined area, with a certain height of storage leads to the construction:
of the lower curvilinear contour, the upper contour that is equidistant (Hozbenko V. and Lytkina E., 2010) to
the lower one and is the trajectory of motion of the load device.

So the development of new efficient algorithms for constructing models of surfaces of equal slopes
considering besides technological requirements (selection, calculation and organization of transport
vehicles), geometrical requirements (height, volume, mass etc.) and even the physical and mechanical
properties of bulk materials which form them is quite challenging problem.

MATERIAL AND METHOD

Development of methods of discrete modelling by the scientists working, in the field of applied
geometry made it possible to simplify the solution of a number of practical problems concerning the
designing of complex spatial structures and objects.

One of the methods of discrete geometric modelling of equable structures, that has several
advantages over all existing methods, is the formation of images using mathematical tools of numerical
sequences (Pustiulha V., 2006). In works (Pustiulha V. et al., 2011; Pustiulha V. et al., 20112014) efficient
algorithms of discrete modelling of storage surfaces of the equal slope using one-dimensional numerical
sequences, namely discrete models of closed curves with the defined geometric properties, models which
are equidistant to these curves, ensuring the absence of irregular points are proposed. However, the
development of algorithms for discrete modelling of curved surfaces of the equal slopes as integral geometric
objects that are models of open storage of bulk materials with certain technological initial conditions remains
rather challenging problem.

The process of designing an open storage of bulk materials is proposed to carry out by the following
steps. First - the formation of a discrete model of the closed curvilinear contour with certain geometric
properties, including: smoothness of molded object, passing through a series of basic, points of reference,
providing a defined area of the modelled contour. Second - analysis of discrete analogues of curvature at
points of discrete model, natural slopes angles of bulk material and consequently, determination of the
parameters of equidistant that will serve as the trajectory for lift transporting machines to form uniform
surface slopes at a defined closed contour. Third - the formation of a coherent discrete model of the equal
surface slopes counting the volume, weight and height of the simulated open storage of bulk material.

Theoretical studies are based on the guidelines of discrete geometry, mathematical tools of numerical
sequences, differential geometry and theory of bulk materials. Modelling of surfaces of equal slopes with
predetermined requirements was carried out by the software MathCAD.

RESULTS
Into the basis of algorithm for forming a discrete model of closed circuit of surface fundamentals
slopes were set by the same system of one-dimensional numerical sequences of such type:

n n n N-1 v « n-1 v «
X, =(1—N)xl+NxN +NZZKPS =D > kPS;

v=1s=1 v=1s=1 (1)
Yo =(1_£jyl+£yN OSSRy S KRy,
N N N v=1s=1 v=1ls=1

where:
X, Xy, Y1, Yy are the border restrictions;

N - serial number of the circuit unit;
kP, kP - components of functionally distributed load in the units, parameters of which provide the
number of restrictions to the geometry of the model, including the defined area of a closed contour, like this:

1 N-1
Sk = E Z(Xn ' yn+1 - Xn+1 ' yn) (2)
n=1
where:
X, Y, are the values of the coordinate points of the components of a discrete model of a closed
curve;

n - series number of the unit;
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N -number of the end unit, X, = X,, ¥, =V;;

Si- surface area.

According to the presentation of discrete model of the lower base of surface of the equal slope, the
upper base is formed as the trajectory of movement for the lifting device of bulk materials. Omitting the
details which are shown in (Pustiulha V. et al., 2014), the system of formulas of equidistant curve (see Fig.
2), that is a discrete model of the upper base of a searched surface is represented as:

le-dy,
Xe, =X, ;
(dx, )2 +(dy, )2
le-dx )
yen = yn i L 1

\/(dxn )2 +(dy, )2
where le is parameter of distance between the points of the base (1) and equidistant (3) curves that are
determined from geometrical and technological requirements.

30 100

Fig. 2 - Discrete model of set of equidistant curves

At the third stage, namely formation of an integral discrete model of the surface of equal slopes,
considering the research results (Pustiulha V. et al., 2007; Pustiulha V. et al., 2009; Pustiulha V. et al., 2013),
in parametric form can be represented as follows.

Using supportive contours X, xe, with double numerical sequence X, we build the cylindroid like

n?

this:

n n NE&H o, BY, L)k le-dy, k
Xk :((1—ijl+ﬁxN +NZZkPS -> > kP, JN+ X, (1_Nj (4)

v=ls=1 v=ls=1 \/(dxn )2 + (dyn )2
Discrete model of this cylindroid is shown in Fig. 3.

Fig. 3 -Discrete model of surface of equal slope by the component of X
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Using supportive contours y,, ye, for the component of Y we build the second cylindroid Y, , like this:

Ynk: 1_£Jy1+£yN N-1 v ku n-1 v kp)’j N yn_ |e-an (1_£j (5)
B (E AR WA )y = K

v=1s=1 v=1s=1 n)2 +(dyn )2

Discrete model of this cylindroid is shown in Fig. 4.

Fig. 4 -Discrete model ofsurfaceofequalslopebythecomponentofY

The third component Z is given by a double numerical sequence Z , in the form:
k k
Z,=G-—+H-1-— 6

where G is parameter of the base of a discrete model of the surface and H is model height.
Then the discrete model of the surface of equal slope can be represented by a system of three double
numerical sequences (4), (5), (6), a visual representation of which is shown in Fig. 5.

—-—

‘— ——‘ ==k
G i i s =

= ' 40

Fig. 5 - Generalized discrete surface model

Each of the generators of the represented discrete model of surface can be interpreted as the contact
line of formative cone of natural slope of bulk material at a certain time interval. So, the generalized discrete
model of an open storage of bulk material with the defined geometric properties, which are taken into
account and technological requirements of its construction is shown in Fig.6.

An important characteristic of a discrete model of open-storage for bulk materials is its volume. It is
proposed to make the calculation of storage volume as follows. SupposeV, is a compartment volume of the

outer direct cylinder with the base that is described by the system of numerical sequences x_, y, (1).
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A

Fig. 6 - Modelling of stepwise process formation of open storage for bulk materials

N-1

Z(Xn Yo~ Xna yn)

n=1

Vv =sk-H=E

5 H ™

where S, is the area of discrete model of closed curve of the supportive contour and H is height of the
cylinder.

Volume of the inner direct cylinder with the base that is described by the system of numerical
sequences of xe,,, Y., (3) is defined similarly.

ch:Ske.H:% ‘H (8)

N-1
Z(Xen ' yen+1 - Xen+1 : yen )
n=1

where S, is the area of discrete model of equidistant.
So, the full volume of discrete model of open storage for bulk materials can be obtained from:

VARAVIRE B u
Vs =-f—==="H- Z(Xen ' yen+1 - Xen+1 ' yen) + Z(Xn : yn+1 - Xn+1 . yn) . (9)
2 4 n-1 n-1

Knowing the bulk density of a certain bulk material y, the total mass of stored bulk material can be
determined.

m, =V, -v,. (10)

Technologically, the reproduction of the model might look like: working part of transporting machine
(Tsyz I. et al., 2015) should discretely move on the calculated trajectory, the boundary of which is the mode
of equidistant (upper base of surface of equal slopes) at a rate that is calculated depending on the given
performance (m>/h). Machines and volumes of basic cones (see Fig. 6) are part of the developed discrete
models. In addition, taking into account eq.(9), we can determine the total time required to create an open
storage for bulk material.

CONCLUSIONS

This paper reports an approach, mathematical algorithms and software implementation of processes
of discrete geometric modelling using double numerical sequences of open storage of bulk materials as
surfaces of equal slopes, considering not only technological and geometric requirements for construction of
these objects but also physical and mechanical properties of bulk materials which form them.

The process of designing an open storage for bulk materials is proposed to be carried out in three
stages. First - the formation of a discrete model of the closed contour with certain geometric properties,
second - definition of parameters of equidistant that will serve as the trajectory of loading device for forming
uniform surface slopes at a defined closed circuit and create an algorithm for its design, the third - the
creation of a uniform discrete surface model with the same slopes calculating volume, mass, height of the
modelled open storage of bulk materials and time to create it.
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This approach and developed algorithms will not only technologically design the construction of open

storage of bulk materials in time and provide a series of geometric requirements that apply to objects, but
also make recommendations which concern the selection and organization of work of transporting machines
which are necessary for.
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ABSTRACT
Having analyzed the designs and the quality indices of process performance for loading loose

materials by screw conveyors, new ways and engineering solutions for loading materials into an input flow
pipe-line have been suggested. Load analysis has been conducted and analytic dependences of the
operation process of cam and link-leverage slewing mechanisms of loading pipe activator have been
deduced. Movement patterns of a flow pipe-line in the process of loading pipe operation have been
investigated. Experimental studies have been conducted and rational operational parameters and modes
for the designed pipes have been determined.

PE3IOME
Ha ocHoei nposedeHo20 aHarisy KOHCMPYKYili ma roKasHUKI8 IKOCMi 8UKOHaHHSI MEeXHO02iuHUX

rpouecie 3agaHmMa)eHHs1 CUMKUX Mamepiarsie 28UHMOBUMU KOH8eEPaMU, 3arporoHO8aHO HO8I crocobu ma
MEeXHIYHI PilueHHs1 3a8aHMaXKeHHs1 Mamepianom 8xiOHoi mexHonoeiyHoi mazicmpani. [posedeHuli cunosull
aHasiz ma e8ueedeHo aHanimu4Hi 3asexHocmi rpoyecy pobomu Kyrnadyko8o20 ma WapHipHO-8aXxiribHO20
MexaHi3mie moeopomy akmueamopa 3asaHmaxyeanbHo20 nampybka. [ocnidkeHo 3aKoOHOMIpHOCMI
mpaekmopii nepemilieHHsT mexHoo02i4Holi Mazicmparni nid@ Yac pobomu 3asaHmaxysarnbHo2o nampybka.
lNposedeHi ekcrnepumeHmarnbHi Q0CriOXeHHS ma 6cmaHOB/IeHO pauioHarnbHI napamempu i pexumu
pobomu po3pobrieHux nampybkis.

INTRODUCTION

A review of scientific and patent literature, technical and economic performance of flexible screw
conveyors and processes of conveying loose materials in flow pipe-lines (Boyko A.l. et al., 2011; Vitrovyi
A.O., et al., 2012; Klendiy M.B., 2006,2007; Hevko I.B., 2008; Hu G. et al., 2010; Loveikin V. et al., 2012
Pylypets M.l. 2002 and Rohatynskyi P.M., 2014) shows that they satisfy most of the requirements to a
certain extend, but most of these mechanisms require constant operator intervention. That is why, in order
to improve the operation of conveyors it is necessary to pay more attention to the development of loading
devices of screw conveyors. In addition to that, an important factor is minimization of material capacity of
screw conveyors, which, on the one hand, allows reducing their cost and on the other hand, decreasing
power inputs in order to convey loose materials. Moreover, it is necessary to provide maximum possible
limits for regulating design and kinematic parameters of operating elements as well as to provide fast
replacement of technological units for the adjustment of the machines to specific production conditions.

MATERIAL AND METHOD
The aim of this research work was designing, constructing and testing loading pipes of screw

conveyors and the determining the effect of the design and kinematic parameters of operating elements on
technological process performance.

The effectiveness of the operation of flexible screw conveyors, which depends greatly on the value of
the operating efficiency of pipe-lines, is determined by the design concept of a loading pipe. The existing
designs of loading pipes require constant conveying of loose materials in a flow pipe-line, which is mostly
done by an operator.

The given researches are a continuation of previously conducted ones(Hevko R.B. et. al., 2014;
Hevko R.B., et.al., 2015; Hevko R.B., et.al., 2016; Klendii M.B. and Klendii O.M., 2016).
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In order to solve the given tasks, structural and mechanical diagram of a flexible screw conveyor with
a loading pipe has been developed and its experimental sample has been designed, which is shown in
Figure 1. It is designed in the form of a base 4, where there is a loading pipe 5 fixed, which provides the
transfer of loose materials from a loading flow pipe-line 3 to an unloading one 6 and also the drive of the
operating elements located in a cantilever. At the free end of a loading flow pipe-line the developed designs
of loading pipes 2 are arranged (Hevko R.B. and Rozum R.l., 2003; Danylchenko M.H. et. al., 2004), which
interact directly with the heap of loose materials 1.

Figure 2 presents the design concept of an self-loading pipe with a cam (Fig.2a) and link-leverage
(Fig.2b) slewing mechanisms of activators. A pipe includes a helical spiral 2, which is arranged in a
cylindrical catcher 3 with separation ports and transfers to an elastic casing 1. An output shaft 4 of a helical
spiral is connected to active driving elements 5 through a slewing mechanism 6.

Fig. 2 - Design concept and overview of self-loading pipes
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In the first case, a slewing mechanism of activators is made in the form of a radial placed cam 7,
which is spring-loaded 8 toward active driving elements. In the second case, it is made in the form of a disc
10, which is arranged on an output shaft of a helical spiral, where there is a lever 7 hinged to it, which
periodically interacts with activators and is spring-loaded 8 toward a damping catcher 9 of a turning angle of
a lever.

In the operation process torque from an output shaft of a helical spiral is imposed through a slewing
mechanism on activators, which, when rotating, excite loose materials and, at the same time, transfer self-
loading pipe toward the heap of materials as the intake proceeds.

When substantiating rational design and load parameters of a slewing mechanism of activators, two
variants of their construction have been considered in order to choose the optimum diagram of a loading
pipe, which should be able to provide the intensification of the process of material feed as the intake
proceeds.

A design diagram used for the determination of the interrelation between constructive and load
parameters of the elements linking a loading pipe and a cam slewing mechanism of activators is shown in
Figure 3.

In the diagram h denotes the distance between the centre of an activator and a disc centre; r,
denotes the radius of an activator; r is written for the radius of a cam; & denotes the clearance between an
activator surface and a disc surface; m is written for the decentralisation of a cam hemisphere relative to a
disc surface; k denotes the distance from the centre of a cam hemisphere to the centre of a disc; | denotes

the arm of action N; z denotes the arm of action of friction force F’; ¢ is written for an angle of disc

rotation; FSp denotes spring pressure; F denotes friction force in the cam — groove pair of a disc; F/

denotes friction force in a cam — activator pair; N denotes reaction force from the interaction of a cam
surface and an activator surface.

X

180°~¢- N

Ay

x
\

| Y
| 0 \Z/ |
Fig. 3 - A design diagram used for the determination of the interrelation between constructive and load
parameters of the elements linking a loading pipe and a cam slewing mechanism of activators

On the basis of the conducted theoretical investigation, equation systems for the determination of
torque from the design parameters of the elements of linkage and also a pattern angle ¢ of rotation of a
cam relative to an end disc activator have been produced.

Activator torque is determined by the following equation system:

T =N/R;

N =—-C(A, +A)[1-0,5f sin2y]cosy;
A=h-R-6-m-Kk;

k= hCOSgD—\/(R-H‘)Z —h%sin®p;

4 =[180°—arcsin(hsm(pﬂ.
R+r
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where C — spring stiffness; Ay — value of spring pretension; A — travelling value of spring deflection.
Since peak torques arise at the first stage of the interaction of a cam with an activator, limits of angle
@ change is chosen to be from ¢nax (Cam engagement into the contact with an activator) to ¢ = 0 (vertical
installation of their central axis).
Value ¢ is determined by the following dependence:
2 2 2
h? +k? - (R+r) J @
2hk

n

P = arccos[

where k, =h—R—-6—-m.

A design diagram used for the determination of the interrelation between constructive and load
parameters of the elements linking a loading pipe and a link-leverage slewing mechanism of activators is
shown in Figure 4.

Y

S R

O X

|

Fig. 4 - Diagram used for determination of constructive and load parameters
of aloading pipe with link-leverage slewing mechanism of activators
Activator torque is defined as the function of an angle of cage rotation (T, = f(¢)) and takes the
following form:

Elz*fr )
=—————| (a)cosysin¥;
a |-|jp.60°"() 4

, ((R+I—A+r)sin§j _ ( Rsin® J
¥ =arcsin —arcsin :
JRZ+12 — 2Rl cos @ JRZ +12 — 2Rl cos @

| =(R+1-A+r)sing;

®3)

r’+(R+l-A+r)>~R*-1?>-2Rlcosa
& =arccos .

2r(R+1-A+r)

Where: | denotes the inertia moment of a flat spring; E denotes the modulus of elasticity of a flat spring; R
denotes the radius of a disc; | denotes the length of a hinged lever; |, denotes the length of a spring beam:;
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|’ denotes the arm of action of friction force; 4 denotes lever and activator overlapping © = 180° - a.

The deduced equation system gives the opportunity to evaluate the influence of the design elements
of a loading pipe on the value of activator torque needed for its self-movement in the process of the
material intake with the turning angle of a lever a.

In order to take into consideration load factors, which arise when there is a change in the radius of
curvature p of an elastic casing with a loading pipe and according to its movement pattern, a diagram of a
flow pipe-line load has been considered (Fig.5).

y
) F
P
y
L
A
y )
0 rl_l —
X XL X

Fig. 5 - A design diagram of a flow pipe-line load

A travelling moment, which causes a change in the curvature of routing by independent variables,
namely a bend angle @ and a travelling length S, has been determined from the following formula:

L L
M(x)=M(0)= F{sin 0, [sin0-ds +cosGchose-dS} 4)
| |

where F denotes equal driving force applied to a pipe, taking into account clamp resistance.

Based on the results of the investigations, the flow routing of a flexible screw conveyor has been
simulated using a chain curve, the parametric equation of which, depending on the parameter S, takes the
following form:

C S-M  [S?-M?

X=—>:In + +1 (5)
2
M | C C

¢

C2 C
= |—® ;g2 _"¢
y ,/Mz v (6)

Movement increase of a pipe with coordinates x,, y, at variable moment M:

o c.[ [ cz c
dUL :UydeM :M—(pz L 1+MT(PL2—V¢ dM . (7)
RESULTS

In order to analyze equation system (1), namely functional relationships, T, = f(¢) the following

parameter values were taken: h = 74 mm ; R =22 mm; 6 =2 mm; m =2 mm; C = 10 N/m; A =5 mm;

f=0.17. Value @ = 12.37°.

Using the obtained results it has been determined, that the maximum cam torque corresponds to the
moments of its engagement with an end disk and corresponds to the angles of rotation ¢ = 8°-12°.

When an activator becomes jammed, torque increases by 28% compared to the unrestricted turning
of an activator.

Activator torque has reverse absolute value trend and its maximum value is a=0°. It can be explained
by the fact, that an activator arm is permanent.

Graphical dependencies presented here must be used in order to determine rational design
parameters of a loading pipe and also their operating modes.
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In order to analyze equation system (3), the following parameter values were taken: h=0.074 m;
R=0.025 m; 4=0.003 m; r,=0.022 m; 1=0.03 m; f=0.17; l,=0.03 m; »=60°; z= 0.02 m, /=5.63-10"* m".

Using the obtained results it has been determined, that regarding a link-leverage slewing mechanism
of activators, the most essential influence on the value of activator torque T, is exerted by the length of a

hinged lever | and the inertia moment of a flat spring /. The limits of rational parameters have been
determined: the radius of a disc 0.02...0.03 m, the length of a hinged lever 0.025...0.035 m, the diameter of
an activator 0.02...0.024 m, lever and activator overlapping value 0.002...0.004 m.

Using the investigation results of the mechanical trajectory of a loading flow pipe-line
(equations 4-7) and the movement of a loading pipe depending on bending moment M, the corresponding
motion trajectories have been defined (Fig.6). The following parameter values were taken: unit stiffness
C, =500 Nm? the length of a flow pipe-line L = 6 m.

y, m
: e
A\
= |

X, m

I\

0__‘-é

0 2

I

Fig. 6 - Motion trajectories of a loading flow pipe-line and movement of a loading pipe
depending on bending moment M: My =25 Nm; M, = 50 Nm; Ms = 75 Nm; M; = 100 Nm

In order to examine the developed designs of loading pipes under actual operating conditions, a pilot
plant of a flexible screw conveyor has been constructed. It has been made in the form of a base, where
there is a loading pipe fixed, which provides the transfer of loose materials from a loading flow pipe-line to
an unloading one and also the drive of the operating elements located in cantilever. At the free end of a
loading flow pipe-line the developed designs of loading pipes are arranged, which interact directly with loose
materials.

A complex experiment using the pilot plant of a flexible screw conveyor has been conducted and, as
a result, a regressive dependence, showing its efficiency characteristic ¥ from the rotation frequency of a
conveyor helix n, the clearance between an activator surface and a disc surface ¢ and spring force Fgp, has
been obtained

Y =-5.69 + 0.0163n + 4305 + 0.031Fg,. (8)

It has been stated that in the operation process of a flexible screw conveyor, equipped with the
developed self-loading pipe with a cam slewing mechanism of activators, with the following range of
parameter variations: 400 < n < 600 (r/m), 0,002 < 6 < 0,004 (m), 10 < Fs, < 50 (N), the greatest influence on
the process of material intake and the productivity of a conveyor respectively is exerted by the rotation
frequency of an operating helix. In addition to that, the increase of values ¢ and Fg, leads to the increase in
the process efficiency of loading loose materials into a flexible casing, but their influence in this range of
parameter variations is halved.

The determination of a functional dependence between tractive force P on a loading pipe and the
value of its cross travel | is needed for defining the value of activator torque, which would provide the
movement of a flow pipe-line.

In the process of investigation, force at the beginning of a loading pipe movement together with a
flexible casing (that is to say, their transition from a static position into a moving position) have been
determined first and, in addition, movement force at the specified values of lateral position (I = 1, 2, 3 m) has
been defined as well.

The results of the experimental studies show, that break-down force of a pipe-line from its static position,
when a pipe is placed in certain positions, is twice as much as the travel force in these positions. Movement force
of a pipe-line without stopping from its initial position to the position, that corresponds to | = 3 m, exceeds
movement force of a pipe-line, needed to reach the same position with discrete stops by 13 %.

94



Vol.50, No.3 /2016 INMATEH —Agricubtusal Engineering

Taking into consideration the obtained values of tractive force, torque of moving a loading pipe of a
flow pipe-line for various standard sizes of supporting rollers with radius r, has been determined. In case of
emergency with a curved four meter pipe-line: P = 100 N; r,= 0.03m. Then T, = Pr,= 3 Nm.

Methodology has been developed and experimental studies have been conducted in order to
determine the value of the maximum torque for the turning of activators in various loose mediums. Here the
width and the height of loose material column were the same.

It has been stated, that for activator turning in loose medium the maximum torque at which the
material is shifted by a beater blade, is the following: for bran — 0.31Nm; barley — 0.58Nm; wheat — 0.96Nm.

Having analyzed the results of the experimental studies for certain specified concrete design and
process parameters, it can be stated, that torque, which is to provide the appropriate tractive force of a flow
pipe-line far exceeds the torque needed for activator turning in loose medium. That is why, design and load
parameters of the elements of a loading pipe must be selected based on the tractive force, which is needed
for pipe-line movement.

Unit design moment, which provides maximum deflection of a flexible screw, can be determined from
the following formula:

_mgf 9)

Pmax —
2

M

Accordingly, the length of a flexible screw L, which services operating area with width B, must be
chosen using the following statement:

3
T L) (10
4 mgf
where unit stiffness of a conveyor C is specified experimentally in accordance with the following ration:
2
C = Fle (1)
26

e
Where: F,, L, and 6, denote the experimental values of tractive force, the length of a flow pipe-line and the
angle of deflection of a loading pipe respectively.

In process testing of a flexible screw conveyor, equipped with the developed self-loading pipe, the
transporting grain material has shown the following results: if rotation frequency of a helical spiral is n = 560
r/m and the diameter is 96 mm, productivity of a conveyor is about 4600 kg/h.

CONCLUSIONS

Based on the analysis of the state and the development trends of the movement of loose materials in
flexible screw conveyors, a new way of loading flow pipe-lines, which envisages the active use of a loading
pipe, has been suggested. On the basis of this principle a flexible screw conveyor equipped with a loading
pipe has been developed and made; in addition to this, its theoretical and experimental studies have been
conducted.

Equation systems in order to determine interrelation between design and load parameters of cam
and link-leverage slewing mechanism of activators have been deduced.

The analysis of the movement pattern of a flow pipe-line has given the opportunity to determine, that
routing trajectory of a flexible screw can be approximated to the accuracy, sufficient for practical use, by a
catenary line, the parameters of which are unit stiffness of a flow pipe-line and a bending moment, which is
formed by a pipe drive. It has been determined, that at the stiffness of a flow pipe-line being
C, = 450...500 Nm? and the length being | =4...6 m the operating area is B = 3.2...8 m.

Methodology of conducting experimental studies of the elements and samples of self-loading pipes of
flexible screw conveyors has been developed. It allows studying the influence that design and loading
parameters of slewing mechanism of activators have on the performance of a loading pipe and the value of
a flow pipe-line movement.

The conducted experimental studies of a cam slewing mechanism of activators gave the opportunity
to determine the dependence of the maximum torque on the design parameters of the elements of linkage.
As for link-leverage slewing mechanism, the change in the value of central plate torque depending on the
turning angle of an activator has been determined. The difference between theoretical and experimental
studies does not exceed 17%.
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Based on the conducted complex experiment, regressive dependencies showing that the efficiency of

the performance of a flexible screw conveyor equipped with the developed self-loading pipe is influenced by
rotation frequency, the clearance between an activator and a disc and spring pretension, have been obtained.

Based on the investigation results, a design technique of the developed designs of screw self-loading

pipes has been developed. The conducted process testing is indicative of the desirability for the application
of such types of loading pipes in flexible screw conveyors when operating with loose materials of
agricultural production.
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ABSTRACT

The influence of the moisture in the process of thermal-moisture treatment of oilseed material has
been determined. The behaviour of the electronic system for adjustment of oilseed moisture has been
investigated. For this purpose, experimental data on the current moisture values have been obtained in
treatment period via grain sample method. The obtained experimental data have been statistically compared
with the simulation results from a model, which describes the thermal-moisture process.

PE3IOME

OnpedeneHo e enussHUEMO Ha enaxkHocmma Ha 3bpPHEeHUs Mamepuar 8 rpouyeca Ha dobusaHe Ha
pacmumersnHo macrio. M3cnedsaHo e nogedeHUemMo Ha efIeKmpPOoHHa cucmemMa 3a peayrupaHe efnaxHocmma
Ha 3bpHEHUsI Mamepuar. 3a yesma ca rosyqyeHu ekcriepuMmeHmarsnHu 0aHHU 3a MOMeHmMHama cmoliHocm
Ha enaxHocmma 6 rnepuoda Ha obpabomka 4Ype3 3bpHeHa npoba. Te3u OaHHU ca cmamucmuyYyecku
CbIIOCMaseHU CbC CUMYMaUUOHHU pe3ynmamu om npedsapumenHo paspabomeH Mmodes, onuceaw
8/1a20MOIUHHUSI NPOYEC.

INTRODUCTION

The first operation after harvesting the oilseeds involves grinding, and then heat and moisture
treatment. Decortication or shelling separates the oil-bearing portion of the raw material and eliminates the
parts that have little or no nutritional value. Small-scale mechanical shellers are available for kernels and
nuts although manual cracking is still prevalent. Most oil seeds and nuts are heat-treated by roasting to
liquify the oil in the plant cells and facilitate its release during extraction. To increase the surface area and
maximize oil yield, the oil-bearing part of groundnuts, sunflower, sesame, coconut, palm kernel and shea
nuts is reduced in size. Mechanical disc attrition mills are commonly used in rural operations (Kabutey et al,
2011; Kadirova S., Manukova A., 2009b; Manukova A., Kadirova S., 2009; Sigalingging R. et al, 2014).

Moreover, mechanical pressing is most popular method in the world to separate oil from vegetable
seeds crops. Thus, the impact of several variables on oil recovery, oil quality, rupture force of seeds,
deformation, and energy cost for pressing is essential for an adequate design of equipment for pressing
seeds crops (Sigalingging R., et al, 2014). Heat treatment before extrusion is necessary for improvement of
the amount of recovered oil. Pre-treatment has a significant impact on the efficiency of pressing (Sayyar S.,
et al 2009; Willems P. et al, 2008; Kadirova S., 2008; Kadirova S., Manukova A., 2009a; Kadirova S.,
Manukova A., 2009b; Sigalingging R et al, 2014; Herak D., et al 2013; Kabutey A., et al, 2012).

The main point of thermal-moisture processing of meal is accomplished in the simultaneous action of
water vapour and heat to the cells of the milled mass. Oleaginous cells consist of two main parts - a
hydrophilic, which is associated with the water (carbohydrates, proteins and other nitrogen-containing
substances) and hydrophobic, which is not associated with the water (oil and other substances dissolved
therein). During the heating of the meal, the water contained in the cells, is associated with the hydrophilic
portion that swells and intersects - coagulate. It is thus a sharp demarcation between hydrophilic and
hydrophobic phase. To suppress the hydrophilic phase it is necessary a precisely defined amount of water. If
naturally the water content of meal is insufficient, then it has to be additionally moistened by water or by wet
steam (Sigalingging R et al, 2014; Herak D., et al, 2013; Kabutey A., et al, 2012).

The dynamics of variation of meal moisture and temperature as a function of time depends on many
interdependent factors. The main parameters are the temperature values of the heating fluid and the
incoming meal, the initial moisture content of meal, the relative weight of dry basis, thermal conductivity, heat
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exchange etc. The recognition of their influence during the thermal-moisture processing of the meal is
possible based on the simulation model (Kadirova S., 2008; Herdk D., et al 2013; Kabutey A., et al, 2012).

The moisture content of the meal is necessary to be controlled in each stage of the process. It significantly
affects the quality of the treatment, which is necessary for the next operation, for extrusion. This requires control of
meal moisture variation in all stages of the process (Herak D., et al, 2013, Kadirova S., 2008).

The aim of the publication is to investigate the efficiency of the developed electronic system for control
of moisture content in the thermal-moisture treatment of meal the preliminary substantiated control points of
the treatment process.

MATERIAL AND METHOD
Object of investigation

The structure of the investigated system is presented in Fig. 1. In the current research the parameters
of corn-germ meal are investigated. Starting of the system begins with entering of initial conditions - kind of
oilseed material and kind of treatment depending on the next stage of the technological process for oil
extraction. The initial moisture and specific density of incoming meal are determined by grain sample
method, as there is a possibility for process interruption to enter data and to change the treatment
parameters. The opportunity for simulation of the process for two main technological operations is provided
in the developed software. They respectively are thermal-moisture treatment of meal for full pressing, and
treatment for pre-pressing and next chemical extraction (Manukova A., Kadirova S., 2009a).

Because of the continuous character of the process the meal in the toaster passes through the
sections for exact duration, which depends on the current values of temperature and moisture content of the
treated meal. The heating of the material is done indirectly by energy exchange between the meal and
heating fluid through the metal wall of the toaster. The surface of the toaster is heated by the fluid circulating
in the heating chamber. The meal is processed as it contacts with the heated surface of the section and
receives its heating energy via heat exchange.

= AR oo Meal entering to |
Measurement of the || C unlm'] of valves for i
temperature and the —> cxhausting the L
humidity of the humid air from
2 s 02
environment sections ,\ 2.4
Exhaust fan
Control of fan
Meal level sensor in N = C""’“_“”fl—' the
section Nel humid air from the
sections Section 1
Temperature sensors O Control of heating I % — -
incoming and outgoing (4 = temperature -
heating fluid from the o -2 Section 2
toaster
.’:S Meal I
— Control of the 1 | —— = | =
emperature sel s fo additional = = =
Temperature sensor. for o —> 2 i Section 3
D B .| measurement of meal — moistening of the
Lgammetionon temperature in sections —_— meal Meal
initial moisture of o o I ﬂ\ —— s B9 >
meal by grain sample|—p-| Entering of — ) ——— S ——
initial Section 4
Determination of |—p| conditions || Control of a sliding Mol
specific density of Personal —>| valve placed on the cal —a= >
meal by grain sample| computer  [€—> output of the toaster
Kind of treatment L | |
process Set of model Control of Treated meal Heating fluid |
parameters . interruption of
Kind of oilsceds meal supply in
Display toaster’s entrance

Fig.1 - Structure of the electronic system for control of thermal-moisture processing
of oilseeds in a toaster for extraction of vegetable oils

The temperature and humidity of the ambient air are important input data for the environment
parameters and they influence the processes’ control. The steam saturated air from the section is exhausted
by external vent pipe with exhaust fan, as at the output of each section are installed control valves. The initial
moisture content of treated oilseeds is determined by grain sample method before it enters into the toaster.
The current moisture content of meal is calculated by the proposed model at each stage of the processing. In
case of not corresponding to moisture requirements, proposed in the criteria, the electronic system controls
the operating mechanisms (Kadirova S., A. Manukova, 2009a).
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Toaster's sections are closed vessels containing free airspace intended to absorb the moisture
evaporated from meal during heating. This provides a better moisture exchange between the air and the
processed material, which helps to intensive the evaporation process of the material and leading away the
humid air from the toaster. The movement of meal from one section of the toaster to the other one is realized
by cross valves, connected to a mechanical system. It provides constant and uniform passing of meal in the
toaster by an exact preliminary defined step in time as well as the quantity of treated meal. In each section
are placed temperature sensors for control of the meal temperature in real time.

The amount of the discharging meal is controlled by a sliding valve, placed in section Ne4. The sliding
valve is controlled by the electronic system based on the results obtained from process simulation via the
developed model compared with the measured values of parameters at the current time. The position device
helps to position the operating mechanism of a sliding valve to a desired position. Thereby, the treated
material is being discharged from the toaster at the exact time which leads to a significant increase in system
efficiency by reducing the material’s duration of stay in the toaster and reduces the energy consumption.

RESULTS

For investigation of the efficiency of the developed electronic control system some experimental
studies are implemented. They are based on the variance of the meal moisture. During the experiment the
values of the meal moistures at the exit of each section have been measured at each 10 minutes because
the process has a significant inertness.

The results are presented in tabular and graphic form. In the control points of the technological
scheme, the current values of the meal moisture of the experimentally obtained results are compared with
simulation data from developed software. The software is based on literary and experimental data. The root-
mean-square deviation, the absolute error and relative error of experimentally obtained moisture data to
simulation data, are estimated. The root-mean-square deviation of the current values of meal moisture at the
control points is calculated by the following expression:

@)

Experimental investigation at various moisture contents has been conducted and the observed data is
summarized in Tables 1 to 4. In Figures 2 to 7 are presented graphical parities of change of meal moisture
content in time. Studies, based on developed software model in MATLAB environment, have been
conducted as the results are summarized in Tables 1 to 4.

Comparison of the experimental data with the simulation results of the meal moisture at the
output of section 1 of the toaster.

Table 1 presents the data for current values of the meal moisture at the output of section 1.

Table 1
Values of the meal moisture at the output of section 1
Root- Root-
. Mmn, | M, | mean- |Absolute|Relative | _. Mmi, | Mm, mean- |Absolute | Relative
Time Time
model | exp | square error error model | exp | square error error
deviation deviation
[min]| [%] | [%] [] (%] (%] [[min]| [%] | [%] [l (%] [%]
10 9.5 |105 0.81 0.9 2.26 110 9.4 | 10.2 0.64 0.8 2.04
20 9.7 9.9 0.04 0.2 0.51 120 | 103 | 9.1 1.44 1.2 3.09
30 9.3 |101 0.64 0.8 2.06 130 9.7 | 10.1 0.16 0.4 1.01
40 9.9 9.1 0.64 0.8 211 140 | 10.2 | 8.8 1.96 1.4 3.68
50 10.1 | 10.2 0.01 0.1 0.25 150 | 104 | 9.6 0.64 0.8 2.00
60 9.7 |104 0.49 0.7 1.74 160 9.7 | 10.2 0.25 0.5 1.26
70 8.8 9.7 0.81 0.9 2.43 170 9.2 | 101 0.81 0.9 2.33
80 9.6 |10.1 0.25 0.5 1.27 180 9.9 9.7 0.04 0.2 0.51
90 10.2 | 8.9 1.69 1.3 3.40 190 9.8 9.9 0.01 0.1 0.25
100 | 10.1 | 95 0.36 0.6 1.53 200 | 10.2 | 9.6 0.36 0.6 1.52

The root-mean-square deviation of meal moisture at the output of section 1 of the toaster is ¢ =0.77%
. At the current moisture values the calculated average value of the absolute error is ¢, =0.69%, as the

relative is g_,=1.76%.
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Fig. 2 illustrates the change of meal moisture at the output of section 1. The moisture range of the
meal is within the field of defined criterion diapason. The results presented in Fig. 2 are obtained from the
simulation model, and the experimental ones are measured in the real toaster.

Time, min

Mmodel 1, %

Residuals

Mmodel1, % Mexp1,%

Fig. 2 - Variation of the meal moisture at the output of section 1 in dependence of time

During the model simulation the variation of moisture values is in the range of Mmeal section_1_model =
(10.4...8.8) %, and the experimentally measured ones in the installation are Mmea_section_1_exp = (10.5...8.8) %.
For section 1 the diapason of change of the meal moisture is Mmeal_section_1_criteria = (11...9.5) %. Therefore, the
technological requirements for the range of moisture change in section 1 of the toaster are adhered.

Comparison of the experimental data with the simulation results of the meal moisture at the output of
section 2 of the toaster.
Table 2 presents the data for current values of the meal moisture at the output of section 2.

Table 2
Values of the meal moisture at the output of section 2
Root- Root-
. My, | Mm, | mean- |Absolute|Relative|_. Mmi, | Mm, mean- |Absolute | Relative
Time Time
model | exp | square error error model | exp | square error error
deviation deviation
[min]| [%] | [%] [ [%] (%] [[min]| [%] | [%] [ (%] (%]
10 7.7 7.9 0.04 0.2 0.64 110 7.6 7.8 0.04 0.2 0.65
20 7.4 7.6 0.04 0.2 0.67 120 8 7.6 0.16 0.4 1.28
30 7.8 7.4 0.16 0.4 1.32 130 8.2 8 0.04 0.2 0.62
40 7.7 8.2 0.25 0.5 1.57 140 7.5 8.2 0.49 0.7 2.23
50 7.9 7.7 0.04 0.2 0.64 150 7.6 7.5 0.01 0.1 0.33
60 7.8 7.6 0.04 0.2 0.65 160 7.6 7.9 0.09 0.3 0.97
70 8.1 7.9 0.04 0.2 0.62 170 7.9 7.8 0.01 0.1 0.32
80 8 7.6 0.16 0.4 1.28 180 7.6 8.1 0.25 0.5 1.59
90 7.8 8.1 0.09 0.3 0.94 190 8.1 7.6 0.25 0.5 1.59
100 7.5 8.3 0.64 0.8 2.53 200 7.9 7.8 0.01 0.1 0.32

The root-mean-square deviation of meal moisture at the output of section 2 of the toaster is
0=0.38°C. At the current moisture values the calculated average value of the absolute error is ¢, =0.33%

, as the relative is g =1.04%.

Fig. 3 illustrates the change of meal moisture at the output of section 2. The moisture range of the
meal is within the field of defined criterion diapason. The results presented in Fig. 3 are obtained from the
simulation model, and the experimental ones are measured in the real toaster.

During the model simulation, the variation of moisture values is in the range of Mpeal_section 1 model =
(8.2...7.4) %, and the experimentally measured in the installation are Myeal_section 1 exp = (8.3...7.4) %. For
section 2 the diapason of change of the meal moisture is Mmeal section_1_criteria = (9.5...7) %. Therefore, the
technological requirements for the range of moisture change in section 2 of the toaster are adhered.
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Mmodel2, % Mep2, %

Mexp2, %

Fig. 3 - Variation of the meal moisture at the output of section 2 in dependence of time

Comparison of the experimental data with the simulation results of the meal moisture at the
output of section 3 of the toaster.
Table 3 presents the data for current values of the meal moisture at the output of section 3.

Table 3
Values of the meal moisture at the output of section 3
Root- Root-
. Mun, | Mmi, | mean- |Absolute|Relative|_. Mu, | M, | mean- |Absolute |Relative
Time Time
model | exp | square error error model | exp | square error error
deviation deviation
[min]| [%] | [%] [] [%] (%] [[min]| [%] | [%] [ (%] (%]
10 5 55 0.25 0.5 2.38 110 | 5.3 5.6 0.09 0.3 1.38
20 5.7 5.6 0.01 0.1 0.44 120 5.2 5.9 0.49 0.7 3.15
30 5.8 5.3 0.25 0.5 2.25 130 5.6 5.7 0.01 0.1 0.44
40 54 54 0 0 0.00 140 51 5.2 0.01 0.1 0.49
50 53 5.8 0.25 0.5 2.25 150 5.2 54 0.04 0.2 0.94
60 55 5.6 0.01 0.1 0.45 160 5.3 5.2 0.01 0.1 0.48
70 5.2 5 0.04 0.2 0.98 170 5.7 53 0.16 04 1.82
80 5.4 5.2 0.04 0.2 0.94 180 5.3 5.8 0.25 0.5 2.25
90 53 5.7 0.16 0.4 1.82 190 51 55 0.16 0.4 1.89
100 | 56 | 5.8 0.04 0.2 0.88 200 | 5.2 5.3 0.01 0.1 0.48

The root-mean-square deviation of meal moisture at the output of section 3 of the toaster is 6 =0.34.
At the current moisture values the calculated average value of the absolute error is ¢, =0.28%, as the
relative is ¢ =1.29%.

Figure 4 illustrates the change of meal moisture at the output of section 3. The moisture range of the

meal is within the field of defined criterion diapason. The results presented in Fig. 4 are obtained from the
simulation model and the experimental ones are measured in the real toaster.

Mmodel3, %

Mmodsi3, % D3, %

Fig. 4 - Variation of the meal moisture at the'output of section 3in depehdénce of time
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During the model simulation the variation of moisture values is in the range of Mmeal section_1_model =
(5.8...5.0) %, and the experimentally measured in the installation are Mmea_section_1_exp = (5.9...5.0) %. For
section 3 the diapason of change of the meal moisture is Mmeal_section_1_criteria = (7...4.5) %. Therefore, the
technological requirements for the range of moisture change in section 3 of the toaster are adhered.

Comparison of the experimental data with the simulation results of the meal moisture at the
output of section 4 of the toaster.

Table 4 presents the data for current values of the meal moisture at the output of section 4 (output of
the toaster).

Table 4
Values of the meal moisture at the output of the toaster
Root- Root-
. My, | M, | mean- |Absolute | Relative | _. Mu, | Mmi, | mean- |Absolute|Relative
Time Time
model | exp | square error error model | exp | square error error
deviation deviation
[min]| [%] | [%] [] [%] (%] |[min]| [%] | [%] [l [%] [%]
10 3.2 2.9 0.09 0.3 2.46 110 2.8 3.1 0.09 0.3 2.54
20 25 2.7 0.04 0.2 1.92 120 3.1 2.8 0.09 0.3 254
30 2.7 2.6 0.01 0.1 0.94 130 3 2.9 0.01 0.1 0.85
40 2.8 2.9 0.01 0.1 0.88 140 25 2.6 0.01 0.1 0.98
50 2.6 31 0.25 0.5 4.39 150 2.9 2.6 0.09 0.3 2.73
60 2.9 2.7 0.04 0.2 1.79 160 2.8 2.9 0.01 0.1 0.88
70 3.1 25 0.36 0.6 5.36 170 2.9 3.1 0.04 0.2 1.67
80 3.2 2.7 0.25 0.5 4.24 180 2.6 2.9 0.09 0.3 2.73
90 3.2 2.9 0.09 0.3 2.46 190 25 2.9 0.16 0.4 3.70
100 | 2.9 2.8 0.01 0.1 0.88 200 2.6 2.8 0.04 0.2 1.85

The root-mean-square deviation of meal moisture at the output of section 3 of the toaster is c=0.3.
At the current moisture values the calculated average value of the absolute error is g, =0.26°C, as the

relative is g, =2.29%.

Fig. 5 - Variation of the meal moisture at the output of section 4 in dependence of time

Fig. 5 illustrates the change of meal moisture at the output of section 4. The moisture range of the
meal is within the field of defined criterion diapason. The results presented in Fig. 5 are obtained from the
simulation model, and the experimental ones are measured in the real toaster.

During the model simulation the variation of moisture values is in the range of Mmeal section 4 model =
(5.8...5.0) %, and the experimentally measured in the installation are Myeal_section 4 exp = (5.9...5.0) %. For
section 4 the diapason of change of the meal moisture iS Mmeal_section_4_criteria = (4.5...2.5) %.Therefore, the
technological requirements for the range of moisture change in section 4 of the toaster are adhered.

The graphical interpretation of the evaluation of the adequacy of the software model is presented in
Fig. 6. The comparative assessment of function M(mi_moden=f(Mmi_exp) Presents a linear distribution of results
which provides a high accuracy of the effectiveness of the model. The deviation of the values of the model to
experimental data can be read from Figures 2 to 5, where dependence is presented in time, and the
character of the results surface is flat.
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Fig. 6 - Variation of the meal moisture at the output of sections — model vs. experiment

The values of relative errors are around the permissible value of 2 %. It is highest at the last section
(2.29 %) because the absolute value of the meal moisture is low and closed to 0. Although the variation of
the values of the relative errors, the electronic system applies adequate control to the process and the
thermal-moisture treated meal is together with parameters substantiated in the criteria.

CONCLUSIONS

The absolute and relative errors for the variation of meal moisture obtained in all control points are
lower than the maximum allowable. This is an indicator for the effectiveness of the electronic system for
control of meal moisture in the toaster.

The amount of the extracted corn oil increases with a decrease of moisture and increased the
processing time. Results of experimental studies present that the electronic system has applied the
appropriate variation of control parameters, which affects on the observing of a meal with the exact
physicochemical changes and decreasing the effectiveness of the system.

The treated for pressing meal has sufficiently plastic and elastic structure. These properties of the
cooked meal are achieved by precise grinding of the oilseeds, and also by applying the most appropriate
regime of thermal-moisture treatment that provides the required temperature and moisture properties.

The regulation of the thermal-moisture treatment process via the proposed criteria for assessment of
the effectiveness of the developed electronic system based on adequate control, ensuring the reduction of
technological processing time of the oilseed material and energy as it guarantees the quality of the final
product.
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ABSTRACT

The aim of the study was to produce extruded material with the highest possible content of spelt and
to examine the qualitative properties of the products obtained. Tests were carried out on a synchronous twin-
screw extruder with L:D ratio 27, at different temperatures, screw speed, material feeding and raw material
moisture. To determine the quality properties there were used parameters such as density, expansion, WSI
and WAI, water activity and porosity. The results were promising, all the products were characterized by a
high degree of water-holding capacity, and their quality was similar to conventional corn extrudates.

STRESZCZENIE

Celem pracy byto wytworzenie surowcow ekstrudowanych z mozliwie wysokim udziatem orkiszu i
zbadanie wtasciwo$ci jakoSciowych uzyskanych produktéw. Badania przeprowadzono na ekstruderze
dwuslimakowym, wspoétbieznym o stosunku L:D 27, przy réznych ustawieniach temperatury, predkosci
obrotowej $limakéw, podawania surowca oraz wilgotnosci materiatu. Do okreslenia parametrow
JakoSciowych wykorzystano takie parametry jak: gesto$¢, ekspansje , WSI i WAI, aktywno$¢ wody oraz
porowato$c. Uzyskane wyniki byty obiecujgce, wszystkie produkty charakteryzowaty sie wysokim stopniem
wodochtonnoSci, a ich jakoSc byfa zblizona do klasycznych ekstrudatow kukurydzianych.

INTRODUCTION

Extrusion is a universal process of raw materials treatment, which enables the production of new and
innovative products. It is allowed not only by the specifics of the process itself but also by the possibility of
raw materials processing, where traditional processing methods are not cost-effective or economically
reasonable (Zelazinski et al, 2014a). Such materials include spelt wheat with numerous positive properties
that support its broad application. However, such products range is now very limited.

In Polish and world’s literature spelt is described quite widely. The studies include not only the quality
characteristics of the finished products but also the physicochemical parameters of grains themselves
Sacchetti et al. 2004. Therefore, over the past few years there could be found a number of studies showing
different quality characteristics for spelt products or their blends with other cereals. The most popular
products include spelt bread and other baked products (e. g. muffins, pastries), widely reported in the
research literature (Abdel et al, 2008; Ruibal-Mendieta et al. 2002; Pierogiovanni et al, 1996; Skrabanja et al,
2001; Escarnot et al, 2010). Research areas also include analysis of the spelt baking flour, for example the
study conducted by Radomski et al., (2007).

There were also some attempts made to use spelt flour in pasta production (Marconi et al, 1999,
2002). These results suggest that the quality of spaghetti pasta is the highest with the maximum spelt share
and relate it with a high content of high-quality protein in the flour. In the literature, there are also other spelt
products compared. For example, quality analysis of the bread, pasta and crunchy extruded products
manufactured on the basis of spelt flour were conducted by Bonafaccia et al, (2000). In this case, there were
found large differences in the degree of starch gelatinization and easily digestible protein content.

The literature however still contains a few studies on the extrusion of spelt or its mixes, and presented
research include products based on typical varieties of wheat (Kim et al, 2006; Yuan et al, 2013). It also
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addresses the topics such as the physical properties of grains, where the aim usually is to improve existing
solutions or to find new ways of threshing and hulling spelt (Borkowska and Robaszewska, 2013; Frgczek
and Regufa, 2010; Choszcz et al. 2010). Difficulties in obtaining clean grains in combination with a smaller
wheat yield are also one of the main reasons affecting the small spelt production.

Summing up the above, spelt is certainly a perspective raw material, and researches of its different
products carried out in recent years demonstrate the need to search for its new applications, e. g. with the
use of extrusion process.

MATERIAL AND METHOD
Material and extrusion process

Input material designed for extrusion was whole-meal spelt flour (total fat 2.7%, total protein approx.
12%) and corn meal (total fat 0.7%, total protein approx. 8.3%, starch approx. 75%). From those materials
there were prepared 4 blends in which the share of spelt flour was 70%, 80%, 90% and 100% of total
volume. Raw material moisture amounted to approx. 13.6%.

Investigations were conducted in a laboratory twin-screw extruder Clextral Evolum 25 with length to
screw diameter ratio L:D of 27. The extruders’ cylinder was equipped with six heaters and cooling water
system. Such number of sections in conjunction with the two-state automation system allowed very precise
adjustment and control of the temperature profile during the extrusion process.

As extruder die was used a circular one with a diameter of 2.5 mm. At the head of the extruder there
was placed a cutter, with speed control possibility at the range of 0-1400 obr-min™ (cutter speed was 400
obrmin™). The extruder was equipped with a calibrated volumetric feeder and a water pump to enable a
precise dispensing of liquid directly into the extruder barrel of 0.001 dm®*min™ accuracy.

During the extrusion process, temperature and the screw rotation speed was being changed.
Temperature profile set in the individual sections of the extruder barrel was 120°C, 120°C, 110°C, 80°C,
30°C, 30°C and 140°C, 140°C, 110°C, 80°C, 30°C, 30°C. During the extrusion process there was also
changed the screw speed in the range 300 or 350 obr-min™.

The resulting extrudates were prior to being cooled at room temperature for a period of about 3 hours
until the moisture stability of approx. 11% was obtained. Below, there is a set points plan for the process of
extrusion which was used for all extruded blends.

Table 1
Parameters of extrusion
Extrusion set points Temperature Rotation
I 120 300
1] 140 300
1] 120 350
v 140 350

Quality properties analysis

Physico-chemical properties of obtained samples were determined by using the basic quality
parameters such as density, radial expansion, water absorption (WAI) and water solubility (WSI) indices,
water activity and structure measured in the cross-section of the extrudate.

Density was studied with displacement method carried out in accordance with the standard (BN-
87/9135-05). Radial expansion (sectional expansion) was determined according to the method (Alvarez-
Martinez et al. 1988) as the ratio of the extrudate diameter to the diameter of the nozzle array. Tests of WAI
and WSI indices were conducted by the method of Anderson et al. (1969), and shown in detail in the work of
Ekielski et al. (2007).

Strength tests of extrudates (texture characteristics) were carried out on the testing machine AXIS 500
(Poland) equipped with a head for measuring the strength (max 25 N). Maximum force needed to cut the
extrudate was examined. At the head it was placed a circular mandrel with a diameter of 2 mm (feed rate of
0.02 mm-s™, displacement of 11 mm). The samples used in the tests had a diameter between 5 and 7 mm
and a length between 5.2 and 7.1 mm.

Porosity was studied on a test image analysis stand equipped with a microscope and image analysis
software: stereo microscope Opta Tech SL + 3 Mpixel camera. Pictures were recorded in TIF format in the
resolution of 2048 x 1536. The porosity was determined according to the method of Gosselin&Rodrigue
(2005), using irregular boundaries of the analyzed group of air pores on the evaluated images.
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For the porosity analysis it was used package with LabView 2013 and the Vision Assistant 7.1.1
program, where the photos were graphically designed. Then, the obtained images with byte gray scale (256
levels) were converted into divalent bitmaps and were chosen the appropriate thresholds of gray scale range
from 1-255 (Zelazinski et al, 2014b; Ekielski A., 2011). In this way, the porosity of the samples was
determined on the cross-sectional areas as the number of pores per unit area (cm?) in accordance with
Hayter et al. (1989).

For measuring the water activity of the products obtained there was used AqualLab 4TE measurer
(Dekagon, USA). For research results description the Statistical 12 analytical program was used.

RESULTS

On the basis of the analysis of obtained results, it was found that changes in various parameters of the
extrusion process had a significant impact on the qualitative changes of the samples obtained. It was found
that the density of extrudate (Fig. 1) decreases with the increase of the spelt flour content in the mixture,
which could be observed in all samples tested.

At settings of extrusion process |, lll, IV charts’ courses were similar and the highest density of approx.
0.13 g'cm'3 was observed with the spelt participation in a blend of 70%. At settings extrusion process I, all
the extrudates have a higher density, the maximum average value being of 0.175 g'cm'3 for a mixture of 70%
spelt.

The graph course showing the change of radial expansion coefficient looks conversely (Fig. 2). It can
be seen that with the increase of the spelt flour content index values clearly increase. In this case, the
maximum values of the expansion index were achieved for blends involving 100% of spelt flour. Between the
density and the expansion coefficient for process settings I, Il, 1lI, 1V, it were also found negative correlations
at -0.825, -0.648, -0.887, -0.641. Lower density and simultaneously larger degree of the radial expansion
suggests that whole-meal spelt flour can be a good structure-forming raw material.
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It was found that with increasing spelt content in the mixture water absorption WAI is also reduced
(Fig. 3). In the case of setting I, Ill and 1V, this parameter in the raw material consisting of 100% spelt was
3.45 to 3.5, while for the samples with 70% of spelt was 3.92 to 4.04 on average. The greatest water
absorption was characterized by the samples obtained with setting .

Proportionally and conversely there is presented the course of the WSI index chart (Fig. 4). On the
graph it can be thus observed an increase in WSI with the increase of spelt content in the mix, where the
maximum water solubility was achieved with 100% spelt participation. In this case, the parameters of the
WAI and WSI are also strongly correlated, what is stated in all settings of the process I, II, IIl, IV (-0.845, -
0.774, -0.623, -0.927). Water-holding capacity parameter was also strongly correlated with Aw, what was
found with the extruder setting I, Il and 1V (-0.826, -0.853, -0.954).

Overall, according to the literature (Ekielski et al, 2007), the decrease of water absorption is an
indicator of the starch gelatinization degree, so the greater the percentage of consumption-treated starch,
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thereby digestibility of the product increases. In this case, with the decrease of the WAI increases WSI,
which may indicate an increase in the soluble fraction, resulting from the starch and also other components’
degradation. This trend can be observed particularly for the specimens produced at 140°C. Charts courses
of WAI and WSI may therefore indicate that in the case of spelt extrusion it can be searched temperature
range lower than of the conventional extrusion of corn meal.

With the increase in the content of spelt in the mixture it was also observed increase in water activity
(Fig. 7), which also can be observed in all settings of the process. The increase of this parameter, however,
is disturbing, because it can contribute to the development of microorganisms, which in turn may impede the
subsequent storage of these products, particularly after the package is opened.
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The increase in the content of spelt in a mixture also caused a reduction in hardness of extrudates
(Fig. 5), which clearly could be observed with the use at the process temperature of 140°C. Among the
tested samples difference between the hardest sample and the sample with the lowest strength was about
5N. Together with the spelt content in the mix, however, it was observed an increase in the total work "Area"
needed to puncture the sample (Fig. 6).
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The hardness of the extrudates is in turn highly correlated to the density. It was found at the setting
process I, lll, IV (0.844, 0.919, and 0.891). Such parameters show that addition of spelt may considerably
affect the performance of the textural parameters of extrudates in mixes with e. g. corn.

Standard error of mean by multiple variance Standard error of mean by multiple variance
Mean; MeanzError Std; Meant2*Stand. Dev. Mean; MeanzError Std; Meant2*Stand. Dev.
0,22 40
I F(3:8)=6,0526; p =0,0187
0,20 I F(3:8)=1;p=04411
a5 1l F(3.8) = 27,0625, p = 0,0002
0.18 IV: F(3:8)= 43167, p = 0,0436
AT 5
o8 Eﬁ £ 20
. o
0,14 // fu
— K o
- / -1
=z 012 — 25
< 0,10 g‘
, =l I
%" g 20
0,08 n
=1 o
0,08 Aw[-]: F(3;8) = 499,9084; p = 0,00000 15
Aw[] F(3:8) = 31026681 p = 0.0000
004 Aw[]: F(3:8) = 539,8498: p = 0,00000
’ Aw[-]: F(3;8)=112,6997; p=0,00000
0,02 10
70 80 90 100 70 80 90 100
Spelt share [%] Spelt share [%]
Fig. 7 - Influence of spelt content on water activity Fig. 8 - Influence of spelt content on porosity
Aw of extrudates changes of extrudates

Together with spelt content the porosity of extrudates slightly reduces its values (Fig. 8), so that the
amount of air voids in cm? was the smallest for extrudates involving 100% spelt. The same samples obtained
at 120°C had a porosity higher than the ones generated at the temperature of 140°C. In the higher screw
speed range Il and IV porosity strongly correlates with parameters such as Aw (-0.672) and Area (-0.74).

Less than that of corn extrudates porosity is not positive feature of such products. There may also be a
link between extrudates obtain with a lower density and a larger expansion (in this case no significant
correlation was found). The literature research shows that more fine pores are far more positively perceived
by consumers. Studies of this type are, however, subjective experiments, because in the case of the
analyzed samples this thesis cannot be unambiguously confirmed without performing sensory analysis,
planned in other studies.

CONCLUSIONS

The results of research and literature analysis indicate that spelt is a perspective grain which despite
the weaker baking properties compared to the typical varieties of wheat can be a very interesting and, at the
same time, healthy raw material for the production of various food products. It was found that spelt is a very
good material for baro-thermal extrusion process, and the quality parameters of the products obtained do not
differ significantly from products with a high proportion of corn.

The use of raw materials such as spelt to produce the typical snacks or crispy bread can reduce the
impact of spelt on its poor baking properties. Despite the clear differences in the quality parameters in
products containing spelt, the results for the largest content of spelt are satisfactory, and it can be used as a
basic component of the mixture, e. g. in combination with corn or other starchy raw materials.
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ABSTRACT

Wind energy is being used to generate electricity in many countries all over the world and still the
contribution of wind energy to electricity supply increases every day. Researchers work on innovative
solutions to increase the efficiency and decrease the cost of wind turbine components, especially those of
blades. Various blade designs for different operation conditions are presented in the literature and sweep-
twist blades are new type of blades introduced recently. This paper focuses on the numerical investigation of
a sweep-twist wind turbine blade using ANSYS-Fluent. NREL Phase VI wind turbine blade is used as the
baseline blade and the sweep-twist blade is designed by adding an offset that is 5% of the blade span to the
tip. Power output and thrust forces are calculated using the simulation results for both original and sweep
blades. In addition, results are compared to the experimental data of original NREL Phase VI blade.

OZET

Ruzgar enerjisi elektrik liretmek amaciyla dlinyada bir¢ok llkede kullaniimaktadir ve riizgar enerjisinin
elektrik lretimine katkisinda glinden gline ylkselmektedir. Arastirmacilar rizgar tirbini bilesenlerinin —
Ozellikle kanatlarin - verimlerinin arttirlmasi ve maliyetlerinin azaltiimasi icin yenilikgi ¢bziimler (zerinde
durmaktadirlar. Literatirde cesitli ¢calisma kosullar icin degigik tasarimlar mevcut olup, egimli kanatlar
bunlardan biridir. Bu ¢alismada ANSYS-Fluent programi ile egimli bir riizgér tiirbini kanadinin numerik analizi
tstinde durulmugtur. NREL Faz VI rizgér tiirbini kanadi baz alinmis ve egimli kanadi ise u¢ kismina kanat
boyunun %5’si kadar egim verilerek tasarlanmigtir. Gli¢ ¢ikiglari ve itme kuvvetleri simiilasyon sonuglarina
gére hesaplanmistir. Buna ek olarak, sonuglar NREL Faz VI riizgar tirbininin deneysel sonuclari ile
karsilastiriimigtir.

INTRODUCTION

Each passing day the need for the use of clean energy sources raises since power production from
fossil fuels damage our planet continuously. Within this scope, many developed and developing countries
have set some goals to generate some part of energy consumption from renewable energy sources. For
instance, the ministry of energy of Turkey has decelerated in the strategic plan for 2015-2019 an increase in
installed renewable energy capacity by nearly twice compared to the value of 2013 (GWEC, 2016; Kaya and
Kdse, 2016; Kose and Kaya, 2013; MENS, 2014). Hence, wind energy — recognized as an efficient
renewable energy source — has taken the role of being one of the leading alternative sources. In past few
decades, huge improvements have taken place in wind power technology especially on the design of blades
which influences the efficiency directly. Within this scope, many experts who are interested in aerodynamics
contributed to the literature with some studies about various blade designs. Sweep-twist wind turbine blades
were firstly introduced by Sandia National Laboratories of U.S. Energy Department. After completing the
research, they presented a final report (2010) where they introduced analysis results of Sweep Twist
Adaptive Rotor (STAR) blades. In the report, they stated that the STAR technology provided significantly
greater energy capture — about 10-12% compared to baseline Z48 turbines - without higher operating loads
on the turbine. The results are also presented by Ashwill et al. (2010). Sing and Ahmed (2013) performed a
study about design and performance testing of a small wind turbine rotor for low wind speed applications. A
new airfoil was designed and the performance of a 2-bladed rotor for low Re application fitted to an Air-X
marine 400 W wind turbine was tested at a wind speed range of 3-6 m/s. Authors stated that the new 2-
bladed rotor produced more electrical power at the same freestream velocity in comparison with the baseline
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3-bladed rotor. Wang and Zhan (2013) investigated the performance of a micro-wind turbine using CFD and
concluded that the performance of the wind rotor with semi-circular blades is comparable to that of the semi-
cylindrical wind rotor, and is slightly lower than that of the helically twisted wind rotor. Bai et al. (2013)
designed a 10 kW horizontal axis wind turbine blade and performed aerodynamic investigation using
numerical simulation of it. It has been reported that CFD is a good method compared to the improved BEM
theory method on the aerodynamic investigation of HAWT blades. Koc et al. (2015) studied the
hydrodynamic performance of a twin-blade hydrofoil numerically and experimentally in three dimensions for
tip speed ratios ranging between 1.5 and 5.5. Authors reported that the optimum tip speed ratio of 3.5 for
twin blade turbine is too low comparing the optimum tip speed ratio of 5.0 for the slat hydrofoil or standard
hydrofoil turbine applications and added that the wind and hydrokinetic turbines with the twin blade hydrofoil
can operate in lower wind and current speeds. A detailed review of aerodynamic developments on small
horizontal axis wind turbine blades is presented by Kartikeyan (2015). In the present study, numerical
investigation of the aerodynamics around a sweep-twist wind turbine blade using ANSYS-Fluent is
performed. NREL Phase VI wind turbine blade is used as a baseline blade and the sweep-twist blade is
designed by adding an offset to the tip as that is 5% of the blade diameter. Results are compared with the
original NREL Phase VI wind turbine.

MATERIAL AND METHOD
NREL Phase VI and Sweep-Twist Blade

NREL Phase VI wind turbine blade is selected as a baseline blade. It has S809 airfoil sections from
root to tip and a pitch angle of 3 degrees. The description of the NREL Phase VI blade is given in Table 1
(Hand et al., 2001). In this study, some sections including the ones which have radial distance between
0.660 and 1.257 and the one with 3.185 radial distance are excluded since the sections are very close to the
previous section.

Tablel
Description of NREL Phase VI (Hand et al., 2001)
Number of blades 2
Rotor diameter 10.06 m
Cone angle 0 degrees
RPM 71.6
Blade tip pitch angle 3 degrees (down)
Blade profile S809
Blade chord length 0.358 m —0.728 m (linearly tapered)
Twist angle Non-linear twist along the span

The 3-D drawings of the blades are given in Fig. 1. To draw the sweep-twist blade, all the same
properties as NREL Phase VI blade are used except a root axis tip offset which is 5% of the blade diameter
(0.25 m). Offsets of each sectionfrom the beginning of the sweep — located at the 2.562 m radial distance-
until the tip of the blade are calculated interpolation method. Dimensions of the original and sweep-twisted
blades are given in Fig. 2.

Fig. 1 — 3D drawings of the NREL PHASE VI (left) and sweep-twisted blade (right)
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Fig. 2 — Dimensions of the original and sweep-twisted blade

Numerical simulation

In this study, 3-D air flow around the wind turbine blade is simulated using ANSYS Fluent 16. The
dimensions of the flow field are 12 R in the stream-wise direction extruded from a circle having 3 R
dimension where R is the radius of the blade. The domain of flow field including boundary conditions is
given in Fig. 3.

veloicty inlet

moving frame

Fig. 3 - Domain of the flow field and boundary conditions

Meshing of the fluid domain is performed using ANSYS meshing. The thickness of the first cell to the
wall was kept at 2 x 10 m to obtain proper y+ value for the used turbulence models. In order to increase the
mesh quality, sharp trailing edge of the blades is rounded. Mesh construction and a sliced section of the
mesh around the blade and rotor hub can be seen in Fig. 4. Mesh independence study is performed for
various models containing different number of elements and a model containing 9.8 million elements is used.

Fig. 4 - Mesh construction and a sliced section of the mesh around the blade and rotor hub
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k- € Turbulence Model

One of the turbulence models used for tests is k —e Realizable turbulence model. The k- € model is a
two-equation turbulence model consists of turbulence kinetic energy and turbulence dissipation rate
equations given below (Kody et al., 2014).
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k- w SST turbulence model

This turbulence model combines both k-¢ and k—w models. The original k-¢ turbulence model has the
problem of over predicting the shear stress that might delay or prevent the separation where inverse
pressure gradients are possessed, and the original k — w model is very sensitive to free stream values that
are specified outside the shear layer (Kody et. al., 2014). The original k—w model is defined by the Equations
5 and 6 (Kody et. al., 2014; Wilcox, 2008).
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Validation of the solver

The solver is validated against experimental data of NREL Phase VI. The mechanical power of
numerical and experimental tests is presented in Fig.5. The mechanical power is simply calculated by
multiplying rotation speed, Q (rad/s) by torque, T (Nm) obtained from FLUENT as given in Eq.7.
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Fig. 5— Comparison of measured and CFD predicted power
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As seen from the Fig. 5, experimental and numerical power outputs are in general agreement.
However, after 10 m/s CFD predictions cannot predict the stall very accurately. Thrust force measurements
and CFD predictions are in very good agreement as it can be seen from the Fig.6. Also, pressure
distributions for 5 m/s case at 47% and 80% span are according to experimental data as shown in Fig.7.
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Fig. 6 — Comparison of measured and CFD predicted thrust force
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Fig. 7 — Pressure distribution for 5 m/s case at 47% (left) and 80% (right) span
RESULTS

This study compared the original NREL Phase VI blade with a sweep-twisted model of it. Power
results are compared in Fig.8 for the sweep-twist and original blade. It is observed that wind turbine blades
sweep-twisted to the leading edge side of the blade generate lower power than the original blade. In
addition, it is obtained that the k—w SST turbulence model predicts lower power output than the k-¢
realizable. In Fig. 9, the thrust force for sweep-twist and original blade are compared and results show that
the sweep-twisted blade has lower thrust force (more than 10%) at each wind speed except 20 and 25 m/s.
The pressure distributions for 5 m/s case at 47% and 80% span are compared in Fig.10. It is clear that the
pressure distribution on the original blade is able to generate more power than the sweep-twist blade.
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Fig. 8 — Comparison of power outputs for the original and sweep-twist blade
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Fig 9 — Comparison of thrust forces for the original and sweep-twist blade
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Fig. 10 — Comparison of pressure distribution for 5 m/s case at 47% (up) and 80% (down) span
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CONCLUSION

In this paper, mechanical power outputs and thrust forces of original NREL VI and a sweep-twist
wind turbine blade are compared. Both k—w SST and k-¢ realizable turbulence models predicted the thrust
force very close to experimental measurements. In addition, CFD predictions of mechanical power output
are found to be overall in agreement with experimental data, however, after the wind speed of 10 m/s
when the stall occurs, CFD predictions were not very successful. Generally, the k—w SST turbulence
model predicted lower power output than k-¢ Realizable for both original NREL Phase VI and sweep-
twisted blade. Results of comparison of original and sweep-twist blades show that sweep-twisting the
blade against the direction of rotation causes to decrease in both power output and thrust force. So, the
load on the wind turbine tower will be lower if sweep-twist wind turbine blades that are twisted in the
leading edge direction and that have same rotor diameters are used. This means that sweep-twist wind
turbines blades with larger rotor diameters may be used on same towers that carry original wind turbine
rotors. The direction of sweep-twisting is crucial because twisting in opposite direction may show adverse
effects.
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ABSTRACT

Pilot-scale trial data on combined energy cycle — adjustment for boiler system for pyrolysis gas use
had demonstrated technical feasibility of implementation of combined energy cycles for facilities where
secondary agricultural residues are available in sufficient quantities.
The results of the energetic analysis of technologies of gas production from solid biomass through the
pyrolysis are considered. Examples of the introduction of the technology of direct gasification of secondary
agricultural residues and wood (buckwheat husk, rice husk, sunflower husk, sawdust) are shown. It was
determined that optimal technological conditions for low-temperature pyrolysis processes depend on
character of the feedstock and moister content in the feedstock.
Temperature and pressure pulsing were found to be most important parameters that influence gas quality
and yield during pyrolysis process and optimized through developing of mathematical equations describing
the process.

PE3IOME

Pesynbmamu ekcriepumeHmarsnbHo20 8urnpobysaHHsI KOMOIHO8aHO20 €eHep2emuy4yHo20 YUKy —
KopuaygsaHHs1 bolniepHoi cucmemu Ons OompuMaHHs Miposi3Ho20 2aly rokasanu mexHiyHy OouyinbHIcmb
8rposadxeHHs1 KOMbIHOBaHUX eHepeemu4yHUX UuKie Ha ob'ekmax, 0e emOpuUHHIi 8iI0X00U CiflbCbKO20
eocrofapcmea € 8 0ocmamHil KirlbKocmi.
3pobneHuli eHepeemuyHuUl aHanis daHux mexHoroeail supobHuuymea 2a3y 3 bioMacu WIrISIXOM Mipori3y.
HaeedeHi rnipuknadu ernposadxeHHs mexHonoaii npsmoi 2asugpikauil emopuHHUX 8i0x00i8 CirnbCbKO20
eocriodapcmea i Oepe8uUHU (ryWINUHHS 2peYKU, puco8o2o IyWINUHHS, MyWNUHHS COHSWHUKa, mupcu). byno
8CMAaHOB/IEHO, WO OnNmMuMaribHi MexHOso2iYHi yMogu Ol HU3bKomemMrepamypHo20 Miponizy rnpouecu
3anexamep 8i0 xapakmepy CUpPO8UHU i 8MicmMy 805102U y 8UXIOHIU CUPOBUHI.
3miHU y memnepamypi ma mucky eusieunucs Haubinbw eaxnueumu rnapamempamu, SKi ennauearoms Ha
sKicmb | euxid 2a3y ma onmumizoeaHi 3a O0MOMO200 MameMamuy4yHUX Pi8HSIHb, WO OMuUCyomb rnpouecc
niponisy.

INTRODUCTION

Ukraine is among the countries which have stocks of all kinds of fuel and energy resources (oil, natural
gas, coal, peat, uranium, etc.), but the coverage, production and the use are not equally distributed and they
do not create the necessary energy safety level, especially in light of existing political situation. The agri-food
complex is one of the most important sectors of Ukrainian economy (Velychko O., 2015). Agricultural waste
and woody biomass are key components of renewable energy potential in Ukraine. Energy crops currently
represent a “virtual” part of the potential, except of several experimental plantations (Bielski S., 2015). There
are two major sources of the feedstock in agricultural forestry sector, which are primary, and secondary
agricultural residues. Primary agricultural residues are those materials which remain in fields as by-products
after the primary product of crops has been harvested. These include different materials like cereal grain
straws, of wheat, barley, rice etc., corn stover (stalk and leaves) etc.
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Secondary agricultural residues are specific type of residues and include quite wide variety of biomass
by-products of processing of agricultural products for food or feed production (Czernik and Bridgwater,
2004). Bagasse, sunflower husks, rice husks, nut shells, cocoa bean shells, kidney bean shells and other
biomass of such kind is generated and collected at the enterprises which process agricultural crops for
food/feed production. Food processing by-products represent a huge amount of waste resources that could
be valorized for recovery of compounds for fuels and energy via thermos-chemical, biological and microbial
methods. The biomass pyrolysis is attractive because solid biomass and wastes can be readily converted
into liquid products. Although the primary agricultural residues represent the largest share of the technical
potential (83 %), distribution of secondary agricultural residues are more equal and there are more options to
process them using infrastructure of the facilities where agricultural feedstock is processed (Geletukha et al,
2010). Ukraine has quite a big potential of agricultural residues which mainly consists of straw from cereals
and production residues from sunflower and maize from grain. At present, less than 1 % of the primary
agricultural residues potential is used for energy purposes (combustion in boilers, production of pellets and
briquettes), mainly because of undeveloped infrastructure and logistics system for the feedstock supply.
The situation with secondary agricultural residues is much better though their technical potential is lower than
for primary. Over 77 % of sunflower husks biomass, for example, is directly burned in boiler systems, another
20 % is used for pellets production. Almost all sunflower processing facilities have biomass boilers for
utilization of sunflower husks.

Agricultural residues from the waste streams of commercial processes have typically been considered
to have very little inherent value, mainly constituting a disposal problem in the past. Most of the waste
generated by sunflower and crop processing for bioenergy facilities are also confronted with the costs
associated with collection and transportation in addition to the supply uncertainties in particular case.

Although direct burning of secondary agricultural residue was widely introduced into de practice during
last 10 years, when wood or other solid biomass are directly combusted and coupled to a steam turbine, it is
not possible to achieve high rate of efficiency. Only combined energy cogeneration cycles allow versatile and
high effective use of biomass residues but in this case using of biomass in combustion/boiler system requires
primary production of power from biomass (Wang et al, 2014).

As far as solid biomass cannot be fed into a gas turbine or diesel engine — a liquid or gaseous fuel is
required to operate an advanced cycle, which means direct liquefaction or gasification of biomass is
required.

An economic analysis was conducted for biomass gasification and pyrolysis and electricity generated
to meet local market demand, including the higher-value peaking power. Biomass-based gasification
eliminates the need for waste disposal and reduces electricity consumption from the grid, making it a valid
investment (Lau et al, 2002).

Although pyrolysis technologies are more developed and available at the present day, they are
preferable to others. Pyrolysis is one of thermos-chemical processes, which convert the solid biomass in to
liquid (bio-oil), gas, and char. Pyrolysis has been practiced for centuries for production of charcoal. More
recently, studies into the mechanisms of pyrolysis have suggested ways of substantially changing the
proportions of the gas, liquid and solid products by changing the rate of heating, temperature and residence
time (Tilmann D., 2000; Wang et al, 2002). This requires relatively slow reaction at very low temperatures to
maximize solid yield (Suri and Horio, 2010). The diverse range of biochar applications depends on its
physicochemical properties, which are governed by the pyrolysis conditions (heating temperature and
duration) and the original feedstock (Jindo et al, 2014; Lei and Zhang, 2013).Thus, detailed information on
the complete production process is a key factor in defining the most suitable application of biochars.

Biomass pyrolysis converts essentially 80—95% of the feed material into gases and bio-oil. The
pyrolysis process is to maximize the production of gaseous fraction (Williams and Besler, 2006).

There are few fundamental experimental and theoretical studies, dealing with the biomass combustion
and emission characteristics and physical and chemical properties of various biomass feed stocks (Gaskin et
al, 2008; Lei and Zhang, 2013; Mimmo et al, 2014). There are several studies made on development of
reliable kinetic and thermos-transport models for investigation of biomass thermal conversion process
(Brewer et al, 2009; Mc Beath et al, 2013). Although some certain adjustment to every type of feedstock and
to every type of combined energy cycle is required.

In light of existing situation in the alternative energy sector of Ukraine, it is important to obtain a better
understanding of this technology and their potential for implementation and existing markets.
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MATERIAL AND METHOD

The aim of the present study is to perform a technical and economic assessment of the pyrolysis
operation as a secondary agricultural residues utilization process. The study included pilot test at the facility
that might be suitable for implementation of biomass utilization combined cycle for evaluation of operating
costs and revenue potential for a generic gasification process, and a cost sensitivity study. To perform
general evaluation of the technological process of oxidative pyrolysis, laboratory pyrolysis unit was
constructed. The general scheme of the pyrolysis unit is shown in figure 1.

Air + pyrolysis gas

Fig. 1 - The general scheme of the pyrolysis unit
C1-C6 — plan sifter compartments; Break 1-5 — break rolls; MG1, MG2 — semolina machines;
M1A, M1B, M2-M6 — reduction rolls; F, F1, F2 — flour

The unit consists of elbow shaped chamber (2) with internal diameter of 100 mm with total length of
5700 mm, which allows conducting the pyrolysis on fluidized bed. In the lower part of the chamber, the air
primary heated up in radiator is blown (1). Before entering the chamber, air goes through the numerous
ceramic rings to average out air velocity profiles along the tube section. The feedstock is loaded into the
camera by the screw dispenser. The design of the dispenser is allows to control feed volume and
impermeable inlet joint. In the pyrolysis chamber inlet the automatic moister control sensor (7) was installed.
Thus in the feedstock before entering the chamber and passing though the moister the moister is
automatically measured. The data from sensor is automatically transformed to converter (10) which controls
the feed (4).

In the pyrolysis camera satellite-lifting motion of particles is supported when satellite motion of
particles velocity is 1.5 — 2 times lower than the air movement. As particles have almost similar size and
mass, the layer of particles can be considered as uniform substance with average thermos-physical
parameters. Drying, heating and party pyrolysis occur during the movement of the particles suspended in air.
The cyclone is installed on the camera outlet where the separation the gaseous and solid phases is taking
place. Solid particles fall into cyclone bunker where further devolatilization is taking place up to full
decomposition. The air mixture of gaseous products of pyrolysis is sucked out through the smokestack and
10 % of the mixture is returned back each time for the gas enrichment which increases its calorific value.

To avoid the condensation of resins, which gaseous products of pyrolysis contain, the cyclone,
pyrolysis chamber, bunker and connecting pipes were insulated. The experimental study on evaluation of the
process of biomass thermal conversion was performed in the following stages. First stage consists in heating
up the system and determining initial moister content in the feedstock. Second stage — the setting of the
parameters of the process (biomass and air feed rate), which define the overall process parameters. Third
stage consists in achieving stability of the process (up to 15 minutes) and determination of its general
efficiency indicators - the ration of certain pyrolysis products in the mixture, temperature along the pyrolysis
camera. Fourth stage consists in finishing the process and evaluating the mass balance. Comprehensive
experimental study was conducted to analyze new configuration for combined cycle heating system based
on pyrolysis gas generation process for most common types of secondary agricultural residues.
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RESULTS

At the beginning stage, biomass heating up process results in moister evacuation (strongly marked
endothermic process), where moister content, accordingly, is one of the main process indicators. It was
shown the condition of the plant material which is used as a feedstock for fuel production process. This
process affects certain parameters, such as heating up time, particles movement velocity, bulk yield of the
volatile products, gas permeability of the waste layer and its hydraulic resistance, biomass and air feed rate,
initial temperature of air heating, actual biomass feed rate. Energy potential indexes of four types of
secondary agricultural residues are shown in the table 1.

Energy potential indexes of most common types of secondary agricultural residues reble
Type of biomass Moister content, % Energ';\z/J?sgacity KW hours/ kg
Sawdust 260 13% 3.9
Buckwheat husk 122 133 3.8
Rice husk 122 122 3.9
Sunflower husk 147 132 3.9

Initial moister content of processed biomass is very variable. Feedstock with higher moister content
requires more energy per batch, which is supported by increasing of temperature during the process of
organic matter conversion. In order to adjust moister control sensor, the moister content was measured for
biomass samples (sawdust) with moister content 1-40 %. Results of the measurements and optimal

LTI

diapasons of drying for each type of biomass are depicted on plots “a”, “b”, “c” and "d” in the figure 2.
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Fig. 2 - Dependence between heating temperature and moister content for different types of processed biomass
1 — particle with 40 % moister content; 2 — particle with 20 % moister content; 3 — particle with zero moister content.
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After few runs of the pyrolysis unit analysis of the obtained data it has shown that it was necessary to
decrease of the feedstock moister content, because overall energy gain of the process depends on the
energy capacity of the feedstock entering the pyrolysis chamber. Whereas biomass-drying stage is included
into pyrolysis unit scheme, the adjustment of the drying and pyrolysis regimes is required. Such adjustment,
as experimental study demonstrated, could be performed by incorporation of online moister control automatic
sensor. To support required temperature in the camber, it is crucial to provide certain feedstock and air
proportion which can be defined theoretically. Accordingly, there is certain dependency of decomposition
process parameters for the feedstock with certain moister content on the temperature regime and amount of
air in mixture. The regulation of gas air mixture proportions also can be achieved by regulation of pressure
pulsing. To evaluate the rate of impact of thermal treatment regimes on the quality and content of obtained
gas mixture, a mathematical model was developed. As main indicator of obtained gas quality the volumetric
output of gaseous products from the feedstock was taken as those having impact on the indicators of Y
group, such parameters as amount of air (X;), air temperature (X,), moister content in the feedstock (X3) and
air pressure drop (X,). General data obtained during experimentation with pyrolysis unit regimes are given in
the table 2.

Table 2
Main process factors variation levels
Variation levels

Ne Facto Symbol
' y -1.411 -1 0 1 1.414 A

1 Air content in
pyrolysis gas, %
2 Air temperature, ° C X> 140 200 260 320 380 60
3 Particles moister
content, %

4 Pressure drop in the
chamber, MPa

X1 50 57.5 65 72.5 80 7.5

X3 6 10 20 30 36 10

X4 0.06 0.1 0.2 0.3 036 | 0.1

For developing the process model, orthogonal central composition plan of the second order was used.
After elimination of the factors and interactions, which coefficients had lesser module meanings of set

thresholds of significance for general level of significance & = 0.5 , following dependencies were obtained:

Hydrogen: Y, =4.124-0.3322X, +0.1X, —0.3157 X, —0.1415X , —1.0483X/ —0.7983X —
—0.2985X2 —0.7983X —0.5563X, X, —0.98125X, X, —0.09377X, X, —0.1071X,X,; (1)

Methane: Y, =3.4584-0.1319X, +0.0634X, —0.2561X , —0.5382X, —0.764 X} —0.514X 2 —

~0.639X . —0.514X? +0.1251X, X, —0.606 X, X , —0.0987 X, X,; @)

Carbon oxide:

Y, =4.132—-0.1574X, +0.0713X, —0.2484 X, —0.55969X , —0.8307 X, —0.581X > —0.556 X . —
—0.556 X —0.1068X,X, —0.759X, X, —0.185X, X, —0.085X,X,; 3)
Carbon dioxide:

Y, =3.6176+0.3238X, —1.1171X, +0.2484 X, +0.5341X , +0.9044 X ? +0.6544 X +
0.7794X?2 +0.7669X 2 —0.0844 X, X, —0.0794X, X, —0.4144X, X, —0.906 X , X, +0.122X . X, +

+0.356X,X,; @)
Nitrogen: Y, =0.1997 +0.0184 X, —0.087 X, +0.0075X , —0.4082X , +0.56 X +0.0441X ? +
+0.016 X, X, —0.018X, X, —0.017X,X,; (5)
Carbohydrates: Y, = 3.2532+0.075X, +0.462X, —0.2996 X , —0.331X, —0.6834X; —

0.581X 7 —0.284X,X, —0.044X, X, +0.094X, X, —0.1025X , X, —0.0775X ;X ,; (6)
Hydrogen sulfide: Y, = 0.4488+0.0186X, —0.0071X, —0.0708X, +0.0983X 7 +0.129X  —
—0.075X,X, —0.057X,X, —0.0365X X, @)
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It was proved that proposed models are adequate with confidence level meaning of 0.95 (fig.3).
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Fig. 3 - Diagrams representing levels of significance of model factors
a)hydrogen; b) methan; c) carbon oxide; d) carbon dioxide; e) nitrogen; f) heavy carbohydrates; g) hydrogen sulfide
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It can be used for adjustment of the pyrolysis process and output prognosis for pilot large scale
processes. When the temperature of pyrogas/air mixture is increased, range of conditions when ignition can
occur are wider, thus pressure and temperature interaction effects are more complicated. Pressure increase
(X4) for hydrogen (Y,) narrows down the range where ignition can occur, although for methane and other
components of gas mixture (Y3, Ys, Y, Y7) the range becomes wider. Thus, an obtained mathematical model
proves result obtained in practice i.e. by regulating pressure pulsing, gas composition and temperature at
which ignition occurs can be controlled.

Biomass decomposition process with generation of volatile substances, such as hydrogen (Y3),
methane (Y,) and partly heavy carbohydrates (Yg) plays the key role in pyrolysis process. As far other factors
(X1, X3, X4) besides temperature have influence on yield of volatile substances, it is obvious that all stated
factors (X1, X5, X3, X4) should be considered to control mass transfer which is reflected inbuilt regression
equations. Regression dependencies for all given factors appeared to be adequate physical processes, thus
can be sued for pyrolysis process control and optimization. The content of gases with highest heating value
in the pyrolysis gas was determined as main response function for optimization of the energy yield of the
process. The amount of hydrogen Y; in the pyrolysis gas was optimized according to obtained optimization
model, while numeric limitations were accepted after summarizing of average meanings with variance
intervals.

Considering accepted assumptions the function optimization equations were following:

Hydrogen: L =Y, + 4, (Y; + X +20.8) + A, (Y, + X —19.2) + 4,(Y; + X, +15.54); (8)
Methane: L, =Y, + 4, (Y; + X, +20.8) + A, (Y, + X —19.2) + A, (Y, + X, +15.54); 9)
Heavy carbohydrates:

L, =Y, + 4, (Y5 + X, +20.8) + A, (Y, + X, —19.2) + 4, (Y5 + X, +15.54). (10)

To determine optimal X, meanings, three systems of equations were resolved. After resolution of given
equation system, the stationary point was found where meanings were: (X;=10.44%, X,=396°C, X5=3.35%,
X4=0.153). As it can be observed in given equations, it is hard to define ¥, from Y,, Y3, Y4, Y5, Y5, Y7thus
regression was used to evaluate Y, in the same conditions. Multi collinearity was checked in Farrar - Glauber
method for all three equation systems (Farrar and Glauber, 1967). Proposed approach and found
mathematical solutions allow controlling mass transfer during pyrolysis process by variation of meaning for
(X1, X5, X3, X4) which can be done for process of any scale. Obtained results gave all sufficient data for
process optimization and further up scaling. During the pilot testing of the pyrolysis unit, different types of
feedstock (rice and buckwheat husks, sunflower husks and sawdust) with similar physical and chemical
properties were used, which gave similar composition of pyrolysis products with not big differences. The pilot
scale study was dedicated to establishing of dependencies of the process parameters on the composition of
pyrolysis products and finding of the optimal process intensity to obtain certain gaseous products
composition. Pilot unit for thermal conversion of biomass into fuel gas was designed to conduct large scale
testing and incorporated into boiler house of municipal enterprise. The proposed technology was based on
two stage process. The first stage feedstock undergoes thermal decomposition which results in gas
production. This gas is burned on the second stage as depicted on the general process flow scheme (fig.4).

pyrolysis unit gas purifying/  natural gas

iUl exhaust gas
enriching stage boiler

cleaning system

- PYrogas
\ -

.
L(i( —?
hot air

air/pyrogas mixture

biomass/feedstock

soot

Fig. 4 - General process flow diagram

Pyrolysis gas that was obtained in the process used as fuel for water boiling system.

125



Vol.50, No.3 /2016 INMATEH —Agricubtusal Engineering

CONCLUSIONS

Agricultural residue/wastes are promising for producing bioenergy, despite the existing considerations,
such as spatial distribution, production costs, and an unstable supply. Availability of the feedstock and
regional concentration are good preconditions for local bioenergy generation. However, there is a lack of
technologies able to support optimal production limits. Considering both positive and negative impacts of
various bioenergy technologies and feedstock on social economics and ecological challenges, utilization of
existing feedstock sources may be the most effective method to develop sustainable, renewable alternative
fuel. Experimental methods used and results obtained in this study would be practical to address the
challenges in biomass gasification process optimization and adaptation for large-scale implementation.
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