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Abstract. The profile gear grinding modes definition technique is developed to provide the uniform residual tem-
peratures after heating and subsequent cooling which predetermine uniform thermal deformations on periphery of a
cogwheel when grinding. The initial basis for this is a possibility to determine the gear grinding temperature both on
the heating and cooling stages and, besides, it is may be also a choice of the operation cycle structure with and with-
out the working stroke omission. In the interval of the profile gear grinding modes, two variants of the gear grinding
working cycle structure with reciprocating displacement of the grinding wheel are considered using the simulation
method with an omission and without one of the working stroke. Certain combinations of mode parameters are found
in the range of their possible values at which the combination of heating and cooling leads to the lowest residual sur-

face temperature both during and after working stroke.

Keywords: profile gear grinding, gear grinding temperature, heating stage, cooling stage, cycle structure, working

stroke, temperature.

1 Introduction

Typically grinding modes are selected according to
reference statistical tables [1]. The choice of them is not
substantiated by any criterion, for example, a criterion of
the absence of grinding burns, a criterion of the grinding
wheel life, a criterion for uniform heating of the machin-
ing cogwheel on its periphery, etc.

It is known the method of determining the modes of
profile grinding in the three successive stages of this op-
eration according to the system-wide principle of stage
theory for any technical process. These stages are rough,
semifinish, and finish ones and each of them depends on
grinding temperature [2]. A peculiarity of the third grind-
ing stage is the need to equalize the temperature heating
along the periphery of a cogwheel. There is a rule that at
the finishing stage, the infeed value should be such that it
would be possible to grind all the cogwheel teeth without
dressing the profile grinding wheel [3]. This is due to the
fact that after the dressing, the grinding wheel changes its
cutting capacity and the position line of the cutting edge.
The infeed value at the finishing stage is reduced as the
grinding stock for this stage decreases, and at the last
grinding working stroke it is not recommended to apply
the infeed values less than 0.010...0.015 mm [2]. Howev-

er, these data are also not substantiated by any objective
criterion and are more likely to be the result of practice.

In the paper [4] the three staged structure of the gear
grinding operation is analyzed and consists of rough,
semifinish and finish stages. Moreover, modes for each
stage are selected based on the parameters of the specific
material removal rate in mm®/(s'mm) and the specific
material removal in mm>/mm. However, these are formal
indicators which are not related, for example, to the
grinding temperature and the grinding wheel wear.

The purpose of the paper is to improve the method of
determining the grinding modes on the last finish (third)
stage of the machining cycle by establishing a connection
between formal indicators mentioned and the grinding
temperature.

2 Research Methodology

21

One of the requirements for the finish (third) stage of
machining is to ensure a uniform heating of a cogwheel
by eliminating the heat accumulation on the periphery of
the cogwheel. Thus, the criterion for optimizing the
grinding operation at this stage may be the temperature of
the grinding as one of the reasons that determine the

Initial equations
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cogwheel heat content. The temperature field at the heat-
ing stage is described by a mathematical dependence,
which is a solution of a one-dimensional differential
equation of heat conductivity. To determine the tempera-
ture Ty, (x, T, ) at the heating stage, we can use the equa-

tion [5]

Ty (x,ty) = +T7, (1

2q .
—.\Jaty ierffc———
N Jaty

2aty

in which by denoting =&, we remind the

aty

well-known relations

ierfc& = [%exp(—@z)—ﬁeﬁcﬁ} ;erfcE=1—erf &
T

erf & = exp(— e?)de.

|

Jnd
In the formula (1) ¢ is the heat flux density (W/m>),

a stands for the temperature conductivity (m%/s), A for
the heat conductivity (W/(m'K)), x for the dimensional

coordinate along the depth of the surface layer (m),
Ty =2hy IV, for the maximum dimensional heating

time at the heating stage (s), V, for the velocity of the

source in the direction of the z axis (axial feed or veloci-
ty of the part, m/s), hy for the maximum value of the

To(x,tp0) = I[z — exp[_
C

4at

—Aexp(atCA +A(x+x ))xerfc[

)C2

4a Z‘C—’Ec)

4t

na tC—’EC)

(x=x)

]p[

2ore

provisional value #h (0 <h< hH) at the heating stage,

that is, the actual half-width of the real heat source (m),
Ty, is the initial temperature of the machining workpiece
(room temperature, constant value).

The density of the heat flux ¢ is obtained by averag-
ing the instantaneous value of this parameter ¢(r, ), and

taking into account for each point of the involute profile
with an instant radius vector [6]

Vet, (1)

dQ P
W¢Dru)

q(r,)=e, \VK—Vf

@)

where e, and Q are the specific grinding energy and

material removal rate (in J/mm’® and mm?/s), S, stands

for the contact area (m?), P for the grinding power (W),

S, for the cross-section area in the grinding wheel

movement direction (m?), vy for the share of heat into the
workpiece, t,(r,) and f,(r,) are the normal and vertical

depths of cutting at an involute profile separate point (m),
D is the instant diameter of the grinding wheel in the
considered cross-section of its profile (m).

To determine the temperature at the cooling stage,
which follows immediately after heating, with the initial
conditions obtained during the heating stage, the follow-
ing equation can be used [5]:

4at

(x+x')2J _

+A a-tc]]f(x')dx'+

] - Aexp(aA2 (tc - ‘EC)+ Ax)x

xerfc \/:+A,’a te =1¢) {lo(tc)drc, (3)

a tc—rc

in which

2 ,/a
Flay= 2N i |:\/_Eexp[

4aty

S erfc d +7,,
2\aty 2jaty

where 1, =2h; /V, stands for the maximum heating time at the heating stage (s),

to for cooling time (s);

a
A= Th for the reduced heat transfer coefficient, o h for heat transfer coefficient (W/(m2~K)), (p(rc) for the starting

temperature of the lubricoolant (°C), which can vary over the cooling time interval t., and O0<rt,<t..
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2.2 Technique for decision making

Thus, with a known type and a method of supplying
the lubricoolant, for controlling the temperature at the
cooling time interval it is possible to control the o h
coefficient value (convection coefficient), the magnitude
of the output temperature of the lubricoolant(p(rc) , and
the grinding modes, that is, to regulate the vertical cutting
depth 7, and the axial feed Vf . Moreover, the value of ¢,

affects the maximum heating temperature as well as the
value of V, determines the time of heating and cooling,
which affects both on the 7, and the achieved tempera-
ture level 7 (x,) at the end of the cooling stage in the

“heating-coolin” cycle on each working stroke. Thus,
under otherwise identical conditions (cutting speed,
grinding wheel characteristics, lubricoolant kind, etc.),

the control and optimization parameters may include
elements of cutting modes: 7, and V.

The cooling time 0 <7 < oo is counted from the heat-
ing interval end. The task is to determine such mode pa-
rameters 7, and V,, under which the heating stage with
the surface temperature 7, =7(0,t5) (Figure 1,

line 1) will be changed by a cooling stage at which the
temperature will change in the required manner (Figure 1,
line 2). The control is to choose the grinding modes ¢,

and Vf which will result in the absence of heat accumula-

tion (Figure 1, line 2): T¢y, Tcp, Tes and T'cy, T, and
T'c3 are necessary (completely cooled surface) and actual
(not completely cooled surface) surface temperature de-
pendence on time in the first, second and third working
passes, respectively.

‘st T

ety .1
— T T'e+T, N, 'y
Tnmx_ T(“-TH) GRS \_{{2 T T'C'!
S AR VAN =2
_Tx’ﬂ_ qlfi"l : ffzi 1a (13 qs T
‘ || Grinding time
TH1 fen Tm T T3 I TH4
. —— | | - - - -

Figure 1- Grinding temperature changing with accumulation heat energy (line 1) and without it (line 2)

With a local increase in the temperature of individual
grinded sections of the toothed surface, the temperature
field is asymmetric in the symmetric body of the work-
piece. This will lead to temperature ununiformed defor-
mations of the heated sections, and, in consequence, to
the cogwheel accuracy parameters deviations after the
cogwheel cooling.

3 Results

3.1 Gear grinding with and without working stroke
omission

There are two structures of the “heating-cooling” cy-
cle: the up—and-down grinding without working stroke
omission (Figure 2 a) and the only up grinding with the
omission (Figure 2 b). In the cycle structure without
working stroke omission the grinding wheel makes a
working stroke with the length of [, + B+, (B is the

width of the tooth rim, /, and [, are the grinding wheel

approach and overtravel lengths), i.e. consistently passes
the points 1-2-3 (up grinding), which are located in the
beginning, middle and end of the length of the tooth rim
(Figure 2 a). On the reverse working stroke, the grinding
wheel makes reverse displacement (down grinding), i.e.
consistently passes the points 3-2-1. In this case, the

greatest amount of heating gets the point 3, because at
this point, the cooling time is the smallest and is equal to

21
=3t (@)
f
IP P
Q S—— 1 - A
Ry v Y
‘o] 1 A l
; s s IS
P2 B 72
o 1 v ' :f -1‘
(GIA IS | L2 I8 I8 f;_,
i ‘/‘O v - -

a b
Figure 2 — The grinding cycle structures, in which GW
is a grinding wheel; IP, IS and WS are the initial position,
single and working strokes respectively

When repeating the “heating-cooling” cycle, the
point 1 gets the greatest heating amount, because at this
point, the cooling time is the smallest and is equal to
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In the structure of the cycle with the working stroke
omission, the grinding wheel makes a working stroke

I+ B+, consistently passing the points 1-2-3 (up
grinding), which belong to the beginning, middle and end
of the tooth rim length (Figure 2 b). Before the reverse
stroke the grinding wheel does not move radially to the
cutting depth #, that is this reverse stroke is idle and the

grinding wheel makes idle stroke with the length of
l,+ B +1, (points 3-2-1 without heating) getting to the

initial position. When repeating the “heating-cooling”
cycle, heating at the up grinding receives the point 1, that
is at this point, the cooling time is the smallest and is
equal to

2L +2l,+2B

(6)
Vi

4

3.2 Reduction and equalization of temperature

Assuming [, =1, =1 for the structure with the working

stroke omission we can see that cooling time according to
formula (6) increases more than twice because the ratio of
13/, is equal to the #;/t, andis2(2[+ B)/2l=2+B/1.

Next, we introduce the following symbols for the sur-
face temperature (i.e. x = 0) for heating and cooling:
Ty (0,ty)=Ty and T.(0,tz.)=T,, respectively. For
both structures of the cycle the influence of the axial feed
V, and the vertical depth of cutting 7, on the heating
time t;; and the heating temperature 7, by the formula

(1) and the cooling temperature 7~ by the formula (3)

are established with the following initial data: x = 0 (on
surface); e, = 50 J/mms; w = 0,8; profile angle a = 20° or
T

e 5.68-10° m?s;

rad; D = 400 mm; a=

A =24 WImK); a; = 10000 Wim*K); A=a7h=
= 416,67 m’l; Ty= 0 °C; (p(‘tc) = 15 °C;
ly=1,="7.86 mm; B =24 mm. The axial feed V, varies
in the range of 500...7000 mm/min, and the vertical depth
of grinding ¢, takes the following fixed values:
t, = 0.015 mm (Tables 1, 3) and ¢,= 0.074 mm (Ta-
bles 2, 4). With increasing 7 for t, = const (Ta-
bles 1, 2), the heating time 1, decreases and the heating
temperature 7', increases. With the increasing ¢, at the

same values for Vf (pairs of Tables 1, 2, as well as Ta-

bles 3, 4), the heating time 1, and heating temperature
Ty increase.

For the cycle with the working stroke omission (Ta-
bles 3, 4), the heating time Ty; and the heating tempera-
ture 7';; did not change compared with the previous struc-
ture (without working stroke omission), therefore,
Ty and T in Table. 3 and Table 4 are not given. There
are both cooling time f-. and cooling temperature 7'~
changing at ¢, = 0.015 mm (Table 3) andz, = 0.074 mm

(Table 4). The reason for the difference between the pa-
rametersf, and7. in cycles with and without working

stroke omission is the only one - the increase in cooling
time ¢~ in the cycle structure with working stroke omis-

sion.

Table 1 — Influence the Vf onthe Ty, Ty, t-,and T, for the cycle structure without working stroke omission

at ,=0.015 mm

V, , mm/min 500 1000 1500 2000 2500 3000 3500
1.8 0.2939 0.1469 0.09798 0.07348 0.05879 0.04899 0.04199
T, ,°C 4242 59.99 7347 84.84 94.36 103.91 112.24
te.s 1.8868 0.9434 0.6289 0.4717 0.3774 0.3145 0.2695
T. °C 11.598 12.002 12.789 13.903 14.906 15.606 16.556
V, , mm/min 4000 4500 5000 5500 6000 6500 7000

T, 0.03674 0.03266 0.02939 0.02672 0.02449 0.02261 0.021

T, ,°C 119.986 127.268 134.143 140.696 146.956 152.957 158.731
to.s 0.23585 0.20964 0.18868 0.17153 0.15723 0.14514 0.13477
T, ,°C 17.494 18.416 19.317 20.205 21.072 21.922 22.755
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Table 2 — Influence of Vf on Ty, Ty, to, T for cycle structure without working stroke omission at 7, = 0.074 mm

V, . mm/min 500 1000 1500 2000 2500 3000 3500

1,0 0.65287 0.32644 0.21762 0.16322 0.13057 0.10881 0.09327
T, ,°C 140.428 198.595 243.228 280.856 314.006 343.977 371.537
fe,c 1.88678 0.94339 0.62893 0.4717 0.37736 0.31446 0.26954
T, °C 18.61 26.35 33.541 40.264 46.604 52.618 58.348
V, , mm/min 4000 4500 5000 5500 6000 6500 7000

1,0 0.08161 0.07254 0.06529 0.05935 0.05441 0.05022 0.04663
T, ,°C 397.19 421.284 444.072 465.747 486.456 506.32 525.433
tenc 0.23585 0.20964 0.18868 0.17153 0.15723 0.14514 0.13477
T, °C 63.832 69.097 74.168 79.065 83.805 88.402 92.869

Table 3 — Influence the V; onthes. and T

for the cycle structure with working stroke omission at ¢, = 0.015 mm

V, , mm/min 500 1000 1500 2000 2500 3000 3500
te,c 9.53357 4.76678 3.17786 2.38339 1.90671 1.58893 1.36194
T.,°C 12.604 11.976 11.657 11.494 11.426 11.42 11.458
V, , mm/min 4000 4500 5000 5500 6000 6500 7000
te,C 1.1917 1.05929 0.95336 0.86669 0.79446 0.73335 0.68097
T.,°C 11.529 11.624 11.738 11.867 12.008 12.158 12.317
Table 4 — The same as Table 3 at ¢, = 0.074 mm
V;, mm/min 500 1000 1500 2000 2500 3000 3500
e, ¢ 9.53357 4.76678 3.17786 2.38339 1.90671 1.58893 1.36194
T ,°C 13.57 14.342 15.457 16.726 18.078 19.477 20.902
V,, mm/min 4000 4500 5000 5500 6000 6500 7000
te, ¢ 1.1917 1.05929 0.95336 0.86669 0.79446 0.73335 0.68097
T.,°C 22.339 23.78 25.218 26.651 28.074 29.487 30.889
Let’s perform a comparison of the cooling tempera-
tures for two grinding cycle structures at #,= 0.015 mm T, = (B+l1 +1 Zoax + T JZ : )
(Fig. 3, a) and t,= 0,074 mm (Fig. 3, b). There are three 7 t, 60
ways to achieve the lowest cooling temperature 7=
11.6°C for £, = 0,015 mm (Fig. 3, a): 1) when grinding 7, =(B thth o Zmn T INDJ .. ®)
without working stroke omission with axial feed V, = 0.5 Vi L 60

m/min (point A), 2) when grinding with working stroke
omission with axial feed V,=1.8308 m/min (point B,

and 3) the latter at V, = 4226.9 mm/min (point C).

There are two ways to achieve the lowest cooling tem-
perature T- = 18.6 °C for f,= 0.074 mm (Figure 3 b)
when grinding without working stroke omission with
axial feed V,= 0.5 m/min (point D; 2) when grinding
with working stroke omission with an axial feed
V; =2.6444 m/min (point E).

The time to machine by gear grinding both without
and with working stroke omission can be determined by
the following formulas, respectively

where B stands for the width of the tooth rim
(B =24 mm), z for the number of cogwheel teeth
(z =40), , =1, =7.86 mm, z,,, for the grinding stock
for machining a cogwheel in the finish (third) stage
(Zmax = 0,1 mm), Ty, for the indexing time (cogwheel
angular turning for one tooth, 7', =4s).

To ensure the lowest cooling temperature
T =11.6 °C, the minimum time to machine is equal to
7.632 min (Table 5) which is obtained in the with work-
ing stroke omission cycle structure at £, = 0.015 mm and

Vf =4226.9 mm / min.
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Figure 3 — Cooling temperature 7' vs axial feed V for different grinding cycle structures

at #,=0.015 mm (a) and ¢, = 0.074 mm (b)

Table 5 — Determining the time to machine in gear grinding

Grinding cycle struc-

Without working

With working stroke omission

ture of the

stroke omission

The lowest cooling temperat

ure T'-=11.6°Cat t,=0.015 mm

Grinding conditions V=500 mm/min

(point A4)

V;=1830.8 mm/min Vy=4226.9 mm/min
(point B) (point C)

Time to machine, min 23.852

14.238 7.632

The lowest cooling temperature 7' = 18.6 °C at ¢, = 0.074 mm

Grinding conditions V, =500 mm/min

(point D)

Vf = 2644.9 mm/min
(point E)

Time to machine, min 6.961

4.29

To provide the cooling temperature 7= 18.6 °C
(more than 11.6 °C), the minimum time to machine
T,; = 4.29 min (Table 5) is obtained in the cycle struc-
ture with working stroke omission at ¢, = 0.074 mm and
Vf = 2644.9 mm/min. From these five variants (points A,
B, C, D, and E in Figure 3) we choose the variant with the
minimum value 7~ =11.6 °C (points A, B, C), since the
theoretical value is T\~ = 0. It can be seen (Table 5) that
the minimum time to machine 7,,= 7.632 min is ob-
tained in the cycle structure with working stroke omission

at f, = 0.015 mm and Vf = 42269 mm/min

(T-=11.6°C).

Thus, the study of the gear grinding temperature mod-
els (1) and (3) both at the heating (1) and cooling (3)
stages allowed to recommend the working stroke omis-
sion in the structure of this operation and to assign the
appropriate gear grinding modes for the finish (third) gear
grinding stage both for 7, = 0.015 mm (points A, B, C in

Figure 3) and ¢, = 0.074 mm (points D, E).

4 Conclusions

As the depth of gear grinding f, increases the maxi-
mum cooling temperature 7~ increases as well. In the

gear grinding cycle structure with working stroke omis-
sion cooling time #.- is greater than that without working

stroke omission. As the axial feed Vf increases the cool-

ing temperature 7 for the cycle structure with working
stroke omission at ¢, = 0.015 mm and f, = 0.074 mm

does not practically change, while for the cycle structure
without working stroke omission the cooling temperature
T increases. The smallest cooling temperature 7~ 1is

reached at ¢, = 0,015 mm, so it is expedient to accept the
minimum possible vertical depth of grinding 7, on the

finishing (third) gear grinding stage, for example, for the
finishing stage we take #, = 0,015 mm.

Moreover, in this stage, the axial feed Vf is chosen

not only from the condition of maximum productivity
(maximum Vf ), but also from the condition of surface

roughness (in the interval of V, from 1830.8 to

4226.9 mm/min) and the smallest elastic deformation in
the gear grinding system.

A6

MANUFACTURING ENGINEERING: Machines and Tools



References

1.
2.

Kalashnikov, S. N. et al. (1990). Proizvodstvo zubchatykh koles: Handbook. Moscow, Mashinostroyeniye [in Russian].
Lishchenko, N. V. (2016). Opredeleniye intensivnosti zuboshlifovaniya na osnove analiticheskogo uravneniya evol’venty.
Suchasni tekhnologii v mashinobuduvanni, Issue 11 [in Russian].

Dekapolitov, M. 1. (2011). Povysheniye effektivnosti profil nogo zuboshlifovaniya tsilindricheskikh koles putem rascheta pa-
rametrov staticheskoy naladki: Ph.D. thesis. Specialties 05.02.07 — Tekhnologiya i oborudovanie mekhanich. i fiziko-
tekhnologicheskoy obrabotki; 05.02.08 — Tekhnologiya mashinostroyeniya. Moscow.

Nishimura, Yu., Katsuma, T., Ashizawa, Y., Yanase, Y., Masuo, K. (2008). Gear grinding processing developed for high-
precision gear manufacturing. Mitsubishi Heavy Industries, Ltd. Technical Review, Vol. 45, No. 3, 33-38.

Carslaw, H. S., Jaeger, J. C.(1959). Conduction of heat in solids (2nd ed.). London, Oxford University Press.

Larshin, V. P. (1999). Tekhnologiya mnogonitochnogo rez’boshlifovaniya pretsizionnykh khodovykh vintov. Proceedings of
Odessa National Polytechnic University, Odessa, Issue 2(8), 87-91 [in Russian].

3HMKeHHS1 Ta BUPiBHIOBaHHS TeMIlepaTypu npodgiabHoro 3ydouutigyBanas
Jlimenko H. B.l, Jlapmmn B. .2

! Opecpka HaliOHANBHA aKameMis Xap4OBHX TEXHOJOTiH, Byl KanarHa, 112, M. Ozneca, 65039, Ykpaina;
2 OmechKHil HALIOHATBHHIT OTITEXHITHIH yHiBepcuTeT, npoct. 1lleByenka, 1, M. Oneca, 65044, Ykpaina

AnoTanisi. Po3po0iieHO METOMKY BH3HAUCHHS PEXHMIB 3yOoluTipyBaHHS Ha TPETHOMY 3aBEpLIaJbHOMY eTalli
npodineHOro 3yoonutipysanns Ha Bepctati 3 UIIK, Buxoasum i3 3a0e3neveHHs BUPIBHIOBAHHS TEMIICPATypU IO
nepudepii i HaliMeHIIOro HarpiBaHHS 3yO4acToro koseca. [ IbOrO BHKOPUCTaHO (GOPMYIH M8 BH3HAYCHHS
TeMIeparypH 3yoouutipyBaHHS Ha eTali HarpiBaHHS Ta OXOJIOKEHHS oOpoOmtoBaHoi moBepxHi. Ha erami HarpiBy
TEeMIIepaTypHEe IMO0JIe MOMKPIOETHCA 10 TIHOMHI MTOBEPXHEBOTO LIAPY 1 3MIHIOETHCSA B Yaci. Y MOMEHT 3aKiHYCHHS
eTaly HarpiBy, MHTTEBE TEMIICpaTypHE MOJIe, SIKE 3aracae 1o INIMOMHI MOBEPXHEBOTO IIApy, € HOYaTKOBOK YMOBOIO
U1 BU3HAYCHHS TEMIICpaTypH Ha eTari 0XonopkeHHs. ToMy TemIeparypa 0X0JI0/KyBalbHOT TOBEPXHI 3aJICKHTh HE
TUIBKY BiJl PEryJbOBaHOTO Yacy OXOJIOMKEHHS, aJie TAKOX BiJJ MUTTEBOTO PO3IOAITY TEMIIEPATypH B IIOBEPXHEBOMY
mapi, sIKe BPaXxOBYETHCS K IT0OYaTKOBAa YMOBa IPHU MOJICTIOBAHHI HA €Talll OXOJIODKEHHs. 3HailIeHO ONTHMalbHi
YMOBH OXOJIO/DKEHHSI, B TOMY YHCII 32 PaXyHOK IIPOIYCKiB poOOYMX XOJIB, sIKi peasi3oBaHi 3yOomnutidyBaHHsIM Oe3
YCTaHOBKY TNIHOHHY Pi3aHHS.

Kiouosi cioBa: npodineHe 3ydonntidyBanHs, TemiiepaTypa 3yOOnuTipyBaHHs, €Tall HarpiBy, €Tam OXOJIOJHKEHHS,
CTPYKTYpa LHUKITY, IPOMYCK pOOOYOT0 X01y, BUPIBHIOBAaHHS TEMIIEPATYPH.
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Abstract. The high requirements as to accuracy of the wall thickness are due not only to necessity of assuring the
reliability and serviceability of equipment, but also to the trend towards the continuous decrease of metal capacity. In
this situation assuring observing of the given parameter is the most difficult affair. The cross wall thickness deviation
can be presented in the form of two components: eccentric and symmetric deviation. In the given work authors pre-
sent the research of the influence of the tube wall thickness on the share of eccentric component of the wall thickness
deviation of the tubes rolled on the TRP with the continuous mill. Analysis of research results allowed concluding
that with increase of the tube wall thickness the share of wall thickness deviation induced with the eccentricity de-
creases. On the whole, it is to be noted that for the giving plant, characteristically the influence of methods of longi-
tudinal flaring (in continuous mill with mandrel and multistand mills of rolling without mandrel) on the tube accuracy
is greater. In two first cases while reducing tubes to the finish dimension, the share of the number of faces, which de-
pends on the summary reduction through the diameter and the value of tension, increases substantially.

Keywords: tube rolling plant with continuous mill, wall thickness, cross wall thickness deviation, eccentric compo-

nent.

1 Introduction

Accuracy of the tube wall thickness is one of the most
important characteristics of the given kind of metal prod-
ucts. The value of this characteristic’s scattering is strictly
regulated by the up-to-date standards. The high require-
ments as to precision of the wall thickness are condi-
tioned not only by the necessity of assuring the reliability
and efficiency of equipment, but also by the trend of con-
tinuous decreasing the metal capacity (content) [2, 3]. In
these conditions the most complicated task is to ensure
the maintenance of the mentioned parameter of the tube
accuracy [1, 2].

2 Literature Review

Precision of finished tubes is a result of shaping
(changing the shape) of a tube on all the stages of de-
forming the latter. In this situation the special attention
should be given to the aggregate (mill), where the proper
geometrical sign is formed [1]. In the general form the

cross wall thickness deviation can be presented as two
components [1, 4]: eccentric wall thickness deviation and
deviation occasioned by the “cut” of internal and exter-
nal surfaces. The “eccentricity” of tubes rolled on the
TRA with continuous mill averages 55 %; tubes rolled on
the TRP with plug automatic mill have the average value
of wall thickness deviation within the limits of 26 % [1].
From the practice of the pipe and tube production it is
known that for all the tubes, which were not subjected to
considerable degree of reducing, independently of meth-
od of production, the share of eccentricity makes the
greater part in the scattering of the wall thickness in the
cross tube section [4].

The wall thickness is formed in the process of piercing
and decreases in the course of rolling out (Figures 1, 2)
[1, 2], but the main influence on accuracy of the wall is
exerted exactly by the process of piercing [1].

As a whole, the relative wall thickness deviation of
tubes rolled on TRA with continuous mill decreases with
increase of the tube wall thickness [1] (Figure 3).
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Figure 3 — Change of the average values of the wall

thickness (1) and the cross wall thickness deviation (2)

along the length of a finished tube with dimensions: 45x3.5 mm (a); 76x3.5 mm (b) [1]

Tubes rolled on the TRA with continuous mill have
strongly pronounced bulges on their ends (Figure 4).
Wall thickness deviation of a tube on the thickened ends
is on the average greater than the deviation in the middle
part of a tube.

%
12
11
_
—

Figure 4 — The scheme of measurement of the wall thickness
in the cross section of a tube

Precision of tubes as to wall thickness is an important
and difficult to achieve factor of the quality of the given
kind of rolled products. It depends on many factors. The
degree of importance of majority of these factors is not
completely specified. One of the questions, which are not
enough taken up — is the investigation of the influence of
the wall thickness on the eccentric wall thickness devia-
tion of the cross section of tubes rolled on the TRP with
continuous mill, and any investigations taking up this
theme are actual.

3 Research Methodology

The following positions of assortment of the TRP with
continuous mill have been chosen for investigation of the
influence of the wall thickness on the eccentric wall
thickness deviation of the cross tube section:

—73%5.5 mm (D/S = 13.3);

—32x3 mm (D/S = 10.7);

—93x13 mm (D/S =7.2).

After cutting the thickened ends, the pipe sockets have
been cut from the tubes, marked and measured in 12 sec-
tions (Figure 4). Results of measurements are shown in
the Table 1 and the Figure 5. The character of the change
of the wall thickness deviation in cross section of the
tubes rolled on TRP with continuous mill is shown in the
Table 2.

Wall thickness, mm

- - _c-..___._—o_.._-_——c~.‘

—

Figure 5 — Change of the wall thickness in the cross section of

e
4 s 6 7 .8 9 10
Number of section

323 emm @emm 73x5,5 93x13

tubes rolled on the TRP with continuous mill
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Table 1 — The change of the wall thickness in the cross section of tubes rolled on the TRP with continuous mill

DixSt Number of the point of measurement and value of the wall thickness deviation, mm
1 2 3 4 5 6 7 8 9 10 11 12
32x3 2.8 2.9 33 3.2 3.1 2.9 3 3.1 2.6 2.8 3 2.7
73x%5. 5.1 5.25 5.65 54 525 | 5.35 5.55 5.2 4.8 5.1 5.35 5
93x13 13.15 | 13.75 | 139 | 142 | 13.1 | 124 | 12.75 | 13,55 13 13.1 | 12.8 13
Table 2 — Change of wall thickness deviation in the cross section of tubes rolled on the TRP with continuous mill
DtxSt Number of the point of measurement and value of the wall thickness deviation, %
1 2 3 4 5 6 7 8 9 10 11 12
32x3 | -5.08 | -1.69 | 11.86 | 847 | 5.08 | -1.69 | 1.69 5.08 | -11.86 | —5.08 1.69 —8.47
73x5.5 | -2.86 | 0.00 7.62 | 2.86 | 0.00 1.90 571 | 095 | -8.57 | -2.86 1.90 —4.76
93x13 | -0.57 | 3.97 5.10 | 737 | 095 | -6.24 | -3.59 | 2.46 -1.70 | 095 | -3.21 | -1.70

As a whole, the cross wall thickness deviation can be
presented as two components: eccentric and symmetric
wall thickness deviation. To pick out these parts, let us
use the approach, set forth in [1].

The main point of the given method consists in the fol-
lowing. On the first stage it is necessary to put in order
the experimental data as to measurements of the tube wall
thickness in the cross section in the following way. Let us
choose the greatest value of the wall thickness in the
given cross section and confer the index “1” to it. The
rest of values of the given excerpt will be numbered one
after another from left to right.

For example, for a tube 73x5.5 mm we have the meas-
urements in the form of a set of the wall thickness values,
presented in the table 1. After putting in order the values
of wall thickness, the massif will look as following: 5.65;
5.40; 5.25;5.35; 5.55; 5.2;4.8; 5.1; 5.35; 5.0; 5.1; 5.25

Further let us determine the average wall thickness of
the tube S, in the given cross section, eccentricity e, the
part of dispersion o,”, stipulated by eccentric component
of the wall thickness deviation, the summary dispersion
of the wall thickness ox2 Let us find the share (part) a,,
brought into deviation of the tube wall thickness by ec-
centricity according to the formula:

a2
o2 )]

—

a, =

Let us calculate the value of the absolute cross wall
thickness deviation AS,, supposing that the probability of
finding in the given cross section such value of A4S,
which AS, > AS, for P = 0.05:

p n-1 = @

where n is the number of measurements of the wall
thickness in given section; oy is the meansquare devia-
tion; ¥ is the coefficient binding the share of wall thick-
ness deviation a,, caused by eccentricity in the total dis-
persion of the wall thickness:

v=2(2a, +,3(0—-a,)-082{a,1—-a,))®

At the discrete measurements of the wall thickness the
formula (2) allows calculating with more accuracy the
value of the real swing (scattering) of the wall thickness
values in the given section, since because of measure-
ments discreteness there is the probability of finding the
actual maximum (minimum) between the points of meas-
urement.

Results of experimental data treatment are shown in
the Table 3.

Table 3 — Results of treatment of the wall thickness experimental measurements in cross sections of a tube

DtxSt, mm S, Mm e, mm 022, mm? 2 ,mm2 a, % AS,, mm AS, mm
32x3 2.92 0.137 0.039 0.009 24.0 0.7 0.72
73x5.5 5.25 0.146 0.050 0.011 21.2 0.085 0.815
93x13 13.2 0.290 0.318 0.042 13.2 2.2 2.03

4 Conclusions

Analysis of data in the Table 3 allows making the fol-
lowing conclusions. The share of the tube wall thickness
deviation caused by eccentricity is decreasing with in-
crease of the tube wall thickness. As a whole, it is to note
that the characteristic feature for given unit is the greater

influence of the process of the lengthwise rolling-off on
accuracy of tubes, namely, rolling-off in continuous roll-
ing mill with mandrel and in multistand mills for rolling
without mandrel. In the first two cases, while reducing
tubes to the final dimension, the share of cutting depend-
ing on summary reduction as to diameter and the value of
tension, is substantially increased.
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JocaiizkeHHs! BIVIMBY BeJIMYMHU TOBIIMHM CTIHKU HA MONEPeYHy Pi3HOCTIHHICTH TPYO,

npoxkaranux Ha TIIA 3 Oe3nepepBHUM CTaHOM

[Mununenxo C. B., Ipoxa I1. B., Jlumonyenko E. A.

Harmionansaa Metamypriiina akagemiss Ykpainu, npocm. [arapina, 4, M. {ninpo, 49600, Ykpaina

AHoTanisi. Bucoki BHMOrM 10 TOYHOCTI TOBIIMHH CTiHKM OOyMOBIIOIOTbCS HE TUIBKM HEOOXiTHICTIO
3a0e3medyeHHs HaIilfHOCTI 1 mpane3aaTHOCTI (POOOTOCIPOMOKHOCTI) O0NaAHAHHS, ane i TeHICHLIEI A0 MOCTIHHOTO
3HWDKCHHS Horo MeranoeMHocTi. [Ipn 1mpoMy 3abe3nedMTH NOTPHMAHHS IAHOTO MapaMerpa TOYHOCTI Tpyou
HalO1IpI ckiIanHo. [lonepedyHy pi3HOCTIHHICTE MOXKHA NMPEACTABUTH Y BUIIIAIL IBOX CKJIaIOBHX: CKCIEHTPHYIHOI Ta
CHUMETPHUYHOI PI3HOCTIHHICTI. Y CTaTTi MPEACTABICHO IOCHIKEHHs BIUIMBY BEJIMYMHHU TOBIIMHH CTiHKHM TpyOHW Ha
YacTKy eKCLEHTPHYHOI CKIIaI0BOI MOIMEPEdHOi pi3HOCTIHHOCTI TpyO, mpokaraHux Ha TIIA 3 Ge3mepepBHUM CTaHOM.
AHaiiz pe3ynabTaTiB JOCHIIPKEHb JO03BOJMB 3POOWTH BHUCHOBKH, IO 31 30UIBIICHHSM TOBIIMHU CTiHKH TPyOH
3HIKYETHCSI YaCTKa PI3HOCTIHHOCTI, BHKIMKAHOI €KCUEHTPHYHICTIO. B mimoMy, cmif 3a3HauuTH, MO A JAHOTO
arperaty € XapakTepHUM OUIBIIMI BIUIMB Ha TOYHICTH TPYO CHOCOOIB MO3JOBXKHBOI PO3KATKU: B Oe3lepepBHOMY
ONPAaBOYHOMY CTaHi 1 0araTOKJIITHOBHUX CTaHaX OE30IpPABOYHOI NPOKATKU. Y MEpIIMX JBOX BHUIIAAKaX, HPH
penyKyBaHHI TpyO Ha FOTOBHI PO3Mip, ICTOTHO 3pOCTa€ YacTKa IPAHYacTOCTI, 110 3aJEXKUTh BiJ CyMapHOTO OOTHUCKY
10 JIiaMeTpy 1 BETMYMHN HATATY.

Kiwuosi cmoBa: TIIA 3 Oe3mepepBHHM CTaHOM, TOBIIMHA CTiHKH, IOTIEPEYHA Pi3HOCTIHHICTh, EKIECHTPHYHA
CKJIaJI0BA.
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Abstract. The influence of the machining regime was experimentally investigated on the output indexes of the di-
amond grinding the ceramic balls from silicon carbide, such as the rate of the material removal and the rate of chang-
ing (decreasing or increasing) the deviation from sphericity of the ball's surface. To distinguish a particle of these in-
dexes as caused by the actual influence of the machining regime was applied a method of graphical approximation of
the time-varying ball’s diameter and deviation from sphericity. The separated particles of the process indexes can
vary both as growing and as decreasing depending on the values of the parameters of the machining regime, such as:
the discrete feeding of the diamond wheel to the cutting, the time of grinding between feedings of the wheel and the
rotation speed of the table with the balls. For further determining the influence of the machining regime was applied a
method of a complete factor-type experiment of type 2, in which the factors of the above parameters were specified.
As a result, the most effective way to reduce the deviation from the sphericity of the ball’s surface is to combine these
parameters.

Keywords: ceramic balls from silicon carbide, diamond grinding, rate of the material removal, rate of changing the
ball’s shape, machining regime, discrete feeding of the diamond wheel to the cutting, time of grinding between feed-
ings of the wheel, rotation speed of the table.

1 Introduction

Many branches of industry exploit a large number of
rolling bearings, pumps, hydromotors and other mecha-
nisms, the resource and reliability of which depend on the
efficiency and quality of parts such as “ball”. Now balls
are mainly made of steel and they are relatively quickly
failured in conditions of high loads, temperatures, as well
as intense abrasive, corrosion, chemical and other types

of wear. Replacing steel balls on ceramic in many cases
allows you to achieve higher performance and extend the
range of functionality of the devices in which they are
used. Thus, in hybrid ball bearings combination of rolling
ceramic bodies and high quality of surface of steel rings
(Figure 1) gives the advantages for longer service life and
better performance at high speeds.

MATERIAL PROPERTIES UFE vs BALL MATERIAL TEMNEPATYPA in WBHAKOCTI OBEPTAHHA
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Figure 1 — Comparison of characteristics of hybrid and steel ball bearings [1]
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2 Literature Review

In the 1990s, the leading organizations of the National
Academy of Sciences of Ukraine contributed to the crea-
tion of effective ceramic and composite materials based
on boron and silicon carbides, as well as technologies for
manufacturing precision products of the “ball” type [2, 3]
that work in difficult operating conditions. Firstly, it con-
cerns materials based on boron carbide — it is the third
according to the hardness of a material after diamond and
cubic boron nitride, and one of the most inert chemical
compounds. It has high hardness, durability and unique
wear resistance under acting aggressive environments and
abrasive wear.

An important incentive for the development of modern
technical ceramics is the desire to develop a gas turbine
engine with a high efficiency for the aerospace industry.
The conditions of the bearings of the main shaft of such
engines — the shaft speed more than 30 000 rpm and tem-
peratures above 650 °C. At temperatures above 1 100 °C,
only ceramic materials are used because their higher
hardness than those of bearing steel or even cobalt alloys
and high-speed steels with high content of tungsten.

The most difficult in the manufacture of any ball bear-
ings is the abrasive machining the balls. The operational
properties of the bearings depend, first, on the perfo-
mance of their working surfaces, such as the precision of
machining, roughness and microstructure. The group
abrasive finishing of balls between rotating discs is the
most versatile operation of making balls and up to this
time attracts the attention of researchers [4—6]. At dia-
mond grinding or finishing ceramic balls are rolled along
the tracks of the lower disk without their mixing unlike
elevator abrasive machining the steel balls in mass pro-
duction when their mixing. Becouse of it is limited the
number of simultaneously machined ceramic balls by
their placement on the tracks of the lower disk and to
achive high accuracy the ball’s shape is difficult.

3 Research Methodology

3.1 Features of surface layer forming in
ceramic products from silicon carbide by
diamond grinding

As well as for any brittle nonmetallic material, the di-
amond grinding of ceramic products, in particular from
silicon carbide, is radically different from the abrasive
grinding of metals [7-9]. When the diamond grinding
brittle nonmetallic materials, there are an elastic-plastic
deformation without breaking, as well dispersing the
machining allowance at plastic deformation and brittle
breaking the material with particle chipping. The proba-
bility of one or another mechanism of the destruction of
the machining allowance is determined both by the phys-
ical and mechanical properties of the material and the
load on the diamond grain (depending on the machining
regime). A characteristic result of material removing
during diamond grinding are lateral breakaways and clus-

ter breaking on the surface layer, which are watched in
the form of cells of destruction, which most influence the
formation of the surface roughness [10]. In theoretical
study of interaction between grains of abrasive powder
and machined surface from brittle nonmetallic materials
is used the cluster model of formation and removal of
slime particles [11, 12].

The nature of the destruction of such brittle nonmetal-
lic material, which is a silicon carbide, depends mainly on
the magnitude of the normal force on diamond grains.
When the normal force achieves own critical value,
which is required for the formation of lateral cracks, the
destruction results by scraping. The critical force that
forms lateral cracks is determined by the dependence

KL
ik

n

P(rr = kp :

where k, — constant coefficient; K¢ — stress intensity
factor of the first type (critical intensity of cracking);
H\, — microhardness [13].

Proceeding from the physical and mechanical proper-
ties of the materials under consideration (Table 1), the
critical force that forms lateral cracks in the surface layer
of the hot-pressed silicon nitride is more than 2.3 times
for the reaction-bonded silicon carbide. Therefore, when
grinding carbide ceramics, the critical cross-sectional area
of the material on the diamond grain [10], which takes
place the breakaways, is smaller and, accordingly, several
times smaller than for nitride ceramics is required for the
cutting depth to appear the breakaways.

On the other hand, the critical size of the median frac-
ture, in which it begins to develop in a steady manner
during infusion, is inversely proportional to the square of
the material fragility index

kM

ly =",
(H WK 16)2

where kj, — constant coefficient [13]. Experimentally
proved during diamond machining [10] that the magni-
tude of the maximum half-length of defects in the surface
layer of ceramics is linearly dependent on the critical size
of the median fracture during the indentation, in which
the crack develops. If the the index of fragility of the
material is smaller, and consequently, the magnitude of
the critical median fracture is greater when indenting,
than the higher the value should be expected both the
half-length of the maximum crack from the machining,
and the depth of the cracked layer. Therefore, based on
the data of the Table 1 under the same conditions of
grinding, the breakaways on the machined surface of
carbide ceramics should be larger, and the depth of the
cracked layer — on the contrary, less than that of the sur-
face of the nitride ceramics. At the same time, it should
be noted that the comparative analysis taken into account
only the physical and mechanical properties of the mate-
rials, but not the actual conditions of diamond grinding
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(machining regime, etc.), which determine the depth of
the cracked layer.

Taking into account the predisposition of the SiC-
ceramics to cracking, as well as the peculiarities of the
diamond grinding ceramic balls from silicon carbide, the

purpose of the work was to determine the influence of the
machining regime on the output indixes, such as the rate
rate of the material removal and the rate of changing the
deviation from sphericity.

Table 1 — Results of treatment of the wall thickness experimental measurements in cross sections of a tube

. Si;N,-ceramics SiC-cer?lmics
Indicator (hot-pressed) [10] (reaction-
bonded) [14]
Density, g/sm’ 3.1 3.12
Young's module, GPa 310 413
Microhardness H,, GPa 13.9 20
Bending strength o, MPa 690 370
Index of fragility H /K¢ 3.23 4.35
Critical stress intensity factor of the first type K;c, MPa/m™ 4.3 4.6

3.2 Experimental research

Investigation of the influence of the machining regime
on the output indixes of diamond grinding ceramic balls
from reaction-bonded silicon carbide carried out on a
modernized ball-grinding machine VS-D204M (Figure 2)
with the technological device for a placement of the balls
on its desktop, the scheme of which shown in Fig. 3

As can see from the machining scheme shown in Fig-
ure 3, the device separates the kinematic chains on that,
which realizes directly shaping, and on that, which realiz-
es portable movements from the chain for the grinding
process. Thanks to the device machining balls is carryed
out at optimal grinding speeds of 25-30 m/s and the
speed of moving balls of 0.15-0.30 m/s. In the experi-
ments, a diamond grinding wheel of 6A2T form was
applied with diamonds of grade AS32 with a grain size
250/200 of relative concentration of 100. The number of
balls in the batch, which was simultaneously machined,
was eight pcs.

The output indixes were the rate of the material re-
moval v,=Ad/t (rate of reducing ball’s diameter) and
the rate of changing of the ball shape vs=Ad/ ¢t (rate of
decrease or increase of deviation from sphericity). There
was studied the influence of such regime parameters as
discrete feeding of the wheel to the cutting sw, the time
of grinding between feedings to and the rotation speed of
the table with balls st. The output indixes of machining
process were counted after direct measurement on each
ball of its diameter and deviation from sphericity before
and after each experiment.

Measurement of the diameter of the ball was carried
out on a longitudinal vertical type of IZV-2 with division
value of measurement scale of 1 um. The diameter of the
ball was measured in 3 mutually perpendicular directions,
with the direction chosen arbitrarily. On the basis of
measurements, it was calculated the average diameter of
each ball and the average diameter of the balls in the
batch before and after each experiment.

Figure 2 — The location of ceramic balls in the device
on the ball-grinding machine VS-D204M
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Figure 3 — Scheme of grinding of ceramic balls in a device
with kinematically connected upper and lower disks
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Measurement of deviation from the sphericity of ball
surface was carried out by the indicating gage type
MIG-1 with division value of measurement scale of
1 um. The indicating gage was fixed on a magnetic tri-
pod. The measured ball was located on the base ring with
the outer and inner chambers, in order to get as close as
possible to the conditions of contact of the ball and the
ring around the circle. The base diameter of the ring was
chosen as the diameter of the circle inscribed in an equi-
lateral triangle, which in turn is inscribed in a circle with
a maximum ball diameter. As a result of measurements
when turning the ball on the base ring found the maxi-
mum and minimum value of deviation from the sphericity
of the ball surface. On the basis of measurements, the
average deviation on each ball was calculated as well as
the average deviation of the ball surface in the batch be-
fore and after each experiment.

Further, the actual influence was separated out of the
machining regime in the indicators of diamond grinding
of balls (the rate of reducing ball’s diameter and the rate
of changing ball’s shape), which occurs on the back-
ground of the general tendency to monotonically nonline-
ar decline of these indexes from its original value to the
level of the minimum possible value for this grinding
scheme and this processing time. This tendency is due to
our view, firstly, by the gradual transition from the ma-
chining of the weakened surface layer as a two-layer
combination of relief and cracked layers to the machining
of the material itself and the associated increase in the
physical and mechanical properties of the material being
processed, which leads to a decrease in the circumferen-
tial feed of grinding (i.e. speed of run-off on a wheel of
removed material) due to the self-regulation of the angu-

lar velocity of ball’s rolling under the action of friction-
coupling and cutting forces. Secondly, this trend is due to
the simultaneous monotonous increase in the proportion
of the machining time of the main material in the overall
time of the experiment.

To separate out the influence of the machining regime,
there was used method of graphical approximation using
a monotonous continuous time function of the mean val-
ues of the ball's diameter d,, and the deviation from the
sphericity of the ball's surface §,, both before and after
each experiment. The effect of the treatment mode was
considered to be the difference between the mean d,, or
d,, after each experiment and the value of the approxima-
tion function at this point of the total processing time.
The rate of reducing ball’s diameter and the rate of
change in the shape of their surface (in general, after
approximation and under the action of the machining
regime itself) were counted in pm/min after each experi-
ment, taking into account the time of the experiment.

As a method for further determining the influence of
machining regime on the indexes of diamond grindin%
ceramic balls, a complete factor experiment of type 2
was chose, since there was no quantitative assessment of
the degree of influence of factors. The experiment plan
envisaged the variation of all factors on two levels: the
discrete feeding of the wheel to the cutting s,, — 50 and
70 um, time of grinding between feedings to 10 and
20 min, the rotation speed of the table with balls s, —
35 and 85 rpm. The time for each experiment was
40 minutes. The matrix of experiment planning is given
in Table 2. It takes into account the interaction of factors.

Table 2 — Experiment planning matrix type 2* in relative values

Exp. no. X X X3 X1 X X1 X3 X5 X3 X1 X2 X3 | Alphanumeric characters y
1 -1 -1 -1 +1 +1 +1 -1 (D) Vi
2 +1 -1 -1 -1 -1 +1 +1 a b
3 -1 +1 -1 -1 +1 -1 +1 b V3
4 +1 +1 -1 +1 -1 -1 -1 c V4
5 -1 -1 +1 +1 -1 -1 +1 ab Vs
6 +1 -1 +1 -1 +1 -1 -1 ac Ve
7 -1 +1 +1 -1 -1 +1 -1 bc V7
8 +1 +1 +1 +1 +1 +1 +1 abc Vs
Based on the results of experiments, linear models of 4 Results

the output variables were constructed, taking into account
the interaction of factors in the form

y= b() + b].X] +...+ bkxk + bk+1X|XQ + ...+ bgk Xi-1Xks

in which coefficients of the linear model are calculated
by the formulas:

v, j=1k.

JI(Gj+2)i

1 n
b :;;[Xﬁx(ﬂ,ﬁx X

According to the recommendations of statistical data
processing [15], in the calculation of the average values
of measured parameters — the ball’s diameter and the
deviation from the sphericity of ball’s surface, the results
were not found with a confidence probability of 0.95,
which are sharply distinguished among others. The vali-
dation of samples dispersion according to the Cochran
criterion showed that they are homogeneous — in Table 3
the results are given after calculating the samples disper-
sion in the measurements of 8 balls in each of the 8 ex-
periments, as well as before the start of measurements,
and in addition the results of their verification for homo-
geneity according to the Cochran criteria. If G < Gy,
then the samples dispersions are homogeneous.
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Table 3. Samples dispersion in 8 measurements for each of the 8 experiments, and before the start of measurements, their verification
for homogeneity according to the Cochran criterion

=] Dispersion of measurements on 8 balls Sample’s
g g dispersion Gos 2 | Gossuab
TE in the e atk =
g3 1 2 3 4 5 6 7 8 experi- | = 8, v=1
H ment Siz
Measuring the ball’s diameter, pm’
init.| 0.07877 ] 0.01702 | 0.00977| 0.12377| 0.00002 | 0.14102| 0.02627| 0.00827| 0.000058| 0.3483 | 0.6798
1 | 0.14400] 0.02500] 0.04900] 0.25600{ 0.19600 | 0.03600[ 0.00900] 0.02500[ 0.000106| 0.3460 | 0.6798
2 10.00306 | 0.03906] 0.01406] 0.06006/ 0.03306 | 0.00006] 0.01056| 0.08556| 0.000035| 0.3485 | 0.6798
3 10.04727 | 0.17227| 0.11827| 0.00977| 0.22877 | 0.01502| 0.08327| 0.35627| 0.000147| 0.3456 | 0.6798
4 10.00977 | 0.08327| 0.00127| 0.01702] 0.00827 | 0.01702| 0.19252| 0.02377| 0.000050| 0.5456 | 0.6798
5 10.05077 | 0.00352| 0.02377| 0.00827| 0.05077 | 0.00077| 0.00077| 0.00827| 0.000021| 0.0052 | 0.6798
6 10.01502 | 0.11827| 0.06202| 0.03752| 0.12377 | 0.02627| 0.06202| 0.06602| 0.000073| 0.0514 | 0.6798
7 10.00002 | 0.02627| 0.00002| 0.06602| 0.00827 | 0.00977| 0.03752| 0.39502| 0.000078| 0.0180 | 0.6798
8 10.00025 | 0.04225| 0.01225] 0.00225] 0.05625 | 0.00025] 0.00225| 0.00625| 0.000017| 0.0020 | 0.6798
Measuring deviation from sphericity, um’
init.| 63.57 2430 | 58.14 ]0.23 14.37 3.12 0.14 27.18 27.29 0.3327 | 0.6798
1 1.00 30.84 | 61.19 | 22.02 123.64 0.04 6.03 54.93 42.81 0.4126 | 0.6798
2 11.50 | 0.52 3.75 3.28 0.01 16.58 0.35 2.78 5.54 0.4276 | 0.6798
3 0.01 8.33 1.11 0.80 1.35 0.61 4.39 25.84 6.06 0.6090 | 0.6798
4 0.12 0.28 2.84 6.85 1.83 22.88 6.52 0.86 6.02 0.5426 | 0.6798
5 2496 | 4.90 2.92 16.38 13.92 0.36 5.93 1.16 10.08 0.3539 | 0.6798
6 0.76 2.88 0.66 11.58 0.21 10.28 0.01 17.26 62.35 0.3955 | 0.6798
7 2.84 3.51 0.64 9.07 2.58 6.85 2.38 2.58 4.35 0.2981 | 0.6798
8 1.41 0.09 1.26 7.66 9.31 1.81 0.55 2.97 3.58 0.3717 | 0.6798
Since the output variables of the grinding process are d. 4337 &, T700¢
estimated values based on each time on the measurement mm Lim
of the geometric indices mentioned in the research meth-
odology, the dispersion of reproduction in each experi- 47 84 5004
ment was counted as the average samples dispersion in
the current and previous experiments:
) 423 300
Srzepr = 5 (S[Z + Siz—l)
and the weighted average variance in the 8 experi- 4184 1005 P e 0 30
ments is £ min

1 N
2 2
S = 2 N
repr repri
NS

at degrees of freedom f,,,, = N (m — 1), where N — number
of experiments, m — the number of measurements in each
experiment.

The dispersion of the reproduction is calculated: for
the average diameter of the balls — 6.8452-107 and for
deviation from sphericity — 12.0663.

To determine the component of ball’s diameter and
deviation from sphericity whose change does not depend
on the influence of the machining regime is used the
method of graphical approximation for time changing
these indices (Figure 3).

Figure 3 — Dependence of the ball diameter d and the deviation
from the sphericity J from the time of grinding ¢

In Table 4 the calculated values of the rate of material
removal and the rate of changing ball’s shape are shown
under the action only the machining regime in the 8 ex-
periments.

Based on the results, linear models of the output varia-
bles in the normalized form are constructed taking into
account the interaction of the factors:

vy =0.0488 + 0.6426x; — 0.2113x, + 0.0363x; —
— 0.4129)(71)(724‘ 0.0895)&'1)&'3 + 0.0359.X2.X3 + 0.0105X1X2X3;

vs =—0.0207 + 1.3241x, — 0.6757x, — 0.019x5 +
+ 0.3691X|X2 - 1.9998)C])C3 + 0.7676)C2)C3 -0.1 17X1X2X3.
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Table 4 — Matrix of changing the factors in absolute values, the value of output variables

. ) The rate of reducing the ball’s | The rate of changing the ball’s
Discrete | The time of . . . e
. L Rotation diameter v, pm/min shape vs, pm/min
feeding the | grinding speed of
Exp.no. | wheel to |alls between tlll) tabl . under , under
the cutting | feedings ¢ table tota] | @PProxi- | effectof | | approxi- | effect of
Sy, LU f,, min S Ipm mated | machining mated | machining
regime regime
1 50 10 35 4.7 5.2 0.5 -3.3 2.0 -1.3
2 70 10 35 6.2 4.7 1.5 2.8 -1.5 4.3
3 50 20 35 3.8 44 —0.6 —6.6 -1.4 5.2
4 70 20 35 3.8 4.2 —0.4 1.2 -1.2 24
5 50 10 85 2.8 3.9 -1.1 —0.2 -1.0 0.8
6 70 10 85 4.8 3.7 1.1 -1.9 —0.9 -1.0
7 50 20 85 33 34 0.1 —0.2 —0.7 0.5
8 70 20 85 3.7 3.2 0.5 —0.9 0.5 —0.4

" the negative value means that the effect of machining regime leads to a decrease in productivity;
Hk . . . . .
the negative value means that the deviation from sphericity decreases.

The statistical significance of the coefficients of the
regression equations was checked by Student's criterion
on the basis of the inequality

- 2,
TS

J

>t,(f),

in which S(b)) = S(y)/ \/ﬁ — mean square deviation
of coefficients, 7 (f) — table value of Student's criterion

at p = 0.95 for v,, and at p = 0.80 for vs at the number of
degrees of freedom f=N (m — 1).

If the inequality is fairly then the coefficient differs
significantly from zero.

Median deviation of regression coefficients: for medi-
um balls — 3.2704-107, for deviation from sphericity —
0.4343.

The result of checking the statistical significance of the
coefficients of the regression equations in real values
(Table 5): index v, — 5 statistically significant coefficients
(by, by, by, bs and be) from 7, and index vs — 4 coefficients
(b1, by, bs and by).

Table 5 — Calculated and tabular values of Student’s criterion from checking
the statistical significance of the coefficients of the regression equations

telebl'l/S(b,') f tcmblo o5 tctablo 20
or p = 0.95|for p =0.
b, ‘ by ‘ bs ‘ by bs ‘ be ’ b | and f=56 | and f= 56
Va
198 | 65 | 1,1 | 126 | 27 | 94 | 03 [ 20031 | -
Vs
30 [ -1 [ 00 [ 09 | 46 | 18 | 03 | - ] 1299

To verify the adequacy of the obtained regression
equations according to the Fisher criterion, the variance
of the adequacy of the calculation results was firstly cal-
culated according to the model’s experimental results
(Table 6)

2 m oG 2
S"dzﬁzl(yi_yj) P

in which y; — the result of calculating the value of the
model; [ — number of significant coefficients of regres-
sion equations.

Regression equations are adequate to experimental re-
sults if the condition is fulfilled

2

Sac
271 < Fl—p (fad’ frepr)’

frepr

F =

in which F,_ (f,,. f..,,), — tabular value of Fisher’s

criterion at p = 0.05 and numbers of degrees of freedom
fad = (Nf l);frepr = N(m - 1)

Since for the obtained regression equations the above
condition is satisfied by Fisher’s criterion, we conclude
that the regression equations are adequate for experi-
mental results.
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Table 6 — Calculation of statistical variables for checking the adequacy of regression equations to experimental results

Indicator Vg Vs
Dispersion of reproduction S,.,, 6.8452-10° 12.0663
Dispersion of adequacy S,,° 0.0188 4.950 0
Calculated Fischer's F-criterion f = Sadz 1S epr 2 0.669 0.133
Tabular value of F-criterion at p = 0,05 and numbers of degrees of 2.774 2.536
freedom foy = (N = ). frep = N(m — 1) (Far=3 S =56) | fur =4 fropr = 56)

Taking into account the results of the adequacy check-
ing, the models of output variables in the normalized
form have been constructed:

vy =0.04883 + 0.01071s,,— 0.01409¢, — 0.00046s,,t, +
+ 0.00002s,,s, + 0.00034¢,s;;

vs =—0.0207 + 0.0221s,, — 0.045¢, — 0.0006s,,s; +
+ 0.0009¢1,s,.

va=0.0488 + 0.6426x; — 0.2113x, — 0.4129xx, +
+ 0.0895xx3 + 0.0359x,x3;

On the basis of the obtained models, graphs of func-
tion are constructed v (s,.t,), Vi(S.S1), Vu(spt,) and
V(losSiw), Ve(SiSi)s Va(Silo) (Figures 4, 5).

vs =-0.0207 + 1.3241x; — 0.6757x; — 1.9998xx; +
+ 0.7676)62)63.

The same models in real sizes have the form:

L Vs : - o
£ it/ R S

- B

(=]
— -
]
PSS — P
i

! - i ¥ - 5 " i g Tty
Ia. 1 1w . l am BT Oy [ ‘5-- B Su, I 16" T TR g%+l e
Ty 4 ] ] <y - z 1 e ]
oen | B ]t""fa 24 s i 3 md®y = M oen S L TR
a b c

Figure 4 — Dependencies of the index v, from the value of feeding the wheel to the cutting s,, and the time of grinding 7, (a)
at the rotation speed of the table s, 35 rpm (1) and 85 rpm (2); from s,, and s; (b) at 7, 10 min (1) and 20 min (2);
from 7, and s, (c) at 5,, 50 (1) and 70 um (2)

1
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Figure 5 — Dependencies of the index vs from the value of feeding the wheel to the cutting s,, and the time of grinding 7, (a)
at the rotation speed of the table s, 35 rpm (1) and 85 rpm (2); from s,, and s, (b) at #, 10 min (1) and 20 min (2);
from 7, and s, (¢) at s,, 50 (1) and 70 um (2)
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5 Conclusions

As can be seen from the graphs in Figures 3 and 5, and
Table 4, for the diamond grinding ceramic balls the effect
of the machining regime on the rate of changing the devi-
ation from sphericity (which estimated by the negative
value of the index vs) should be considered in two ranges
of variance of deviation from sphericity. If the range is
above 300 um then the effect of the machining regime is
more significant. If the range is below one the effect is
less significant. To reduce the deviation in the first range
is possible by the simultaneous decreasing the feeding of
the wheel to the cutting s,, up to 50 um and the rotation
speed of the table s, up to 35 rpm with increasing the time
of grinding 7, up to 20 min. This machining regime will
ensure changing vs; in the range from -1.3 to
—5.2 pm/min. In the second range, on the contrary, the
simultaneous increase of the specified parameters within
the studied range will be effective at increasing s,, up to
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AJsiMa3He HUTipyBaHHSI KepaMiYHUX KYJIb 3 KapOily KpeMHil0
Coxans C. B., Maiictpenko A.JL., Kymuu B. I'., Copouenko B. I'., Bo3uuii B. B., l'amanrok M. I1., 3ybaneB €. M.

[HcTuTyT HanTBepANX MatepianiB iM. B. M. Bakyns HAH Vkpainu, Byn. ABTo3aBonceka, 2, M. Kuis, 04074, Ykpaina

Anoranist. J[oCImi/UKeHO eKCIEepHMEHTAIbHO BIUIMB PEXHMY OOpOOKM Ha TOKa3sHHKH IIPOIECY aJIMa3HOTo
nutipyBaHHA — KepaMiuHUX Kyidb 3 KapOigy KpeMHil0: IIBUAKICTH 3HIMaHHA HPUIYCKYy 1 LIBHIKICTb
3MEHIIICHHs1/301IbLIICHHST BiAXHJICHHS BiJl CEpPUUHOCTI MOBEPXHI KyJb. 3alPONOHOBAHO METOAUKY BHOKPEMIICHHS 3
LMX MOKA3HUKIB YaCTKH, 00YMOBJIEHOI BJIacCHE BIUTMBOM PEeXHMY 00poOKH. ISl IbOro 3aCTOCOBAHO METO rpadivyHol
ampokcHManii 3MIHIOBAaHHS y 4aci AiameTpy Kyl 1 BiIXWIeHHS Bix chepuyHocTi. BeranosneHo, mo BHOKpeMIiIeH1
YaCTKH IOKa3HUKIB IPOIECY MOXKYTh 3MIHIOBAaTHCS K y OiK 3pOCTaHHs, Tak i OIK 3HI)KEHHS B 3aJI€XKHOCTI Bif
3HAUeHb IapaMeTPiB PEeXXUMY 0OpOOKH, SK-OT: TUCKPETHOI IMojadi alnMa3HOro Kpyra Ha Bpi3aHHS, YacTOTH IOjadi
Kpyra i mBHIKOCTI OOepTaHHSA CTONA 3 KYIAMH. SIK METOJX MOJaibIIOro BH3HAYEHHS BIUIMBY PEXUMY 0OpoOKH
00paHo MOBHUI (aKTOPHUI eKCIIepUMEHT THIly 23, B AkoMy (akTopaMu Oynu BKa3aHi BHIIE IapaMeTpH PEXUMY
00po0OKkH. 3HaiiieHo HaOIIBII eheKTHBHE U1 3MEHIICHHS BIIXWICHHS BiJ CEpHUYHOCTI MOBEPXHi KyJIb NOETHAHHS
[IUX TapaMeTpiB.

KorouoBi ciioBa: kepamiuni Kyni 3 KapOimy KpeMHIlO, ajqMasHe NUTiyBaHHS, MapaMeTpH PEeXHMY 0OpoOkwu,
IIBUKICTH 3HIMaHHS MIPUITYCKY 1 IIBUIKICTH 3MIHIOBaHHS ()OPMH IIOBEPXHI KYIIb.
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Abstract. Proper assessment of enterprise performance quality expands opportunities of those enterprises proven
by reputation, and creates favourable environment for investment. However, scientific literature does not present any
research of enterprises’ performance or functioning quality models from the perspective of all possible results. The
article defines, in accordance with the requirements of the international management system standards, functioning
efficiency — that is, resources turning into immediate results, immediate results transforming into direct ultimate re-
sults; sustained success — direct ultimate results turning into indirect ultimate results. Indirect ultimate results high-
light strategic effect of an enterprise’s sustained success. Ways of assessing functioning quality are classified, on the
basis of which a system of information and analysis for collecting and processing of management information is de-

veloped for automation of assessment procedure.
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1 Introduction

Quality assessment is a special type of the control
function aimed at the formation of value judgments about
the enterprise as an evaluated object. In accordance with
ISO 9000:2015, quality is an independent characteristic
of the object’s essence for which a level (degree) of the
required quality is existed. This level is assessed in rela-
tionship to the quality standard. This definition of quality
makes it possible to provide a quantity assessment by the
degree of compliance.

Quality appears “outside” through its properties. The
property is an external demonstration of quality as the
inner essence of the object [1]. A characteristic is the
distinguishing feature, which can be own or assigned,
qualitative or quantitative. The characteristic of quality is
own characteristics of the enterprise arising from the
requirements. The state of an enterprise is a set of charac-
teristics that it possesses at the operating moment. Each
characteristic has its assessment and can be determined.

The determination of quantitative characteristics of the
quality of the work of enterprises is metrology, while not
joint these characteristics with the justification of man-
agement decisions, as is customary in qualimetry. In
qualimetry, the property (attribute) is the quality of the
evaluation of measured object; value is the quantitative
characteristic of a measure. An indicator is the numerical
value of a measure by which one can indicate the state,
change or development of the enterprise’s processes. In
the broadest sense of the word, an indicator is the trans-

mitter of information. In the narrow sense, indicators are
those characteristics that connect the object and the sub-
ject of evaluation [2]. The term “indicator” is also defined
as a quantitative characteristic of one or several proper-
ties of objects considered under certain parameters [3]. In
this case, the terms “indicator” and “parameter” are dif-
ferent. The parameter characterizes the state of an enter-
prise and its structure, but the indicator characterizes
properties. Hence, the parameter is a relatively constant
characteristic, which changes only when the enterprise
changes itself. Parameters indicate how the enterprise
differs from others. Thus, we will consider as indicators
variables describing the properties reflecting the target,
and parameters — the characteristics of the state, reflecting
the quality of the functioning of the enterprise. Interna-
tional process-oriented management standards suggest the
following parameters: efficiency, effectiveness, sustained
success. Wherein, functioning is the behavior of the en-
terprise in time, the successive change of its state. At the
same time, activity includes a system of processes carried
out by an enterprise for the purpose of producing prod-
ucts, providing services or supporting them.

In order to express the state, it is necessary to deter-
mine the values accepted by the parameters at the consid-
ered moment, namely the values of efficiency, effective-
ness, and sustainable success. The nomenclature of indi-
cators evaluated in determining the properties and state of
the enterprise should adequately reflect the actual level of
parameters. Therefore, the choice of indicators is based
on the study and modeling of the properties and condi-
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tions of the enterprise. Establishing the range of indica-
tors is not a one-time, even if operation justified by scien-
tific methods, but the process of constant adjustment. It
depends on the enterprise development strategy [4].

Requirements of the standard 1SO 9001:2015 concern
the measurement of processes both for assessing the level
of their effectiveness, and for maintaining in the managed
state. In the first case, the results of the process are evalu-
ated. In the second one, the indicators of its state at dif-
ferent stages are determined. The system of process quali-
ty indicators is divided into two groups. The first includes
the implementation of the outputs of the process, and the
second one — the characteristics of the dynamics of the
process [5]. The first group of indicators fixes where the
process comes as a result of control, and the second one —
how it gets to the final state. Thus, it is necessary to con-
sider both indicators of quality of activity, and indicators
of quality of functioning of the enterprise. The need to
assess a sustained success also requires consideration and
operationalization of concepts as a final results of the
enterprise’s activities, as well as the quality of function-
ing. Operationalization consists in the fact that investigat-
ed concepts are determined through the description of
special measuring operations.

The purpose of this article is to analyze the models
of the quality of activity and the functioning (A&F) of the

enterprise under the point of view of all possible out-
comes and the development of operational definitions of
these results in the context of requirements and recom-
mendations of the standards 1SO 9000.

2 Research Methodology

Quality assessment A&F is the formation of value
judgments about the enterprise, including an assessment
of its properties and states using a set of indicators de-
fined for each of the aspects (directions) of activity, e.g.,
resources, infrastructure, internal processes, financials,
consumers, potential, and development.

The evaluation of the performance of activities is car-
ried out based on direct results as a cost saving in obtain-
ing these results. Evaluation of performance and sustain-
able success is carried out on the basis of final results
(Fig. 1). Immediate results are what we have done, and
the outcomes are what happened. Consequently, effec-
tiveness is a characteristic of immediate results, produc-
tivity is a characteristic of direct outcomes, sustained
success is a characteristic of indirect outcomes. In con-
trast to the traditional social notion of influence, it estab-
lished as a strategic effect, correlated with indirect out-
comes — quality of operation management, and estimated
with the help of assessments of sustainable success in the
long term.

Inputs Immediate Direct Indirect
(resources) iR, results outcomes outcomes impact
{ : : Quality of
Operating efficiency Rwictiosal
Operating effectiveness management

L Sustained success —/J

Figure 1 — The relationship between efficiency, effectiveness, sustained success
and the quality of management in terms of immediate and final results

Figure 2 shows a diagram describing the company’s
A&F hierarchy. It includes the company’s embedded
resources, processes, immediate results (produced goods
and services), as well as final results and impact (strategic
effect).

Immediate results should be presented in vector form

x = (x®, x@ . x®)", (1)
where x® — indicators characterizing various properties
of the enterprise.

The final results should be presented as a complex in-
dicator. Steady success is as a forecast, through the eval-
uation of the sequence of complex indicators. The effec-
tiveness of the activity is determined by the evaluation of
the resources spent on achieving the multivariate indica-
tor (1). Alternatively, this indicator should contain private
resource indicators, for example, as it is provided in the
popular balanced scorecard including various aspects of
the enterprise, resource and financial [6].

B2 MANUFACTURING ENGINEERING: Technical Regulations and Metrological Support



Impact -

quality of operation management:
the result of the enterprise’s ability to achieve
the main geal and maintain this state for a long time

The direct operating results
characterizing the quality
of operation control

4 13

Sustained success -
indirect operating outcomes:
the result of the enterprise’s ability to achieve the main
aspect geals and maintain this state for a long time

to achieve the main goal

4
Outcomes -

Assessment of changes
—

direct operating results:
intermediate, monitored and measurable changes as a stage,
in the process of achieving indirect operating outcomes

What happened
when the main objectives
were achieved

What will happen
in the long term

Outputs -

immediate operating results:

of achievements unsufficient for the operating cutcomes

operating results and operating outcomes

Performance evaluation
A

T
Inputs:

Goods
direct results achieved in a short term as a first stage >} and services
: >

Activities:
processes for processes for achieving immediate
\< resources for providing ASF of an enterprise

Figure 2 — A flowchart of the hierarchical presentation of the enterprise’s operation

To identify possible ways of assessing the quality of A
& F, providing for appropriate decision-making proce-
dures, consider the following. For any object of evalua-
tion (the state of the enterprise), the set of its estimates
for all indicators is a vector. It contains complete infor-
mation about the object. If the estimated objects are com-
parable in the sense of domination, one can specify by
binary relations in the space of estimations of indicators
that determine the selection rule for each pair of objects
of the best:

i—1 x>y (). .
6 e ) vi=Ln:xW>xWr ke(t,...,m); @
ahe(,...,n):x™ >xM

Substantially, this means that the object e; no worse
than the object ex on any of the main aspect indicators,
and, at least, one of them e, is better than ex. Firstly, the
evaluated objects will be compared by the indicators of
the most important aspect, then — by the indications of the
next important aspect, etc.

If the objects of evaluation are incomparable with the
private aspect indicators of all aspects of activity, it is
advisable to resort to the scalarization of the aspect indi-
cators by building the complex indicators of aspects
(CIA). When constructing a CIA, it is advisable to com-
pare by advantage only homogeneous indicators that
measure the intensity of properties of the same nature. To
do this, the normalizing functions for the transformation
X(j):>y(j)e [0, 1] is used

As CIA a weighted sum of indicators is applied, which
for s-th aspect of i-th object of evaluation has the follow-
ing form:

Z§S)=iwsyi“), iclim)
-1

where ns — number of indicators of s-th aspect;
yi® — normalized value of j-th indicator for i-th object;
ws — weights of partial indicators for s-th aspect of
activity. The decisive rule has the following form:

c () s 5 (8) )
e 6,) vVs:z >z, ,r,ke(l,m), )
3he2,..,s): 2" >z

This means that e, object is no worse than e for any of
CIA and at least one of CIA e, is better than ex.

1. The basis of the application of the method is the as-
sumption of the independence of the influence of the
value of each individual indicator xi® or z® on the esti-
mation of the preference of the object e as a whole. In
practice, this assumption is often not satisfied. In addi-
tion, the objects of estimation may not be comparable in
the sense of the componentwise dominance of CIA, if
each of the objects is preferable to the other for some
particular indicator. It is possible to clarify the problem,
to attract some additional assumptions that determine the
method of estimation.

2. Additional assumptions may be related to a kind of
binary relation as the lexicographic selection rule. It is
used in the case of a ranking CIA according to the rank-
ing of aspects of activity. Then, if the object e, is prefera-
ble to ex object by CIA of the most important aspect,
then, independently of the CIA of other aspects of ey,
ex is preferable. If the objects are incomparable with CIA
of the most important aspect, then they are compared
according to CIA of the next most important aspect, and
so on.
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3. Recognition of the enterprise’s state is carried out
using the data matrix vy :H y

Two classes of states Cg, g = {1, 2} are considered,
where C; — values of indicators correspond to the annual
planning assignments; C, — already achieved values of
the indicators for the previous year. Distance measure
Lg(y, ygv) Of the vector y to reference vectors yg~ of these
classes can be taken in the following form:

Ly, ) =3 Swe (y0—y@)?, @

s=1j=1

where N — number of identified aspects of activity.
The decisive rule takes the form:

yeC, &L, =min(L,) g={2}. (5)

4. An integral comparative evaluation characterizes the
degree of similarity between two different enterprises. It
can be presented by an integral measure — a linear dis-
tance Sx between column vectors y,0 and y@ of of the
transpose matrix YT

w2 (y0-y")? rk=Lm, (6

where y9, y @ — values of j-th indicator for r-th and
k-th enterprises.

Columns of the matrices Y T correspond to enterprises,
and rows — to theirs indicators. An element & is the
measure of the difference between enterprises r and k.
The matrix A:H 5rkH: specifies the dual relations “to be

predominant” or “equal”, or “to be no worse”, because its
components are measures of the difference between en-
terprises r and k. Such information is interest when con-
clusions based on numerical indicators include ranking.
Particularly, the purpose of a comparative study of enter-
prises is ranking by the data combination.

5. in general, calculation of the global quality assess-
ment of enterprise’s A&F consists in building the expo-
nents of the scalar function y;° in the space of indicators,
which relates each object to an estimate of its “general-
ized quality”:

where y9r., — components of the vector characterizing
the enterprise, chosen as a reference for comparison.

For convenience of comparison for various variants of
objects, estimation limiting values of indicators Ymax
should correspond to the initial state — the given (norma-
tive) values from the point of view of the long-term stra-
tegic objectives of the enterprise. To solve the forecasting
problem, it is necessary to check periodically the selected
set of indicators. Thus, complex factors yi°(to), yi°(t), ...
are obtained, the forecasting of which changes in sustain-
able success can be predicted.

To automate the evaluation procedure (including the
abovementioned method), a block diagram of the algo-
rithm for the corresponding information and analytical
system (IAS) (Fig.3). The technology of estimation
based on the estimation methods given by formulas
2)-(7).

IAS is devoted to improve the efficiency and quality of
management decisions by automating the information and
analytical activities of the enterprise. The object of auto-
mation is the procedure for assessing the quality of enter-
prise’s A&F based on the balanced set of indicators (in
terms of activities).

All the AIS data are located in the central repository
and contain the following levels: collection and primary
data processing; extracting, transforming and loading
data; data storage; presentation in data marts; data analy-
sis.

Data marts are organized in the form of multidimen-
sional databases, where reference information is present-
ed by indicators and output — by quality parameters of
enterprise’s A&F summarizing these indicators. Infor-
mation in a multidimensional data mart is presented in
terms of business in the form most accessible to users,
which allows significantly reducing time for obtaining
information necessary for decision-making. The use of
multidimensional data marts and corresponding program
for data analysis allows transforming data into useful
information based on which effective decisions are made.
The program for data analysis is used to access to infor-
mation, visualize it, as well for the multivariate analysis,
form and compose reports. An input data for the analysis
is the preprocessed data from the repository or presented
in a data mart.

Part of the quality of enterprise’s A&F is the quality of
management characterizing some ability of the enterprise.
It is one of the types of competitiveness. In terms of pro-
cess-oriented standards, the quality of management char-
acterizes the steady success of an enterprise.
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Figure 3 — A flowchart of algorithm of information-analytical system

Management of enterprises is realized by the imple-
mentation of interrelated management functions. The
quality of management is characterized by a stable inter-
action of managerial functions, as well as a stable interac-
tion of processes is a characteristic of the quality of oper-
ating activities (the transformation of materials and in-
formation into a final product and delivery of the product
to the consumer). Therefore, management functions
should be identified for each enterprise. This fact does
not exclude their repeatability, especially in the industry
context. At the level of the interrelationships of functions,
the differentiation of enterprises should be more signifi-
cant, because the differentiation is a field of competitive
advantages that distinguishes one enterprise from another
one. Innovative sustainable relationships of established
management functions are the part of intangible assets as
an area for creating competitive advantages.

The quality of management is the subject of enterprise
strategy, and the criterion of good governance is success-
ful implementation of the strategy. If suppose that an
enterprise firstly proposes the quality management func-
tions within the standard 1SO 9000: 2015 (quality plan-
ning, assurance, control and improvement), then to im-
plement the strategy it can concentrate efforts on detailed
quality planning, neglecting, and control: there are goals,
tasks, resources. So, the fulfillment of quality require-
ments is delegated to units. There is another situation
where documentation and close monitoring are carried
out, particularly statistical control of operating activities.
Perhaps, priorities to ensure consumer loyalty, create a
brand will be chosen, or the path for resource investments

and improvements will be proposed (e.g. new develop-
ments and technological innovations). Knowing the capa-
bilities of the enterprise and identified strategies deter-
mine the ways to achieve success. If success is achieved,
the quality of management is high. If the success is unsuf-
ficient, then with the unchanged profile of organizational
capabilities and the chosen strategy, the enterprise can
change the management functions, their resource supply,
introduce new functions, and so on.

So, if control is carried out with the help of a set of in-
terrelated functions, then the functions express an essen-
tial determinateness inherent in management, due to
which the management is precisely such.. Thus, the quali-
ty of management is the degree of correspondence of the
inherent characteristics (functions) of management to the
established requirements. Particularly, this means that the
identification of management functions should be based
on the identified requirements of interested parties. The
quality of management and the competitive advantage of
the enterprise will consist in the extent to which the re-
quirements and needs are investigated, as well as func-
tions are adequately identified and implemented. A cer-
tain set of management functions of the enterprise for the
market condirions is assessed in their relationships, which
allows judging the quality of management as a whole.

Assessment of the quality of management can be ap-
proximately realized using the expert assessments based
on a number of evaluation categories, if it is possible to
correctly select experts and organize an evaluation proce-
dure. The field of managerial quality is dynamic and
individual as “know-how”, until it becomes a common
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property. Enterprises can find and implement unique
functions. How an enterprise works is a consequence of a
combination of individual characteristics of its internal
and external environments. Consequently, management
functions can also be individual.

Finally, the quality of management reflects a stable re-
lationship between the constituent elements of A&F
(managerial functions) characterizing the specific man-
agement, which allows distinguish management ap-
proaches.

3 Conclusions

In this paper, ways for the determination of the enter-
prise’s A&F quality is proposed by the parameters of its
condition: efficiency, effectiveness, and sustained suc-
cess. The traditional presentation of operational results
are immediate and final results, as well as the impact. The
new approach is in the fact, that efficiency reflects the
transition of resources and processes to immediate re-
sults, as well as effectiveness reflects the transition of
direct results to outcomes, and sustained success reflects
the transition of direct outcomes to indirect ones.

In contrast to the presentation of non-productive (non-
commercial) impact of the final result (e.g., social), a
strategic effect of the sustainable success of the enterprise
is established. If a causal relationship is established be-
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30py BCIX MOXKJIMBHX Pe3y/IbTaTiB. Y CTaTTi BU3HAYEHO BiAMOBIZHO A0 BUMOT MDKHApPOJHUX CTAaHAAPTIB HA CHCTEMHU
YIpaBiliHHSA €(QeKTUBHICTb JISTIBHOCTI, Pe3y/bTaTUBHICTh (yHKIIOHYBAaHHS, CTIHKMI YCIiX HiJNPUEMCTBA 1 SAKICTH
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Abstract. In this paper, the influence of the parameters of the technological process of mechanical activation on
the physical characteristics of the polytetrafluoroethylene (PTFE) matrix is investigated. The paper presents a math-
ematical model of the dependence of breaking strength on the time of activation and rotating speed of working organs
of a mill. Mathematical modeling is performed by the method of orthogonal experiment planning. The result of the
study was a mathematical relation that explains the connection between the technical characteristics of the process of
manufacturing a fluoroplastic composite and the mechanical characteristics of the material.

The statistical analysis of the experimental results is performed and the adequacy of the mathematical relations ob-
tained is estimated. On the basis of the analysis of the obtained data, it can be concluded that the theoretical model
obtained is adequate and suitable for performing the corresponding technological calculations. On the basis of the
performed calculations, the conclusion is reached on the optimal technological mode of preparing the PTFE-matrix.
The analysis shows that theoretical calculations confirm the experimental value of technological indicators under op-
timal operating conditions of the mill. Thus, the obtained dependence of breaking strength from the technological pa-
rameters of the activation process can be embedded in the algorithm for selecting the technological mode that ensures
the output of products with specified quality indicators.

Keywords: polytetrafluoroethylene matrix, mechanical activation, mathematical modeling, breaking strength, param-

eters.

1 Introduction

Modern polymers and composite materials based on
them are widely used in engineering as compositions
exceeding in some of their characteristics structural steels
and alloys [1-4]. A characteristic feature of these materi-
als is the dependence of their mechanical characteristics
on the conditions and modes of production of such struc-
tures. The question of determining the optimal parameters
of the technological process for fabrication of fluoro-
plastic composites remains a topical issue [5—6].

The basis of any scientific approach for the optimiza-
tion of technological processes is the application of
methods of mathematical modelling with subsequent use
of the obtained models for analysis of the influence of the
main technological factors and the calculation of the op-
timal conditions for the performance of the technological
process.

2 Literature Review

As shown by the practice of polymer material science
[7-8], the physical, mechanical and tribotechnical proper-
ties of polymer composite materials (PCM) based on
polytetrafluoroethylene (PTFE) are equally dependent on
individual modes of technological production operations
and on their combination (interaction).

The most acceptable in the case of PCM with a PTFE
matrix is the technology of the energy effect on its struc-
ture and properties by mechanical activation [8].

A mathematical model of viscoelasticity of polymers
was proposed in [9], combining the minimum number of
possible parameters and a high degree of reliability in
predicting of deformation processes. On the basis of the
calculated deformation characteristics of polymers, de-
formation processes in the material were predicted. A
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criterion for the optimality of the choice of such a math-
ematical model is formulated.

In [10], using the linear differential equations of elastic
deformation of a thin-walled cylindrical shell of variable
thickness, an elastically deformed state of the fluoro-
plastic part was investigated. A calculation method for
determining the value of the contact loading on the fluor-
oplastic element was developed. Recommendations to the
designer of products from polytetrafluoroethylene at the
stage of preliminary design of the unit are offered.

In [11] a simplified approach to the quasilinear viscoe-
lastic modeling of PCM is formulated. It is based on a
new principle of inclusion of nonlinearity and requires
considerably fewer calculations when used in comparison
with existing theories.

At the same time, the question of the influence of the
parameters of the technological production process on the
mechanical characteristics of the obtained PTFE-
composite remains little studied.

The aim of the paper is to study the results of the me-
chanical activation of PTFE by mathematical modeling
and optimization.

3 Research Methodology

Planning the experiment allows you to vary simultane-
ously all the factors (parameters) of the technological
process and obtain quantitative estimates of both the main
factors and the effects of interaction between them.

As a research material was chosen polytetrafluoroeth-
ylene grade F-4 “O” (GOST 10007-80).

Testing for breaking strength was carried out on the
ring samples @50x@40, height 10 mm, using rigid semi-
disks in accordance with GOST 25.603-82 at the tensile
machine MP-05-1 at the rate of movement of grippers 10
mm/min and the load of 100 kgf. Density p (kg/m’) of the
samples was determined by the method of hydrostatic
weighing in accordance with GOST 15139-69.

The influence of the features of the technological re-
gimes of mechanical activation on the properties of the
composite material was investigated on a high-speed mill
MPII-IM with a maximum loading of 100 g/min. and a
power of 1 kW.

To determine the regularities of the results of the tech-
nological process, the initial plan of the full factor exper-
iment (FFE) type 2° was chosen. Investigation of the
dependence of the strength characteristics of the matrix
on the parameters of the activation process was per-
formed by the method of orthogonal experimental design
[12].

4 Results and Discussion

In studying this issue, as an optimization criterion (re-
sponse function) was chosen the mechanical characteris-

tic of fluoroplastic material — breaking strength
(03, MPa). The dominant factors were:
e X, — rotating speed of working organs of a mill

(n, min™);
e X, — the time of activation (z, min).

The task was solved with the help of two-factor re-
gression analysis, as a result of which the optimal levels
of the main factors and their interactions were deter-
mined.

The solution of the overall task of the study was divid-
ed into several stages:

— calculating the line average of the response function
and the variance of the response at each point in the
experiment plan;

— checking the homogeneity of line-by-line variances;

— determination of the coefficients of the mathematical
model;

— determination of variance of reproducibility;

— the estimation of the statistical significance of the co-
efficients of the model;

— analysis of the adequacy of the model and experi-
mental data, forming conclusions about the possibility
of applying the developed model;

— determination of optimal parameters optimization of
mechanical activation using one of the optimization
methods.

For a two-factor experiment, the regression equation
was considered as a complete quadratic polynomial of the
form:

y= bQ)CO + b1x+ bg)Cg + b12x1x2 + b11x12+ bszzz. (1)

where b; — the coefficient of regression; x, — a fictitious
variable; y — the optimization parameter.

In order to reduce the number of experiments, a com-
posite (sequential) plan was used [12].

The total number of experiments was calculated by the
formula [13]:

N = Ny + 2k + ny. 2)

The length of the “star shoulder” a was determined

from the relation:
«/N N — N,
o= /% . 3)

Table 1 shows the parameters of the experiment plan-
ning.

Table 1 — Planning an experiment

Parameters of the plan FFE type 2*
The number of experiments in the matrix (Ny) 4
The number of star points (2k) 4
Number of zero points (ng) 1
Star shoulder 1

Factor space region shown in Table 2. The upper and
lower levels were established experimentally during pre-
liminary single-factor experiments.
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Table 2 — The factor variation matrix

Factors
Levels and intervals of variation Code value
X X,
Upper level +1 9000 7
Zero level 0 7000 5
Lower level -1 5000 3
Variation interval € 2000 2

Based on the values of these parameters, the centre of
the plan and the variation step were determined. In the
dimensionless coordinate system, the upper level was
expressed as (+1), the lower level (-1), the coordinates of
the centre of the plan were equated to zero.

On the basis of the composed experimental planning
matrix, a number of experiments were performed, the
results of which made it possible to determine the coeffi-
cients of the corresponding dependence. To eliminate
errors, randomization of experiments in time was used.

The result of the simulation was the ratio (4) in the
coded values of the factors.

y =22,943 + 2,217X, + 2,167.X, — 2,175X,X; +
+0,8435X,% — 7,9065X,> “4)

For convenience of practical use of the obtained de-
pendence by means of the encoding formulas by the re-
verse transition to natural variables, equation (5) is ob-
tained in the natural values of the factors.

o, (n, 1) =-48,348 + 0,000875-n + 24,6567 —
—0,00054375n°7 + 0,0000002109-n* — 1,976625-7>.  (5)

In work the verification of the results of experiments
on homogeneity was carried out, the significance of the
model coefficients was investigated, the hypothesis of the
adequacy of the model obtained was considered and the
model was analyzed for informativeness.

Some statistical results of this work are presented in
Table 3.

Table 3 — Results of statistical analysis of the mathematical model

Statistical Analysis Parameters Symbol Value
Dispersion of reproducibility St 0,4616
Standard deviation S () 4,1540
Checking the results Number of degrees of freedom for dispersion of reproducibility f 4,0000
of experimen.ts The experimental value of the G-criterion G*P 0,2143
on homogeneity — —
The critical value of the G-criterion G 0,3518
Level of significance o 0,0500
Homogeneity of data homogeneous
Dispersion of adequacy S 1,8216
The experimental value of the F- criterion Fooer 3,9500
Checking the hypothesis The critical value of the F-criterion for adequacy F 4,2800
of model adequacy Number of degrees of freedom for adequacy f 6,0000
Level of significance o 0,0500
Adequacy of the model adequate

The model has excellent information properties, good
computational stability and satisfactory describing prop-
erties. The mathematical relation was adopted for use,
since it allows us to predict with sufficient accuracy the
value of the mechanical characteristic with the corre-
sponding parameters of the technological process.

Fig. 1 shows the response surface and the level lines of
dependence of the breaking strength (g,, MPa) from rotat-
ing speed of working organs of a mill (z, min™") and the

time of activation of PTFE-matrix (z, min). The depend-
ence (5) was constructed using a graphical editor
SIGMAPLOT 11.0.

Using the second-order regression equation allows us
to determine the coordinates of the optimum point of the
response function. To determine the coordinates of the
extremum points, the partial derivatives for each of the
values of the factors were found [13].

Journal of Engineering Sciences, Volume 5, Issue 1 (2018), pp. C 1-C 5

C3



/<8500 p, min’!
/- 6000
T /5500
40 T/

7, min

5000 5500 6000 6500 7000 1500 8000 8500 9000

o, munt

b

Figure 1 — The response surface (a) and the level lines (b) of dependence of the breaking strength (g;,, MPa) of PTFE-matrix from
rotating speed of working organs of a mill (z, min™") and the time of activation of PTFE-matrix (z, min).

We considered a system of equations:

X, ’ ©)
X,

The solutions of the resulting system (6) of equations
represent the coordinates of the extremum points of the
function being studied for a given area of investigation.

Based on the optimization results, the theoretical value
of the maximum breaking strength of the activated PTFE-
matrix was calculated (Table 4).

The relative error in determining the breaking strength
did not exceed 5 %, which indicates the reliability of the
results of mathematical modeling.

Table 4 — Optimal modes of equipment operation during mechanical activation of the PTFE-matrix

Parameter Model Experiment
Breaking strength, MPa 26,0035 24,8000
Rotating speed of working organs of a mill (1, min™") 9000 9000
Time of activation (z, min) 4,999 5,000

5 Conclusions

As a result of the experiment, was obtained a two-
factor mathematical model that allows predicting the
strength characteristics of the PTFE-matrix and optimally
design it depending on the indicators of the technological
process.

Thus, the performed researches and the obtained de-
pendences allow theoretically predict the breaking
strength of the PTFE-matrix in dependence on the tech-
nological characteristics of the mechanical activation (the

time of activation and rotating speed of working organs
of a mill).

The conducted practical studies show that theoretical
calculations confirm the experimental value under opti-
mal operating conditions of a mill.

In addition, the obtained dependence of the value of
breaking strength from the technological parameters of
the activation process can be embedded in the algorithm
for selecting the technological regime that ensures the
output of products with given quality indicators, and at
the same time achieving an extreme value of a certain
efficiency criterion.
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MaTteMaTH4YHe MOJEJTIOBAHHS MeXaHiuHoI XapaKTEePUCTUKHU aKTHBOBAaHOI

IIT®E-maTpuni Ha OCHOBI MeTOAY IVIAHYBAHHS €KCIIEPUMEHTY
Binoyc O. A.', Tosopyn T. I1.", Bepnazip X. B.", Bopo6ito C. I.%, Cimkyuner B. B.?

! Cymchkuit neprxasmuit yHlBepCI/ITCT ByI. Pumcekoro-Kopcakosa, 2, 40007, m. Cymu, Ykpaina;
% IHCTHTYT (1)131/11@1 Vaisepeurer im. I1. Y. Illadapuka y m. Komrume, By:1. IlIpo6aposa, 2, 041 54, m. Kommite, CroBawumna;
3 Texuiummit yriBepeurer M. Komrume, Byir. Baeposa, 1, 080 01, m. [pemros, CroBayunHa

AHoTamisi. [locnmipkeHO BIUIMB MapaMeTpiB TEXHOJIOTIYHOTO Tpolecy MexXaHiyHoi axTuBauii Ha (i3nuHi
xapakTepucTuku nomiterpagropermineHoBoi (IITOE) marpuni.B poboti mpeacraBneHa maTeMaTHyHa MOAENb
3aJIKHOCTI MIIHOCTI TPH PO3pHBI Bi dYacy akTHBauii Ta 4Yncia o0epTiB poOOYMX OpraHiB moapiOHIOBaya.
MareMaTndHe MOZENIOBAHHS 3JiHCHIOETHCS METOJOM OPTOTOHAIBHOTO IUIAHYBaHHS EKCIEepHMEHTy. PesympraTtom
JOCIHI/PKEHHSI € MaTeMaTHYHE CITiBBiTHOIIEHHS, SKE ITOSICHIOE 3B'A30K MK TEXHIYHHMH XapaKTEPHCTHKAMHU MPOIECy
BUTOTOBJIEHHS (JTOPOIIIACTOBOTO KOMITO3UTY Ta MEXaHIYHUMH XapaKTEPHUCTHKAMH MaTepiay.

BHUKOHAHO CTATUCTHMYHUWH aHaNi3 pe3yJbTaTiB €KCIEPUMEHTY i NPOBEICHO OLIHKY aJIeKBaTHOCTI MOOYyJOBaHHUX
MaTeMaTHYHHX CIIiBBiIHOIIEeHb. Ha mincraBi aHami3zy qaHux 3po0JIeHO BUCHOBOK, IIJ0 OTPUMaHa TEOPETHYHA MOJEIb
aJleKkBaTHa Ta TNpPHAATHA A BUKOHAHHA BIJNOBIAHMX TEXHOJIOTIYHMX po3paxyHkiB.Ha mixcTaBi mnpoBeneHux
PO3paxyHKIB 3pO0JEHO BHCHOBOK IOJ0 ONTHMAJIbHOTO TEXHOJOTiYHOTO pexkuMy miarotoBku ITTOE-marpumi.
AHani3n ToKa3ajid, M0 TEOPEeTHYHI PO3paxyHKH MiATBEPKYIOTh EKCIHEPHMEHTATIbHE 3HAUEHHS MPH ONTHMANbHHX
pexumax podotn monapiOHroBaya. TakuM YHHOM, OTpUMaHA 3aJEKHICTh MIITHOCTI TP PO3PUBI BiJl TEXHOJIOTIYHHUX
napaMeTpiB Mpolecy akTHBaLil Moxe OyTH 3aKia/ieHa B alTOPUTM BUOOPY TEXHOJIOTIHHOTO PEKHUMY, 1110 3a0e3nedye
BHITYCK TPOJYKLIT 3 3alaHUMH SIKICHUMHU MOKa3HHKaMH.

KurouoBi ciioBa: nomiterpadTopeTHICHOBA MAaTPUILIS, MEXaHiYHa aKTUBALlisl, MATEMAaTHYHE MOJCIIOBAHHS, MIlHICTh
[P PO3PHUBI, apaMeTpH.
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Abstract. Important direction in the development of technologies for the recycling of wastes of industrial produc-
tions is inclination on the use energy saving technologies. The article deals with general aspects of methods of utiliza-
tion of industrial wastes by methods of powder metallurgy. One of the same methods, which is highly effective and
technologically, is the method of utilization of dross by using it as the main component of exothermic mixtures. On
the basis of experimental research composition of exothermic charge based on the scale of steel was developed and
proposed that can be used for surfacing the details of responsible designation. The choice of main and alloying com-
ponents of charge was conducted on the analysis of literature data and the calculation of the required chemical char-
acteristics of the material. According to the chemical composition, the termite material can be attributed to qualitative
structural steels. Important characteristic of this material is the lack of content of harm fulimpurities, such as sulfur
and phosphorus. Research of mechanical properties showed that material has a high resilient deformationon a com-
pression and durability. The analysis of diagram deformation allows to assert that plastic decomposition prevails up-
on the destruction of the material. The hardness of material at different depths of sampling is different, which indic-
tates the impact of the technological parameters of combustion of exothermic mixtures on the properties of the mate-
rial. Investigation of impact strength showed that the change in the temperature of the test does not significantly af-
fect its change, which indictates the suitability of the developed termite steel for the surfacing of parts working under

reverse friction and shock loads.

Keywords: exothermic mixture, dross, SVS, aluminothermy, material, mechanical description.

1 Introduction

One of important tasks for the further development of
Ukrainian industry is the complex use wastes of industrial
productions. Wastes of metallurgical and metal-working
enterprises of Ukraine are distributed as follows: slags —
57-63; mineral wastes (scrap of refractory materialsand
inlet components) — 4-6; scrap metal — 15-17; dust,
waste products; dross — 9—13; others — 2—4. A significant
amount of waste products in the wastes of metallurgical
and metal-working enterprises contains from 45 % to
72 % of iron, 6.0-9.5 % of carbon and 0.5-4 % of
zinc [1]. This raw material can be used for an agglomera-
tion and in a converter steel production, manufacturing
products on their basis and other. However, 90 % of the
wastes after different metallurgical and technological
processes together folding in some waste products storage
units where they are preserved. The burial and folding of
them in the deposits waste products to perform unusual
influence on quality of surface and underground waters in
general the ecological situation. The methods of powder
metallurgy allow the use of such wastes in the technolog-

ical processes of manufacturing products, which allows
them to reduce substantially their cost and non-waste
production provides practically.

2 Literature Review

Efficiency of wastes using of metallurgical enterprises,
namely domain slags and waste products, in the manufac-
ture of building materials proved in works [2, 3]. Howev-
er, despite the economic efficiency, such technologies are
rarely used in practice. While scrap metal and metals scab
are convert practically fully by using them as the basic
raw material for the manufacture of products.

A separate point is to allocate dross and sludge, the use
of which is insignificant enough due to the high content
of impurities such as abrasive, lubricating and cooling
liquids. For the use of sludge requires expensive and
costly technologies on their renewal [4—6], while a dross,
as a rule, only needs to be crushed and sift.

At present existent the file of utilization proposed
technologies or processing of dross, as oiled so dry. Most
of the proposed technologies are reduced to its briquette
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with the further use in agglomeration processes [7,8].
Known methods for using dross for the manufacture of
porous products are presented in the works [9, 10]. Such
application of dross is conditioned by high maintenance
in it iron oxides, that in combination with more easy met-
als e high content of iron oxides in it, which, in combina-
tion with lighter metals are capable of recovery with the
release of high temperatures (SVS synthesis).

Application of dross in SVS processes allows one only
sintered powder mixtures due to a heat that is distin-
guished, but also fully to proceed in iron from his oxides,
is dross. Efficiency of such technologies is practically and
theoretically proven and sometimes applied in industry
[11-13]. The dross of steel often serves as the basic com-
ponent of exothermic mixtures, that used for heating of
the gate systems, manufacture of thermite steel, metals
welding and component manufacturing by exothermic
melting. However, without regard to plenty of researches
and theoretical calculations of alumetermic processes
with the use dross of steel very small attention is spared
to the study of properties the materials obtained. Research
of the physical, mechanical and chemical properties of
thermite steels and conformities to law of their change
will allow to have a close idea about the processes of
relation of material at the exothermic burning, to get de-
pendences of mechanical and physical properties on
composition, dispersion and technological parameters of
burning of charge. Such knowledge will allow forecasting
properties of exothermic steel on the stage of develop-
ment.

The results of researches the temperature indexes
burning of exothermic mixtures, given in work [14], al-
low us to derive the relationship between the specific
surface of the pyrophoric powder and the oxides to mini-
mize the activation energy of the SVS reaction. It has
been proved that reducing the size of powder contributes
to uniformity of reaction. These data are useful in devel-
oping the composition of exothermic mixtures. Research
of the phase separation of intermetallic of the Fe-Al sys-
tem obtained in the mode of SVS and its kinetics, de-
scribed in [15], shows the mechanism of their formation
during the rapid heating that occurs in burning exother-
mic and cooling below the crystallization temperature.
During slow heating the formation of intermetallic com-
pounds ofFe,Als and FeAl, begins below the melting
point of aluminium. When the heating speed is high,
intermetallic is formed after the aluminium is cured.
These data are key at an idea about the structure and
phase formation of thermite metals.

The research aim is determination of the mechanical
descriptions of new material which received by metal
thermite method.

3 Research Methodology

Exothermic waste products was prepared on the basis
of dross steel of 18Ch2N4MA of forging and stamping
production of LLC “Kovelsilmash”. The chemical prop-
erties of thermite steel directly depends on the composi-
tion of the charge. As known [16], the content of alumin-

ium in thermite steel in an amount 0.15-0.20 % leads to
deterioration of it plastic and mechanical properties. For
saturated and improvement of mechanical properties of
thermite steel in composition of exothermic charge enter
a ferromanganese and ferrosilicon [17-18]. Introduction
to the charge of copper in an amount 3-5 % leads to a
uniform passage of the reaction and allows to increase the
combustion temperature by 100-150 °C. In addition,
copper increases pirofornist charges and assists the best
dissociating of liquid metal from a slag [19]. Established
that the oxygen balance of 18Ch2N4MA of dross steel
forging-stamping production is 22.5-25.0 % O,, which is
lower than that required for stable reaction passage and
full blown out of the charge. Introduction to the exother-
mic charge powder of saltpetre potassium in an amount
7-9 % provides stable combustion due to the uniform
distribution of the oxygen balance of the charge. An addi-
tion of saltpetre potassium allows bringing down a tem-
perature of ignition of the charge and increase its caloric
content.

Therefore, proceeding from the foregoing and using
data [20] next composition of exothermic waste products
was select (Table 1).

Table 1 — Mass particle of components of exothermic
waste products, the masses %:

Dross of steel 18Ch2N4MA 6872
Aluminium powder PA-3 GOST 6058-73 1620
Copper powder PMS-1 GOST 4960-75 3-5
Potassium saltpetre GOST 19790-74 7-9
Ferromanganese FMn75A 0.5-0.8
Ferrosilicon FS 45 1.5-2.2

Granulometric composition of the exothermic mixture
in mm: iron-aluminum termite; 0.3-0.5 dross; 0.3 powder
of aluminum; 0.1 copper powder; 0.4—0,5 powder of
potassium saltpetre; 0.1 powder of ferrosilicon and fer-
romanganese.

As a result of the exothermic reaction a monolithic
sample was obtained, the chemical composition of which
is given in Table 1.

Correlation of part of metal and slag 63:37.

Table 1 — The chemical composition of the material obtained

Chemical composition, %
Test
C Si Cr Fe Mo Mn Ni
1 043 | 0.21 | 0.22 | 98.79 | 0.07 | 0.17 | 0.05
2 038 | 0.2 0.25 | 98.83 | 0.05 | 0.19 | 0.10

The presence of high content of aluminium is ex-
plained by division incomplete of metal and slag at pass-
ing of exothermic reaction. Identified vanadium probably
formed from iron oxides as it is geochemically close to
Fe, Mn, Cr, Al, Ti. The presence of vanadium in the
amount of 0.2 % and more increases the stability of steel
release.
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Researches of the obtained steel strength at compres-
sion conducted on a machine MT 120-40. With the aim of
reduction of force of friction that may break the uniaxial
elastic-deformed state, on the butt-end surfaces of stand-
ard inflicted a paraffin layer. A standard was executed in
cube form with sizes a (5 £ 0.5) mm. Pressure of tests of
40 MPa. Researches conducted on a monolithic sample
(Fig. 1 a) and a sample with defect (Fig. 1 b).

a b

Figure 1 — Samples for strength tests:
a — monolithic sample; b — sample with defect

Depth of pore on sample with defect 0.7-0.9 mm, vol-
ume 26 mm’. The sample with the defect was placed so
that the defect axis was parallel to the load axis. The
loading speed was determined from the formula [21]:

9 _ 0.01..3), min"". )
dt

Figure 2 shows that the deformation curve is character-
istic for plastic destruction. Section AB is the plane of
flow. On this area is displacement of atomic layers in
relation to each other. On the BC section there is
strengthening of material by changing the internal struc-
ture of the sample, as a result of what a standard shows
resistance to deformation. Section CD is theplastic de-
formation. On this section increases the cross-section of
the sample. Section DE is the discharge curve and shows
the zone of elastic deformation of the sample and residual
deformation. This deformation curve is characteristic for
the dependence of S,(¢;). For such deformation curves
intensity of strengthening at insignificant degrees of de-
formation and then sharply increases [21].

The deformation curve for a defective sample is shown
on Figure 3.

As evidently on Figures 2-3, the change in linear de-
formation for a defect sample is practically no different
from the deformation for a monolithic sample. It testifies
to strong interatomic connections and low speed of crack
propagation.Border of strength material, that was deter-
mined by hardness dynamic of TD-42M presents 870—
920 MPa.

Hardness measuring conducted on a hardness of
HR-150A according to GOST 9013-59. Hardness for a
raw sample is given on the HRA scale. As an indenter
used a diamond tip with a corner at the top of a 120°,
loading 590 N. Measuring of hardness conducted on dif-
ferent depths of the sample.
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Figure 2 — Dependence of linear deformation
on the applied force for a monolithic sample

A0

GHEL e e e
5 ! ! : ! ! ! : '

2504 -----daen - T TT BEEE A LR e
= : : . : : : : : :
T T e e e T e
2 : : : : :

w i i i i i i i
R e Tooo-- e j-mm—-- ro---- Tt
a i i i i i i i i

1004 -----~---- - %--- brooo - S - =

Y I B S N 0 R :

0 ; ; : ; n ; ; ; ;

0,0 05 10 15 20 15 a0 S a0 a5 50
Linear displacement, mm
Figure 3 — Dependence of linear deformation

on the applied force for a defective sample

79,5
oL 79
[

S 78,5
< 78
o 77,5
T 7
w
2 76,5
c 76
g 75,5
T 75

74,5

1 2 3 4 5 6 7
Depth of sampling,mm

Figure 4 — Hardness of the raw sample
depending on sample depth

The change in hardness depending to taking on sample
depth is explained change in the chemical composition of
the resulting exothermic mixture combustion. The trend
of change in hardness suggests the effect of the techno-
logical parameters of combustion of exothermic mixtures
on the properties of the materials obtained. The change in
the granulometric composition of the mixture toward the
consolidation of the powders allow increase the hardness.
This happened to a lower fill density, which in turn leads
to a better passage of gases and, as a consequence, reduc-
es the consolidation of the alloying elements in the upper
part of the material.

Important characteristic of the structural strength of
materials is the impact strength. It depends both on the
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strength and on the plasticity of the material. Research
impact strength on the pendulum copier MC-30.

A .
= A-A

_/' Z | \_

Figure 5 — Design scheme of sample and geometric parameters

For research of impact strength took away sample that
no apparent external defects (shells, cracks) and complied
with the requirements of GOST 10708-82.

The sample was mounted on the supports of the cow
so that the incision was on the opposite side of the im-
pact. Researches conducted at a temperature 60, 40, 20, 0,
and —20 °C.

KCU for the raw material at different temperatures is
shown on Figure 6.

According to the results of tests samples with U simi-
lar incision, the minimum impact strength of the material
at a temperature -20 °C, that presents 150 J/cm?, that is

sufficient for materials that work in the conditions of
reversible friction and temperatures 40-60 °C.
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Figure 6 — Impact strength of raw sample

4 Conclusions

The composition of the exothermic charge with the
production of steels has been developed. The research
results of mechanical properties of steel allow thermite
hypothesis about influence of technological parameters of
the combustion mixture on the mechanical properties of
the material shown by changing the hardness of the sam-
ple depending on the depth of sampling. The experi-
mental data obtained show strong interatomic bonds and
a low speed of crack propagation. Border of material
strength presents 870-920 MPa. Impact strength of raw
standard presents 170-220 KCU and is sufficient for
material work in the conditions of the dynamic loading
and reversible.
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JocaiizkeHHs] MeXaHiYHUX BJIACTHBOCTeH TEPMITHOr0 MaTepiajly HA OCHOBi OKaJIMHM CTaJIi
Pynp B., Casrok 1., Camuyk JI., IToBctsana HO.

Jlynpkuit HanioHaJIBHUH TEXHIYHUN YHIBEpCHTET, By JIbBiBChKa, 75, 43018, M. JIympk, Ykpaina

AHoTanisi. BaxnuBuM HampsMoM y po3poOLi TEXHOJOTIH yTHiIi3amii BiIXOAiB NPOMHUCIOBHX BUPOOHULTB €
HaXWJI HA BUKOPUCTAHHSA EHEPro30epiraloumx TEXHOJOTIH. Y CTaTTi pO3IINaoThCs 3arajibHi acleKTd CrocoOiB
yTHUii3amii MPOMHCIOBHX BIIXOAIB METOJAMH MOPOIIKOBOI Mertamyprii. OmHHM 3 TakuX METOAIB, IO €
BUCOKOC(EKTUBHUM Ta TEXHOJIOTIYHHM, € METO]| yTHIi3alil 1IIaKy, SKHH BUKOPHUCTOBYETHCS SIK OCHOBHA CKJIaJ0Ba
€K30TepMiYHNX cyMimreil. BuOip OCHOBHHX i JIEryl0OYMX KOMIIOHEHTIB Marepialy NMpOBOAMBCS Ha OCHOBI aHaNlizy
JTepaTypHHUX JTaHUX Ta PO3PaXyHKY HEOOXIMHMX XIMIUYHMX XapaKTEPHCTHK Marepiany. BiamoBimHO 10 XiMi4HOTO
CKJIQJly TEpMITHHMH MaTepial MO)KHA BiJHECTH IO SKICHUX KOHCTPYKUIHHHX cTaneil. BakinmBoio XapakTepHCTHKOIO
BOr0 MaTepiany € Opak BMICTYy MIKIUIMBUX JOMIIIOK, TaKuMX SK cipka Ta ¢ocdop. JochmimKeHHs MeXaHIYHHX
BJIACTHBOCTEH IOKa3ajio, MI0 MaTepiall Ma€ 3HAYHI MPYKHI IepopMarii MpH CTUCKaHHI Ta TOBTOBIYHICTh. AHAII3
miarpamu  gedopmanii  TO3BOJNSE CTBEp/KYBaTH, IO TPH pPYHHYBaHHI Marepiady IepeBaXkalTh IUIACTHYHI
nedopmarii. TeepmicTh Marepiany Ha pi3HHX TAHOMHAX BiZOOpY TPOO € pi3HOW, IO OOYMOBIIOE BIUIUB
TEXHOJIOTIYHMX HapaMeTpiB TOPIHHS E€K30TEePMIUHMX CyMilledl Ha BIACTHBOCTI Marepianmy. JlociiJDkeHHS ynapHOI
B’SI3KOCTI IOKa3ajy, IO 3MiHA TeMIlepaTypH BUIPOOYBaHb ICTOTHO HE BIUIMBAc Ha i 3MiHy, IIO CBITYHUTH IPO
NPHUIATHICTH PO3pOOIEHOT TEPMITHOI CTalli /s HAIUIaBJICHHS JeTajieil, [0 MpalioTh 38 YMOB PEBEPCHBHOTO TEPTS
Ta yIapHUX HaBaHTa)KEHb.
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Abstract. The peculiarities of the structure formation of alloys of the system AlCrFeCoNiCu, (where x =0, 0.5, 1,
2, and 3 moles) were studied. Microstructure of alloys and its phase composition, as the amount of copper increases,
undergo significant changes. In all of the investigated concentration interval of change in the content of copper there
is a different phase morphology. Confirmed that with increasing of Cu concentration the nature of crystallization of
alloys and their phase composition change. Durometric studies of alloys of this system were carried out. Established
that an alloy AlCrFeCoNiCu, s has the highest microhardness 6.1 GPa. Heat resistance tests showed that AICrFeCoNi
and AlCrFeCoNiCu have the highest heat resistance. The connection between the scale composition after the test and
the mechanism of oxidation of this alloys revealed. The results of X-ray fluorescence analysis indicate a high content
of aluminum in scale. Consequently, the high heat resistance of alloys can be explained by the formation of the Al,O;

protective film on the surface.

Keywords: high-entropy alloys, microstructure, microhardness, heat resistance.

1 Introduction

Contemporary development of technology puts for-
ward new requirements for the details of machines and
mechanisms operating in extreme conditions. One of the
effective methods for improving the physical-mechanical
and operational properties of parts is the replacement of
traditional structural materials (steels and alloys) with
new promising materials. These materials include high-
entropy alloys (HEAs). High-entropy alloys are alloys
containing in their composition five or more metal ele-
ments (usually from five to thirteen) in equimolar or al-
most equimolar proportions (i. e., the concentration of
each element is in the range of 5 to 35 atomic percent-
ages). HEAs are characterized by high entropy of mixing
in the initial and liquid (melted) state (Syx > 1.61R,
where R = 8.314 J/(mol-K) — gas constant). The principal
difference between HEAs from traditional alloys contain-
ing a solvent and a dissolved substance is the formation
of a disordered solid solution in which the atoms of the
constituent elements have equal probability to occupy any
node of the crystalline lattice. Significant distortion of the
crystal lattice arising from the presence of heterogeneous

atoms of elements with different electronic structures,
sizes and thermodynamic properties affects both the
structure and the properties of the resulting alloy. The
growth of the number of components of the alloy increas-
es the level of its solid solution hardening. HEAs can be
applied in conditions of shock and dynamic loads, fric-
tion, elevated temperatures, since disordered solid solu-
tions are more plastic than intermetallics that are formed
in high-alloy steels and alloys. From high-entropy alloys
can be made both volumetric materials and coatings for
application in various spheres.

Over the past few years (mainly in foreign publica-
tions), a significant number of articles describing the
properties of HEAs [1-4]. In these works the thermody-
namics of high-entropy alloys is described, their micro-
structures are modeled, and methods of obtaining are
offered. During the study of HEAs, it was found that they
have high mechanical properties, such as high hardness,
wear resistance, high temperature strength, corrosion
resistance, ductility at low temperatures, and superplastic
properties [5]. However, some properties of HEAs are not
studied enough.
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For HEAs of the AICrFeCoNiCu system already been
investigated the influence of Fe on the microstructure and
mechanical properties [6], features of structure formation
[7]. In [8] the properties of AICrFeCoNiCuys alloy coat-
ings deposited on the silicon plate by radiofrequency
sputtering were considered. However, in general, the
properties of AICrFeCoNiCu system alloys remain insuf-
ficiently investigated.

The purpose of this work was to study the structure of
high-entropy alloys of the AlCrFeCoNiCuy system and
the relationship between their chemical composition and
physical and mechanical properties.

2 Research Methodology

The investigated samples of alloys of the
AlCrFeCoNiCu, system were made by the method of
argon-arc melting in the furnace MIFI-9-3. As charge
materials used: Cr — hydrogen refined in the form of bits;
Ni — cathode in the form of plates 10 mm thick; Co —
pressed granules; Cu — vacuum-fused in the form of
granules; Fe — carbonyl in the form of granules. Cr, Co,
Ni, Cu had a purity of not less than 99.95 % wt, Fe — not
less than 99.8 % wt. Melting occurred with a tungsten
non-consumable electrode, on a copper water-cooled
subunit. After completion of the smelting, the chemical
composition was controlled by the loss of mass in the
smelt, which in most cases was small and did not exceed
0.3 % wt.

The study of microstructure was carried out on a
metallographic microscope MIM-7 at different magnifi-
cations on etched materialographic specimen. Dyrometric
studies were performed on the microhardness tester
PMT-3 in at least 1015 fields of view at a load of 0.49—

C

0.98 N. As an indenter, a diamond pyramid with a square
base and a two-cornered apex with an apex of 136° was
used. Measurement accuracy of microhardness
+250 MPa.

The heat resistance test was carried out using a weight
method for increasing the mass of samples after exposure
to the furnace for 100 hours at a temperature of 1000 °C.
Samples for determining the heat resistance of investigat-
ed alloys of the same size were carved from cast billets
by the method of spark cutting. The surface of the sam-
ples was sanded with fine sandpaper and degreased be-
fore the test. Before the test, the samples were dried and
weighed on analytical weights to within = 0.1 mg. Also,
their surface area was measured. After that, samples in
separate crucibles of aluminum oxide were placed in an
electric furnace. The furnace was heated to a temperature
of 1000 °C, the exposure was 100 hours. Samples were
weighed after every 3-7 hours of the test. The chemical
composition of the scale was determined by the desktop
energy-dispersive  X-ray fluorescence spectrometer
ElvaX Light SDD.

3 Results and discussions
microstructures of  the

Fig. 1 shows the

AlCrFeCoNiCu, alloys obtained with an optical micro-
scope. Microstructure of alloys and its phase composi-
tion, as the amount of copper increases, undergo signifi-
cant changes. In all of the investigated concentration
interval of change in the content of copper there is a dif-
ferent phase morphology.

Figure 1 — Microstructures of AICrFeCoNiCu, cast high-entropy alloys in a light microscope:
x=0(@@);x=050M);x=1();x=2();x=3(e)
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The microstructural analysis of the AlCrFeCoNi alloy
showed (Fig. 1 a) that the microstructure is homogeneous
with a structure consisting of equilibrium grains. Their
average grain size is 320 um.

The microstructures of alloys in which x = 0.5 and
1 mol Cu are added have a similar structure, except that
they have the grain boundaries of the light phase layer
(Fig. 1 b—). In [7] argues that the dark phase has a BCC
structure, and the light phase has a FCC structure. In
addition, with an increase of Cu content from O to 1 mole,
the grains are refined: its size is 150 pm for
the AlCrFeCoNiCugys alloy, and 30-40 pm for the
AlCrFeCoNiCu alloy.

When adding 2 moles of copper (Fig. 1 d), there is a
dendritic nature of crystallization. As shown in [7], den-
drite is associated with a solid solution based on the
phase with the bcc structure, and the interdendrite area is
a solid solution based on the phase with the fcc structure.

When copper content x = 3 mole, the nature of crystal-
lization does not change.

Consequently, the content of Cu greatly affects the
structure and phase composition of alloys of the
AlCrFeCoNiCu, system. With the increase in the concen-
tration of copper, the nature of crystallization changes, in
addition, according to earlier studies, the phase composi-
tion also changes.

Dyrometric analysis showed that the highest micro-
hardness (6.1 GPa) has an AlCrFeCoNiCu0.5 alloy
(Fig. 2). In other alloys, the microhardness is proportional
to the volume fraction of a solid solution based on the
phase with the bcc structure, which in turn is inversely
proportional to the amount of copper in the alloy. The
high microhardness of the AICrFeCoNiCu, s alloy can be
explained by the presence of fine-grained structure, since
copper in an amount equal to half of the aviation volume
is a good modifier of the second kind, which, according
to the law of Hall-Petch, leads to strengthening. The
mechanism of reducing the size of the grain is as follows:
copper or its compounds adsorbed on the surface of
growing crystals and inhibit their growth. This leads to an
increase in the amount of supercooled melt before the
crystallization front and creates favorable conditions for
the emergence of new centers of nucleation of crystals,
which leads to grain refinement.

As you know, some HEAs have a high corrosion re-
sistance and heat resistance. The author of [9] explains
the behaviour of the aggressive medium at elevated tem-
perature by the structure of HEAs, which consists of a
homogeneous solid solution. The authors of [10] believe
that the increased values of heat resistance are character-
istic of HEAs based on refractory metals. In this regard,
the task of studying the heat resistance of alloys of the
AlCrFeCoNiCu system and the influence of Cu on the
parameters of heat resistance is relevant.

The heat resistance tests conducted in an air atmos-
phere at a temperature of 1 000 °C for 100 hours showed
(Fig. 3) that the investigated alloys are characterized by
high heat resistance (Ag — mass loss per unit of surface

area of tested samples, mg/cm®). Fig. 3 shows that
AlCrFeCoNi and AICrFeCoNiCu have the highest heat
resistance, the heat resistance of AICrFeCoNiCu, alloy is
slightly lower, and the highest mass loss per unit of sur-
face area (and therefore the lowest heat resistance) have
AlCrFeCoNiCu; alloy.

65
-
55
5
a5

4

Microhardness, GPa

35

0 0.5 1 15 2 25 3 35

Amount of copper, mole

Figure 2 - Concentration dependence of microhardness for
alloys of the AICrFeCoNiCu, system
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Figure 3 — Curves of AICrFeCoNiCu, system alloys during the
heat resistance tests (air, 1 000 °C, 100 hours):
1 — AlCrFeCoNiCus; 2 — AICrFeCoNiCu,; 3 — AICrFeCoNi;
4 — AlCrFeCoNiCu

In [11] it was suggested that the mechanism of oxida-
tion of this HEAs can be described on the basis of the
Higgins-Pettit's theory of Ni-Cr-Al alloys oxidation. This
is an empirical theory that divides Ni-Cr-Al alloys into 3
groups, based on the scheme of their oxidation [12].
Group I corresponds to dilute alloys in which Cr and Al
concentrations are too low to establish continuous Cr,0;
or Al,O; scales. Instead, the external scales consist of
NiO plus Ni,Cr,O4 and Ni,Al,O,4 spinel phases coupled
with internal oxidation of Al. Group II corresponds to
alloys with large enough Cr concentrations, but relatively
low Al concentrations, that results in selective oxidation
of Cr, which forms external Cr,Os scale. The formation
of internal Al,O; subscale proceeds as a result of internal
oxidation. Group III corresponds to alloys containing
large enough Al concentration to promote the selective
oxidation of Al, that results in formation of external
Al,O; scale.
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The results of X-ray fluorescence analysis (Table 1)
showed a high Al content in scale as compared to an un-
oxidized alloy, which confirms the above-mentioned
assumptions. This fact confirms Al diffusion on the sur-
face of the alloy during oxidation and, accordingly, the
formation of an Al,O; oxide film. Thus, the
AlCrFeCoNiCu, system HEAs are characterized by high
heat resistance due to the relatively high content of Al in
oxide. AlCrFeCoNi and AlCrFeCoNiCu alloys have the

highest thermal resistance, and when the copper content
is high, the hardness of the alloys is deteriorating. Previ-
ously it was shown [7] that copper at concentrations more
than half the equio-atom leads to the digestion, the for-
mation of several FCC phases instead of one initial BCC
of a solid solution. It is obvious that such an effect of Cu
on the microstructure and phase composition worsens the
characteristics of heat resistance at its high content due to
the fact that the Cu enriched interdendritic area is fusible.

Table 1 — Results of the spectral analysis of scale after the heat resistance test

Atomic number | Element | Series | Intensity | Concentration, % wt
Alloy AlCrFeCoNi
13 Al K 56124 16.4093 + 0.1305
24 Cr K 323339 29.2553 £0.1020
26 Fe K 188479 21.1143 £0.0970
27 Co K 228360 20.3330 £0.1021
28 Ni K 142385 12.8881 +0.0860
29 Cu K 0 <0.0343
Alloy AlCrFeCoNiCu
13 Al K 210233 31.8171 £0.1130
24 Cr K 175297 16.5350 +£0.0819
26 Fe K 163873 14.0406 + 0.0720
27 Co K 233312 15.8340 +£0.0797
28 Ni K 137857 9.9116 + 0.0696
29 Cu K 176183 11.8617 £+ 0.0640
Alloy AICrFeCoNiCu,
13 Al K 232208 33.0242 £0.1124
24 Cr K 121213 13.1214 £0.0788
26 Fe K 140157 12.2647 £ 0.0698
27 Co K 184363 12.7072 £ 0.0757
28 Ni K 116441 8.9282 + 0.0678
29 Cu K 282603 19.9544 + 0.0800
Alloy AICrFeCoNiCuy
13 Al K 257037 32.7679 £0.1070
24 Cr K 96288 11.2138 £ 0.0754
26 Fe K 114405 9.8994 + 0.0637
27 Co K 154714 10.5938 +0.0710
28 Ni K 121810 9.4739 +0.0682
29 Cu K 367425 26.0512 +0.0883

4 Conclusions

The influence of copper concentration on the
phase composition and structure of alloys of the
AlCrFeCoNiCu, system has been investigated. Con-
firmed that with increasing of Cu concentration the nature
of crystallization of alloys and their phase composition
change.

Durometric studies have shown that the highest micro-
hardness (6.1 GPa) of alloys of the AICrFeCoNiCu, sys-
tem has an AICrFeCoNiCugs alloy, which is due to the
presence of fine-grained structure. With an increase in the
concentration of Cu, the microhardness of alloys is re-
duced.

Experimentally determined the heat resistance of the
AlCrFeCoNiCu, system HEAs, revealed a connection
between their composition, structure and heat resistance.
AlCrFeCoNi and AlCrFeCoNiCu alloys have the highest
heat resistance. The high content of Cu in alloys contrib-
utes to the formation of several FCC phases instead of
one initial solid solution with BCC structure. In addition,
the Cu enriched interdendritic area is fusible, which
worsens the heat resistance of investigated alloys.

The mechanism of oxidation of alloys of the investi-
gated system at elevated temperature was found. The
results of X-ray fluorescence analysis indicate a high
content of aluminum in scale. Consequently, the high
heat resistance of alloys can be explained by the for-
mation of a Al,O; protective film on the surface.
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JlociiiKeHHsI CTPYKTYPH Ta BJIACTHBOCTEl BUCOKOEHTPOMiHHMX
ciuiasiB cucremu AICrFeCoNiCuy

| 1 2 L3 1
Jemuenko M. B.', I'anonosa O. I1.", Mucnuuenko O. M.”, Anromescki b.”, buuenko M. M.

! Cymcrkwuit nepkasuuit yHisepenrer, Byn. Pumcskoro-Kopcakosa, 2, 40007, m. Cymu, 40007, Yrpaiua;

2 IHcTHTYT MpoGieM MaTepianosHaBeTBa im. 1. M. ®panuesnaa HAH Vkpainu, Byn. KpkikanoBeskoro, 3, 03680, M. Kui, Yrpaina;

3 TexHOMOTiYHMI yaiBepcuteT M. Kenbie, an. Tucsgomitts [lomsmi, 7, 25-314, M. Kenbue, [Tonpnia

AmnoTanisi. Jlocmimkeni ocobnmuBocTi cTpykTypoyTtBopenHs cruasiB cucteMu AlCrFeCoNiCu, (me x = 0; 0,5; 1; 2
i 3 moub). Sk 1 da3oBuit ckiam, MIKpOCTPYKTYpPH CIUIaBIiB MO Mipi 30UIBIICHHS KiTBKOCTI Mifi 3a3HAIOTh ICTOTHUX
3MiH. B ychoMy nocCnijkyBaHOMY KOHIIEHTpaLiifHOMYy IHTepBaji 3MiHM BMICTY MiJi cCrocTepiraeTbcsi pi3Ha
Mopodororia ¢a3. IlinTBepmxkeHo, MmO TpH 30UTBIICHHI KOHIEHTpPAIil MiJl 3MIHIOIOTHCS XapakTep KpHCTaji3amii
crulaBiB faHoi cucremu. [IpoBeneHi AIOpPOMETPUYHI IOCHIKEHHS CIUIaBiB JaHOI CHCTeMH. BcraHOBiEHO, 1o
HaiiBuiry mikporsepaicts 6,1 I'Tla mae cmaB AlCrFeCoNiCuys. BunpoOyBanHsa Ha »KapocCTiiKicTh IOKa3aiu, 110
HaiiBuIy skapocTiiikicTs MaroTh ciutaBu AICrFeCoNi ta AICrFeCoNiCu. BusiBneHo 3B’5130K MiXK CKJIaJ0M OKaJHHH
micis BumpoOyBaHb 1 MexaHi3MoM okucieHHs gaHux BECiB. PesympraTi peHTreHO(IIyOPHCHEHTHOTO aHai3y
CBiUaTh MpPO BUCOKMH BMICT alOMiHil0 B OKauuHi. OTXXe BHCOKY >XKapOCTIMKICTh CIUIABIB MOXHA IOSCHHUTH
YTBOPEHHSIM Ha MOBEPXHi 3aXUCHOT IIiBKU Al,Os.

Ki1o4oBi c10Ba: BHCOKOSHTPOMITHNUI CIUIaB, MIKPOCTPYKTYpa, MiKPOTBEPIICTh, JKAPOCTIHKICTh.
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Abstract. The present technical solution refers to the field of electrophysical and electrochemical processing of
parts, in particular, to the electroerosion alloying (EEA) of the surfaces of steel parts with aluminum (aluminizing)
and sulfur (sulfidizing), and it can be used to treat the surfaces of heat-treated steel parts in order to increase their
hardness, wear resistance, to prevent frictional seizure and improve the resistance to atmospheric corrosion. When
aluminizing steel parts with the use of the method of electroerosion alloying (EEA) by aluminum electrode at dis-
charge energy W, = 0.52-6.8 J and productivity of 1.0-3.0 cm’ / min, before the EEA process by an aluminum elec-
trode, to the surface of the part to be aluminized, there is applied a consistency substance containing sulfur and alu-
minum powder, and thereafter, not having waited for drying of the consistency substance, the process of aluminizing
by the EEL method with an aluminum electrode is carried out, and the consistency substance should have the alumi-
num powder content of not more than 56 %. There have been carried out metallographic and durametric analyses of
the features of the surface layers made of carbon steels after simultaneous aluminizing and sulfidizing them by the
EEA method. It is shown that the structure of the layer consists of three portions, namely, a “white” layer, a diffusion
zone and a base metal. Such qualitative surface layer parameters as thickness, “white” layer and transition zone mi-
crohardness values, and also roughness increase with increasing discharge energy. The “white” layer continuity for
all the investigated discharge energies of W, = 0.52, 2.60 and 6.80 J is 100 %.

Keywords: electroerosion alloying, ecological compatibility, surface layer, aluminizing, sulfidizing, microstructure,

microhardness.

1 Introduction

To date, chemical and thermal process (CTP) is one of
the most effective methods for strengthening surfaces of
parts to improve their durability. The main types of the
CTP processes are: carburization, nitration, aluminizing,
sulfidizing, cyanidation and others, which consist in sim-
ultaneously saturating a surface layer, respectively, with
carbon, nitrogen, aluminum, sulfur, carbon and nitrogen,
etc.

Despite the fact that the CTP technology is one of the
main processes aimed at improving quality of surface
layers of machine parts, it also has a number of signifi-
cant drawbacks as follows: volumetric heating of a part,
which results in changing its structure and initial geomet-
ric parameters (metal deformation and warps); bulky and
expensive processing equipment; long duration of the

process and the need in using of energy-intensive equip-
ment, etc.

In addition, certain CTP operations are dangerous for
the environment. For example, the main disadvantage of
a cyanidation process is toxicity of cyanide salts and, in
this regard, there is a need in special measures to provide
labor protection.

In recent years, to improve the quality of machine
parts surface layers, the method of electroerosion alloying
(EEA), that is, the process of transferring material to a
product surface by means of spark electric discharge has
become increasingly important. It is characterized by the
following specific features being attractive for technolo-
gists, namely: environmental safety, local action, low
energy consumption, lack of volumetric material heating,
strong bonding of applied material to substrate, ease of
automation, and possibility of combining operations.

C1e
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In the course of the EEA process, while using different
electrode materials and the environment, it is quite possi-
ble to implement the technologies being alternative to the
CTP ones, but of significantly lower cost. Thus, on apply-
ing graphite electrode and saturating a surface of a part
with carbon, it is possible to carry out the process of car-
burization; using the EEA method in nitrogen medium
makes it possible to perform the nitriding process, and
others.

Thus, there is a very topical problem of developing en-
ergy-efficient, energy-saving and environmentally friend-
ly technologies to form surface layers of parts, which
technologies being alternative to the CTP ones, suffi-
ciently retaining the advantages of the CTP technologies
and having no their disadvantages.

2 Literature Review

There is known a sulfidizing method for enriching sur-
face layers of items with sulfur, which represents a ther-
mo chemical process for processing items made of iron-
based alloys. The effect of sulfidizing consists in creating
a film of sulfides on a part surface. Sulfides increase the
surface activity of metals and alloys and also provide
wetting with surfactants and improve resistance to fric-
tional seizure. The sulphide film, which has less strength
than the base metal, is easily broken down at friction and
separated from the base without plastic deformation,
preventing the friction surfaces from frictional seizure.
The film of iron sulphide (FeS) increases the wear re-
sistance of rubbing surfaces and improves their running-
in ability. The ferrosulfide coating has rather high porosi-
ty and absorbs a large amount of lubricant, providing the
material with self-lubricating properties [1].

There is known a method for aluminizing surfaces of
parts [2], which includes the procedures of applying an
aluminum layer to a steel surface (usually by spraying),
coating and annealing thereof. Spraying aluminum parti-
cles should be large, which fact accelerates the process of
aluminum diffusion penetration into surface layer of met-
al in the course of annealing. The coating layer is contin-
uously applied to the surface in two to three passes, and
in doing so, the process should strictly follow the condi-
tion of thermal diffusion treatment to preserve the coating
layer.

Having been aluminized and applied with a coating,
the obtained surface layer of the part is saturated with the
use of the thermal diffusion process, that is, it is annealed.
The initial temperature is of 600 to 650 °C, followed by
rapid heating up to of 900 to 950 °C with the hold time of
2.5 to 3.5 hours, and thereafter the part is slowly cooled
together with the furnace to the temperature of 500 to
550 °C, and then it is cooled in the open air. The thick-
ness of the coating applied with the use of molten alumi-
num depends on the temperature of the part operation.
Thus, for the operating temperature of 700 to 800 °C the
coating thickness is of 0.2 to 0.3 mm, and for the operat-
ing temperature of 900 to 1 000 °C it is of 0.5 to 0.7 mm.

Having been metalized with aluminum, the part is cov-
ered with 10 to 20 % aluminum chloride solution, and
then it is coated with liquid glass, sprinkled with quartz
sand, and dried at the temperature of 100 °C. The dried
part is newly coated with liquid glass and dried again. At
the temperature of 600 to 700 °C, the part is loaded into
the furnace and heated up to the temperature of 1 200 to
1 250 °C with the hold time of 14 to 40 minutes, after that
it is slowly cooled first in the oven to 800 °C and then in
the open air.

Along with the above said positive results, the tech-
nology described has a number of drawbacks. Those are
the followings: high cost and labor intensity of the pro-
cess, the need in control at all the technology stages, in-
evitability of heating the entire part, and accordingly, the
presence of structural changes in the metal, deformations
and warps, the process duration is more than 8 hours,
high power consumption, negative impact on the envi-
ronment, etc.

In accordance with publication [3], using the method
for providing electrospark depositions of titanium on
aluminum and aluminum on titanium, there have been
created coatings containing the intermetallics of Ti-Al.
While applying the methods of electron microscopy,
X-ray diffraction and micro-X-ray spectroscopy, there
were analyzed the structure and composition of the coat-
ings obtained. It has been found out that, regardless of the
duration and frequency of the discharge pulses, the sur-
face layer formed in argon basically contains o-TiAls
intermetallic. The phases of y-TiAl and o, -Ti;Al can be
obtained by depositing aluminum on titanium followed
by depositing a second layer of titanium. At creating
electrospark coatings in the open air, there are additional-
ly formed alumina and titanium nitride. This technology
is also performed in a protective environment, for exam-
ple, argon, and it can be used only for parts made of tita-
nium.

The closest to the proposed method is a method for
electroerosion alloying (EEA) by an aluminum electrode
of steel parts at the discharge energy of W, =0.521t0 6.8 J
and productivity of 1.0 to 3.0 cm® / min. The method
provides for the formation of a so-called “white” (alumi-
nized) layer, respectively, of 70 to 130 pum thick having
microhardness of 5 000 to 7 500 MPa, roughness (Ra) of
6 to 9 um and continuity of 95 to 100 % [4].

It should be noted that with this treatment method, the
maximum thickness values of the aluminized layers were
obtained at the highest discharge energy of W, = 6.8 J,
and they were equal to 70 and 130 pm, respectively, on
the substrates made of 20 steel and 40 steel. Such thick-
ness values are not always sufficient to protect steel part
surfaces, which are exposed to high temperatures, against
destructions thereof. In addition, with a dry (non-
lubricated) contact of a part surface aluminized in such a
way, there is a possibility of occurrence of frictional sei-
zure, jamming, micro-welding and rupturing individual
areas of the surface.
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There is known a method for sulfo-carburizing surfac-
es of steel parts with applying a process of electroerosion
alloying by graphite electrode, wherein a consistency
sulfur-containing substance has been applied to the steel
surface just before alloying with a graphite electrode [5].
The main disadvantage of this sulfo-carburizing process
is the lack of possibility of protecting the part from oxida-
tion at high temperatures (700 to 900 °C and higher), as
well as from atmospheric corrosion and seawater.

Thus, the aim of the work is to create a process for
aluminizing steel parts with the use of the method for
electroerosion alloying by an aluminum electrode, which
is devoid of the above mentioned drawbacks and which
provides an increase in the hardness and wear resistance
of parts preventing friction seizure and improving the
resistance to atmospheric corrosion.

3 Research Methodology

To determine the effect of the EEA equipment energy
parameters on the quality parameters of the coatings,
there were made the specimens of 20 steel and 40 steel
having a size of 15x15x8 mm, where on a consistency
substance was applied in the form of a sulfuric ointment
with sulfur content of 33.3 %. Before applying, the alu-
minum powder of the mark of PAD-0 (GOST 5494-95)
had been added into the sulfuric ointment. The maximum
amount of the powder was 56%. Further increasing the
amount of the powder resulted in decreasing its adhesion
to the surface to be aluminized. After that, without wait-
ing for drying the consistency substance, there was pro-
duced the EEA method by an aluminum electrode on the
unit of “Elitron-52A” model with the use of various oper-
ating modes. Moreover, each EEL mode had its own
value of discharge energy and productivity, that is, the
area of the formed coating per unit of time (Table 1).

Table 1 — EEA productivity dependence on discharge energy

Discharge energy
0.52 1.3 2.6 4.6 6.8

W,,J
Productivity, 1.0- 1.3— 1.5~ | 2.0- | 2.5-
cm?/ min 1.3 1.5 2.0 2.5 3.0

It should be noted that decreasing the EEA method
productivity results in decreasing the qualitative parame-
ters of the surface layer (the appearance of burns, and the
most importantly, the destruction of the formed layer),
which event especially occurs on ‘harder’ modes at dis-
charge energy W, > 1 J. Increase in the productivity re-
sults in decrease in the continuity of a coating. As a tool
electrode, there was used a & 4 rod with length of 45 mm
made of aluminum wire of SvA99 GOST 7871-75 mark.

The metallographic analysis of the coatings was car-
ried out using an optical microscope of MUM-7 (MIM-7)
model, the durametric studies were carried out with the
use of the instrument of ITIMT-3 (PMT-3) model.

The surface roughness after EEA method was deter-
mined with the use of the profilograph-profilometer of
203 model of the Kamubp (Caliber) plant production by
taking off and processing the profilograms.

To study the sulfur distribution over the depth of the
layer, a local micro-X-ray spectral analysis was per-
formed, based on recording the characteristic X-ray radia-
tion excited by the electron beam of the chemical ele-
ments, which were present in the microvolume. For this
purpose, there was used an electron microscope equipped
with an X-ray spectral micro-analyzer, ISIS 300 Oxford
instruments.

4 Results and discussions

Fig. 1 shows the microstructure of the surface layer
formed on the specimen made of 20 steel coated with a
consistency substance containing sulfur in the amount of
33.3 % and aluminum powder in the amount of 56 %
while performing the EEA process by an aluminum elec-
trode at the discharge energy value of W, = 6.8 J (a), as
well as the microhardness distribution while deepening
from the surface (b).

The characteristic feature of the structure is a massive
“white” layer, the thickness values of which in some
portions are of 160 to 200 um (Fig. 1 a). The microhard-
ness on the surface is about 5 000 MPa. While deepening,
the microhardness gradually decreases and at the depth of
170 um it transfers into the microhardness of the sub-
strate (1 700 MPa).

Figure 2 represents the profilograms of a portion of the
20 steel specimen surface sulfo-aluminized with the use
of the EEA method performed by an aluminum electrode
at the discharge energy of W, =6.8 J.

In Table 2, there are shown the qualitative parameters
of the surface layers of 20 steel and 40 steel at performing
the sulfo-aluminizing process using the EEA method at
the discharge energy values of 0.52, 2.60, and 6.80 J.

The presence of sulfur in the consistency substance
contributes to the sulfidizing process. In Table 3, there is
shown the sulfur content while deepening from the sur-
face in the course of sulfo-aluminizing 20 steel with the
use of the EEA method at the discharge energy of 6.80 J.

Thus, as a result of investigation of the surface layer of
the specimen made of 20 steel after sulfo-aluminizing
thereof, it has been found out the coating continuity
makes up 100 %, the layer thickness is up to 200 um, and
the microhardness is up to 5 000 MPa.
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Figure 1 — Microstructure (a) and microhardness distribution in the surface layer (b)
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Figure 2 — Profilogram of the surface layer of the specimen made of 20 steel

Table 2 — Qualitative parameters of the surface layers of 20 steel and 40 steel at sulfo-aluminizing them using the EEA method

, Thickness of white Micrihardness Roughness, um Continuity
Discharge energy, J . .
layer, pm of white layer, MPa Ra Rz Roux of white layer, %
20 Steel
0.52 50-60 3500 +70 1.9 2.9 8.3 100
2.60 110-130 4200 +70 37 9.7 25.2 100
6.80 up to 200 5000 £ 50 7.3 18.2 45.7 100
40 Steel
0.52 70-100 3850 +50 1.7 3.2 8.2 100
2.60 140-160 4700 +50 29 3.2 11.5 100
6.80 up to 240 5400 +70 6.1 13.3 38.0 100
Table 3 — Sulfur content while deepening from the surface in the course of sulfo-aluminizing 20 steel
with the use of the EEA method at the discharge energy of 6.80 J
Depth of measurement, pum 20 40 60 80 100 120 140 160 180 200
Presence of sulfur, % 0.21 0.17 0.12 0.10 0.08 0.07 0.06 0.04 0.03 0.03

5 Conclusions

The possibility of applying an environmentally friend-
ly process of sulfo-aluminizing surface layers of machine
parts by the method of electroerosion alloying has been
considered. Metallographic and durametric analyses of
the features of the surface layers of carbon steels after

simultaneously aluminizing and sulfidizing by the EEA
method have been carried out. It is shown that the struc-
ture of the layer consists of three portions, namely, a
“white” layer, a diffusion zone and a base metal. With
increasing the discharge energy values, such qualitative
parameters of the surface layer as thickness, microhard-
ness of the “white” layer and the transition zone, as well
as roughness increase. The continuity of the “white” layer
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for all the investigated energies W, = 0.52; 2.60, and 6.80
Jis 100 %.

The presence of sulfur in the consistency substance fa-
cilitates the sulfidizing process. While sulfidizing 20 steel
by the EEL method at the discharge energy of 6.80 J, the
sulfur content decreases with deepening from the surface,
and at the depth of 180 pum, it corresponds to its amount
in the base.

The comparative analysis of the substrate effect on the
qualitative parameters of the surface layer in the course of
the sulfo-aluminizing process by the EEL method has
exposed that in the event of 20 steel being replaced by 40
steel, the thickness of the “white” layer and the transition
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Abstract. In the present article the stress-strain state of the lower traverse of the central ejector of the hydraulic
press for manufacturing large-sized plastic products has been investigated by using finite element analysis. It has
been established that the stress-strain state of the traverse is characterized by a general and local uneven distribution
of stresses and deformations; normal stresses in the cross section, passing through the plane of symmetry of the trav-
erse, change linearly. Various changes of the equivalent stresses along the height on the inner surfaces of the central
and lateral cylinders have been established. The zones of the traverse that are experiencing the highest values of nor-
mal and tangential stresses and strains have been identified. The research allowed to change the geometry of the trav-
erse with a slight change in the stress and strain and therefore to reduce the weight of the traverse. This investigation
and its results will have practical application in the design of new hydraulic presses as well as in improvement of ex-
isting hydraulic presses and are also the basis for further research.

Keywords: finite element method, geometry, stress, strain, displacement.

1 Introduction

Heavy-duty column hydraulic presses are widely used
in many industries. The elements of the column frame,
i.e. columns and traverses, are subject to high specific
loads in the process of operation; therefore, their reliabil-
ity determines the reliable performance of the press. The
basic parts of a column hydraulic press make approxi-
mately 80 % of its weight and cost [1]; traverses and
tables are the most massive and costly of these. In the
operation of hydraulic presses, a significant number of
traverse failures is caused by fatigue, since cracks start
developing in the high-stress areas. Therefore, the study
of stress-strain state (SSS) and search for improving the
form of the traverse are very important at the design stage
and involve not only technical, but also economic as-
pects.

To calculate hydraulic press traverses, various simpli-
fied methods based on rod models were used over a long
period of time.

With the advances in computer technology, numerical
methods have been increasingly applied for the calcula-
tion of basic parts of hydraulic presses; among the meth-
ods, an important place is taken by the finite element
method (FEM). Today, the software packages for finite-

element analysis, such as ANSYS, NASTRAN,
SOLIDWORKS, ABAQUS, LIRA, SCAD, are used as a
tool of numerical studies. Recently, free and open-source
finite-element analysis applications, such as CalculiX,
Elmer and Code_Aster, have been widely used. The
above methods, unlike traditional ones that were based on
the postulates of the strength of materials and theory of
elasticity, allow a thorough study of a general SSS and of
a distribution of local stresses in formulating two-
dimensional and three-dimensional problems. In many
cases, this enables to dispense with experimental studies,
although the latter retain their importance as a means of
verifying the results of the SSS.

2 Literature Review

For today, there is some experience of designing
traverses for hydraulic presses, but in most cases they
have been calculated approximately, which can be ex-
plained by difficulties describing the stress-strain state
and by structural features.

The analysis of publications shows that to determine
the SSS of the hydraulic press basic elements, the authors
use either methods based on the strength of materials [2],
or FEM for the stress state only. For example, according
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to the existing methods of calculating the strength, the
spatial structure of the traverse is replaced by two beams
at the wide and narrow sides, and the cylinder force is
applied to the centers of gravity of the reference semi-
rings. This technique is simplistic and does not take into
account the features of the traverse geometry, which is
rather complicated. The technique does not provide a
sufficiently complete picture of the SSS and, as a conse-
quence, does not allow for recommendations on improv-
ing the traverse design.

In [3, 4], the frame of the P7640A hydraulic press was
calculated using FEM in the ANSYS. Proceeding from
the stress-strain analysis, the authors proposed a rational,
from their point of view, form of the frame. However, the
above studies have not proved that the proposed geome-
try of the frame ensures its strength and stiffness and can
be considered optimal. No publications are available on a
systematic study of the traverse strain state.

In [5] and [1] it has been established that the major
cause of damage and fractures in the cross-members of
heavy-duty presses is the emergence and propagation of
fatigue cracks that appear in zones with high levels of
stress, i.e. on the contours of technological and structural
openings in the internal ribs, outer walls and plates under
tension.

In [6], the major directions of retaining and improving
the technological capabilities of heavy-duty hydraulic
presses are outlined.

In the last decade, the scientific journals of the near
and far abroad have published a sharply increased num-
ber of studies, which use various software packages of
finite-element analysis to analyze the SSS of the frames
of hydraulic and mechanical presses. On the basis of the
SSS obtained, the authors optimized the geometry of the
frames under study. Thus, in [7, 8], the ANSYS software
was used to analyze the SSS of the frames of 0.2 MN and
8 MN hydraulic presses. The results of the study allowed
changing the geometry of the frames with 50 % and 23 %
decrease in their weights, respectively.

The results of calculating the stresses using the classi-
cal method of the strength of materials and the finite-
element method (FEM) were presented in [9] for a me-
chanical press frame. It was revealed that the values of
stresses obtained by the classical method are higher than
the values of stresses determined using FEM. In [9] it
was also noted that the classical method may be used for
verification.

The performed analysis showed that:

— most of the studies deal with the calculations of heavy-
duty hydraulic presses, while methods of calculating
presses used in the chemical industry are practically
unavailable;

— the data obtained in the studies are sometimes contra-
dictory, and indicate the influence of one or another
factor on the performance of the traverse;

— using FEM, which is currently the standard for calcu-
lating strength and stiffness, allows analyzing the SSS
of any construction from a single position.

3 Research Methodology

The purpose of the work is a stress-strain analysis of
the lower traverse of the central ejector of a hydraulic
press with a nominal pressing force of 20 MN intended
for the manufacture of large-sized plastic products, and
justifying the proposed improvements in the traverse
geometry.

The traverse of a hydraulic press, whose geometric
model is presented in Figure 1, is subject to a uniformly
distributed load. It is necessary to analyze its stress-strain
state.

>,
@ 4

Figure 1 — The geometric model of the hydraulic press traverse

The hydraulic press traverse is a spatial construction of
a complex configuration; therefore, analytical methods of
calculation are practically unacceptable. The reliable
results can only be obtained by numerical methods im-
plemented on a computer. Therefore, to solve this three-
dimensional problem of the theory of elasticity, we apply
FEM, which in our time is obviously the world standard
for calculations of strength, stiffness and other parameters
of structures.

FEM allows obtaining a system of algebraic equations

[k]-fu} = (R} (M

where [k] is the stiffness matrix of the finite-element
model, {u} is the nodal displacement vector, {R} is vec-
tor of nodal forces.

Having solved the system (1), we find the displace-
ment u;, and following that we find stress o;; and strain &;
using the strain-displacement relations (Cauchy) and
stress-strain relations (Hooke’s law).

The application of FEM involves the simulation of the
geometry of a construction and its meshing into finite
elements, the formation of a global stiffness matrix and
solving large systems of linear equations (5-10° — 5-10°).
The above problems have prompted the authors to apply
the SALOME-MECA platform-based, open-source
Code_Aster application as a tool of numerical simulation.
Code_Aster software allowed analyzing the SSS of the
traverse, taking into account the features and modes of
operation.
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4 Results

The study is devoted to a numerical calculation of the
SSS of the lower traverse of the hydraulic press central
ejector. The overall dimensions of the traverse were
1 440 mm x 800 mm x 650 mm. The mass of the traverse
was 747 kg.

Prior to the simulation of a finite element model, a sol-
id-state spatial model of the traverse (Figure 1) was creat-
ed based on the working drawings. The model was made
using the KOMPAS-3D system for three-dimensional
modeling, which allows to effectively create models of
complex forms. Taking into account the plane of sym-
metry (the form of the traverse, established boundary
conditions, and applied loads); the stress-strain analysis
was performed on half of the model.

The obtained half of the solid-state model was then
transferred to the SALOME-MECA platform-based open
source Code_Aster, which was used to set the boundary
conditions, the load and the area where the load was ap-
plied, and to create a mesh of the finite-element model.

The boundary conditions were set so as to exclude the
displacements of the traverse as an absolutely rigid body.
According to the working conditions, the load on the
lower traverse of the central ejector was assumed to be
equal to the nominal ejection force of 3.24 MN. Figure 2

a

shows the calculation scheme and indicates the loads and
boundary conditions.

Three-dimensional finite elements with a maximum
size of 0.035 m were used for the discretization of the
traverse as a spatial body. As a result of the discretiza-
tion, a mesh of 9 881 tetrahedra and 19 241 nodes was
obtained. The finite-element model of the traverse is
shown in Figure 2 b.

The material selected was 35 L steel with a Young’s
modulus E = 2-10° MPa, Poisson’s ratio v = 0.32, yield
strength o, = 248 MPa, strength limit oy, = 482 MPa.

As a result of the static calculation, the following pa-
rameters of the traverse SSS were obtained: stresses and
strains along the corresponding axes; principal stresses
and corresponding strains; equivalent stresses o, calcu-
lated by Guber-Mises energy theory of strength; total
displacements; displacements along corresponding axes;
factors of safety.

Given that cracks originate on high-stress surfaces, the
changes in normal, tangential and equivalent stresses
were studied on the internal surfaces of the central and
lateral cylinders in sections I and II (Figure 3 a).

The performed calculations show that the stress-strain
state of the traverse is characterized by general and local
uneven distribution of stresses and displacements (Fig-
ure 3).

b

Figure 2 — Calculation scheme (a) and finite element model (b) of the traverse
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Figure 3 — Isosurfaces of equivalent stresses o,, (a) and total displacements u (b)
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Areas of maximum stress levels were located maxi-
mum equivalent stresses calculated by the Guber-Mises
theory were observed at the points of load application, on
the supporting surfaces, and in the areas of abrupt chang-
es in geometry (Figure 3 a). The maximum equivalent
stresses occurring at the points of load application are
equal to 132 MPa, and at some points of the supporting
surfaces they even exceed o,. Maximum total displace-
ments are observed at the points of applying loads, while
minimum displacements occur on the supports (Fig-
ure 3 b).

It should be noted that the equivalent stresses on the
internal surfaces of the central and lateral cylinders also
change significantly with the height, but the nature of
their changes differs. The equivalent stresses increase
with the height on the internal surface of the central cyl-
inder in section I, while on the internal surface of the
lateral cylinder in section II, they show a decrease with
the height (Figure 4 a). The displacements increase in
both cases (Figure 4 b).
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Figure 4 — Dependences of equivalent stresses and displacements on z-coordinate for the interior surfaces of the traverse cylindrical
parts: a — dependence of equivalent stresses o,, on z-coordinate: 1 — internal surface of the central cylinder (section I); 2 — internal
surface of the lateral cylinder (section II); b — dependence of displacements u on z-coordinate: 3 — internal surface of the central cyl-
inder (section I); 4 — internal surface of the lateral cylinder (section II)

Furthermore, the study showed that:

— normal stresses o,, oy, 0, on the central cylinder sur-
face in section I change according to the linear law,
changing the sign at z = 69.6 mm. A relationship was
found between the normal stresses: o, > 0, > 0,. In this
case, the values o, and o, were an order higher than the
o, values. Linearity distortions were observed in the
zones of an abrupt change in geometry. Thus, the max-
imum compressive stress o, on the upper belt did not
exceed 135 MPa, while inside the cylinder it did not
exceed 90 MPa (Figure 5).

— the maximum values of tangential stresses on the cen-
tral cylinder surface did not exceed 1 MPa.

Thus, the study shows that the stresses on the internal
surfaces of the traverse cylindrical parts and on the trav-
erse upper belt rim do not exceed stress [o] for the select-
ed material. These findings allow changing the geometry
of the traverse so as to reduce its weight. The authors
have proposed a traverse with the increased diameters of
the internal cylindrical parts and the decreased external
dimensions of the traverse upper belt. To assess the
strength of the proposed traverse, an analysis of the stress
fields, strains and factors of safety n was performed. It
was found that the increase in stresses and strains did not
exceed 13 %.

The analysis of the n diagram of the proposed traverse
(Figure 6) showed that the values of factors of safety
ranged from 1.8 to 6.4 (2.0-7.0 in the existing traverse)
on the internal surfaces of the small cylinders, and from
3.7 to 27.3 (3.8-27.4 in the existing traverse) on the in-

ternal surface of the central cylinder. The feature of the n
diagram is an area with overestimated factors of safety on
the internal surface of the central cylinder, both for the
existing and for the proposed traverse. Here, the values of
n exhibit a sharp increase, reaching n = 100 at
z=69.2 mm. It should be noted, that when z = 69.6 mm,
the stresses oy, 0y, o, are equal to zero, while o,, values
acquire their minimum.

Thus, the study shows that the strength and stiffness of
the proposed traverse are ensured. The changes in the
geometry allowed reducing the mass of the traverse by
almost 13 %.
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Figure 5 — Dependence of normal stresses on z-coordinate on
the internal surface of the central cylinder in section I:
1 —normal stress o,; 2 — normal stress o,; 3 — normal stress o,
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Figure 6 — Factor of Safety diagram of the proposed traverse

"0 5 Conclusions

o2

5 The SSS of the lower traverse of the hydraulic press,
;; which was obtained by means of finite element modeling,
61 is characterized by general and local uneven stresses and
54 strains. The stress-strain analysis of the traverse revealed
4 the zones of maximum stresses: points of load applica-
3 tion, supports and areas of abrupt changes in geometry. It

has been found that normal tensions in section I change
15 linearly, and values o, and o, are an order higher than
[8 values o,. It has been established that the equivalent

04 stresses increase with height on the internal surface of the
central cylinder, and decrease on the internal surface of
the lateral cylinder. The study allowed changing the ge-
ometry and reducing the weight of the traverse with a
slight change in stresses and strains. The findings will
have practical application in designing new and improv-
ing existing hydraulic presses.
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Hanpy:keHo-n1egopMoBaHuii cTaH HH:KHBOI TPaBePCH IiApPaBJIivHOIO NMpecy

Hemuwunos C. 1., HauoBHuii 1. 1.

Jlep>kaBHHI BUILIMIT HaBUANIBbHUHN 3aKna]] «YKpaiHChKHI IepKaBHUH XiIMIKO-T€XHOJIOTIYHUH YHIBEPCUTETY,
npocr. arapina 8, 49005, m. IHinpo, Ykpaina

AHoTauisi. Y CTaTTi JOCHI/UKEHO HampyXeHO-Ie(OPMOBaHHH CTaH HIKHBOI TpaBepCH LEHTPAIBbHOTO
BHUIITOBXYBaya TiIPaBIigHOrO Mpeca JUisi BUTOTOBJICHHS BEIMKOrabapuTHUX BHPOOIB 3 MJIaCTMAC 3 BUKOPHUCTAHHAM
MPOrPaMHOTO KOMIUIEKCY CKiHYEHO-EJIEMEHTHOrO aHali3y. BCTaHOBJIEHO, LI0 HampyXeHO-Ie(hOpMOBaHUH cTaH
TPaBepCH XapaKTEPH3YEThCS 3aralbHAM 1 JIOKaJbHHM HEPIBHOMIPHHUM pPO3IOMIIOM HampyXeHb 1 aedopmarii,
HOpMaJIbHI Hampy)XeHHs B Iepepisi, 10 MPOXOAUTD Yepe3 IUIOLMHY CUMETPIl TpaBepcH, 3MIiHIOIOThCS 3a JIHIHHUM
3aKOHOM. BUsBICHO pi3HMH XapakTep 3MiHM EKBIBAJEHTHHX HAINPYXEHb MO BHCOTI Ha BHYTDIIIHIX MOBEPXHAX
HEHTPAJIBHOTO 1 O1YHMX WIIHIAPIB. BU3HAUEHO 30HM TPaBEPCH, B SKHX CIIOCTEPIratOThCS MaKCUMAIbHI HAMPYKEHHS
Ta nedopmarii. JlocmipKeHHsT JO3BOJIMIO 3MIHHTH T'€OMETPII0 TpaBepCcH 3 HE3HAYHOI 3MIHOI0 HampyXeHb Ta
nedopmariif i 3MeHImMTH 11 Bary. Pe3ynbraTté JOCIikeHb MOKYTh OYTH 3aCTOCOBAaHI IPH yJOCKOHAJIEHH] ICHYIOUHX 1
MIPOEKTYBaHHI HOBHX T'iJ[PaBIIIYHUX MPECIB, a TAKOXK € OCHOBOIO JUIS MOJAIBIINX JTOCIIKEHb.

KurouoBi ci1oBa: MeTo/1 CKIHUEHHUX €JIEMEHTIB, TeOMETPisl, HANpYKeHHs, AedopMallisi, IepeMillieHHs.
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Abstract. This paper is aimed at refinement of the computational model of the turbopump rotor systems associat-

ed taking into consideration the effect of rotation of moving parts and compliance of bearing supports elements. The
up-to-date approach for investigation of non-linear reactions in rotor’s bearing supports is proposed for turbo-pump
units for liquid rocket engines. Five models for modelling contact interaction are investigated, and comparative bear-
ing stiffness characteristics are given. The geometry of the housing and corresponding design scheme are set for each
support due to the assembly drawing of the turbopump unit. Rotation of the shaft is taking into account by applying
corresponding inertial forces to the inner cage of the bearing. Experimental points of the dependence “load — dis-
placement” as the diagram “F — v are built by the calculated points as an array of numerical simulation data, ob-
tained by the ANSYS software. As a result of numerical simulation, including loading of the bearing support on the
scheme “remote force” in a wide range of rotor speeds, the corresponding displacements are determined. The brand-
new approach for evaluation of bearing stiffness coefficients is proposed based on the linear regression procedure. As
a result, the obtained values of coefficients are summarized and approximated by the quadratic polynomials.

Keywords: Ansys Workbench, axial preloading, centrifugal force, contact interaction, finite element analysis, numer-

ical simulation, remote force, stiffness characteristic.

1 Introduction

Intensification of the development in the field of pow-
er engineering occurs by using the modern energy-
intensive equipment, an essential role of which is per-
formed by multistage rotor machines. Permanently rais-
ing theirs parameters leads to increasingly significant
problems of vibration reliability. Furthermore, the prob-
lem of investigation of dynamics of flexible rotors is
based on determination of the critical frequencies and
corresponding mode shapes. This problem is currently
actual due to the impossibility of absolutely accurate
dynamic rotor balancing [1].

General approaches are used for investigation of the
rotor dynamics that are closely intersected with the issues
of strength of materials and the theory of elasticity, the
theory of linear and nonlinear oscillation of mechanical
systems, as well as the problems for the identification of
mathematical models of dynamic systems. Most prob-
lems can be solved in combination of 2D and 3D formu-
lation by using modern software.

The problem of identification of bearing stiffness
characteristics is complicated in the case of new designs
with the insufficient experimental data. At the same time,
the process of creating reliable mathematical models of
the rotor dynamics is usually carried out in a permanent
comparison with experimental data by means of the iden-
tification of coefficients of mathematical models and
structures of design schemes. This process takes place in
researching the vibration reliability and rotor balancing
for centrifugal pumps and turbochargers [2, 3].

2 Literature Review

Up-to-date approaches for refinement of mathematical
models of oscillatory systems according to experimental
data is presented in the work [4]. The monograph [5] is
aimed at evaluation of coefficients of mathematical mod-
els for oscillatory systems, including rotary systems for
multistage centrifugal machines. The paper [6] dials with
the phenomena of stability loss of rotor rotation at tilting
pad bearings.
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Modern treatments in the feld of linear and non-linear
rotor dynamics is stated in the work [7] with the related
practical applications. Estimation of segment bearing
stiffness with the balancing procedure for flexible rotors
of turbocharge units in the accelerating-balancing stand
are presented in the paper [8]. Modern approaches for
determination of active magnetic bearings stiffness and
damping identification from frequency characteristics of
control systems are realized within the work [9].

Application of the finite element analysis for stiffness
and critical speed calculation of a magnetic bearing-rotor
system for electrical machines is proposed in the work
[10]. The problem of stability and vibration analysis of
non-linear comprehensive flexible rotor bearing systems
is analyzed in the paper [11]. A phenomenon of subhar-
monic resonance of a symmetric ball bearing-rotor sys-
tem is investigated in the paper [12]. Approaches for
analytical research and numerical simulation for investi-
gation of critical frequencies of a centrifugal compressor
rotor taking into account non-linear stiffness characteris-
tics of bearings and seals are proposed in the paper [13].

3 Research Methodology

The ANSYS Workbench software is used for determi-
nation of bearing stiffness. The related design scheme is
presented in Figure 1.

Contact interaction
,_./ﬁ (models "bonded” / "friction™)

A AIIANY,
R

N
/ v - displacement
(

]
\ F - external load
\ ("remote force”)

e

Figure 1 — Design scheme of bearing supports loading
and determination of corresponding displacements

In the simulation of contacts by using ANSYS soft-
ware, one of the most important problems is the selection
of reliable model of interaction between elements of the
contact pairs “target — contact”. There are five models of
contact interaction, the comparative characteristics of
which are given in Table 1.

Further calculations are provided for each of the se-
lected contact type:

— “bonded” — from the group of linear contacts;

— “frictional” — from the group of nonlinear contacts.

These models allow determining the maximum possi-
ble range of variation for the stiffness of bearing sup-
ports.

Table 1 — Comparative table of the main characteristics
of models for the contact interaction between the surfaces
of mating parts

Contact § 8 Nug}ber Normal | Tangent
model SIS behavior | behavior
O iterations
Bonded Not
5 allowed
> Not
No £ One allowed
sepa- — Allowed
ration
Not
Rough § allowed
Friction- é Several Allowed | Aflowed
less Zo
Frictional Allowed

“Bonded” is the contact model, in which the target and
contact surfaces of the matched bodies are connected to
each other, and the contact area does not change under
the action of the applied loads. The sliding between faces
and edges, as well as their separation is not allowed.

“Frictional” is the contact model that takes into ac-
count the sliding of the surfaces “target” and “contact”
relative to each other. In this case, the contact area
changes, if the module of the tangential force takes the
limiting value.

4 Results

4.1 Basic approach

As a result of numerical simulation (loading of the
bearing support according to the scheme “remote force”)
for discrete values of the force F in a range from zero to
the maximum load capacity, the corresponding displace-
ments are determined (Figures 2, 3).

The calculated points allow determining an array of
data by means of a numerical simulation, on which the
points of the “load — displacement” diagram “F — v are
built (Table 2, Figure 4).

The obtained data are interpolated by the correspond-
ing curves F' = F(v). In this case, the stiffness of the bear-
ing supports for linear models is determined as the tan-
gent of the initial slope angle a of the diagram “F — v

c:tgaz(?;:jo. ey
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Figure 2 — Determination of the bearing stiffness for the model “bonded” of the contact interaction between the rolling elements
with cages of bearings 45-216 (a), 45-276214 (b), 46-276212 (c) and 36-211 (d)
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Figure 3 — Determination of the bearing stiffness for the model “frictional” of the contact interaction between the rolling elements
with cages of bearings 45-216 (a), 45-276214 (b), 46-276212 (c) and 36-211 (d)
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Table 2 — Results of numerical simulation
for determining diagram “F —v”

. Displacement, m
Bearing Load, N “frictional” “bonded”
1-10° 3.03-10°° 3.43-107
45-216 1-10* 2.12:10°° 3.43-10°°
7-10* 1.12:10°* 2.40-10°°
1-10° 4.76:10° 3.62-1077
45-276214 | 1-10* 1.96-107 3.62:10°°
6-10* 1.0-107* 2.17-107°
1-10° 7.69-10°° 3.16-107
46-276212 | 1-10* 243107 3.16-10°°
5-10* 8.82-107 1.56-107
1-10° 3.85-10°° 4.18-10"
36-211 1-10* 3.90-107 4.18-10°
4,5-10* 1.26-10°* 1.88-107°
210"
) -1:'1-216A
Tl o

Gd0°

S

Load, N

410

2d0°

T

1x10°

3 3

254077 Bl 0™

150077 2107
Displacement, m

Figure 4 — Diagram “ F' —v” for the model “bonded”

The stiffness coefficients for bearings calculated by
the abovementioned procedure, are summarized in Ta-
ble 3.

Table 3 — Stiffness coefficients for bearing supports

This circumstance increases the detuning from the reso-
sanse mode. The second factor decreases the bearing
stiffness and critical frequencies.

The clarification of the stiffness parameters of the sup-
porting units is carried out by combination of two compu-
tational means. Firstly, the loading patterns of supporting
units using ANSYS software (three-dimensional finite
element models) are considered due to a significant com-
putational time.

ANSYS software is used for determination the bearing
stiffness with considering rotation of the rotor and com-
pliance of housing elements. The related design scheme is
presented on Figure 5.

\

o

v

Contact interaction |

(model "bonded") .Contact interaction

(model "friction”)
w]
I v - Displacement

15 - External force
("Remote force")

i

Figure 5 — Refined design scheme of bearing supports loading

The geometry of the housing and corresponding design
scheme are set for each support due to the assembly
drawing of the turbopump unit. The rotation is taking into
account by applying corresponding inertial forces to the
rotating (inner) cage of the bearing.

Modelling of contacts by using ANSYS software is
performed according to Table 4.

Table 4 — Models of contact interaction between surfaces

Bearing Stiffness coefficient, 10° N/m Mating surfaces Contact model
“frictional” “bonded” Shaft Inner cage “bonded”
45-216 3.3 29.2 Inner cage Rolling
45-276214 2.1 27.6 elements “frictional”
46-276212 1.3 31.7 Rolling elements Outer cage
36-211 2.6 23.9 Outer cage Housing

4.2 Refinement of the numerical model

This part is aimed at refinement of the computational
model of the turbopump rotor systems associated taking
into consideration the effect of rotation of moving parts
and compliance of bearing supports elements. The first
factor causes an increasing quadratic dependence of the
bearing stiffness on the rotor speed, and consequently,
shift of the spectrum of critical frequencies to the right.

As a result of numerical simulation (loading of the
bearing support on the scheme “remote force”
F=1-10°N for the following values of operating rotor
speed: 0, 10500, 18 750, and 21 150 rpm), the corre-
sponding displacements are determined (Figures 6-9).
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Figure 6 — Bearing stiffness for the support 45-216: 0 rpm (a), 10500 rpm (b), 18750 rpm (c), 21150 rpm (d)

In this case, determined bearing stiffness coeffi-
cients are summarized in Table 5.

Table 5 — Bearing stiffness of the supports

Stiffness coefficient, 10° N/m,
Bearing for the operating frequency, rad/s
0 1100 1963 2215
45-216 2.9 53 7.3 8.3
45-276214 24 29 4.4 4.5
46-276212 2.2 24 34 44
36-211 1.1 1.1 1.2 1.3

The analytical dependence for creating the mathe-
matical models of free and forced oscillations of the
turbopump rotor is proposed taking into account the
rotation:

c=c¢,+ aa’, 2)
where ¢ — stiffness coefficient of the bearing sup-

port; @ —rotor speed, rad/s; ¢, — stiffness coefficient in
case of @ = 0; a — additional coefficient, N-s*/m.
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Figure 7 — Bearing stiffness for the support 45-276214: 0 rpm (a), 10500 rpm (b), 18750 rpm (c), 21150 rpm (d)

The evaluation of the coefficient a of the formula
(2) is carried out by the linear regression procedure
according to the following formula:

k=1 j 3)

where ¢, — bearing stiffness, determined as a result
of the numerical simulation for the rotor speed w, (Ta-
ble 5); kK — number of the experimental point.

Finally, the obtained values of coefficients a are
summarized in Table 6, and approximating curves (2)
are also shown on Figure 10.

Table 6 — Bearing stiffness parameters

Bearing Coefficients ,
co, N/m a, N-s“/m
45-216 2.9 116.3
45-276214 2.4 46.6
46-276212 2.2 38.3
36-211 1.1 4.1
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Figure 9 — Bearing stiftness for the support 36-211: 0 rpm (a), 10500 rpm (b), 18750 rpm (c), 21150 rpm (d)
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Figure 10 — Dependence of the bearing stiffness
on the rotor speed

5 Conclusions

In this paper the methodology of determination of the
bearing stiffness is proposed based on using different
models of contact interaction between the mating surfaces
of bearing parts. An appropriate methodology for refine-
ment of the computational model is proposed taking into
account the effect of rotation of moving parts and com-
pliance of bearing supports elements.

The clarification of the stiffness parameters of the sup-
porting units is carried out by combination of several
computational means.

Further research should be aimed at obtaining spec-
trums of critical frequencies and related mode shapes for
the rotor systems in abovementioned bearing supports.
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JocaixxeHHs1 HeJIHIHHUX peakliil MiIIMIHUKOBUX ONOP POTOPiB

TypOOHACOCHMX arperaTtiB PiIMHHUX PaKeTHHUX ABUIYHIB

[TaBnenko I. B.l*, CuMoHOBCBKHI B. I.l, ITitens 51.2, Jem’ssHeHko M. M.l, BepOosuii A. €'

! Cymchkuit neprxasuuii yaisepcnrer, By Pumcskoro-Kopcakosa, 2, M. Cymn, 40007, Vipaina;
2 Texuiunuii yHiBepcuteT M. Komrie, Byn. baeposa, 1, M. IIpemios, 08001, CnoBauurna

Anoranist. CTaTTs NPHUCBSIYEHA YTOYHEHHIO YMCIIOBOI MOJIENI JOCHIIKEHHS POTOPHUX CHCTEM TYpOOHAaCOCHUX
arperaTiB piAMHHUX PaKeTHHX IBHUTYHIB, IO 0a3yeThCs Ha ypaxyBaHHI 0OepTaHHS BaJONPOBOIY Ta MOJATIUBOCTI
€JIEMEHTIB MiJIINITHAKOBUX OIOp. 3alpONOHOBAHO CYYaCHHH TIIXiJ 1O MOCTIKEHHS HENHIMHUX peakmii y
MAMUITHAKOBAX OTOpax POTOPIB TypOOHACOCHHMX arperariB piIWHHUX PAaKETHHX ABUTYHIB. JlOCHiIKEHO W’'SATh
MoOJleNieii KOHTAKTHOI B3a€MOJil Ta TIPEICTABICHO BIiAMOBIMHI TOPIBHAIBHI XapaKTEPUCTHKH IKOPCTKOCTEH
IIMINITHUKOBHUX ONop. BpaxoBaHa reomeTpist Kopiyca Ta BiAIIOBiZHA CKJIaJeHa BiINOBiJHA KOHCTPYyKILiiiHA cxema
JUTSL KOXKHOT OTIOpH, 10 0a3yeThCsl Ha CKIIaJalbHOMY KPECIeHHI TypOOHACOCHOTO arperaty. Y paxyBaHHs oOepTaHHs
BaJla 3IHCHEHO WUIIXOM MpPHKIAJaHHA CHJ iHepuii 10 BHYTpimHboi o6oiiMu migmmmHuka. [loGymoBaHO
eKCIIEPIMEHTAIbHI TOYKM 3aJIeKHOCTI «HABAHTAKEHHS — TMEpeMillleHHs» naiarpaMud “F — Vv’ 3a JIOIOMOTOIO
PO3paxoBaHMX JaHHX SIK MACHBY Pe3yJIbTaTiB MOJEIIOBAHHS, OTPUMAHHX i3 3aCTOCYBAaHHAM IIPOTPAMHOT0 KOMILIIEKCY
ANSYS. V pe3ynbTari 4HCIOBOTO MOJEIIOBAHHS, Y TOMY YHCII HABAaHTa)KCHHS OMOPHOTO IIANIMITHMKA 332 CXEMOIO
«BiJ1aNieHa cuila» B IMPOKOMY Jliana3oHi 4acToT o0epTaHHs pOTOpa, BU3HAUCHI BIANOBIIHI pajiialibHi epeMillleHHs.
3anporoHOBaHO HOBHUIl MiAXiA 0 OLIHKHM KOE(II[i€HTIB )KOPCTKOCTI MiJUIMITHUKIB HA OCHOBI MPOLEAYPH JIiHIHHOT
perpecii. ¥ pe3ynbrati OTpUMaHi 3HaYCHHS KOS(iLi€HTIB, 110 alPOKCUMYIOTHCS TOJIIHOMaMH JIPYTOi CTEeTeHi.

Kawuosi cioBa: Ansys Workbench, monepense ocboBe HaBaHTa)KCHHS, BIIIIEHTPOBA CHIIA, KOHTAKTHA B3a€EMOJIs,
CKIHYEHHOEJIEMEHTHHU I aHaJi3, YMCIIOBE MOICIIOBAHHS, Bi/[aJieHa CHJIa, XapAKTEePHUCTHKH )KOPCTKOCTI.
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Abstract. In this work, the Galerkin—Vlasov method was used to solve the governing partial differential equation
of equilibrium for isotropic sandwich plates with simply supported edges (x = £a, y = +b) and under uniform load on
the plate domain (—q < x <a, —b < y < b). Vlasov procedure was adopted in choosing the displacement shape func-

tions as orthogonal eigen functions of dynamic Euler Bernoulli beams with equivalent spans, simple supports and
loading as the plate. The resulting Galerkin-Vlasov equation was solved to obtain the unknown generalised shape
function. It was found that the deflections obtained were exact solutions to the problem of bending isotropic sandwich
plates. The deflection was found to be made up of two components: flexural deformation and shear deformation.

Keywords: isotropic sandwich plate; Galerkin—Vlasov method; governing differential equation of equilibrium; or-
thogonal eigen functions; generalized displacements parameters.

1 Introduction Due to the thick core, the use of the Kirchhoff
(classical) plate theory results in an underestimation

The idea of sandwich construction in the use of com-  of the deflections since it does not account for the
posite structures has become very popular due to the de-  affect of the transverse shear deformation. The sim-
velopment of man-made cellular materials as core materi-  plest shear deformable plate theories that takes cogni-

als. Sandwich structures are composite structures made up ~ zance of the transverse shear deformation effect are
of a pair of thin stiff, strong skins (called faces, facings or ~ the Reissner and the Mindlin first order shear defor-
covers) a thick light weight core to separate the skins and  mation plate theories.

carry loads from one skin to the other and an adhesive jg

Facing

attachment capable of transmitting shear and axial loads
to and from the core (Petras, 1998). Figures 1-2 show
typical cross-sectional view and three dimensional view

Facing

Core

of a sandwich plate. Sandwich plates are plates made of
three layers, the top and bottom layers (called facings) are
usually thin and are made from high strength material
while the thick middle layer (called core) is made from a Figure 1 — Typical cross-sections of a sandwich plate
relatively light and low strength material (Magnucka—

Blandzi and Wittenborg, 2013). The motivation for use of

sandwich plate as a structural material is two fold. First,

in plate bending theory, the maximum normal stresses

occur at the top and bottom surfaces. Hence it is sensible Core

using high strength materials at the top and bottom and

low and light weight materials in the middle. Second, the

bending resistance for a plate is proportional to the value Facing

of the thickness. Thus, increasing the thickness by adding
a core in the middle increases the flexural resistance.
(Kormanikova and Mamuzic, 2011).

v

Figure 2 — 3D view of isotropic sandwich plate
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The maximum shear stress generally occurs in the
middle of the sandwich plate, requiring a core to resist the
shear.

The most commonly used sandwich plate theory is lin-
ear, and is an extension of the first order shear defor-
mation plate theory. Linear sandwich plate theory is of
vital importance in the analysis and design of sandwich
panels which are frequently encountered in building con-
struction, vehicle construction, airplane construction and
refrigeration systems. (Liaw Boen Dar, 1965, Balken et al
2010). Some advantages of sandwich plates are (Allen,
1969; Vinson, 2001; Raville, 1955):

— sandwich plates have composite cross-sections with a
considerably higher shear strength to weight ratio than the
equivalent non composite plate. The composite plate also
has a higher tensile strength to weight ratio;

—the high stiffness of the face sheet results in high
bending strength to weight ratio for the composite plate.

The advantages in weight and bending stiffness make
sandwich plates attractive in many applications.

Sandwich plates have found widespread application in
the aircraft industry for both civil and military aircrafts, in
the structure of missiles and satellites. Magnueka — Blan-
dzi and Wittenbeek (2013) formulated equations for the
mathematical model of a sandwich circular plate consist-
ing of two facings and a core with variable mechanical
properties. They derived their equation using the principle
of total potential energy. Wang (1995) derived the gov-
erning equilibrium equations for sandwich plates on the
basis of the Reissner—-Mindlin shear deformation plate
theory, and presented exact relationships between the
deflections of isotropic sandwich plates and their corre-
sponding Kirchhoff plates.

Kormenikova and Manuzic (2011) used the shear de-
formation plate laminate theory for sandwich plates by
neglecting the membrane and bending deformations in the
core and the shear deformation in the findings.

2 Research Methodology

2.1 Theoretical framework

The governing differential equation of equilibrium of
rectangular sandwich plates can be obtained by ignoring
the non linear terms in the Reissner’s plate equation,
(Liaw Boen Dar, 1968) thus,

4 4 4
vy @, O O, o)
ot axzﬁyz 8y4

w(x, y) is the transverse displacement; p is the dis-
tributed transverse load; D, is the shear modulus; D is
the flexural modulus.

Equation (1) can be expressed as:

Viw(x, y) = p(xT’y) - D% V2p(x,y) (©)

\)

Fwery) Sty Fweey) | peey)  Lga o0l (7)
ot 6x26y2 ayll D

s

2.2  Methodology

The rectangular sandwich plate (2ax2b) shown in
Figure 3 and subject to uniform transverse load p, on the
entire domain was considered. The region of Cartesian
coordinates was taken at the plate centre due to symmetry
of the plate and the load.

My

J (0,0)
1y

2a

=Y

o~

-

A 2N
7777

Figure 3 — Simply supported rectangular sandwich plate
under uniformly distributed load

By the Galerkin—Vlasov variational method, w(x, y)
and p(x, y) were considered as linear combinations of
orthogonal eigen functions of vibrating simply supported
Euler beams of spans 2a and 2b with simple supports at
x=-a;x =a;y=-b;y = b. The boundary conditions for
the simply supported sandwich plates are:

w(x =%a,y)=0; (8)
DV?V2y = p(x,y)— EVzp(x, y)» 1
Dy o*w
wxx(x=ia,y)=a—2(x=ia,y):0; (&)
where X
Dv _ hGC : (2) W(X, y= ib) =0; (10)
3 O*w
_ Eh : 3) wyy (X, y:ib):a_z(x’ y=1b)=0- (11)
12(1-p?) 4
) ) By the Vlasov method, suitable shape functions chosen
v2 = 6_ + 6_ ; @ as the eigen functions of vibrating Euler-Bernoulli beams
ot oy are found by applying Equations (8)—(11) on
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12)

w(x) = ¢y sinayx+ ¢, cosPyx;

b a

[ [ FroF,0Gmady =15 (22)
and ~b-a
T . b a
W) = c38in 0y + ¢4 0SBy (13) [ [ EnF,0Gi(0G, (dxdy =1, (23)
where ¢, ¢,, ¢; and ¢4 are constants and ¢; and f; are to be ~ba
determined, i = {1; 2}. a
Hence, j [ Er(0G) (0G, () dxdy = I3 24
-b-a
Fm(x):cosn;—m, m={1,3,5,7} (14 b
’ [ ] B2ociasas =1, 25)
,b,
G,(y) =cos 2 n={1,3,57}. (15) ‘
2b b a ]
" 2 — 5 2
Following Kantorovich technique, w(x, y) and p(x, y) are Jh J En(0)Ey ()G (y) dxdy = Is (26)
considered as variable separable functions ¢
b a
e F2()Gp(3)G, (y)dxdy = Ig - @n
W) = 2 D W ()G, () (16) L] P0G 00y ) dy =1
m n
w o Then
POLY) = DD PnFon (DG, () - a7
mn wm”(11+212+13):p—g"l4—%(15+16)§ (28)
The Galerkin — Vlasov variational integral becomes: ’
b a 4 4
I I{[ a +2 2 ]zzwmn m(x)G (y)__zzpmn (X)Gn(y) pmn 14 pmn (15 +16)
o e ax ay e e W = _ s ; (29)
mn
Iy +21, +13) Uy +2, +13)
T 1 [a a jzzpmn mnGn}F,(X)Gj(y)dXdy:O (18) 1 2 3 1 2 3
x 'y m n
g s Pmin I Pmn Is+1 . 30
e o ) et o

)3 mnH

m n —b-a

t o7 ijU)G,l(y)F(X)G (v)dxxy = Zzp’”” j jF (x)
y

([t »
f J(J 19)

G, ()F;(x)G;(y) dxdy —Zz’ﬂ + g]Fm(x)Gn(ny)G_,-(y)dxdy

Using the Wolfram Mathematica integration software,

w D5 2 mtn? mu\t .
. e . . . I, = ab=|—| ab: (3D
Simplification yields for particular integer values of m 1 164t 2a
and n,
2 2 2 2 4
(I , o I :_("”‘) a— (”") p=tMT_ b (32)
Won | [ CEat (G, (DF (06 1 (3) + 2 ()G (0)F (X)G ; (3) + By (¥)G! () (¥)G (3 )lxdy 2a 2b 1642h2
-b-a
b a
Pon | [ Fu ()G, (DF ()G ;(y)dlxdy — Lo ”’"" j j(F”(x)G (MG;(N)G;(y) 7. = n'z® ba (33)
-b-a V —b-a 3 4
16b
. ) 20
+ F,y (DG F ()G, () ddy (20) I = ab (34)
The orthogonality properties of the integrals of the eig- ) 9
en functions F,,(x) and G,(y) lead to the simplification of Is = —ba mm . 35)
the Galerkin — Vlasov variational integral to obtain: 4a’
b a . ) 2_2
W | [ (B COF,(0GE(3) + 2B (O, ()G ()G, () + F2(OGE (G, (y)dxdy Ig = —ba"—-. (36)
b a 4b
pmn
or uniform 1stributed transverse load of intensit
Jb J P02y For uniformly distributed load of intensity
b a - 21) po over the entire plate domain,
= [ [ (B 0F, (GR0) + E2GH(0)G, sy ¢ e
Dy bla m+n—
16po
P = SN (37)
Let e
Using the integrals, and Equation (37), we obtain
Journal of Engineering Sciences, Volume 5, Issue 1 (2018), pp. D 15-D 19 D17



256 -1 (m+n-2)/2 .
Po(=1) cos ™ o Y5

co
. w2 a2 2 2a 2b
Drn mn(2+2]
a b

wi )=y

(38)

0
wh =%

m

0
n
64p0(_1)(m+n—2)/2

2 2
I%H[W{ﬂ?+ng
a b

2.3 Maximum deflection

) 1)(m+n—2)/2 . (41)

max

64p oooo(_
=AY

D™ S m?  n?
a b

The values of maximum deflection for the flexural and
shear components are calculated for various values of
aspect ratio, and presented in Table 1 for various ratios of
D/D;. The convergence properties of the deflation func-
tions Equations (37)—(38) are illustrated by considering
the m, n terms in the series of maximum deflection for the

w

The maximum deflection occurs at the plate centre, and thecage of square plates (b/a = 1) and shown in Table 2.

components are given by:

» @ (40)
5 %)

m n

w,

256p0(71)(m+n—2)/2 B 256])0 © 00 (_1)(m+nfz)/2
2 2
n n

6 m? Dr® Wy m? :
Dn°| mn —*t3 mn| —-+—
a b a b

Table 1 — Maximum deflection coefficients for the centre of uniformly loaded
sandwich plates (2a x 2b) with simply supported edges (x = *a; y = £b)

2

2 2
aEae ﬁL&ﬁ?& : : : :
s anax (X Pod j quax (X Pod ] Wi [x Pod J WE;BX (X Mj
D D D D
1.0| 6.496-1072 28.48-1072 28.48-1072 2.848-1072 1.424-1072 0.5696- 1072
12| 9.024.1072 34.72-1072 34.720-1072 3.4720-1072 1.7360-107> 0.69440-1072
14| 11.280-1072 38.68-107> 38.68-1072 3.868-1072 1.934.1072 0.7736-107>
1.6 | 13.280-1072 41.68-1072 41.68-1072 4.168-1072 2.084-107 0.8336-107>
1.8 | 14.896-1072 43.92-1072 43.92.1072 4.392-1072 2.196-107> 0.8784-107>
20| 16208107 45.56-1072 45.56-1072 4.556-1072 2.278-1072 0.9112-1072
3.0| 19.568-107 49.08-1072 49.08-1072 4.9080-1072 2.454-1072 0.9816-1072
40| 20512107 49.80-1072 49.80-1072 4.980-1072 2.49-1072 0.9960- 1072
50| 20752107 49.96-1072 49.96-1072 4.996-1072 2.498-1072 0.9992-1072
o | 20.832-1072 50.00-1072 50.00-1072 5.000-1072 2.500-1072 1.0000- 1072

Table 2 — Convergence characteristics of w' and w* for b/a = 1

4
1 1 6.657 32.851
3 1 6.568 30.661
1 3 6.479 28.470
3 3 6.489 28.876
3 5 6.487 28.748
5 3 6.486 28.619
5 5 6.486 28.671
5 7 6.486 28.646
7 5 6.486 28.620
7 7 6.486 28.634

3 Results and Discussion

The governing partial differential equation of equilib-
rium of rectangular isotropic sandwich plate with simply
supported edges (x = a; y = +b) given by Equation (1)
has been solved to obtain the unknown deflections for the

case of uniformly distributed load over the entire
plate. Vlasov procedure was adopted to choose the
shape functions as the orthogonal eigen functions of
vibrating Euler Bernoulli beams as Equations (14)
and (15). The Galerkin — Vlasov variational integral
was obtained as Equation (18). Simplifications by use
of the orthogonality of the eigen basis functions and
integrations yielded the solution for the unknown
generalized displacement coordinates as Equation
(30).

It was observed that the solution for displacements
showed there are two displacement components;
flexural displacements and shear displacements. For
uniform loads, the flexural displacements were ob-
tained as Equation (40) and the shear displacements
as Equation (41). The series obtained for the dis-
placements were rapidly convergent and the conver-
gent solutions after five (5) terms of the series for
different aspect ratios were calculated and presented
in Table 1. The table shows that as the ratio Ds/D
increases, the contribution of shear deformation to the
overall deformation of the sandwich plate reduces.

D18
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Table 2 illustrates that the expression for flexural compo-
nent of deflection converges faster than the expression for
the shear component. Convergence to the exact flexural
component is achieved for m = n= 5, while that for the
shear component is achieved for higher values of m, n.
The Galerkin Vlasov solutions obtained in this study were
in exact agreement with solutions obtained for simply
supported isotropic sandwich plates by Plantema, (1966)
who used a Navier series method.

4 Conclusions

The Galerkin—Vlasov method has been successfully
used to solve the governing partial differential equations
of isotropic sandwich plates with simply supported edges
(x = £a; y = £b) under uniformly distributed load.
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Merton I'anbopkina—BiacoBa 1Jis1 aHanizy HanpyxeHo-1e(GpopMOBaHOIO CTaHy

PIBHOMipHO HABAHTAKEHOI i30TPONHOI IAPYBATOI IVIACTUHH
Mama B. O.', Ike 4. 4.%*

! Hirepiitchkuit yrisepcuter, M. Heykka, 410101, IlItar Enyry, Hirepis;
2 JlepskaBHuii yHiBepcnTeT HayKH i TexHoorii M. Exyry , [.LM.B. 01660, M. Enyry, Hirepis

AHoTanig. Y po6oTti 3acrocoBaHo Meron [anbopkina—BiacoBa 1 po3s’sizaHHS JudepeHLiasbHUX PiBHSHbD
pIBHOBaru i30TPONHHX IIAPYyBAaTHX IUIACTUH 3 PIBHOMIPHO HaBAaHT)KEHHMH MIAPHIPHO OMEPTUMH KpasMu (X = *a;
y =1b). Obpana nponenypa BmacoBa mis Bu3HaueHHS (QyHKIIH GOpMH SIK OPTOTOHATHHHX BIAcHMX (YHKIIH 3a
mozemmo Eitnepa—beprymi a1 BUnaaKy mapHipHAX ONOp i pIBHOMIPHOTO HAaBaHTAXKEHHs. Pe3ynbTyioue piBHSHHS
lanpopkina—BnacoBa po3B’si3aHe 3 METO BH3HAYCHHS HEBiomol (yHKIIT y3aransHeHoi popmu. BeranoBneHo, mo
OTpUMaHi NepeMillleHHs € TOYHUMH PIllIeHHSAMH 3aJia4i PO BUTHH i30TPOIHUX IIAPYBaTHX IUIACTUH. BusBieHo, 1o
HepeMilleHHs CKJIaJAl0ThCs 3 IBOX KOMITIOHEHTIB: 3rHHANBHOT AedopMarii Ta nedopmarii 3cysy.

KirouoBi cioBa: i3oTponHa mapysata ractuia; Meton 'anbopkiHa—BiacoBa; piBHAHHS PiBHOBaru; OpTOrOHAIIbHI

BJIacHI (QYHKIIIT; y3araJbHEHi mapaMeTpH.
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Abstract. In this paper we have investigated compact printed semicircular disc monopole antenna, which is basi-
cally printed microstrip antenna with etched ground plane for UWB applications. In particular we have simulated
very compact semicircular disc monopole antennas for UWB communication. Simple rectangular microstrip line is
used for feeding the printed monopole antenna and its frequency bandwidth under —10 dB return loss is ranging from
3 GHz to 11.6 GHz. This compact printed monopole antenna works well for the whole UWB frequency band

3.1-10.6 GHz.

Keywords: UWB, semicircular printed monopole antenna, microstrip line.

1 Introduction

Ultra-Wideband (UWB) commonly refers to signal or
system that either has a large relative bandwidth (BW) or
a large absolute bandwidth [1-4]. Such a large BW offers
specific advantages with respect to signal robustness,
information content and/or implementation simplicity.
But such systems have some fundamental differences
from the conventional narrowband systems. The Federal
communications Commission (FCC) has designated the
3.1 to 10.6 GHz band with Effective Isotropic Radiated
Power (EIRP) below —40dbm/kHz for UWB Communi-
cations.

2 Literature Review

Some UWB antennas are much more complex than
other existing single band, dual band and multi-band
antennas [5, 6]. Most of the UWB monopole antennas are
investigated till today is non-planar as in [7, 8] and due to
its protruded structure they cannot be integrated with
integrated circuits and they are fragile. Few researchers
have also studied printed monopole Antennas

In this paper, we will investigate UWB antenna, which
is basically a printed microstrip antenna with etched
ground plane. First we will investigate in depth the semi-
circular disk printed monopole antenna for UWB applica-
tions. For getting compactness, we have etched the half of
the part of circular patch without disturbing the band-
width as well as antenna parameter. We have used con-

ventional rectangular microstrip lines as feed lines for
printed UWB antennas which are properly matched to the
antenna impedance. In future we will also investigate
other broadband matching techniques to further improve
the UWB performance of the printed monopole antennas
[9-11]. CAD-FEKO simulation software has been em-
ployed for obtaining the simulation results.

3 Research Methodology

This modified UWB monopole antenna is designed di-
rectly from the circular disc UWB-Monopole antenna
with some modifications in the patch shape as shown in
Figure 1. We have used the same FR4 substrate with 4.4
relative permittivity and 1.6 mm thickness. The real part
of antenna impedance is exactly 50 Q at 8.5 GHz and
10.8 GHz when the imaginary part of antenna impedance
cross zero. The final optimal dimensions of the UWB-
monopole antenna are:

— dimensions of patch: radius r = 12 mm; metal thick-
ness 0.035 mm;

— dimensions of substrate: W, = 34 mm; L, = 50 mm;

— dimensions of ground: W, = 34 mm; L, = 26 mm;

— microstrip line: W5 = 2.6 mm; L3 = 27.5 mm, where
g is a gap between the ground plane and patch.

After doing an extensive simulation study, we have
fixed the dimensions of UWB monopole antenna and the
value of g as 1 mm. The antenna impedance, fiy, frien and
radiation efficiency are tabulated in Table 1. Note that
proposed semicircular disc Monopole antenna is more
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compact and high efficient antenna for UWB applica-
tions. It has maximum directivity at —26° and 180° at
3 GHz and at the frequency 10.6 GHz, it has been tilted
to 10° and —26.4° as frequency increases it is slightly
titled with 5° to 10°. The H-plane radiation pattern on the
other hand is purely omni-directional pattern throughout
the band of frequencies.

, L1
L2

Ground

Microstrip Line Feed|

2pNSANS $¥d
M =M

Figure 1 — Geometry of Circular UWB Antenna

.00,

4 Results

The simulated 3D radiation patterns of the proposed
antenna at 3.1, 5, 8, 9, 10.6 and 11.2 GHz are shown in
Figures 2—4. The radiation pattern looks like a doughnut,
similar to that of a dipole pattern, at the first resonant
frequency, i. e. 3 GHz. At the second resonant frequency
i.e. at 5 GHz and the third resonance frequency, i. e. at
8 GHz the radiation pattern is somewhat like pinched
doughnut (i.e. omni directional). As the frequency moves
toward the upper end of the bandwidth the radiation pat-
tern is some what slightly distorted as it reaches higher
frequencies (i. €.10.6 GHz and 11.2 GHz.).

The transition of the radiation patterns from a simple
doughnut at the lower frequencies to the slowly distorted
radiation patterns at the higher resonances indicates that
this antenna must have gone through major changes in its
behavior but it had omni directionality, this was possible
because of the partial ground plane i.e. ‘g’ the gap be-
tween the ground plane and the patch which was a major
factor for perfect impedance matching of the antenna, due
to the proper impedance matching the antenna has very
less reflections. As the impedance matching was good the
radiation power and radiation intensity were very high.

150 00
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Figure 2 — Return losses (a) and antenna impedance (b)
Table 1 — Parameters of the Circular Disc UWB monopole Antenna
Antenna Max U, .
g, mm | Fj,,, GHz | F,,, GHz Impedance, Q Piev W | Praas W W/Sr Peak Gain n, %
0.8 3.2 11.5 50 0.98 0.88 0.13 1.69 89.6
1 3 11.6 50 0.97 0.87 0.13 1.64 89.3

Figure 3 — 3D Radiation Plots
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Figure 4 — E-plane (a) and H-plane (b) radiation patterns

5 Conclusions

In this paper, the printed semicircular disc UWB mon-
opole antenna with huge bandwidth has been investigat-
ed, which is basically the printed microstrip antenna with
the etched ground plane. Printed UWB monopole anten-
nas are less fragile, planar and can be integrated with the
integrated circuits unlike monopole antennas which have
non-planar or protruded structures above the
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Mopaudikoana minocka kpyropa UWB-anrena

[Minnanamappi, JI.

Binnin enekTpoHiku Ta 3B’s3Ky, JIaboparopist paaio4acToT i MiKpoXBWIIb, M. Xaiinapadan, [Hmis

AHoTanist. Y po0OTi T0CHiKEHO KOMIIAKTHY APYKOBaHY HaIiBKPYIJTy AUCKOBY aHTeHY, o € UWB-anrtenoro i3
3a3eMJICHHAM. 30KpeMa, 3MOJENbOBAHO IyXKe KOMIAKTHI aHTEHH 3 HamiBKpyraumu auckamu it UWB-3B’s3ky.
ITpocta IpsIMOKYTHA MiKpOIIOJIOCKOBAs JiHisl BAKOPUCTOBYETHCS I JKUBJICHHS aHTEHU 3 YAaCTOTHOIO HPOITYCKHOIO
cmyroto —10 nb i3 Brparamu Bin 3 I'T'o no 11.6 I'Tu. s moaudikoBana anTeHa 1oOpe MpaIfoe s BCHOTO Aiana3oHy
UWB-uacror 3.1-10.6 GHz.

Kiwuogi cioBa: UWB, MoaudikoBaHa aHTeHa, MiKPOIIOJIOCKOBAs JIiHIS.
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Abstract. At gas distribution stations, a large amount of energy of compressed gases is lost. In such cases, the use-

ful power is obtained with the aid of a turboexpander. The problem is that there is a great need for turboexpanders
with a capacity of up to 500700 kW. For these capacities, the turboexpander with the use of classical turbines turns
out to be high-speed, complex, expensive, with a payback period that is more than two years. The solution of this

problem is seen in the creation of turboexpander installations based on vortex machines.

A promising type of vortex expansion machines are side channel machines. Results of studies of vortex hydraulic
turbines with side channel showed high values of the efficiency.

The goal of this research is study of the working process of vortex expansion machine with side channel by per-
forming a computational experiment in the ANSYS CFX software package.

The results of the research showed that the efficiency of vortex expansion machine with side channel is greater
than in vortex expansion machine with peripheral channel (real experiment).

Keywords: vortex expansion machine, efficiency, turboexpander, computational experiment, ANSYS CFX, working

process.

1 Introduction

At gas distribution stations necessarily installed throt-
tle devices, in which a large amount of energy of com-
pressed gases is lost. As a rule, in such cases, the useful
power is obtained with the help of a turboexpander.

The problem is that there is a big need for turbo ex-
pander with a capacity of 500-700 kW. For these capaci-
ties turboexpander with classical turbines turns out to be
high-speed, complex, and expensive, with a payback
period of more than two years. Key of solving this prob-
lem is turboexpander based on vortex machines.

However, it is advisable to use machines of this type
not only in turboexpander units. The vortex expansion
machines have the potential to be used in various pneu-
matic devices.

2 Literature Review

Literary analysis showed that knows three main types
of vortex expansion machines: with peripheral channel,
with side channel and with peripheral-side channel. flow-
ing parts of vortex expansion machines can be single-
channel, dual-channel and multichannel.

For compressed fluids, the most studied are vortex ex-
pansion machines with peripheral channel [1-3, 6]. Vor-
tex expansion machines with side channel are practically
unexplored.

For incompressible fluids known researches of vortex
hydraulic turbines with side channel [5, 6]. In particular,
known the results of experimental tests of vortex ma-
chines what working on water. Tests were conducted for
the following types of flowing part:

— with side round channel (open and closed types);

— with side rectangular channel of closed type;

— with external peripheral channel.

According to the results of the tests:

— efficiency of vortex machine with side round channel
of the closed type with the optimal mode is 54 %;

— with a coefficient of fastness n; = 4, the power of
vortex machine with side round channel of a closed type
is 7 times greater than the power of an axial partial tur-
bine with the same dimensions and rotational speed;

— efficiency of vortex machine with a rectangular
channel is smaller than with a round;

— efficiency of the stage with external peripheral chan-
nel in the optimal mode is 13 %.
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Thus, in these researches [4] declares the advantage of
vortex machines with side channel over machines with
external peripheral channel, what working on water.

Also known researches of vortex machines what work-
ing on gas.

According to researches of vortex machine with inter-
nal peripheral channel [1], the application of this type of
flowing part can increase the efficiency of the machine by
25-30 %.

Vortex machine with external peripheral channel is
considered the most technologically and constructively
simple. The application of the nozzle in the design of the
turbine and the optimization of flowing part allowed to
arrange the flow of gas at the inlet section and along the
length of flowing part, and to increase the efficiency of
the turbine from 10 % to 30-35 % [2, 3].

Considering the possibility of a significant increase in
the efficiency of vortex machine with peripheral channel,
and high values of the efficiency of vortex hydraulic tur-
bines with side channel, it seems advisable to study vor-
tex expansion machines with side channel what working
on water.

3 Research Methodology

3.1 Incoming data

The goal of this research is study of the working pro-
cess of vortex expansion machine with side channel due a
computational experiment. Virtual model (Fig. 1) of vor-
tex expansion machine with side channel based on an
experimental model of a vortex pneumatic expansion
machine with external peripheral channel [2].

Figure 1 — Constructive scheme of the virtual model

The main geometric parameters of the virtual model
were taken from [2], as parameters of modes with a high
level of efficiency. Geometric parameters and input data
for calculation are presented in Table 1 and Table 2, re-
spectively.

Table 1 — Geometric parameters of the virtual model

Name Value

Average diameter of the impeller, D 180 mm
Diameter of meridional intersection of

. 22 mm
flow section, d
Angle of blades (the angle between the
edge of the shoulder blade and the axis 10°
perpendicular to the axis of rotation of
impeller) 5,
Angle of inclination of blades (angle be-
tween axis of blades and direction, reverse 50°
direction of circumferential speed of im-
peller),
Number of blades, z 48
Angle of gas flow from nozzle to edge of 40°
impeller, o
Diameter of outlet of nozzle, d; 12 mm
The value of displacement of the axis of 1 mm
nozzle along the width of side channel, a

Table 2 — Incoming data

Test mode

Parameter
1 2 3 4 5 6 7

Total inlet
pressure 1.53 | 1.87 |2.16 | 2.58 | 3.25 | 3.87 | 3.60
P;-107, Pa

Pressure 146 | 1.74 [ 1.93 [2.19|2.49 | 2.73 | 2.53

reduction, /7

Total inlet

temperature 298
Tl*, K
Rotational
otationa 4000 5000 6000
speed, rpm
Working fluid Viscous air

3.2 Methodology

Research methodology was taken from [4]. A compu-
tational experiment was carried out in the ANSYS CFX
software. Verification of the results of a computational
experiment in ANSYS CFX with the results of a physical
experiment for a vortex expansion machine with external
peripheral channel was performed [4]. Verification
showed the possibility of using ANSYS CFX for the
study of vortex expansion machines.

The calculation process consists of five main stages:

1. Creation of a geometric model (CAD-model).

2. Creation of a virtual model of expansion machine
based on a geometric model in a grid generator ANSYS
Meshing (number of elements more than 1.5 million).

3. Creation of a virtual model from a grid by imposing
settlement conditions. The simulation of turbulent effects
was carried out using the SST model. As input data for
calculations were taken: total inlet pressure, total inlet
temperature and static outlet pressure. The working fluid
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is a viscous compressed air. Roofing of the walls of the
flow part — 6.3 um.

4. Search for solutions. At this stage, the search for
such parameter values in each calculation element is per-
formed so that the entire calculated zone has the maxi-
mum correct equation of flows. A solution is considered
to be found when the value of the mean-square residual
does not exceed 104, as well as no significant fluctua-
tions in the values of the output parameters (torque, mass
flow, outlet temperature).

5. Analysis of results of calculation. The calculation of
necessary parameters (efficiency, torque, flow, power,
temperature, pressure) is organized. Also, we obtain the
flow visualization and the distribution of parameters
along length of flowing part. The model takes into ac-
count the effect of flow in the gap between the cutter and
impeller.

Assumption: gaps between housing and impeller is not
modeled; no heat exchange with the environment; flow
parameters are considered to be evenly distributed over
the inlet cross section.

Efficiency during computational experiment is deter-
mined by the formula:

2@ (D

M, — torque on the shaft of expansion machine, N-m;

o — angular rotational speed of the impeller, rad/s;

m — mass flow, kg/s;

h, — specific isenthropic difference of enthalpy, J/kg.

Specific isentropic difference of enthalpy is deter-
mined by the formula:

ko
h=— R ] )
k-1

k — isentrope index of the working fluid;

R — specific gas constant, J/(kg-K);

T;* — total inlet temperature, K;

1T — pressure reduction.

Values h, and @ are determined by the input data, and
values M, and m are obtained as a result of computational
experiments.

4 Results and Discussion

At the first stage, computational experiment was con-
ducted in steady-state mode, on the second - in transient
mode.

Table 3 — Results of computational experiment

Steady-state mode
Mode Ma;:;lsow, Torque, N-m P(l)(“;r’ Efficiency
1 0.022 0.580 0.24 0.366
2 0.028 1.024 0.43 0.347
3 0.036 1.256 0.66 0.357
4 0.043 1.700 0.89 0.345
5 0.055 2.325 1.22 0.323
6 0.067 3.008 1.58 0.315
7 0.066 2.480 1.56 0.338
Table 4 — Results of real experiment [2]
Real experiment
Mode MaingOW, Torque, N-m Pcl)(v\iler, Efficiency
1 0.023 0.525 0.22 0.315
2 0.030 1.002 0.42 0.32
3 0.039 1.164 0.61 0.305
4 0.049 1.698 0.89 0.305
5 0.063 2.405 1.26 0.29
6 0.104 4313 2.26 0.29
7 0.074 2.309 1.45 0.28

As we see, the value of the efficiency of vortex expan-
sion machine with side channel (computational experi-
ment) is higher than efficiency of vortex expansion ma-
chine with peripheral channel (real experiment) in all
modes. Such results show that vortex expansion machine
with side channel is a promising type of such machines.

The data of visualization of flow and distribution of to-
tal temperature along the length of flowing part of vortex
expansion machine were analysed (Fig. 2—4).

The values of total temperature were taken on a plane
between rotor and stator on the average diameter of im-
peller. Figure 2 shows that on the segment 0°-150° total
temperature is not changing, and on the segment 150°—
330° change in total temperature is much higher. Conse-
quently, the main energy transfer from flow to impeller of
vortex expansion machine with side channel occurs on
the segment 150°-330° unlike the vortex expansion ma-
chine with the peripheral channel [4].

Figures 3—4 present visualization of flows of two
modes with different efficiency. As seen, better organized
longitudinal-vortex movement along the length of flow-
ing part has more efficiently working process of the vor-
tex expansion machine.
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5 Conclusions

Experiment in steady-state mode in all modes had high
values of absolute residuals. However, all of them are
localized in the area of the shut-off, what indicates the
complex and uncertain nature of flow in this area of flow-
ing part.

Experiment in transient mode failed, solutions were
not found on all modes. Experiment in transient mode in
essence should be the most accurate and closest to the
real work process. In addition, the results of the experi-
ment in steady-state mode are input data for the experi-
ment in transient mode. Failure to obtain a solution in a

e transient mode indicates that results of experiment in
I_’, steady-state mode need to be confirmed by a real experi-
0 B 0.070 (m)
—_— ment.
Figure 3 — Visualization of flow of gas in flowing part
(mode 1; efficiency 0.366)
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BUKOPHUCTAHHI KJIACHYHUX TYPOiH BUXOAUTH BHCOKOOOEPTOBUM, CKIAJHUM, TOPOTHM, 3 TEPMIHOM OKYIHOCTI, SKHH
CTaHOBUTH OUIBbIIE ABOX POKiB. BupimenHs miei npoGiemMn BOaYaeThCsl y CTBOPEHHI TypOOIETaHIEPHUX YCTAaHOBOK
Ha OCHOBI BUXPOBHX MalllFH.

[lepcrieKTHBHMM THIIOM BHXPOBHX PO3IIMPIOBAIPHUX MAIIMH € MamlMHU 3 OIYHMM KaHAJIOM, TaK 5K BimoMmi
JOCIHIIKEHHS, pe3yIbTaT! SIKUX MoKa3zanu Bucoki 3HaueHHs KK/] BuxpoBux rinpaBimigyHux TypOiH 3 O14HUM KaHAJIOM.

Mertoro naHoi CTaTTi € JOCTIKEHHA poOOYOTro MpoILecy BUXPOBOI PO3IIMPIOBANBEHOI MAIIMHK 3 O1YHUM KaHAJIOM
[UIIXOM IPOBEICHHS YUCIOBOTO EKCIIEPUMEHTY B porpamMHoMy komiuiekci ANSYS CFX.

Pesynpraté nociipkeHb mokaszand, mo 3HadeHHs KK/ BUXpoBoi po3mIMproBaibHOT MAIIMHU 3 O1YHUM KaHAIOM
OiyIbIIIe HIXK y BUXPOBOI PO3MIMPIOBAILHOT MAllIMHU 3 TIepU(epiiHIM KaHAIOM (peabHUI eKCIIEPUMEHT).

KnrouoBi cioBa: BuxpoBa po3mMploBaibHA MaminHa, KoedillieHT kopucHoi nii, TypOoneraHiep, YHCIOBHIT
excnepumeHT, ANSYS CFX, po6ouwnii mporec.
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Abstract. The structure multicellular converters, which appeared at the beginning of the 1990s, makes it possible
to share the constraints in tension and it also improves the harmonic contents of the wave forms. To benefit as well as
possible from the large potential of the multicellular structure, an appropriate distribution of the voltages crossing
each cell is needed. These converters are drastically used in industry as well as in research. One of the main limita-
tions of these converters is unregulated supply of voltage and current. To overcome these problems there are various

control techniques used in combination with these converters. In this review we summarized few of these control
techniques. Some well known control techniques are PID, sliding mode control and Petri nets control. We have also
paid attention on the advantages and disadvantages of these techniques with basic operating principle.

Keywords: multicellular converter, PID, sliding mode, Petri Nets control.

1 Introduction

Power electronics knew important technological de-
velopments thanks to the improvements of semiconduc-
tors, power components and systems of energy conver-
sion. Among these systems, multicellular converters,
which are built upon a series-association of elementary
commutation cells, are more and more used in industrial
applications. Indeed, they are characterized by their mod-
ularity and high efficiency. However, the major drawback
of this kind of converter is their control complexity. This
structure, which appeared at the end of the 20™ century
[6], makes it possible to share the constraints in tension
and it also improves the harmonic contents of the wave
forms [4].

Moreover, modeling is a very important step for con-
trol laws and observers synthesis. In literature, several
approaches have been considered to develop methods of
control and observation of the multicell converter. Initial-
ly, models have been developed to describe their instan-
taneous [5], harmonic [6] or averaging [1] behaviors.
These various models were used for the development of
control laws in open-loop [10].

This control is very simple, to ensure the functioning
of the converter with pulses delayed by 1/3 to the period
relative to each other. But it can do more to ensure the

stability of tension capacitors. It will be necessary to use
a closed loop control that take into account the evolution
of the capacitor voltages and can meet the requirement to
control and maintain voltage levels defined [2]. In the
other hand, the following model must be adequately sim-
ple to allow real time control but enough precise to
achieve the desired behavior. Because it’s based on con-
tinuous variables and discrete variables, Multicell con-
verter modeling is claimed to be difficult [7, 8]. Accord-
ing to previous studies, three types of models could be
found.

The average model consists of calculating average
value of all variables during one sampling period. Never-
theless, this model cannot represent the capacitors termi-
nal voltage natural balancing. The harmonic model con-
sists of the calculation of the voltage harmonic phases
and amplitudes by considering the charging current in
steady-state operation. The instantaneous model deals
with time-evolution of all variables including the switch
states (discrete location). This model is hard to use as
controllers and observers design is impossible since the
converter is not a continuous system but the mixture of
continuous and discrete systems [2, 3].
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For a better exploitation of controller possibilities, hy-
brid modeling allows multicell converters using analysis
and synthesis powerful tools [9].

Aim of this paper is to have an overview of all the con-
trol techniques used to facilitate the performance of vari-
ous kinds of multicellular converters. We will briefly
discuss the basic concept, advantages and disadvantage of
each control technique throughout this review.

2 Research Methodology

2.1 PID control

The main objective of the PID control law is to regulate
the output current and all voltages across the flying ca-
pacitors.

PID control is one of the oldest and classical control
technique used for DC-DC converters. It uses one of its
families of controllers including P, PD, PI and PID con-
trollers (Figure 1). These different combinations will
gives us various ways to regulate dc power supply in
these converters. Due to the various advantages of PID it
is widely used for industrial applications in the area of
power electronics. One of the main causes for the use of
this classical technique still in industrial applications is
easy implementation of tuning method like Ziegler-
Nichols tuning procedure by which we can easily opti-
mize proportional, integral and derivative term of this
control method needed to achieve a desired closed-loop
performance. A proportional integral derivation controller
is a generic control loop feedback mechanism widely
used in industrial control system as well as in research.
This approach is often viewed as simple, reliable, and
easy to implement.
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Figure 1 — Block diagram of PID controller
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Some important advantages and disadvantages of PID
control technique are:

Advantages of PID controllers:

— they are easy and simple to implement;

— easy to understand;

— reliable for linear systems.

Disadvantages of PID controllers:

— they do not reliable and satisfactorily in case of non-
linear systems;

— it shows longer rise time when overshoot in output
voltage decreases;

—they suffer from dynamic response and produces
overshoot affecting the output voltage regulation of con-
verter.

Applied to a two cells converter [11], it results that the
capacitor voltages and the output current reach the de-
sired reference values without static errors (Figure 2). To
test the robustness of the control the authors consider the
variation of the input voltage and the load resistance.
From these variations, we can deduce that the PID control
law is suitable for the studied converter. Moreover, it
rejects external perturbations and some controlled system
parameters variations. Thus, we can confirm that the PID
control applied to a multicellular converter is robust for
the considered load variation.
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Figure 2 — Floating voltage V¢, V, and E evolutions

2.2  Sliding Mode Control

SM controller is a type of non-linear controller. It is
employed and adopted for controlling variable structured
systems. It is very easy to implement as compared to
other types of nonlinear and classical controllers. Two
important steps in SM control is to design a sliding sur-
face in state space and then prepared a control law to
direct the system state trajectory starting from any arbi-
trary initial state to reach the sliding surface in finite time,
and at the end it should arrive to a point where the system
equilibrium state exists that is in the origin point of the
phase plane. There are three important factors responsible
for the stability of SM controllers, existence, stability,
and hitting condition. Sliding Mode control principle is
graphically represented in Figure 3.
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Figure 3 — Graphical representation of SM control

The sliding line divides the phase plane into two main
regions shown in the figure. Each region is represent by a
switching state and when the trajectory comes at the sys-
tem equilibrium point, in this case the system is consid-
ered as stable system. A unique feature of an ideal sliding
mode control technique is that it operates at infinite
switching frequency. But practical SM controllers are
operated at finite switching frequencies only which repre-
sent a quasi-sliding mode.

Advantages of SM controllers:

— they show good stability for large line and load vari-
ations;

— high robustness;

— fast dynamic response;

— simple and easy implementation.

Disadvantages of SM controllers:

— SM controlled converters suffers from switching fre-
quency variation;

—these controllers are not available in integrated-
circuit (IC) forms for their power electronic applications;

— there is no systematic procedure available for the de-
sign of sliding mode controllers.

Sliding mode control become more and more attractive
to control for multi-cell converter. Applied to a two cells
converter connected to a nonlinear load, the control keeps
the load current constant at the desired /,,; value and the
floating voltages change with the variation of the input
voltage [12] (Figure 4). The control aims to insure the
convergence of switching surfaces S, to zero, to allow the
reaching of the state variables to their references.

In [13] the robustness of the SMC was tested with a
load resistance variation of 50 %. In this paper, the per-
formances of the sliding mode control for load variation

are satisfactory.

a0

ve(V)

Figure 4 — Floating voltage V¢ evolutions obtained
by application of the sliding mode control

2.3 Petri nets control

The method applied to a two cells converter connected
to a nonlinear load is illustrated in Figure 5
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Figure 5 — Global structure of the Petri net control

The control consists of two parts, a continuous and a
discrete. The first is based on a classical PI control loop
for regulating the output voltage. This loop has as input
the error E| = V¢ — Ve and ip,.r as output a current. The
second control loop is done by a Petri net whose mission
is the current regulation I, to value iy, calculated by the
PI. The current regulation is followed by a voltage bal-
ancing to ensure a better distribution of the latter in each
cell. This algorithm is developed in order to control the
system, in case it has an imbalance in the voltage of cells.
The transition from one place to another is dependent on
the voltage state, current i, and chopper configurations.
The closure of the switch of the cell (Celli) depends on
the validation of the transition t;y and the elapsed delay d,.
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This delay models the time allowed between two suc-
cessive commutations, it is based on the technology used
for making the switch. For our work we took the same
delay ie d = d| = d,. In the Petri the role of two arcs inhib-
itors, is to prevent the presence of more than one, token in
places P; and P,.

The imbalance of the cells voltage is one of the major
problems of this type of converter, the de-balancing caus-
es a failure of the voltage source if the string current ex-
ceeds the current permitted entry. Pollution of the power
system harmonics reactions is one of the other conse-
quences of this problem; we will show in the simulation %5 26 27 28 28 3
result the contribution of this approach. In [14], the simu- e we
lation results show the convergence of the current branch
to a neighborhood of the value of the nominal operating
current response times over (Figure 6). The evolution of
the input current exhibited a remarkable performance of

Ve(v)

Figure 6 — Floating voltage v¢ evolutions obtained
by application of the Petri nets control

Petri nets control on pollution network lover converter 5

input to the conventional control. Applied to a two cells 45 o

converter associated to a nonlinear load, the floating ca- Y . R S R [—ivrer] |

pacitor voltage and the output current reach the desired sl 7'L

reference values (Figures 6-7) s .‘l ____________________________________ |
<l

3 Conclusions 12';' """

In this review we provided an overview of control L5 || """""""""""
techniques used for multicellular converters. We briefly 1S o S o I S S
explained the basic concepts of each control techniques. 05 e
We highlighted the advantages and disadvantages of each e
technique. We can conclude that each control techniques fs)
have their own limitations and drawback. It depends on
our need that what kind of control technique is needed for Figure 7 — Current load i; evolutions obtained
particular purpose. There is still scope for the develop- by application of the Petri nets control

ment of more reliable and efficient control technique.
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OrJasig MeToliB KOHTPOJII0 6araTOKOMipKOBOTI0 NepPeTBOPIOBaYa
®. JI>xouaine

VYuiBepcuret M. Hraynnepe, B.P. 454, m. Hraynnepe, Kamepyn

Amnoranisi. KoHCTpyKIIis 6araTokoMipKOBOTO ITepeTBOPIOBaYa, M0 3'1BUIIacs Ha mo4atky 1990-x pokis, gae 3Mory
PO3MOALTUTH OOMEXEHHS HAallPyTH, a TAKOXK IMOKpAIlye TapMOHIYHIHA BMICT XBWIb. 711 MaKCUMaJIbHO €(hEKTHBHOTO
BUKOPHCTAHHS MOTEHIiaTy 0araTOKJIITHHHOI CTPYKTYpH, HEoOXiqHO 3a0e3IeUNTH BigIOBIJHUI PO3MOILUT HANpPyTH
Uil KOXKHOiI Komipku. Taki mepeTBOproBayi IIMPOKO BUKOPHUCTOBYIOTBCS Yy TIPOMHCIOBOCTI M HAayKOBHUX
nociipkeHHsX. OIHUM i3 OCHOBHHX X € HEperyjibOBaHE IOCTa4aHHS HAanpyrd Ta cTpymy. Jlis MOAONaHHS IHMX
mpo0GJieM ICHYIOTh Pi3HI METOAN KepPYyBaHHS, sIKi BUKOPUCTOBYIOTBCS IS LIUX ITEPETBOPIOBayiB. Y il CTaTTi KOPOTKO
OMHMCaHi JesKi 3 IMX MeToHiB KepyBaHHsS. [ledki moOpe Bimomi MeToam KepyBaHHSA — Iie 3actocyBaHHsa [11]]-
perynsiTopa, peXUMy KOB3aHHS, Ta ympaBiiHHA Mepexamu Ilerpi. OcobmmBa yBara mpuaiieHa mepeBaraMm i
HEIOJIIKaM X METOJIB i3 OCHOBHHM IPHHIUIIOM POOOTH.

KirouoBi ciioBa: GaraTokmiTHHHAN epeTBopioBad, [11J]-perynsarop, pexxum KOB3aHHS, YIpaBIiHHI Mepexero [lerpi.
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Abstract. The possibility of using anode earthing in an assembly with a container is considered. Ensuring the in-
tegrity of the pipeline is a topical issue in connection with the environmental and economic consequences. The pro-
cess of pipeline protection is accompanied by the removal of metal particles, at the electronic level. When creating a
potential difference, the current will shift from the anode to the cathode. In the process of this shift electrons from the
anode earthing switch are moved to the pipeline under the influence of an electromagnetic field. It thereby destroying
the anode and expanding the metal elements under protection. Description of galvanic capacitive solution for cathod-
ic protection stations is executed. To exclude the effect of the electrochemical protection on the cathode and, thus,

improve the protection of the pipeline.

Keywords: cathodic protection station, underground metal pipeline, electrochemical corrosion.

1 Introduction

Ensuring the integrity of the pipeline is a topical issue
in connection with the environmental and economic con-
sequences. Currently, one of the effective methods of
protection is the use of cathodic protection stations
(HVAC). The article considers the possibility of using
anode earthing in the assembly with the container. It con-
tains a titanium dioxide magnesium anode, mounted in-
side a galvanized tube and filled with coke oven.

The urgency of considering the use of the anode in the
assembly, in increasing the term of its operation, as well
as improving agro-ecological indicators.

Consider using anode earthing plug in a container as-
sembly. It contains a titanium dioxide magnesium anode,
mounted inside a galvanized tube and filled with coke
oven, which will increase the life of the anode earthing,
as well as improve the agro-ecological parameters. Per-
form a description of the electrical system anode-ground-
object that is protected. Consider the process that gener-
ates protective capability.

2 Materials and Methods

The basis of the work of electrochemical protection is
the process of suppressing the influence of anode currents
cathode due to the work of an external source. When the

current flowing on an object that is protected more than a
drain, an anodizing process occurs.

Anodizing allows you to create a thin, oxide film on
the surface of the metal that acts as a protective layer.
The method is based on the physical properties of the
current of the galvanic pair.

When a difference in potentials between the metals is
created and the current from the tread flies to the protect-
ed object, in our case the pipeline. This process is also
accompanied by the removal of metal particles, at the
electronic level. When creating a potential difference, the
current will shift from the anode to the cathode. In the
process of this shift electrons from the anode earthing
switch are moved to the pipeline under the influence of
an electromagnetic field. It thereby destroying the anode
and expanding the metal elements under protection.

Anodic earthing doped metal (conductor) provided
with a large number of free carriers (electrons) to gener-
ate electric current (Figure 1). The flow of current occurs
due to the motion of electrons from the anode, which is
an anode earthing, under the influence of the electromag-
netic field on the cathode, in the case considered pipeline
[1].

The result of cathodic protection is the excessive for-
mation of ions of hydroxide, that is, the oxidation of the
environment occurs. As a result, a violation of the bal-
ance of salts in the soil, which leads to the formation of
salt deposits on the surface of the pipeline.
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Figure 1 — The classical scheme of cathodic protection

3 Results and Discussion

These factors change the processes of electrochemical
protection on the cathode. Complicating the cathode reac-
tion in a double electric layer, due to diffusion problems
with the transfer of oxygen. Similarly, a decrease in po-
larization current or an increase in polarization resistance,
due to the growth of the layer of sediments near the pro-
tective pipeline [2].

At atomic level, metal is a crystalline lattice, with at-
oms. Which consist of electrons, negatively charged par-
ticles, and positively charged nuclei. Electrons that move
freely and are not bound to the atom are valence elec-
trons. Which and determine the behavior of the substance
during the chemical process. The places where the elec-
trons are absent are weak. If an ion with a missing elec-
tron will interact with the water molecule, the water mol-
ecule will be able to suppress this ion. Such a process will
take place under the action of electrostatic force of gravi-
ty. In addition to the water molecule, which tries to sup-
press the ion of the ferrum, it acts on the free metal elec-
trons that are attracted to the ion of the metal to free elec-
trons. Free electrons return ions. When the process of
dragging the ions comes to equilibrium on the boundary
of the metal medium, an exchange current is formed and
a double electric layer is formed. In this process, besides
water, is still affected by oxygen, which attracts electrons,
thus breaking the balance. Oxygen, taking electrons, cre-
ates a new negatively charged particle outside the metal.
After removing the electron, oxygen contributes to the
destruction of the metal [2]:

4Fe+6H,0+30, — 4Fe(OH),. (1

In the case of cathode protection, we obtain an anode
medium-cathode chain. Which is characterized by cur-
rent, voltage and resistance. This can be expressed as
follows:

I = (wox - gona) / Z’ (2)

where I — current circuit anode-medium-cathode;
Z — resistance of the circuit anode-medium-cathode;
Dok — Poa — potentials between the anode and the cathode.

Z- R 3)
w

The resistance in the circuit anode medium cathode
will have both an active and a reactive component. The
resistance depends on the environment, which means that
it is variable and as a result the protection current will not
be constant.

The deflection current on the pipeline oxidizes the me-
dium, and leads to the formation of salts around the pipe-
line. Thus, changing the chemical composition of the soil.
Which entails a change in the resistance of the medium
and the currents of protection.

The result of cathodic protection is excessive for-
mation of ions of hydroxide OH ", that is, the oxidation of
the environment occurs. As a result, a violation of the
balance of salts in the soil, which leads to the formation
of salt layer on the surface of the pipeline. These factors
change the processes of electrochemical protection on the
cathode. Complicating the cathode reaction in a double
electric layer, due to diffusion problems with the transfer
of oxygen. Similarly, a decrease in the polarization cur-
rent or an increase in the polarization resistance, due to
the growth of the precipitation layer near the protective
pipeline [2].

The result of cathodic protection is the excessive for-
mation of ions of hydroxide, that is, the oxidation of the
environment occurs. Soil oxidation affects yields, as well
as one of the factors influencing the occurrence of diseas-
es in plants. Just an insignificant acidification of the envi-
ronment, a decrease pH per unit, causing a decrease in the
potential of the metal on 0.06 V.

The layer of precipitation near the protective pipeline
is the salt. Which leads to deterioration of agro-ecological
indicators.

At the moment, a method has been developed that al-
lows the galvanic solution to be maintained without de-
stroying the anode earthing.

In this method, the object consists of a container. It
contains a titanium-dioxide magnesium anode, mounted
inside a galvanized tube and filled with coke oven.

Anode earthing is protected from the environment, re-
moval of electrons in the soil from its surface does not
occur. To anode earthing lead « + » power and an electric
field is created around it. What attracts electrons from the
environment, that is, the soil. Thus, creating a directed
motion of electrons in the medium and the flow of elec-
tric current into the pipeline. In this way, the cathodic
protection of the pipeline with galvanic decoupling is
created. The scheme is shown in Figure 2.

Consider the work of a bipolar and field transistor. In
Figure 3, an example of the field and in Figure 3 b, a
bipolar transistor is shown.

In a field transistor, it is generally assumed that elec-
trons move from source to drain, and controls the current
voltage applied to the p-region, the gate [2].
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Figure 2 — Cathodic protection of the pipeline
with galvanic decoupling

The bipolar transistor of Figure 3b consists of two p-n
transitions formed by a layer of semiconductors with
impurities. The transition of the collector-base in the
bipolar transistor with the common emitter is shifted in
the opposite direction, resulting in a potential barrier
preventing the main carriers from moving when the key is
unlocked and power is not supplied to the base. From
emitter to collector, which create current. When the pow-
er is fed to the base, the base-emitter transition becomes
displaced in the forward direction.

As a result, the electrons from the emitter through dif-
fusion pass through the base to the collector. Non-basic
carriers from the base moving to the collector create a
collector current in the transistor.

J:unoff J:ollector

n n

Sate_[lZI base_l P

-|:ourcc -|:mitter

a b

Figure 3 — Field and bipolar transistor: a — schematic representa-
tion of the design of the field-type transistor with the n-type
channel; b — a schematic representation of the construction

of a bipolar p-n-p transistor

With the displaced forward direction of transition, the
base-emitter flows through the circle emitter-collector
[2]. In the field transistor Figure 4 with p-n transition, the
current depends on the size of the depleted layer, near the
gate. The shutter is doped to a large extent, compared to
the n channel.

Typically, n-type areas are located on both sides of the
p-type bar, Fig.5, in which case the conducting channel
will be between the two depleted layers. By applying the
voltage to the gate, a magnetic field will be formed
around it. What kind of electrons will be attracted to the
region under the dielectric, after which a channel is
formed between the leak and the drain, which will move
the electrons. As a result, there will be an electric current

[2].

collector

conditional direction

direction of motion of current
of electrons 4
collector
t ‘ n
base il W )
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Fig.4 Schematic image of the operation of the bipolar transistor:
a — without the base current; b — with the base current
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Figure 5 — Schematic image of the field transistor operation:
a — without the current; b — with the current
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Similarly, one can consider the electrical system of the
anode-ground-protected object. Consider the process in
which the protective potential is formed.

Important for electrical engineering is the phenomenon
in which, the flow of electric current through conductors
leads to the emergence in the surrounding space of the
magnetic field. Having two conductors with charges + g
and —¢, and driving them in motion with the help of
EMF, we get the electric current in the conductor [3].

A magnetic field is formed around such a conductor.
Which affects the moving charges, having magnetic mo-
ment and polarity, located in the environment between
the pipeline and the anode. The magnetic field arranges
the orientation of the molecules from the plus to the mi-
nus, thereby creating a directed motion.

The medium between the anode and the pipeline is a
dielectric. Which when moving to an electric field is able
to change its properties. The dielectric molecule consists
of different charges of + ¢ and — ¢g. In what the -q rotates
around + q and their rotation centers converge. When the
molecule is affected by an external field, the orbit of the
electron is deformed, their centers cease to coincide. The
molecule begins to behave like an electric dipole [4].

To protect the pipeline from the steel without a protec-
tive coating from corrosion, a certain current density is
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4 Conclusions

The description of galvanically capacitive solution for
cathodic protection stations is executed. This method
allows to prevent damage to the balance of salts in the
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current under the influence of the magnetic field, which is
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form a directed motion, thereby creating a current of
protection. This method also allows improving agro-
ecological parameters.
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AHaJIi3 32CTOCYBaHHA I'aJIbBaHIYHOI PO3B’SI3KH B CXeMax

KATOHOT0 3aXHCTY MiZI3¢€MHOTr0 TPYOONPOBOIY

AstokoBcbkuit A. A., izesud E. A.

JepkaBHuiA BUIINIA yaOoBHii 3akiay «HarioHansHIA TipHAYHIA YHIBEpCHTETY,
npoctr. J{murtpa SBopHunEKoro, 19, 49600, M. AHinpo, Ykpaina

AHOTanisi. Y CTaTTi PO3MNIAHYTI MOXIUBICTh BUKOPUCTAHHS aHOTHOTO 3a3eMIIIOBava B 30ipIli 3 KOHTCHHEPOM.
3abe3neyeHHsT MUTICHOCTI TPYOOMPOBOAY, € aKTyaJbHUM MHUTAHHSIM Y 3B'SI3KYy 3 €KOJIOTIYHHUMHU 1 €KOHOMIYHHUMH

Haciiakamu. [Iporec 3axucTy TpyOOmpoBOILY

CYHIPOBO/DKYETHCSA BHMHOCOM YaCTUHOK METally, Ha €JIEKTPOHHOMY

piBHi. [Ipu cTBOpeHHI pi3HHII TOTEHIIiAIB, CTPyM Oy/e 3MIIyBaTUCS BiJf aHOJA IO KaToAa. Y MpPOIeci IaHOTO 3CYBY
€JIEKTPOHM 3 aHOAHOTO 3a3eMIIIOBada MEePEMIIAlOThCS O TPYOONPOBOMY IiJ| BIUTMBOM EJIEKTPOMArHITHOTO IOJIS.
Tum camuM pyifHyIOUHM aHOJ 1 BUHOCSYM €JIEMEHTH MeTaly 3, IO 3HaXOJWUThCS IIiJ 3aXHCTOM. BHWKOHaHO ommc
raJbBaHIYHOI EMHICHHMI PO3B'SI3KHM AJIs CTaHLiil kaToaHOro 3axucty. l{o 6 BHKIIOYMTH pe3ysbTaT BIUIMBY MPOLECY
€JIEKTPOXIMIYHOTO 3aXMCTy Ha KaToi. TUM caMMM MOJIMIIUTH 3aXUCT TPyOOIPOBOIY.

Ku1i04oBi cj10Ba: cTaHIIis KATOAHOTO 3aXUCTY, MiA3EMHUI MeTalleBUH TPYOOIPOBI[, ENEKTPOXIMiYHA KOPO3is.

F4 CHEMICAL ENGINEERING: Processes in Machines and Devices


http://chem21.info/page/23821017201108112013207822407%0b4009228204058029200
http://chem21.info/page/23821017201108112013207822407%0b4009228204058029200

JOURNAL OF ENGINEERING SCIENCES
KYPHAJ IHZKEHEPHUX HAVYK

KYPHAJ MHXKEHEPHBIX HAYK

DOI: 10.21272/jes.2018.5(1).f2

3 g—

Web site: http://jes.sumdu.edu.ua
Volume 5, Issue 1 (2018)

UDC 66.074.2

Modelling of Separation and Pneumatic Classification Processes
of Airodisperse Systems in the Shelf Device

Varukha D. A.!, Smirnov V. A.!, Edl M.2, Demianenko M. M.",
Yukhymenko M. P.', Pavlenko 1. V.l, Liaposhchenko O. 0.

' Sumy State University, 2 Rymskogo-Korsakova St., 40007, Sumy, Ukraine;
2 University of West Bohemia, 22 Univerzitni St., 306 14 Pilsen, Czech Republic

Article info:

Paper received:

The final version of the paper received:
Paper accepted online:

February 8, 2017
May 24,2017
May 26, 2017

*Corresponding Author’s Address:
o.liaposhchenko @pohnp.sumdu.edu.ua

Abstract. The following paper considers the process of classification of polydisperse free-flowing material ac-
cording to granulometric composition using a gravitational air classificator. There were considered the problems of
the purity of separation of polydisperse bulk materials and methods for increasing the degree of separation of parti-
cles. There were presented and analyzed obtained the results of the comparison, the data of experimental research and
computer simulation of two-phase hydrodynamics flow by CFD methods. The versatility of this complex allowed
carrying out simulation of the process using various parameters. As a result, were obtained optimal operating parame-
ters, which were experimentally verified. Based on the obtained data as a result of numerical modelling, the possibil-
ity of increasing gas flow influence to the polydispersed material were found, as well as organization along the walls
of coarse fraction downward flow by dint of the optimizing the devise design (specifically through the organization of

additional inlets for airflow) were obtained.

Keywords: pneumatic classification, grading, bulk material, polydisperse material, two-phase flow, degree of separa-

tion.

1 Introduction

In the chemical, mining, building and other industries,
the feed stock or finished products are the dispersed ma-
terials, the high requirements for fractional composition
of which are set. The quality of products obtained as dry
chemical, coarse material or granules essentially depends
on their homogeneity. The separation of a polydisperse
material into narrow fractions with a given grain compo-
sition is provided by carrying out the technological pro-
cess of gravitational pneumatic classification. Fractiona-
tion of granular materials is used to remove finely dis-
persed fractions and to obtain dust-free products, as well
as to remove coarse fractions and to obtain a finely dis-
persed product, and to separate the particulate material
from the desired fraction by the particle boundary size, or
to separate more than two fractions from the polydisperse
material with a predetermined grain size composition.
This method is widely used in producing mineral fertiliz-
ers, electrode, food, grain processing and other industries.

2 Literature Review

Pneumatic classification is based on the difference in
the velocities of the flittering of particles of different

fractions in the air stream, as a result of which the initial
material is divided into fractions according to the set of
the following mechanical properties of particles: size,
shape, surface roughness and density, and the possibility
to obtain products in dry form reduces the energy capaci-
ty of the technological processes that are conducted. The
change in the shape of the device’s working volume in-
creases the quality of separation, the hydraulic resistance
decreases, and consequently the specific productivity and
efficiency of the pneumatic classification process in-
creases [1]. It was also found that the continuous supply
of material to the device reduces the efficiency of the
classification process, at which point the flow is raised by
the jet of air will not dissipate. Therefore, clusters of
fractions are created, which include both coarse and fine
fractions that increases the energy intensity of the instal-
lation due to the formation of a sufficient lift [2]. For the
rational use of the working space and more effective
means and methods of influencing the flow of bulk mate-
rial, a hardware model has been developed that provides a
significant improvement of the separation quality [3].
A high degree of separation in the process of classifying
dispersed materials affects not only the consumption rates
of raw materials and their quality. However, it determines
the own efficiency and the efficiency of other machines
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and devices in the technological scheme, which ultimate-
ly affects the technical and economic indicators of the
production in a whole. Processing phosphorites in the
production of phosphoric mineral fertilizers, and raw
materials with coarser particles (more than 0.2-0.3 mm)
requires longer time for acid decomposition, but with
smaller (less than 0.05-0.06 mm) leads to intense dusting
in the places of overload. Therefore, such technologies
require an additional stage of separation, which are real-
ized in one volume of the device for the pneumatic classi-
fication [4]. It has been experimentally determined the
optimal design of the bulk material feeding unit in a coni-
cal pneumatic classification. The obtained results show
the need to install an inclined perforated plate at an angle
30° to the vertical opposite the inlet nozzle of the original
mixture, that allows increasing the velocity of the air
carrier and reducing the hydraulic resistance. This al-
lowed stabilizing the process of classification, reducing
the time to enter the operating mode, and increasing the
purity of the bottom product [S]. As a result of carrying
out mathematical modelling of the classification process,
the calculated dependencies connecting the distribution
curve and the dispersed composition of the fission prod-
ucts with the design and regime parameters of the appa-
ratus were obtained. Classifier’s operating results and
characteristics of the dispersed composition were calcu-
lated based on the calculated values of the functions [6].
Finally, due to the need of increasing requirements to the
quality of products and saving of raw materials, the de-
velopment of new principles for organizing the process of
gravitational pneumatic classification and developing its
theoretical foundations and instrumentation are the topi-
cal issue.

3 Research Methodology

3.1 Procedure of laboratory experiment

At the unit (Fig. 1), a series of experiments was carried
out using a two-component mixture of fractions
-0.315 + 0.2 mm and —0.63 + 0.4 mm.

The initial mixture of bulk material in the amount
0.03 kg/s from the batch hopper 3 and transferred by the
belt doser 4 to the lower section of the pneumatic classi-
ficator 2. Airflow enters the lower section of the device at
a velocity 2.6 m/s, which flow rate is measured by the fill
valve 6. Separation airflow is generated using the gas
pump 8 by air-sweeping through the device. During the
separation process, the fraction is caught by the airflow
and settled on them while flowing over inclined shelves.

Further, the dust-air flow enters cyclone 1, where the
purified air is discharged into the atmosphere, and the
fine particles are trapped and released into the fine frac-
tion collecting hopper 7.

The coarse fraction comes in the lower section of the
device to the collecting hopper for the heavy fraction 5.
After the separation process, the selected samples are
classified into fractions using a set of scalpers. The ob-
tained fractions are weighed. Thus, the degree of mixture
separation into fractions is determined.

The photo of the experimental unit is given below.

Q_0

Figure 1 — Technological scheme
of the pneumatic classification unit

Figure 2 — Assembled representation of the laboratory unit
for pneumatic classification [7]

The results of the experiments are shown in Fig. 3.
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Figure 3 — Sieving curves of initial mixture particles, its enter-
tainment, dip, and material from intermediate selections

Fé6 CHEMICAL ENGINEERING: Processes in Machines and Devices



3.2 Conducting a computer modelling

The computer modelling of the classification process
was used to compare data that were got during the exper-
iment, as well as calculated sizes, construction design of
the pneumatic classificator’s flow part and sufficient
quality of bulk separation in accordance with require-
ments of the technological regulations with the help of
universal software complex ANSYS Workbench.

The calculation of airflow hydrodynamics and deter-
mination of the optimum process parameters are conduct-
ed with the help of universal software complex ANSYS
Workbench and its module “Fluent Flow”. All the calcu-
lations are based on the finite volume method. In the
general case, the equation of motion of polydisperse par-
ticles is considered due to the following forces: hydrody-
namic resistance from the side of the carrier gas flow,
gravity, particles collision with the device’s walls and
contact elements, particles hitting with each other, parti-
cles rotation and their interaction with the gas flow.

The structure of the device’s flow affects the dispersed
fraction distribution process. The efficiency of the shelf
pneumatic classificator is substantially determined by the
flow field of the gas stream, which vice versa affects the
concentration of the solid phase in the two-phase flow.
Considering the character of gas flow is important for
establishing the regularities of its interaction with the
solid phase that determines the motion speed and particle
residence time in the device’s operating volume [8].

The computer-aided design system SolidWorks 2017,
which tools allowed simulating vessel’s flow part is used
for building the computer model. The obtained device’s
geometry applies to ANSYS “Design Modeler” that is set
as geometry editor for existing CAD models, as well as
for their preliminary processing. ANSYS “Meshing”
provides the flexible design of the computational grid that
allows generating a qualitative grid with respect to the
device’s geometry using the three-dimensional tetrahe-
dral, hexahedral and pyramidal elements (Fig. 4). For
further simulation process the, Fluent preprocessor is
applied for setting the process parameters. The “Pressure-
based” solver method is chosen that allows using the
Navier-Stokes algorithm based on a pressure parameter.
The “Transient” time dependence is set that indicates the
non-stationary process running. The calculation process is
conducted using the k-g turbulence model. The k-¢ RNG
model improves accuracy for whirling flows because it
relies on the whirl effect on the turbulence and is more
accurate and reliable for a wider class of flows than the
standard model. The function “Standard Wall Functions”
determines the wall processing that is applied for airflow
turbulence simulation. To calculate the flow of dispersed
particles in the device’s volume, the “Discrete Phase
Model” is used. This approach allows setting parameters
related to the calculation of the particles discrete phase.
The determination of the particle sorting percentage with
density 2600 kg/m’ is carried out in the established chan-
nel of particle diameter 0.200-0.315mm and
0.40-0.63 mm at the air rate 2.6 m/s. The boundary condi-
tions at the input (Inlet 1) for the polydisperse phase dis-
charge 0.03 kg/s; at the inlet (Inlet 2) by the airflow ve-
locity 2.6 m/s (Fig. 3) are set.

The calculation of the process based on the pressure is
carried out using the ANSYS “Fluent”. The pressure
equation is derived from the continuity equation and con-
servation of momentum. As far as the control equations
are not linear and related to each other, the process of
solution involves iterations, where the whole set of con-
trol equations is solved multiply until the solution con-
verges.

The ANSYS “CFD-Post” allows obtaining the values
of the main parameters (gas velocity, solid particles, hy-
draulic resistance and distribution of the solid phase in
the vessel’s volume).
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Figure 4 — The main parameters of the computational grid
and boundary conditions of the computational model:
A — outlet of the finely dispersed phase to the carryover;
B — outlet of the coarse phase to the trough; C — inlet of the
polydisperse material for separation; D — inlet of the airstream

4 Results and Discussion

The pressure distribution (Fig. 6) and velocity fields
(Fig. 5) were obtained as a result of computer modelling
of classification process. These results made possible the
determination of the device operation hydrodynamic
features and their effect to the classification process effi-
ciency. Confirmed optimum shape of the flow part con-
tributes to the formation of stable vortices in the volume
of the apparatus (Fig. 5). After carrying out experimental
estimation the positive influence effect of the perforated
contact elements to the air flow structure and the alloca-
tion of solid particles in the volume of devise were con-
firmed. The volume concentrations of the particles on the
contact elements, as well as outgoing particles into the
entrainment and dip were calculated during the simula-
tion. The possibility of separating polydisperse materials
in the volume of one device without the usage of sequen-
tially located devices was confirmed comparing obtained
and experimental data.

The air flow velocity field in the flow part of device
was determined (Fig. 7). This approach allowed specify-
ing operating, technological and design parameters for
the classification process of polydispersed materials. This
approach ensures an efficiency of the process and high-
degree of separation in the shelf device.
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Figure 5 — Contours of air flow velocity for particles d =-0.315 + 0.2 mm, V =2,6 m/s (a),
and d =-0.63 + 0.4 mm, V = 3.784 m/s (b)
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Figure 6 — Contours of internal pressure for particles d =-0.315 + 0.2 mm, V =2,6 m/s (a),
and d =-0.63 + 0.4 mm, V = 3.784 m/s (b)

Figure 7 — Air flow velocity streamlines for particles d = -0.315 + 0.2 mm, V = 2.6 m/s (a),
and d =—0.63 + 0.4 mm, V = 3.784 m/s (b)
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5 Conclusions

Based on the obtained data as a result of numerical
modelling, the possibility of increasing gas flow influ-
ence to the polydispersed material were found, as well as
organization along the walls of coarse fraction downward
flow by dint of the optimizing the devise design (specifi-
cally through the organization of additional inlets for
airflow) were obtained. The future research will be aimed
at using CFD simulation methods for testing the achieved
results by the creation of a computational model with new
design features.
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MopenoBaHHA NPOLECiB cenapanii Ta MHEBMOKJIACH piKkamii
aepoANCIIePCHUX CHCTEM Yy NMOJHYKOBOMY anapari

Bapyxa /1. A.,l, CwmupHoB B. Al Ean M.z, Jlem’ssHeHKO M. M.,
FOxumenko M. I1.!, Tlanenxo L. B.!, Jisnomenxko O. O.!

' Cymchkuii epxaBuit yHiBepeuter, Byi1. Pumcbkoro-Kopcakosa, 2, 40007, m. Cymu, Vkpaina;
*3axingHoueckkuit yHiBepcuTeT, By, YHiBepcuTeTchKa, 22, 306 14, M. [lib3ens, Yexis

AHoTanisi. Y npeacraBieHiit po6oTi po3risaaeThCs Mporec Kiacudikaii moiucinepcHOro CHITydoro MaTepiaiy
3a 3aJaHMM TPaHYJIOMETPHYHUM CKJIaZIOM i3 BUKOPHCTaHHSM IpaBiTalliiHOro mHeBMoKIaccidikaropa. Posrisaanmce
MPOOJIEMH SKOCTI MOJUTY HONIJUCIEPCHUX CHUITYIUX MaTepiaiiB i CIIOCOOW IMiIBUIIECHHS CTYIMEHs MOJLTYy YaCTHHOK.
[Ipencrasneni i mpoaHami30BaHi OTPHMAaHI y pe3yibTaTi MOPIBHSIHHA JaHI EKCIIEPUMEHTAIBHOTO JOCTIDKEHHS Ta
KOMII'IOTEPHOTO MOJICTIOBaHHs TrinpoauHaMiki aodaszHoro notoky CFD-mertomamu. VYHiBepcaJbHICTh TaHOTO
KOMILJICKCY [TO3BOJIMJIA 3AIMCHUTH MOJIEIIOBAHHS [IPOLIECY 3 BUKOPUCTAHHSIM BapilOBaHHS MapaMeTpiB. Y pe3ynbTari
OTpUMaHi ONTHMaJbHI poboUi apaMeTpH, sKi OyJIi eKCriepuMEHTalbHO arpoOoBani. Ha miacTaBi oTpuMaHux JaHUX
y pe3yibTaTi YHCENbHOTO MOJCTIOBAaHHS BHSBICHAa MOJMJIMBICTh 30IMbLICHHS BIUIMBY IIOTOKY Tra3y Ha
TIOJIITUCTIEPCHUI MaTtepiai, a TaKoX HOTOo PO3MONUT Y3[0BX CTIHOK IMOTOKY BHH3 MO rpy0iil dpakmii 3a paxyHOK
onrTuMizamii po3podaeHOi KOHCTPYKIIii, 30KpeMa depe3 HasBHICTh JOJAATKOBHX BITYCKHHUX OTBOPIB JJIS TMOBITPSHOTO
MOTOKY.

Kiouosi ciioBa: mHEBMOKIAcCi(iKalis, TpaHyJIOMETPUIHUHA CKIIaJl, CHITyYHid MaTepial, MOJANCIEPCHAN MaTepia,
IBO(a3HUI TOTIK, CTYIiHb MOIITY.
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Abstract. The anthropogenic influence on the Earth’s climate is growing and the risks of the irreversible impacts
on ecosystems also increase. This paper is focused on the long-term prediction of the climate change in Kyiv region
and decarbonization strategy development. The bce-csm1-1 and IPSL-CMSA AR 5 climate models were used. It was
determined that the average annual temperature in Kyiv region under the RCP 8.5 high-emission future scenario will
increase noticeably (up to 23.8 °C according to the IPSL-CMS5A model) while at the RCP 2.6 low-emission future
scenario it won’t change significantly (maximum value of 11.5 °C according to the IPSL-CMS5A model). So, the re-
search recommendations were organized in order to develop decarbonization strategy for Ukraine that will help to re-
duce emission levels and reach the RCP 2.6 scenario. The practical and scientific value of the work is specified by the
fact that obtained results take into account updated information about climate changes and can be used to increase the
awareness of citizens about it. The results of the study confirm the existence and danger of the problem of climate
change and show how GHG emissions can affect the ecological balance of the urbanized ecosystem. The risks of the
certain natural disasters occurrence were also considered. It was found that amplification of the natural hazards is one

National Technical University of Ukraine “Igor Sikorsky Kyiv Polytechnic Institute”, 37 Peremohy Av., 03056, Kyiv, Ukraine

of the main dangers of the RCP 8.5 scenario for the world, Ukraine and Kyiv region.

Keywords: climate modeling, global warming, decarbonization, climate change, natural hazards.

1 Introduction

In 2014 the Intergovernmental Panel on Climate
Change (IPCC) that was created by UNEP and WMO has
published the most recent Fifth Assessment Report
(AR 5) with the newest information about climate chang-
es and global warming (GW) [1]. The IPCC Synthesis
Report confirms that anthropogenic influence on the
Earth’s climate is growing and the consequences can be
observed across all continents and oceans on the planet.
So, the risks of the irreversible impacts on ecosystems
also increase [2].

Ukrainian industrial and transport complexes consume
too much fossil fuel which leads to the significant emis-
sions. According to the State Statistics Service of
Ukraine, in 2016 carbon dioxide emissions to the atmos-
phere from the stationary pollution sources reached
150581.0 thous. t, which is 8.4 % more than in 2015. At
the same time, the total amount of all other pollutants and
greenhouse gases (GHG) emissions from stationary
sources reached 3078.1 thous. t, which is 7.7 % more
than in 2015. Pollution from the mobile sources is also
considerable — carbon dioxide emissions into the atmos-
phere in 2015 reached 23139.8 thous. t while emissions

of all other pollutants and GHG from mobile sources
reached 1663.9 thousand tons [3].

Thus, to prevent climate changes it is important to re-
duce the usage of fossil fuels. But today they are the key
energy source for our country and it is too hard to aban-
don them instantly. So, it is essential to develop a gov-
ernmental decarbonization strategy in order to reduce the
percentage of fossil fuel usage and, in turn, increase the
percentage of alternative energy, such as wind or solar
energy, biofuels, etc.

2 Literature Review

Mathematical modeling is widely used in GW and
climate change assessment. In particular, in [4]
BCC_CSM1.1 climate model was used to make predic-
tions for East Asia under various RCP (Representative
Concentration Pathways). In [5] Earth system models
were used to assess the sensitivity of surface warming to
carbon emissions from fossil fuel; in [6] — global TIMES
model was used to estimate the impacts of technology
influence on various aspects including CO, emissions. In
[7] the analysis of the surface temperature modeling data
from global climate models, CRU and regional climate
model REMO was conducted.

Journal of Engineering Sciences, Volume 5, Issue 1 (2018), pp. H 1-H 6

H1


http://jes.sumdu.edu.ua/
https://doi.org/10.21272/jes.2018.5(1).h1

It was found that considered models take into account
different sets of factors affecting the climate and in dif-
ferent ways. The choice of the factors depends on the
purposes of the model developers. The scale (global or
regional) is also an important aspect because it is equally
important to describe changes at the planetary level and
to provide a clear understanding of the consequences for
specific regions. It was also discovered that models have
different simulation periods and their predictive capabili-
ties are not limited by surface temperature — the distribu-
tion of precipitation, humidity, snow and plant cover, etc.
around the world can be also forecasted.

According to [8], in comparison with the previous
model generation, IPCC AR 5 climate models have an
improved ability to simulate surface temperature and can
predict a climate state that significantly differs from the
present one. AR 5 models take into account the more
rapid warming in the second half of the 20 century and
the cooling following large-scale volcanic eruptions. To
provide climate information at the smaller scales, region-
al downscaling methods are used in AR 5 models. Thus,
their usage is considered appropriate for the study.

Today the main unsolved problem is climate change it-
self. And although the creation of new models and the
improvement of the existing ones can’t solve it, more
accurate modeling results provide an opportunity to un-
derstand how specific measures will affect the state of the
environment. At the same time, the increased accuracy of
models increases the probability of making the right and
economically reasonable decision during the development
and implementation of the decarbonization strategy.

Despite the fact that climate modeling is often dis-
cussed in the literature, currently, this issue is not fully
covered. First of all, it is more often considered in a glob-
al context, while changes of the specific urbanized eco-
systems are not taken into account. In addition, with the
development of science and new data appearance, new
opportunities arise and more factors can be taken into
account. Consequently, improved models provide more
accurate results.

3 Research Methodology

The paper is focused on the long-term prediction of the
climate change in Kyiv region and decarbonization strat-
egy development. To achieve the aim of the research, the
following tasks have been set:

—estimate the surface annual mean temperature
changes in the world in general by the bcc-csml1-1 AR 5
model;

— by the bee-csml-1 and IPSL-CMSA AR5 climate
models predict the average annual temperature changes in
Kyiv region for the long-term period;

— analyze possible consequences of the climate change
in Kyiv region and Ukraine for the environment, econo-
my and humans;

— consider international experience due to the decar-
bonization strategy and give recommendations for
Ukraine.

The study is based on the most recent and improved
IPCC AR5 climate models. Two key software instru-
ments were used in the investigation — AR 5 Climate
Model Mapper (CMM) [9] and Climate Time Series
Browser (CTSB) [10] provided by The University of
Chicago. AR5 CMM is a map making online software
and analysis system. It is based on the limited set of the
AR 5 models output archive and can be used in order to
examine predictions about surface and atmospheric tem-
peratures, specific humidity, precipitation, leaf area in-
dex, snow cover etc. in the world [9].

In turn, CTSB collects data about monthly mean tem-
perature records from the NOAA National Climatic Data
Center from 7169 weather stations around the world (26
stations in Ukraine, one in Kyiv). These data can be com-
pared with the AR 5 climate model results, obtained from
computational grids in order to correspond closely to the
meteorological stations [10]. So, CTSB gives an oppor-
tunity to analyze four climate scenarios:

— “human and natural so far” — models data since 1850
taking into account natural changes such as solar intensity
and volcanic eruptions, as well as anthropogenic impact;

—“natural only so far” — considers only non-
anthropogenic impacts;

— “low-emission future” — is the RCP 2.6 scenario
which pays attention to the existing climate changes
without further emissions of GHG;

— “high-emission future” — the RCP 8.5 scenario which
examines the situation with high-level emissions [10].

4 Results

At the first stage of the study, the CMM was used. The
bce-csml-1 AR 5 model was chosen. The modeling re-
sults are shown in the Figure 1 for 2 100, 2 200 and 2 300
years. It was found that the surface temperature in most
regions of the world will rise significantly leading to the
changes in climate. These processes will affect Ukraine.

In the second part of the study bcc-csml-1 and IPSL-
CMS5A AR 5 models have been chosen to estimate future
climate changes in Kyiv region. These models can make
predictions up to the 2299 year for the place of interest
and cover two different but overlapping regions on the
basis of the Kyiv station (Figure 2). In particular, these
models are representative because modeled under the
human and natural so far scenario historical data and the
real data from the meteorological station are closely re-
lated (Figures 3, 4).

As can be seen from the Figure 3, according to the
bee-csml-1 AR5 model, at a high-emission future
RCP 8.5 scenario, the average annual temperature in the
area (1) around Kyiv meteorological station (Figure 2)
will rise rapidly from 9.5 °C in 2016 and reach the value
of 12.7 °C in 2100, 17.2 °C in 2200 and then reach the
maximum value of 19.1 °C in 2259. Then there will be a
slight decrease but in general, the temperature will remain
at approximately the same level from 2200 to 2299 with
the value of 16.9 °C in 2299. But at a low-emission future
RCP 2.6 scenario, the temperature in the investigated
region won’t change significantly from 2016 and will
reach the maximum value of 10.5 °C in 2116.
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Figure 1 — World maps displaying the surface annual mean temperature in 2100, 2200 and 2300 as a result of the GW
and climate changes under the bcc-csm1-1 AR 5 model, obtained by the author on the CMM

be 22.8 °C. But at a low-emission future RCP 2.6 scenar-
io, the temperature in Kyiv region will stay almost the
same with a maximum in 2085 (11.5 °C).

So, according to the Figures 3—4, the only way to reach

O 1 sustainability in Kyiv, Ukraine and other parts of the

bec-csml-1 world is to reduce GHG and pollutant emission levels to

IPSL,CMM;.-@,',* reach the low-emission future scenario. And even taking

o aRe | um into account the fact that preventing environmental deg-

- radation is not the problem that can be solved by a single

< city or country, all contributions are important. Other-

wise, the consequences can lead to a significant aggrava-
tion of the ecological crisis.

One of the dangers of the high-emission future scenar-
io is that the temperature isn’t going to change in all parts
of the world equally. Some places will be affected more
than others and it will lead to aggravation of natural dis-
asters such as droughts, floods, fires, and hurricanes. The

The modeling results of the average annual tempera- places that are dry today WIH become dryer; areas that
ture in the area (2) (Figure 2) obtained by the IPSL- suffer from disasters now will guffer even more. Danger-
CMS5A model are shown on the Fig. 4. It was found that ~ °Y® natural phenomena are going to ?ffeCt areas where
in the case of the high-emission future RCP 8.5 scenario, they were not seen before. So, the climate will become
the temperature will reach the maximum value of 23.8 °C weirder around the world.
in 2267 and 2291. In 2100 the predicted temperature will
be 13.9 °C, in 2200 it will be 22.1 °C and in 2299 it will

Figure 2 — The map that indicates the areas for which obtained
results are representative (by the author on the CTSB)
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Figure 3 — Average annual temperature modeling results for Kyiv region by the bcc-csm1-1 AR 5 model at RCP 2.6 and RCP 8.5
scenarios, obtained by the author on the CTSB
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Figure 4 — Average annual temperature modeling results for Kyiv region by the IPSL-CM5A AR 5 model
at RCP 2.6 and RCP 8.5 scenarios , obtained by the author on the CTSB

The consequences of such "weirding" have been al-
ready observed in 2016 and 2017. For example, accord-
ing to [11], in 2017 forest fires in Portugal killed 64 peo-
ple and destroyed nearly 30 000 ha of forest; Hong Kong
was hit by a powerful typhoon [12]; Northern Ireland was
affected by heavy rains and storms that caused flood [13];
terrible floods were also observed in India, Nepal and
Bangladesh [14]; hurricane Harvey hit Texas [15], etc.

According to The State Emergency Service of Ukraine
data [16], only on the time interval from 2010 to 2016
(Figure 5) the overall number of natural hazards in
Ukraine reached a value of 540 (89 hazards occurred in
2016). According to the platform PreventionWeb [17]
managed by the UN Office for Disaster Risk Reduction,
the main natural hazards in Ukraine are droughts, extreme
temperatures, floods and storms. As can be seen (Fig. 6),
floods are the most common disasters in the country
(Figure 6 a, in 51.9 % of cases), while extreme tempera-
tures are the main cause of death (Figure 6 b, in 90 % of
cases) and droughts are the key reason of the economic
issues among all disasters (Figure 6 c, in 50.5 % of cas-
es). PreventionWeb also highlights climate changes and
environmental degradation among the main risk drivers.

So, climate changes can do much harm to Kyiv and
Ukraine and it is important to implement “decarboniza-
tion” lifestyle. Analysis of the literature sources and ex-
perience of the international community has shown that

159

green urban initiatives are an important part of the decar-
bonization strategy and can make Kyiv eco-friendly,
healthy and sustainable city. And it was determined that
experience of Scandinavian countries can be especially
valuable for Ukraine. For example, the "eco-city" green
urban initiative in the Western Harbour in Malmo, Swe-
den, is the evidence of a possibility of the industrial area
transformation into the sustainable urban environment.
This "eco-city" has a renewable energy system with wind
power plant, solar cells, solar collectors on the roofs &
walls, as well as a waste treatment system, green roofs
and limited car traffic [18].
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Figure 5 — Number of natural hazards in Ukraine since 2010,
created by the author on the bases of the data [16]
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Figure 6 — Distribution of the main natural hazards in Ukraine (%) by frequency (a), mortality (b) and economic issues (c) [17]
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Business and universities also play an important role in
the sustainability of the country. For example, in 2016
MIT launched startup accelerator "The Engine" in order
to help startups with funding of the projects devoted to
such areas as clean energy & water, nuclear power, and
climate change. And this accelerator is available not only
for the MIT students and graduates [19].

5 Conclusions

By the bcc-csml-1 AR 5 model, it was found that the
surface temperature in most regions of the world will rise
significantly leading to the changes in climate and these
processes will affect our country too. According to inves-
tigated bee-csml-1 and IPSL-CM5A models, the average
annual temperature in Kyiv region under the RCP 8.5
scenario will increase noticeably while at the RCP 2.6
scenario the temperature won’t change significantly and
will remain almost stable. Thus, the only way to prevent
severe consequences for the environment and society is to
develop the decarbonization strategy and reduce GHG
and pollutant emission levels.
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MopenoBaHHA 3MiHH KJIiMATYy BilIOBiIHO /10 MiCBKOI cTpaTerii qexap0oHizanil
Kodanosa O. B.

HanionansHuii TexHIYHEN yHIBepcuTeT YKpainu «KuIBCEKHMiA MoiTeXHIYHUN 1HCTUTYT iMeHi Iropst CikopchKkoroy,
npocr. [Tepemoru, 37, 03056, M. KuiB, Ykpaina

AHoTauisi. AHTPONOTeHHHH BIUTMB Ha KJIiMaT 3eMJIi IOCTIHO 3pOCTae, a TOMY 3pOCTAlOTh 1 PU3UKH HE3BOPOTHOI
nerpaganii ekocucteM. CTaTTIO HPUCBSYCHO MOJEIIOBAHHIO JIOBIOCTPOKOBOTO NPOTHO3YBAaHHA 3MiH KIIIMaTy Ta
po3poOmi crparerii aexapOonizamii. Bukopucrano wmimMatmuai AR S5 wmomem bec-csml-1 ta IPSL-CMSA.
BcraHoBIieHO, 1O MPOTHO30BaHA CepelHbOpiYHA TemrepaTypa y KuiBchkiii oOmacTi BIAMOBIIHO 1O CICHApiO i3
BUCOKHMMH DPIBHAMH BUKHUJIB MapHUKOBHX Ta3iB RCP 8.5 3nauno 30inbmmthest (o 23,8 °C BigmoBigHO 10 MOjemi
IPSL-CMS5A) mpoTsiroM JeKiTBKOX COTE€Hb POKIB, TOJI SK IPH peaiti3auii ClieHapito i3 HU3bKUMHU PiBHSIMH BUKH/IIB
RCP 2.6, neii moka3HUK He 3a3HA€ KPUTHYHHUX 3MiH (HOro mMakcuMmaibHe 3HadeHHS csarHe 11,5 °C BigmoBimHO A0
mozeni [IPSL-CMS5A). 3amponoHoBaHO peKOMEHAaIil MoA0 po3poOKH cTparerii mexapOoHizamii st Ykpainu, sika
HAJaCTh MOJKJIMBICTh 3MEHIIWTH PiBHI BUKHIIB NapHUKOBUX Ta3iB Ta focsarté cueHapito RCP 2.6. IpaktuyHa i
HayKOBa I[IHHICTh OTPUMAaHMX pe3yJIbTaTiB BU3HAYAETHCS THUM, IO BPAaXOBYETHbCS HOBITHSA iH(OpMAIis mpo 3MiHK
KITiMaTy, ska MOXe OyTH BHKOPUCTaHA JUIA MiJBHINCHHSA OOI3HAHOCTI TpPOMAaisH. Pe3ynbTaTd IOCHIHKECHHS
MiATBEPDKYIOTh HeOe3NeKy 3MiH KJIIMaTy Ha IUIaHeTi Ta MOKa3yloTh, SKUM YHHOM BHUKHIN TTAPHUKOBHX I'a3iB MOXYTh
BIUIMHYTH Ha EKOJIOTIYHUH OasaHC BHCOKOYpOaHI30BaHOI EKOCHCTEMH. Y CTaTTi TaKOX PO3IIIAHYTO PHU3UKH
30UTBIIIEHHS KUTBKOCTI CTUXIHHMX JIMX Y CBiTi, YKpaini Ta KuiBchkiit 06macTi, CporHO30BaHMX 32 YMOBH peaizaii
crenapito RCP 8.5.

Kirouosi ciioBa: MojiemtoBaHHs KIiMaTy, I100aibHE MOTEIUTIHHS, IeKapOOHi3allis, 3MiHH KIIMaTy, CTHXiiHI JnXa.
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Abstract. This paper focuses on the study of the possibility of using mineral carriers from sulfur (bio-
sulfur/elementary sulfur) in anaerobic wastewater treatment systems under autotrophic denitrification conditions. The
theoretical aspects of the work are based on the biochemical formalization of the studied processes using the system-
ic-synergetic approach for the description of the patterns of autotrophic denitrification microorganisms based on the
principles of autocatalysis of natural systems. Special software was used in the work to identify the necessary ecolog-
ical and trophic groups of microorganisms and implement the schemes of trophic interactions in association of deni-
trification microorganisms. The taxonomic classification was assigned based on the KEGG database (Kyoto Ency-
clopedia of Genes and Genomes). Bio-filtration set-up system was formed for carrying out the process wastewater
denitrification with using bio-sulfur and gaseous sulfur. The filtration method is used under anaerobic conditions
along with immobilization on the carrier based on sulfur autotrophic denitrifying bacterial species such as Thiobacil-
lus denitrificans and Thiomicrospira denitrificans. Thus, sulfur conversion leads to the reduction of nitrates to nitrites
and, ultimately, the release of molecular nitrogen. The mechanisms of sulfur conversion in natural ecosystems make
it possible to conclude its expediency of use it as a sorption sulfur-containing mineral carrier in wastewater purifica-
tion systems with further conversion to an organic form (with microbial cell carbonate). The interactions pathways
model in the association of heterotrophic and autotrophic denitrification bacteria in the process of wastewater and
sewage sludge purification was formed under condition of elementary sulfur presence. Energetic and synthesis reac-
tions for an autotrophic denitrification were described. The implementation of wastewater treatment systems with au-
totrophic denitrification process use will provide an opportunity to expand the application scope of by-products such

as gaseous sulfur and bio-sulfur that currently minimal recycling in traditional industrial processing.

Keywords: denitrification, bio-sulfur, gaseous sulfur, wastewater, mineral carrier.

1 Introduction

Sulfur is one of the main types of chemical raw for
materials, which have strategic importance for the coun-
try's economy. Due to continuing growth of population
and areas under cultivation, it is required an intensifica-
tion of agriculture, which significantly depends on the
introduction of mineral and organic fertilizers that contain
sulfur [1].

Ecological aspects of sulfur application during obtain-
ing sulfuric acid is the emission of such harmful sub-
stances as acid fog and sulfurous anhydride SO,. Moreo-
ver, in gas sulfur, which is a waste of the process of puri-
fication of gases of petroleum processing, non-ferrous
metals, associated petroleum and natural gases can con-
tain arsenic and other harmful impurities [2], which, with
the open method of storing of gas sulfur can migrate to
the environment.

The emergence of the problem of elemental sulfur as a
large-capacity technogenic formation is connected with
the existence of a stable disproportion between the pro-
cess of its accumulation in the environment and the con-
sumption reduction in traditional areas (sulfuric acid pro-
duction, paper-and-pulp industry, etc.). There is an urgent
need to diversificate the application of sulfur, particularly
the materials production based on its ground in order to
apply them in filtration biotechnological waste water
treatment systems [3].

Another important mission of the environmental safety
is the deprivation of nutrients from wastewater, which
after getting into surface water cause significant damage
to the ecological system for the region, and this requires
an effective discharge treatment from such compounds
(nitrogen and phosphorus, in particular).

Nitrates are considered to be the most widespread type
of inorganic pollutants that contribute to rapid develop-
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ment of blue-green algae and other lower plants with
short life cycles for the decomposition course of decaying
organic matter of which a large amount of the oxygen
dissolved in water is consumed leading to decaying of the
dominant groups of aquatic organisms. At the same time,
nitrates cause great harm to the human body, generally
due to their consecutive transformation into nitrites and
nitro compounds which belong to carcinogenic substanc-
es. In ground waters, nitrates are accumulated due to
transfer sewage disposal chemical and petrochemical
factories in them, as well as the fertilizers which are
washed away from agricultural fields, drains of cattle
farms. Nitrate content may vary depending on chemical
and biological composition of soils [4].

Thus, the possibility of a unified approach developing
to solve the problem of removing nitrogen compounds
from liquid waste and using nonorganic sulfur varieties in
biological denitrification systems is of great importance
in reducing the environmental footprint in the region. In
our opinion, the expansion of biosulfur using as a product
of gas flows biodesulfurizationis, which is possible due to
its application together with gas sulfur in biofiltration
systems for removing nitrates from effluents, which re-
quires further scientific, theoretical and experimental
evidence.

2 Literature Review

Among the methods for effluents purification from ni-
trates, a special niche is occupied by biological methods
of denitrification, which are divided into autotrophic and
heterotrophic.

Anaerobic activated sludge is used in many studies for
restoration of nitrites and nitrates in the process of deni-
trifying sewage. Denitrifying bacteria are found among
representatives of Acrobacterium sp. and others, which,
being in anoxic conditions, use oxygen for breathing that
contained in nitrites and nitrates instead of dissolved
oxygen. Herewith, most of the studies focused on study-
ing and increasing the effectiveness of the use of hetero-
trophic bacterium-denitrifying agents which represent a
group of facultative anaerobes. This is facilitated by the
fact that they are present in the sewage in large quantities
and can use pollutants as a carbon feed (methanol, etha-
nol, acetic acid), greatly facilitates the exploitation of
structures, as it eliminates the need to grow a special
adapted microflora [5].

Influent Secondary | Clarifier
T Treatmentw/ 5
N
Nitrification \ /
v
RAS
: *
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Downflow denitrification filters operate in a conven-
tional filtration mode and consist of media and support
gravel supported by an underdrain. Wastewater enters a
downflow filter over weirs along the length of the filter
bed on both sides.

Filter effluent is conveyed from the bottom of the filter
over a control weir into a clear well. During the process,
nitrate is metabolized to nitrogen gas, which becomes
embedded in the filter media. Nitrogen-release cycles are
needed to remover these nitrogen gas bubbles that accu-
mulate. The piping for the filter influent and backwash is
similar to that of conventional filters.

Wastewater enters the filter through the influent pipe
and then is transported downward through a supply pipe
and distributors (Figure 1). The water moves up through
the filter media and filtrate is discharged from the upper
portion of the filter.

The preferred media for each filter manufacturer is al-
so presented in Table 1.

Separate-stage denitrification can be carried out either
as a suspended or attached growth process, both of which
require an external carbon source, such as methanol. Be-
cause they require a large area and their own sludge set-
tling and recycling system, separate suspended growth
denitrification systems are not very common (Figure 2).
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Figure 1 — Astrasand upflow continuous - backwash filter
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Figure 2 — Separate-stage suspended growth denitrification process
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Table 1 — Filtration material in denitrification systems [6]

Severn Trent

. Paques and
Manufacturer / Services/ F. B. Leopold / . Parkson / .
filter TETRA® elimi-Nite USKilter/Davco DynaSand USHilter/
. ® Astrasand
Denite
Flow regime Downflow Downflow Downflow Upflow Upflow
457 mm (18 in) 1.35to 1.45 mm
graded gravel, . subround media or
1.8m (6 f)of | coimmUSinm 1,y 0 cupport | 1.55to 1.65 mm 1.2 to 1.4 mm
- graded gravel, .
Media 6x9 mesh silica 1.8 m (6 ft) of gravel, 1.8 m subangular media sand,
sand, uniformi- 6><12 mesh (6 ft) of 6x9 mesh with uniformity 2-m (6.6-ft)
ty coefficient sand sand coefficient of 1.3 to bed depth

1.35, 0.8 mini-
mum sphericity

1.6; 2-m (6.6 ft)
bed depth

Denitrification filters are popular, because they are an
easy retrofit and require less area and sludge handling.
The units can simply be added to the end of a secondary
treatment process that includes nitrification. Both down-
flow and upflow filters are in use. Downflow filters re-
quire backwashing to remove solids and nitrogen gas
trapped in the filter media. Upflow filters skirt this prob-

|
|
|
|
|

¥

Filter Backwash

lem by having the filter media continuously removed
from the bottom of the unit, cleaned, and recycled to the
top of the filter (Figure 3) [7].

The main components of a modern Continuous Acti-
vated Sludge Biological Nutrient Removal (BNR) sys-
tems are presented in Figure 4.
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Figure 3 — Separate-stage denitrification filter process
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Figure 4 — Continuous Activated Sludge BNR systems
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The anoxic (denitrification) basin or zone continually
receives several streams including the main feed of am-
monia-rich wastewater from the upstream anaerobic
pond. This is a large volume stream containing the bulk
of the new nitrogen load to the system. Unfortunately, the
COD content of this stream is usually insufficient to pro-
vide all the COD needed for the denitrifying bacteria so
additional COD is added [8].

In autotrophic denitrification, sulfur or hydrogen is
used by microorganisms as a source of energy.

The continuously stirred tank reactor (CSTR) that ca-
pable of providing an adequate seed source of autotrophic
denitrifiers was used in the study [9]. As shown in Figure
5, anaerobic upflow fixed-bed reactor was constructed
from 2.5-inch LD. acrylic tubing with four sampling
ports. The empty bed reactor volume is 1.11 liters. The
sulfur and limestone grain sizes ranged from 2.38 mm to
476 mm. Gas collection and monitoring systems have
been included in this design.

GAS

GAS
HEAD
SPACE

EFFLUENT -E_T EW.L

I‘\_

WL
SULFUR &
LIMESTONE
MEDIA SAMPLING
4J/PORTS
GAS COLLECTION
CHAMBER
FIXED-BED O
REACTOR A = INFLUENT

PUMP

Figure 5 — Upflow fixed-bed column reactor [9]

The feed solution composition for the CSTR: KNOs,
3.0 g/l; Na,S,03-:5H,0, 6.0 g/1; NaHCO;, 1.5 g/l;
Na,HPO,, 1.5 g/l; KH,PO,, 0.3 g/I; MgS0O,-7H,0, 0.4 g/1;
and 1 ml of stock trace nutrient solution per liter of feed
solution [9].

However, these methods need to be improved. These
disadvantages are water pollution residual methanol or
sulfur, and a large content of microorganisms in the treat-
ed water. In addition, this process is characterized by
increased sensitivity to temperature conditions, and its
rate decreases in cold water, which makes it difficult to
use biological denitrification in regions with a cold cli-
mate [4].

In [10], methods for the oxidation of ammonium and a
hardly available organic matter of wastewater are offered
in aerobic-anoxid conditions. To carry out the process of

simultaneous autotrophic and heterotrophic denitrifica-
tion, a batch reactor with a volume of 61 dm?® was built.

A complete retention of the biomass of the active
sludge was carried out in the reactor, the residence time
of the liquid was 2,5-5 days, the sludge dose was 1.5—
2.5 g/dm’, the temperature was 20-28 °C, and the pH was
7.5-8.5. The concentrations of ammonium nitrogen and
nitrogen nitrite in renovated water were 0.3-8 mg/dm’
and, accordingly, 0.2-4 mg/dm3 (Table 2) [10]. The effi-
ciency of nitrogen removal was 91% -80% due to the
process of autotrophic denitrification and 11 % due to the
heterotrophic denitrification process.

Table 2 — Composition of water received for treatment
and after treatment in two successive reactors

Parameter Crude Nitrifiable Refined
filtrate filtrate filtrate
2;;%1;45 250-300 | 100-120 | 0.3-8.0
2;;%%5 _ 130-150 | 0.2-4.0
2;;%?35 _ 04-33 5-10
COD, | 150190 |  60-120 60-120
mg/dm

During the experiment it was noted that a significant
part of the biomass of the microorganisms in this reactor
was secured with the walls of the reactor. The ability of
microorganisms for effective adhesion was used to in-
crease the reliability of the reactor by increasing the sur-
face area to which microorganisms could be secured.

A plastic load of polyethylene (AnoxKaldnes K1,
30 % of the volume of the reactor) was placed in the reac-
tor. After a while at the loading has developed the bio-
film, in which up to 75 % of the biomass of microorgan-
isms was located. The use of this method led to the stabi-
lization of the quality of water purification in the reactor
at the same average (removal of 90-92 % of nitrogen).

However, the biological technologies currently availa-
ble for nitrate degradation are associated with significant
drawbacks including: long start-up times and long recov-
ery times after system upsets; the production of biological
solids requiring costly treatment and disposal; low organ-
ism densities necessitating large footprints to achieve
sufficient treatment capacity.

Thus, an important area of research is the immobiliza-
tion of active biomass on carriers to reduce their leaching
from the bioreactor space and the transfer of the process
to a continuous technological regime for treating efflu-
ents. As well as the introduction of carrier-feed to stimu-
late the development of autotrophic groups of microor-
ganisms with the minimization of nutrient removal from
the system.

Developing biocomposites for natural, nitrate-
degrading organisms that are irreversibly retained within
these systems and never leave the biofilter, as they are
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protected from washout, overgrowth, toxicity, and abrupt
changes in operation.

This paper focuses on the study of the possibility of
using mineral carriers from sulfur (bio-sulfur / elementary
sulfur) in anaerobic wastewater treatment systems under
autotrophic denitrification conditions.

To achieve the aim, the following tasks were set:

— analytical studies of the possibility of bio-sulfur and
gaseous sulfur use as mineral carriers for bacteria growth
under autotrophic denitrification conditions;

— development bio-filtration set-up system for carrying
out the process wastewater denitrification with using bio-
sulfur and gaseous sulfur.

3 Research Methodology

During biochemical processing and in the course of
Claus's reactions, all hydrogen sulfide, which was a part
of gas-liquid mixes, is used to produce sulfur: bio-sulfurs
(from bio-desulfurization systems) [11] and the gaseous
sulfur resp., which have both similar physical and chemi-
cal properties and some differences features. It should be
noted that bio-sulfur is more demanded in the use in agri-
culture as a component of fertilizers and fungicides [12].

The analysis of the composition of gaseous sulfur is
presented in Table 3 and its general form is shown in
Figure 6. Gaseous sulphur has the same chemical formula
as solid or liquid Sulphur, Sg.

Table 3 — The technological parameters of gaseous sulfur [13]

Norm for
technical gas-
eous sulfur

Parameter (minimum value), %

Sulfur mass fraction 99.2
Water mass fraction 1.0
Refuse burnout mass fraction 04
Organic substances mass fraction 0.5
Acids mass fraction in conversion 0.02

to spirit of sulfur

Figure 6 — Photo of the gaseous sulfur granules (3—6 mm)

The main stages of bio-sulfur production are described
in the block diagram in Figure 7 with an indication of its
component composition according to [11].

Diffractometric research and raster microanalysis of
the bio-sulfur structure were held (conducted) and the
fact, that 60 % of it consist of orthomolecules Sgo, was
determined. Besides, sulfur organic inclusion (S,,) and

particles of components of transformed granules (CaSOy,,
H,0, CaCO;, Caz(PO,),, etc.) were found.

It should be noted that the presence of additional bio-
genic elements in the biosulfur will allow to reduce or
eliminate the necessity of supply of additional nutrients to
the system. Also, calcium fluoride may be present in the
bio-sulfur in the presence of fluorine in the composition
of secondary mineral raw materials (phosphogypsum) for
the production of an immobilized carrier for the systems
of biochemical purification of waste gases from hydrogen
sulphide. Calcium fluoride is a chemically relatively pas-
sive compound.

The theoretical foundations of the work are based on
the biochemical formalization of the purification process-
es using the systemic-synergetic approach for the descrip-
tion of the patterns of autotrophic denitrification microor-
ganisms based on the principles of autocatalysis of natu-
ral systems.

Culture-identify approach. Special software was used
in the work to identify the necessary ecological and
trophic groups of microorganisms and implement the
schemes of trophic interactions in associations of micro-
organisms-denitrifiers.

The taxonomic classification of each read was as-
signed based on the KEGG database (Kyoto Encyclope-
dia of Genes and Genomes).

KEGG is a database resource for understanding high-
level functions and utilities of the biological system, such
as the cell, the organism and the ecosystem, from ge-
nomic and molecular-level information. It is a computer
representation of the biological system, consisting of
molecular building blocks of genes and proteins (genomic
information) and chemical substances (chemical infor-
mation) that are integrated with the knowledge on molec-
ular wiring diagrams of interaction, reaction and relation
networks (systems information). Denitrification (nitrate
=> nitrogen) module M00529 was used for modelling of
association of main ecological and trophic groups of mi-
croorganisms involved in individual stages of this pro-
cess. This program provides the definition of basic bio-
chemical reactions, involved enzymes and microorgan-
isms that contain the relevant genes.

4 Results

4.1 Analytical studies of the possibility
of bio-sulfur and gaseous sulfur use as mineral
carriers for bacteria growth under autotrophic
denitrification conditions

Autotroph denitrification explains the thermodynamic
instability of nitrates in critical areas or the lack of lysed
organic connections.

Apart from organic carbon, some of the denitrifying
bacteria can use inorganic substances, such as hydrogen
and sulfur, manganese and ferrum in the capacity of do-
nor of electrons. Few researches showed the application
of this process for removing the nitrate out of fouled wa-
ters, and the sulfur-limestone reactor was used for the
autotroph denitrification of waste waters.
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Hence, in [14, 15] the possibility of usage of the indus-
trial waste of desulfurizing of flue gases for considerable
decrease of the volume of dregs over the cleaning of
waste waters. Therewith the main groups of eco-trophic
microorganisms are distinguished, which interact in
bioorganic cycles of transformation of biogenous ele-
ments (Figure 8).

Carbon cycle - Sulfur cycle — Nitrogen cycle

S0,%,
503 » NO; \
ol %

~“NH; 0,

HCO;
<f0]

Org-C

Figure 8 — The scheme of interactions in biochemical cycles
between heterotrophic and autotrophic groups of microorgan-
isms used in biological wastewater treatment [15]

The possibility of denitrification in low ratio COD
(chemical oxygen demand)/N is demonstrated in the reac-
tor, which establishes the symbiotic balance between the
denitrifying sulfur bacteria and sulfate-reduction bacteria
[16]. The advantages of autotrophic denitrification in-
clude:

—decreasing of the reactor pollution with dead bio-
mass;

—the treated water isn’t contaminated with organic
carbon.

The implementation of wastewater treatment systems
with autotrophic denitrification process use will provide
an opportunity to expand the application scope of a num-
ber of by-products that currently minimal recycling in
traditional industrial processing. For example, the utiliza-
tion of gaseous sulfur and bio-sulfur.

Figure 9 represents an analysis of the main ecological-
trophic groups of microorganisms which take part in
autotrophic and heterotrophic denitrification.

100 Bradyrhizobium
90 Sulfurovum
80 m Azoarcus
m Sulfuricella
0 m Thiobacillus
60 m Massilia
50 mBordetella
40 m Sedimenticola
30 m Oleispira
m Halomonas
ig Hahella
Thioalkalivibrio
0 - - - Marinobacter

1 2 3 4 m Pseudomonas

Figure 9 — Taxonomic classification of the microbial composi-
tion according to the stages of denitrification: 1 — nitrate to
nitrite; 2 — nitrite to nitric oxide; 3 — nitric oxide to nitrous
oxide; 4 — nitrous oxide to nitrogen, using KEGG database

The bacterial communities were dominated by Pseu-
domonas, Bradyrhizobium, followed by Thioalkalivibrio,
Thiobacillus, Sulfuricella and Sulfurovum.

Figure 10 presents the data on the metabolic interac-
tions of cooperated communities of microorganisms-
denitrifiers in the process of wastewater treatment.

The mechanisms of sulfur conversion in natural eco-
systems make it possible to conclude its expediency of
use it as a sorption sulfur-containing mineral carrier in
wastwater purification systems with further conversion to
an organic form (with microbial cell carbonate)
(Figure 11).

According to modern conseptualizations, sulfur from
surroundings enters the cellular vacuole (filled with vol-
untarily) of thiobacillus, including T. denitrificans by
diffusion and accumulates in it as a reserve material. This
sulfur may oxidase as the case should be require. The
speed of its oxidation depends on the area of contact of
sulfur with bacterial cells. This suggests that there are
ferments on the cell area of bacteria that contribute the
entry of sulfur into the cell, and under their influence,
sulfur is reduced to a sulfide ion, the oxidation of which
arises further intracellularly.

Energy and synthesis reactions for an autotrophic deni-
trification can be written in the form of the following
equations.

Energy reaction:

2NO;5 + 5H; — N; +4H,0 + 20H; 1)
2NO; + 2H* + 5H; — N, + 4H,0. 2)
Synthesis reaction [17]:
H, + 0.35NO; + 0.35H" + 0.052CO, —
— 0.17 Ny + 1.1 H,0 + 0.010CsH;O,N. 3)

The stoichiometric equation for the reduction of nitrate
using elemental sulfur proceeds as follows:

55S + 20 CO, + 50NO; + 38 H,O + 4NH,* —
— 4 CsH,0,N + 25 N, + 5550, +H. )

Heterotrophic denitrification bacteria produce elec-
trons and protons necessary for the transformation of
nitrate from organic compounds. These substances in-
clude carbohydrates, organic alcohols, amino acids and
fatty acids. For example, the utilization of acetate, as a
source of carbohydrate, occurs as follows [16]:

5CH;COO" + 8NO;- + 3H" —
— 10HCOj; +4Ny(g) + 4H,0. 5)

Therefore, developing the denitrification complex
technology using gaseous sulfur and bio-sulfur as immo-
bilized sorbing agent for denitrification bacteria followed
to technogenic sulfur utilization and fertilizer production.

Thus, it is essential to carry out experimental research-
es of efficiency of stock package use based on bio-sulfur
and gaseous sulfur in biological filters of denitrification
systems.
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Figure 10 — Block diagram of metabolic processes of interaction in the association of denitrification microorganisms
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Figure 11 — The flowchart of interactions pathways model in the association of heterotrophic and autotrophic denitrification bacteria
in the process of wastewater and sewage sludge purification under condition of elementary sulfur presence

4.2 Bio-filtration set-up system for carrying
out the process wastewater denitrification
with using bio-sulfur and gaseous sulfur

For pattern drains purification, filtration method is
used under anaerobic conditions along with immobiliza-
tion on the carrier made of autotrophic denitrifying bacte-
rial species such as Thiobacillus denitrificans and Thio-
microspira denitrificans, also usage of phototrophic bac-
terial species such as Rhodopseudomonas sphaeroides f.
denitraficans is possible.

These species will oxidize various kinds of reduced
sulfur to sulfate, in this case the nitrate is reduced and
oxygen is released for its own metabolism of facultative
thiobacteria. Thus, sulfur conversion leads to the reduc-
tion of nitrates to nitrites and, ultimately, the release of
molecular nitrogen.

Composition of a model contaminated solution:
KH,PO,, 25 g/dm’; MgSO,7H,0, 260 g/dm’; KHCOs,

753 g/dm’; NaNO,, 893 g/dm’; EDTA (C,H¢N,Oy),
15 g/dm’; FeSO,, 5 g/dm’; MnCl-4H,0, 0.99 g/dm’;
ZnSO,7H,0, 0.43 g/dm’; CuSO,2H,0, 0.25 g/dm’.

Figure 12 shows the experimental set-up that is
planned to use for wastewater denitrification modelling.
The biofilter is a cylindrical container of plexiglass with a
volume of 10 dm’. The reverse flow method is used, in
which water is pumped through a hole at the bottom of
the filter and ends up, recirculating the water flow
through the pump. Also, the gas phase is recycled with
the possibility of its recycling into the system to intensify
purification process.

In this case, for the implementation of the experiment,
the ratio of the main components of the mixture of the
filtration material to fill the biofilter is suggested: 2/3
granular sulfur and 1/3 granules (diameter 10 mm) from
the calcium-containing material for increasing the pH of
the purified water.
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Figure 12 — The bio-filtration set-up system:

1 — biofilter body; 2 — sulfur carrier; 3 — granules of calcium-
containing material; 4 — pump; 5 — capacity for selection
of model flow; 6 — pump; I — input stream for cleaning;

II — output flow for recycling; III — cycle of the gas phase;
IV — purified stream

In this case, for the implementation of the experiment,
the ratio of the main components of the mixture of the
filtration material to fill the biofilter is suggested: 2/3
granular sulfur and 1/3 granules (diameter 10 mm) from
the calcium-containing material for increasing the pH of
the purified water.

Intensive internal circulation stimulates the growth of
the necessary ecological-trophic groups of bacteria, the
descending flow of model effluents passes through a
layer of granular sulfur and during the bioconversion
sulfuric elements of T. denitrificans are used in order to
reduce the nitrate to molecular nitrogen. In the process of
biochemical conversion, the acid-base balance of the
system changes to the acidic side, so a calcium-
containing drainage material is loaded in the lower part of
the biofilter to buffer the flow of water.

The qualitative character of sulfur use is enlargement
of pore spaces inside sulfur-containing granules in the
process of sulfur consumption by microorganisms. In 2-3
days after immobilization and beginning of biological
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AHoTauisi. Y CTaTTi OCHOBHA yBara MpHIUISETHCS BUBYCHHIO MOKJIMBOCTI BUKOPHUCTAHHS MiHEpalIbHUX HOCIiB 3
cipku (0i0-CipKH / eIeMEeHTapHOi CipKH) B CHCTEMaX aHaepOOHOTO OYHMINEHHS CTIYHUX BOJ B YMOBaX aBTOTPOQHOI
nenitpudikamii. Teopernuni acnektu poOOTH 3acHOBaHI Ha OioXiMmiduHOi (opmamizamii MPOIEciB OYMIICHHS 3
BUKOPHUCTAHHSIM CHCTEMHO-CHHEPTeTUYHOTO MiJXOIy JJIS OIHCY 3aKOHOMIPHOCTEH aBTOTPO(HUX ACHITPUIKYIOUNX
MIKpOOpraHi3MiB Ha OCHOBI NPHHIMIIB aBTOKATali3y NpHpoaHHMX cucTeM. CreliaibHE NMporpamMHe 3a0e3ledeHHs
BUKOPHUCTOBYBAJIOCS JUIsl BH3HAUCHHS HEOOXITHMX EKOJOTIYHHX 1 TPOQIUHMX Tpyn MiKpOOpraHi3MiB Ta JUIs
peamizamii cxeM TpoQiYHHX B3aEMOJii B acoIiamisx MiKpoopraHi3miB-AeHiTpugikaTopiB. TakcoHOMiuHa
knacudikamis npusHadeHa Ha ocHOBI 0a3m manmx KEGG (KioTchbka eHOuKiIoneniss reHiB i reHomiB). byma
po3pobiieHa cuctema 6io¢pinbTparii LI MpoBeIeHHS AeHITpU(iKalii MOJETPHUX CTIYHUX BOJ 3 BUKOPHCTAHHAM 0i0-
cipku i ra3oBoi cipku. Mertos QinbTpalii BUKOPHCTOBYEThCS B aHAepOOHHMX yMOBax 3 iMMOOLTi3aliero Ha Hocil 3
cipku aytotpoduuii neHiTpudikyrounx OakrtepianpHux BuAiB Thiobacillus denitrificans i Thiomicrospira
denitrificans. Tpancdopmariii cipku IUMU MiKpoOpraHi3MaMH NPU3BOAUTD J0 BiHOBJIEHHS HITPATiB J0 HITPHTIB i 10
BUBLIbHEHHSI MOJIEKYJISIPHOTO a30Ty. MexaHi3MH KOHBEpCii CIpKH B TPUPOTHUX €KOCHCTEMaX JTO3BOJISIOTH 3pOOUTH
BHCHOBOK MO JOUUIBHICTh BUKOPUCTAHHA ii SIK COPOIIHHOTO CipKOBMICHOTO MiHEPAIBFHOTO HOCIS B CHCTEMax
OUMINEHHS CTIYHHX BOJ 3 KOHBEPCI€I0 B OpraHiuHy ¢opmy (3 KapOOHATOM MiKpOOHMX KIITHH). Moens NUIIXiB
B3aeMoJii B acounianii rerepoTpodHUX i aBTOTPOPHUX NeHITPU(DIKyI0UnX OaKTepill y MpoIeci OUUIEHHs CTIYHUX BOJ
i MyJoBUX ocajiB Oyna chopMOBaHa 32 YMOBH NPHUCYTHOCTI eleMeHTapHOi cipku. OnHCcaHO eHepreTHYHi peakuil i
peakuii cuHTe3y Ul aBTOTpodHOI AeHiTpudikalii. BnpoBaKeHHsS CHCTEM OYHCTKU CTIYHHX BOJ 3 BUKOPHCTaHHIM
nporiecy aBTOTpodHOI HeHiTpudikamii acTh 3MOTY PO3MIHMPHTH chepy 3aCTOCYBAHHA PALY MOOIYHHX MPOAYKTIB,
TaKUX SIK Ta30101i0Ha cipka Ta 0i0-CipKH, SKi B JaHUIA Yac MiHIMaJIbHI IJIs TPaIUIiHHOI IPOMHUCIIOBOI TepepoOKH.

Kuawuosi cioBa: nenitpudikaris, 6i0-cipka, ra3oBa cipka, CTI4HI BOJH, MiHEpaIbHi HOCII.
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Abstract. The waste management system of Ukraine, is being reformed to bring it in line with European standards
for the use of the material and energy potential of waste. Selection of the optimal system should be based on the sta-
tistical representativeness of the results of a detailed analysis of the morphology of the municipal waste of each local-
ity in accordance with the socio-economic profile of individual zones of the city and the seasons of the year, as well
as the energy and environmental characteristics of the waste. But there are no standards for determining of energy
characteristics of municipal solid waste in the country. This paper shows results of characteristics research of munici-
pal solid waste in Cherkassy city carried out in accordance with the new approaches. A methodology for determining
the humidity, net calorific value and ash content of municipal solid waste is developed. The results of experimental
studies of humidity, calorific value and ash content for 8 components of waste: paper, cardboard, composite materi-
als, textiles, hygiene products, plastic, other combustible materials, wood shavings are presented. Humidity is also de-
termined in organic residues and in fine fractions. The results of the research are used to develop an integrated waste

management and recycling system in Cherkassy.

Keywords: morphological composition, secondary energy resource, municipal solid waste, methodology, calorific

value, moisture, ash content.

1 Introduction

The increase in the amount of waste is a concern for
many countries in the world. Accumulation of municipal
solid waste (MSW) threatens to become a global problem
for Ukraine. For many years the country has been work-
ing on a simplified system of solid waste management,
when almost all waste was mixed in a general not weath-
erproof container and was taken for disposal in landfills.

In the context of the global trend to reduce the con-
sumption of fossil fuels and replacing them with renewa-
ble and alternative sources of energy legislation of the
civilized countries of the world is directed at the use of
material and energy potential of MSW (more than 20 %
of the municipal solid waste of these countries is used for
the production of electric and thermal energy) [1]. This
approach is enshrined in the Framework Directive
No 2008/98/EU of 19.11.2008 “On waste and repealing
certain Directives”, also known as the Waste Framework
Directive or WED [2], etc.

European principles of waste management laid the ba-
sis for a National waste management strategy (NWMS) in
Ukraine till 2030, approved by the Cabinet of Ministers

of Ukraine [3]. Within two years after the approval of the
NWMS, regional waste management plans should be
developed. Selection of the waste management system
should be based on the analysis of MSW morphology of
and energy characteristics of its components.

For the implementation of the principles of NWMS
Cherkassy city Council supported by the Ministry of
Finance of France, invited the French company “BETEN
INGENIERIE” to develop Ukraine’s first integrated pro-
ject for the disposal, processing, valorization (increasing
the cost by selecting components for reuse) and efficient
secondary recycling of solid waste in Ukraine. The pur-
pose of the project is to optimize and substantiate the
processes of municipal solid waste management, reduce
the amount and area of landfills in the city of Cherkasy
and the surrounding area, and build waste composting
and sorting plant.

The company “BETEN INGENIERIE” has analyzed
the morphology of MSW to study their exact annual
composition in accordance with the demographic and
socio-economic profile of individual areas of the Cher-
kassy city (population, trade establishments, industrial
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facilities), in accordance with the accepted European
methodology.

Analysis of the energy characteristics of MSW com-
ponents in Cherkassy city, which can be used for energy
valorization, and nutrient content in the waste that is sub-
ject to composting, was performed by the Institute of
Technical Thermophysics of the National Academy of
Sciences of Ukraine on request and with the financing of
“BETEN INGENIERIE”.

2 Literature Review

The main energy characteristics that determine the ex-
pediency of using MSW as a secondary energy resource
are humidity, net calorific value (NCV) and ash content.

The research of these characteristics is carried out by
experts from many countries of the world. Analysis of
publications carried out by the authors [4], showed signif-
icant difference in the classification of the morphology of
solid waste and in calorific value of components in dif-
ferent countries and Ukraine (Table 1). According to the
Commission's Decision on the European List of Waste
[5], the classification of MSW components includes 40
items, while in Ukraine, according to the Order Ministry
of Regional Development, Construction and Housing and
Communal Services of Ukraine of Ukraine, only 11 ones
[6], which complicates the study of component character-
istics.

Table 1 shows that the use of MSW as a secondary en-
ergy source can replace the corresponding amount of
fossil fuels, which is extremely relevant for Ukraine [7].

Table 1 — Generalized morphology and net calorific value of MSW components
in the leading countries of the world, Ukraine and CIS countries

The type of MSW Net cgloriﬁc value of solid waste, MJ/kg
component EU. WB Ukraine (data Russm'n Kazakhstan
’ up to 2014) Federation
Organic materials

(Food waste) 1.9-4.1 3.1-3.8 3.4-6.2 33
Paper and cardboard 6.5-16.0 7.5-11.5 9.5-15.0 9.9
Plastic 20.1-35.0 24.4 24.4-28.0 24.4
Textiles 11.8-19.0 12.1-15.0 14.0-19.1 15.7
Leather and rubber N/A 20.9-25.2 23.0-33.5 25.8
Wood 13.6 13.4-14.5 14.0-15.0 14.5
Small remains 2.6-3.5 3.1 4.6-8.7 4.6
Other 32.0 N/A 18.1 N/A

This work is aimed at the adaptation of the

ings, (3) the trade and administrative sector, (4) the indus-

MODECOM methodology for the determination of the
morphological composition of MSW with taking Ukrain-
ian conditions into account; development of recommen-
dations for methodological approaches to the determina-
tion of energy characteristics of MSW components in
Ukraine: humidity, NCV and ash content, as well as con-
ducting experimental studies of the energy characteristics
of Cherkassy city.

3 Research Methodology

3.1 Methodology of determination of
morphological composition

The MODECOM methodology is developed by the
French Agency for Environmental Management and En-
ergy Management (ADEME) and fully complies with
European standards aimed at ensuring the statistical rep-
resentativeness of the research results. In particular, sam-
ples are collected in different areas of the city in accord-
ance with the demographic and socio-economic profile of
individual zones. In addition, samples are taken from
both housing stock and commercial, administrative and
industrial facilities. Typically, samples are taken from (1)
the private sector, (2) the sector of multiapartment build-

trial zone.

The morphological composition of MSW was deter-
mined by the following indicators:

— granulometry;

— type of material;

— potential to avoid landfill.

Morphological study complied the requirements of Eu-
ropean regulations - on sampling waste (standard
EN 14899) and on the collection of samples of solid
waste in containers (norm X30-413).

In Cherkassy, 13 samples weighing around 600 kg
were selected in each of the two worst seasons of the year
(due to the high humidity of the solid waste): December-
January and August-September, which ensured high ac-
curacy of the results.

For sorting by category, each sample was mixed, then
sorting was done according to the size of the waste (more
than 100 mm, from 20 to 100 mm, up to 20 mm), the type
of material (13 categories: organic, paper, cardboard,
composite materials, textiles, sanitary textiles, plastics,
combustible materials, glass, metals, non-combustible
materials, hazardous household waste, fine fraction (up to
20 mm), and subspecies of material (more than 30 sub-
categories). Further systematic weighing of samples of
waste was carried out.
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3.2 Methodology of determination of MSW
energy characteristics

At present, Ukraine has no standards for the study of
humidity, NCV and ash content for MSW, but standards
exist for defining these characteristics for solid organic
fuels [8—11]. At the same time, international standards
and harmonized standards exist in some CIS countries
[12—15]. These standards have some differences in meth-
ods of preparation of samples, measurement and pro-
cessing of their results. Most studies have been carried
out in accordance with Ukrainian standards, but, taking
into account the peculiar properties of MSW, certain
operations have been conducted with taking into account
requirements of international standards.

The main difference between solid waste and conven-
tional solid organic fuels, in terms of experimental deter-
mination of energy properties, is its significant heteroge-
neity, both in composition and in humidity.

In the study of fuels, as a rule, an analytical sample of
1 g is prepared, shredding it to the size of the particle of
0.1-0.2 mm and homogenizing.

Analysis of the energy characteristics of MSW com-
ponents in Cherkasy city was conducted for 11 separate
components, exceeding the classification according to the
Order of the MHCP of Ukraine [6]. All materials that
were not included in the inert and reprocessed waste were
analyzed. The preparation of experimental samples
showed a significant heterogeneity of the components of
the MSW even within one component, which, due to the
small weight and the need for thorough homogenization
of the sample significantly complicated the study of char-
acteristics and resulted in a significant dispersion of re-
sults and increase uncertainty of measurements. This is
confirmed by previous authors' studies [4].

The analytical sample is kept in the laboratory room
until the air-dry state is reached, and then at least two
parallel measurements of the moisture, ash content and
NCV of the analytical sample were carried out. The dif-
ference in measurement results in parallel measurements
should not exceed the limits specified with the normative
documents. The moisture for each component was meas-
ured at the delivery state for the entire sample volume,
then the components were shredded, homogenized, dried
and brought to air-dry state, the humidity and ash content
in the analytical state were measured for the entire vol-
ume of the prepared specimens.

In the NCV study of heterogeneous samples, a spread
of measurement results was observed that exceeded the
permissible difference between the two measurements, so
at least five experiments were performed and the result
was defined as arithmetic mean. For a qualitative study of
the energy characteristics of MSW, it is appropriate for
Ukraine to introduce a more detailed European classifica-
tion.

3.3 Method of determination of moisture
content

For each of the components provided, the determina-
tion of relative humidity is made for two states - delivery

and analytical. The method consists in weighing the sam-
ple in the initial state, drying the sample at a given tem-
perature to a constant mass and weighing the sample in a
dry state. Drying of most samples is carried out at tem-
perature (105 % 2) °C, but for components with low melt-
ing temperature, for example, polyethylene or Styrofoam,
drying is carried out at a temperature (70 + 2) °C. Rela-
tive humidity was determined by the ratio of the total
change in mass of the sample to the initial mass.

3.4 Method of determination of ash content

The ash content of samples were determined by the
slow ashing in accordance with the requirements of
GOST 11022-95 (ISO 1171-97) [9]. A crucible or a boat
with the sample is weighed and placed in muffle, heated
to 500°C for 60 minutes and held at this temperature for
60 minutes, then the temperature was raised to
(815£10)°C for 60 minutes and maintained at this kept
for 2 hours. Different duration of exposure is recom-
mended for different types of traditional fuels, usually
from 30 minutes to 2 hours, for a MSW test the maxi-
mum duration of 2 hours were selected. After exposure
crucible or boat is taken out of the oven, cooled for
5 minutes on a ceramic or metal support and then in a
closed desiccator to room temperature and weighed. The
ash content of the analytical sample was calculated as a
percentage that represents the ration between weights of
the remnants after ashing and the initial mass of sample.

3.5 Method of determination of net calorific
value

The methodology generally complies with the standard
methods for solid fuels GOST 147-95 (ISO 1928-76) [10]
and DSTU ISO 1928 [11].

Measurements were carried out in an automated bomb
calorimeter of the heat flow (Kalve type) [16]. The device
is anhydrous, does not require water weighing and a de-
termination of its temperature rise, as required by tradi-
tional water calorimeters. After completion of measure-
ments, the device outputs the energy Qr (J) allocated in
the bomb.

Net calorific value of combustion of an analytical
sample in a bomb is Q,° calculated by the formula, kJ/kg:

Qba _ QT _qwr .(ml _mZ)_qpap 'm4 (1)

b
ms

where Q7 is the total heat emitted during the combus-
tion of the sample according to the readings of the device;
Gwr = 2 510 KI/Kg, gpqp = 15 627 kl/kg — specific calorific
value of inflammable wire and paper package; m;, m, —
initial and remaining mass of the wire; m; — mass of sam-
ple; m4 — mass of the paper package.

Gross calorific value of an analytical sample, taking
into account corrections for the creation and dissolution
of acids, was calculated according to [10, 11] by the for-
mula, kJ/kg:

0 =0 —(04-5° +a-Qyf), @)
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where 94 — coefficient, taking into account the heat of
formation of sulfuric acid from sulfur dioxide and disso-
lution of sulfuric acid in water by 1 % sulfur, passed at
combustion of fuel in sulfuric acid, kJ/kg; S° — mass frac-
tion of sulfur in the analytical sample of fuel, %;
a-Q; — an amendment that takes into account the heat

of formation and dissolution in water of nitric acid, the
value of which is determined by calibrating the calorime-
ter - Q) =29 kl/kg.

The higher heat of combustion for dry fuel at constant
volume Q¢ and fuel in the delivery condition was calcu-

lated according to the formulas, kJ/kg:

100 100-W’
0/ =0 ———— 0/ =0/ ———. ()
ST 00-we T T T 100-we

In determining of the net calorific value according to
the standards [10, 11], generally use the notion of NCV at
constant volume, which is traditionally calculated by the
formulas, kJ/kg:

— for working condition:

Q =0 —24,42W" +894H"); 4)
— for dry condition:
Q' =0 —24,42-894H" =Q¢ -2183H". (5)

The Annexes to these standards also provide formulas
for calculating the calorific value at constant volumes,
which are harmonized with the current international
standards, and have different calculation factors, kJ/kg:

— for working condition:

100-w,"
T, =0, —206H¢ |———-W/,; (6)
QI,V (Qx,V ) 100 t
— for dry condition:
Qi‘,{V = Q;’YV —206H ‘. (7

In the latest standards [12—15], on the contrary, the
concept of calorific value at constant pressure is the main
one and the following formulas are given, kJ/kg:

— for working condition:

oY =[0¢, ~2122H —08(0" + N)]x
x (1-0,01W)—24,43W;

(®)

— for dry condition:
0! =0, —2122H" 080" +N’) ()

The analysis of the above formulas shows that the dif-
ference in the results of the calculations by the various
given methods is rather small, but for the verification of
this fact, parallel calculations for the dry fuel state ac-

cording to formulas (5), (7), (9) have been performed and
the relative (in percentages) the difference between the
largest and the smallest values (Table 2).

For arbitrary working humidity W" and ash content
A", hydrogen and sulfur content is calculated according
to the formulas [17], %:

Hr g  100=W7 - A",
100 (10)
g _gan , 100-W' A"
100

In the above formulas, A is ash content; W — humidity;
H, N, O, § — relative content (as a percentage) of hydro-
gen, nitrogen, oxygen, sulfur, respectively; upper indexes
of the designation of the state: d - dry, daf — dry, ash free,
r — working (deliveries); lower indices: s — gross heat;
i — net heat; p — under constant pressure; V — for constant
volume.

4 Results

Calculations of NCV were done for the three condi-
tions of components: analytical Q, delivery Q, dry

Q! . The results of calculations are presented in Table 2.

The table also shows the values of NCV at constant vol-
ume Q¢ and at constant pressure pr’ calculated from

formulas (7) and (9), and the highest relative (in percent)
difference between values for dry state.

According to the calculations, it was found that the
difference between the values of the heat of combustion
for the dry state, calculated according to different meth-
ods, does not exceed 0.54 %, and the absolute difference
is less than 0.12 MJ/kg, that does not exceed the value of
the permissible difference of the results in the measure-
ments . Thus, for technical calculations, the use of each
of the values is permissible, and then the value Ql.d cal-

culated by formula (5) is given.

Influence of humidity of components on the heat of
their combustion is shown in Fig. 1.

The data in Fig. 1 clearly demonstrate the negative ef-
fects of moisture on the energy characteristic of solid
waste.

The following parameters were studied:

— calorific value and the content of heavy metals in
waste;

— the content of nutrients in the waste that is subject to
composting;

—the content of heavy metals in MSW that is to be
buried.

The main results of determining the humidity, calorific
value and ash content of MSW components in Cherkassy
city is given in Table 3.
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Table 2 — Results of NCV determination for MSW components by different methods

Generic component H™, o, (O o', o' Qfl, , max 50,
name % MlJ/kg MJ/kg MIJ/kg Ml/kg MlJ/kg %
Paper 6.2 13,236 9.335 14.334 14.410 14372 0.53

Cardboard 6.2 13.221 8.407 14.195 14.271 14.232 0.54
Composite 7.2 27.639 20.450 | 28.542 | 28.631 28.586 0.31
materials
Textiles 6.8 15.784 10.481 16.789 16.873 16.830 0.50
Hygiene products 6.8 25.944 2.617 27314 27.398 27.356 0.31
Plastic 93 38.020 33.164 | 38355 | 38469 | 38412 0.30
Other flammable 72 17872 | 16166 | 18.186 | 18274 | 18.230 0.49
materials
Wood parcel 6.1 16721 | 15952 | 18.166 | 18241 | 18.203 0.41
(Green waste)

Table 3 — The main results of determining the humidity, ash content, calorific value of MSW components in Cherkassy city

Delivery condition (working condition)

Dry condition, W =0 %

>\A - 1
Generic component name | B & | = §& | GCV Q! NCV ©; §‘E§ GCV Q! NCV @f
S5 <54 =23
as) o MlJ/kg MlJ/kg < MlJ/kg MlJ/kg
Paper 30.2 7.8 10.95 9.33 11.2 15.69 14.33
Cardboard 35.1 8.3 10.09 8.41 12.8 15.55 14.19
Composite materials 26.4 6.2 22.17 20.45 8.5 30.11 28.54
Textiles 33.3 1.3 12.18 10.48 2.0 18.27 16.79
Sanitary textiles 83.2 1.9 4.83 2.62 11.3 28.80 27.31
Plastic 13.0 4.1 35.13 33.16 4.7 40.39 38.35
Other flammable materials 10.2 10.7 17.74 16.17 11.9 19.76 18.19
Wood parcel (Green waste) 11.1 2.5 17.34 15.95 2.8 19.50 18.17
Organic Remnants 74.9 — — — — — —
Small fraction of MSW 47.6 - — — — - —
40
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Figure 1 — Influence of humidity on the NCV of MSW components
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The results of the research indicate significant differ-
ences in the studied characteristics in different compo-
nents of the waste. The highest content of moisture was
attributed to organic residues and hygiene products —
74.9-83.2 %, the smallest — to other combustible materi-
als, wood particles and plastic — 10.2-13.0 %. Hygiene
products had the lowest calorific value — 2.62 MJ/kg, the
highest — plastic — 33 MJ/kg.

The results of the experimental study of GCV and cal-
culations of the NCV of MSW components in the dry
state show a significant increase in calorific value com-
pared to moist components in the delivery state. The calo-
rific value of hygiene products has increased by almost
10 times. The calorific value of the cardboard has in-
creased by 69 %, textiles — by 60 %, paper — by 54 %,
composite materials — by 40 %. The calorific value of
components with less hygroscopicity has increased sig-
nificantly less: calorie plastic increased by 16 %, other
combustible materials — by 12 %, wood particles — by
14 %.

The results of ash content studies of MSW components
in the delivery state showed values ranging from 1.3 %
(textiles) to 10.7 % (other combustible materials). The
ash content of MSW components in the dry state ranged
from 2.0 % (textiles) to 12.8 % (cardboard).

The values of ash content were somewhat higher than
that inherent in pure materials, which is probably due to
the contamination of the studied components with soil
particles.

5 Conclusions

The above described method and process of sorting
and weighing of detailed subcategories allows:

— to precisely determine the potential of waste valori-
zation, because today not all types of plastic are valorized
with the same way;

— to design, measure, accept and approve the feasibil-
ity study for the processing of municipal waste:
composting, methanization (biological decomposition
with the release of biogas), sorting or use for energy pro-
duction.
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AmnoTauisi. B Ykpaini pedopMyeThcs crcTeMa IMOBOKEHHS 3 BiIXOJaMH [UTA MPUBEICHHS ii Y BIIMOBIIHICT 10
€BPOTEHCHKUX CTAaHAAPTIB BHUKOPHUCTAHHS MATEpialbHOTO Ta EHEPreTWYHOro IIOTEHIany BigxomiB. Bubip
ONTHUMAJBHOI CHCTEMH Ma€ IPYHTYBATHCh Ha CTATHCTHYHIA PENpEe3eHTATHBHOCTI PE3YNbTATIB JETANBHOTO aHATi3y
MopGoJIorii MYHIIMIATLHUX BIIXOMIB KOXXHOTO HACEICHOTO MYHKTY BIIMOBIIHO IO COIiaJbHO-EKOHOMIYHOTO
podiTI0 OKPEeMHUX 30H MiCTa Ta CE30HIB POKY, @ TAKOXK IX SHEPreTMYHMX Ta EKOJOTIYHHX XapaKTepHCTHK. AJie B
KpaiHi BIICYTHI CTaHOapTH 3 BHU3HAYEHHS OCHOBHUX EHEPreTHYHHX XapaKTepHCTHK TBEPAUX IOOYTOBUX
BigXO/iB.BifMOBiqHO MO0 HOBUX MiAXOIIiB NPOBENEHO IOCTIMHKEHHS TBEPAMX MOOYTOBMX BiAXomiB M. Uepkacw.
Po3pobieni pexomeHgamii moa0 METONOJOTIYHMX IiIXOMIB O BWU3HAYCHHS BOJIOTOCTI, TEIUIOTH 3TOPSHHS Ta
30JIGHOCTI TBEpOUX MOOYTOBHX BimxomaiB. HaBemeHi pe3ynbpTaTH eKCHEPHUMEHTAJIBHUX IOCIHIIKEHb BOJOTOCTI,
TEIJIOTH 3TOPSHHS Ta 30JIbHOCTI 8 KOMIOHEHTIB BiAXOJIB: marepy, KapTOHYy KOMIIO3UTHUX MarepiajiB, TEKCTHIIIO,
MIPOJYKTIB TiTi€HH, IUIACTUKY, IHIIMX TFOPIOYHMX MaTepianax, JIepeBHOrO OCTPYXKY. BoNOricTb BU3Ha4YeHa TAaKoX B
OpraHiyHMX pelTKax Ta y JApiOHii ¢paxuil. Pe3ynbraty KOCHIKEHHS BHKOPUCTOBYIOTHCSA JUIl PO3POOKH
KOMITJICKCHOI CHCTEMH TIepepoOKH Ta yTHIIi3amii BigxomiB y M. Uepkacu.
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Abstract. The utilization of solar energy sources is done by using photovoltaic (solar panels). The energy emitted
by the sun is fluctuating. This change in radiation energy will also affect the output of solar panels. The relationship
of change is what will be measured, observed and proven in this study. The observations are made using a gauge
called the solar power meter, where this device can read the amount of solar radiation energy in the W/m? unit. While
the output to be measured is the output power generated by the solar panel itself. Measurement in this study was done
using two modes; i. e. stationary mode and tracking mode. The stationary mode is done by placing the solar panel
face with slope and azimuth in a predetermined direction, while the tracking mode is to place the solar panel face ex-
actly 90° to the sun. Evidently by placing the solar panels to keep the sun coming up, it can achieve efficiency up to
14.1 % compared to stationing solar panels stationed 75° to the north which can only achieve efficiency of 13.7 %.

Keywords: radiation energy, photovoltaic, efficiency, solar panel.

1 Introduction

Sun energy or better known as solar energy has now
become one of the alternative energy sources for the gen-
eration or provision of electrical energy. The existence of
science in the development of new and renewable re-
sources is a solution in answering the problematic about
the limited availability of fossil resources. Radiation from
solar energy is absorbed through medium called solar
panels and then converted into electrical energy [1-2].

Given the nature of the sun that is always changing
every time, it can be ascertained that the electrical energy
generated by a solar panel will also experience fluctua-
tions. This needs to be observed and taken into account in
order to establish the best tilt angle or even the best
mounting mode of a solar panel in a particular location
where solar panels can generate maximum electrical en-
ergy according to their highest wattage value.

This research attempt to discover to objectives; they
are 1) proving the relationship of the angle of solar panels
to the intensity of solar radiation that can be absorbed by
solar panels; and 2) discover and prove the relation of the
intensity of solar radiation absorbed by the solar panel
with its output power. Therefore, this study focused on
the magnitude of the intensity of solar radiation that can
be absorbed by a solar panel and the power generated by
solar panels positioned at a predetermined angle and time.

2 Literature Review

2.1 Sunlight

Solar energy supplies energy to the earth in the form of
radiation. Solar energy system is exposed to different
amounts of sunlight, which controls the amount of power
generated by the solar energy conversion system. In
other words, the system generates more power when it is
exposed to greater amount of sunlight. Each year there
are about 3.9-10** J (1.08-10'® kW-h). Throughout the
year, the distance between the sun and the earth varies
between (1.47-1.52)-10° km.Consequently, irradiance E°
fluctuates between 1.325-1.412 W/m’. The Earth’s at-
mosphere retract and reduces the sun's radiation through
the process of reflection, absorption (ozone, water vapor,
oxygen and carbon dioxide) and scattering (air molecules,
dust particles or pollution). For sunny weather during the
day, the irradiance reaching the earth’s surface are
1 W/m®.

2.2 Solar panels

2.2.1 The structure of solar panels

Solar panels are generally used to harness solar energy
[3-8]. Silicon solar panels get heated to a temperature of
more than 70 °C when they are subjected to intense sun-
light for a prolonged duration of time. At this high tem-
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perature, these panels show low efficiency while convert-
ing sunlight into energy. As a result, the system perfor-
mance is diminished and the power generation system
encounters a one-third loss approximately [9-10]. There-
fore, a solar energy system is exposed to different
amounts of sunlight, which controls the amount of power
generated by the solar energy conversion system. In
other words, the system generates more power when it is
exposed to greater amount of sunlight.

One piece of solar cells illuminated by the sun can on-
ly produce a dc voltage of 0.5-1.0 V, and short-circuit
currents in the scale of mA/cm>. Therefore, a solar mod-
ule typically consists of 28—-36 solar cells and the total
produces a dc voltage of 12 V in standard irradiation
conditions. This collection of solar modules is then ar-
ranged in a field called solar panels (Figure 1).

WJAHHHHHHHHU
DHHHHHHHH
HHHHHHHHU

2 LA

Figure 1 — The Solar Module (series)
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2.2.2 How solar cells work

The photon is absorbed around depletion layer which
is boundary between N-type silicon and P-type and an
electron and a hole are separated. The electrons are at-
tracted to the N-type silicon side, resulting in a potential
voltage. It will increase electrical energy that can later be
stored into a battery (Figures 2-3).

Front electrode (-)

Anti-reflection coating l ‘ |
rsas zi§1 -
Back electrode (+) v _JW

Figure 2 — How solar panels work

iolarsl'. _.[ g::l'?; }»[lnwm'-‘f }’ LACd
7 [

Battery

Figure 3 — Workflow of solar panels

The working process of receiving solar radiation by
solar panels is to be converted into electrical energy.

2.2.3 Efficiency

The input power itself is the product of the intensity of
solar radiation with the cross-sectional area of the solar
panel.

P, =E-A, (1)

where P;, — input power, W; E — intensity of solar ra-
diation, W/mz; A — cross section area, m’ (Figure 4).

Several factors can reduce or even increase the effi-
ciency of such solar panels, such as surface temperature
of solar panels, power losses present in the connecting
cable, and others [6]. However, ignoring these factors,
efficiency can be calculated using the following equation:

En h= Pnut’ (2)
where n — efficiency value; P,,, — output power.

The effect of this solar intensity by assuming the tem-
perature of the solar panel at a temperature of 25 °C.
Practically, the surface temperature of solar panels will
also fluctuate [2]. The solar cell will operate optimally if
its surface temperature remains normal and stable at
25 °C. A rise in temperature higher than normal will
weaken the voltage V,. (Figure 5).
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Figure 4 — The effect of intensity change
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Figure 5 — The curve of solar cell surface
temperature change effect
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3 Research Methodology

3.1 Research workflows

The diagram of the research flow is presented in
Figure 6.
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Figure 6 — The diagram of the research flow
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3.2 Specification of solar module

The specification of Solar Cell S0WP (Figure 7) is
presented in Table 1.

Table 1 — Specification of Solar Cell SOWP

Specification Information
(Polycrystalline)

Maximum power P, 50 W
Maximum power voltage V,,, 165V
Maximum power current, /,, 3.34 A
Open circuit voltage, V,, 21.1V
Short circuit current, I, 423 A
Nominal operating cell tem- o
perature, NOCT H£2°C
Maximum system voltage 1000V
Maximum series fuse 16 A
Total mass 6.5 kg
Dimensions 775%680%x28 mm

INEAN

57 Busur

10 cm

30 cm

30 cm

120 cm

<o

50 cm

Figure 7 — Manual solar tracker

3.3 Position of solar panel

For stationary solar panels, this condition is set for
each measurement time:

—  putting solar panels in one fixed position;

— azimuth: 180° facing north;

—  slope: 75°.

For solar tracking panels, its placement basically
means always positioning solar panels by precisely fol-
lowing the direction of the sunlight. The adjustment of
the tilt of the solar panel is adjusted at the following an-
gles to adjust the direction of the sun on each hour:

— azimuth: 180° facing east;

— slope: from 30° to 150° with step 15°.

3.4 Time and location measurement

This measurement is done in rooftop of Magister Man-
agement Building of Tridinanti University of Palembang.
Objects that need to be measured are the intensity of solar
radiation absorbed by solar panels, as well as the current
and output voltage of solar panels. For that the measuring
tools that need to be used includes: Solar Power Meter
and Multimeter (Figure 8).

PP Fercome ]

(
Charge AC
Control Load

.

Figure 8 — The measurement circuit

Journal of Engineering Sciences, Volume 5, Issue 1 (2018), pp. H 23—-H 28

H 25



4 Discussion and Analysis

4.1 The relationship of the angle to the
radiation of the sun per day

The comparison of solar radiation intensity is present-
ed in Table 2 and Figure 9, where E, — intensity
of solar radiation captured by solar panel tracking;
E, — intensity of solar radiation captured by stationary
solar panels.

Table 2 — Comparison of solar radiation intensity

A positive AP value indicates that the output power of
the solar panel with tracking mode (perpendicular to the
sun) is greater than the stationary solar panel. This is
directly proportional to the intensity of solar radiation
(Table 3, Figure 10). Where as the increased intensity of
solar radiation that can be absorbed by a solar panel, it
will also increase the output power.

Table 3 — Difference in output power of both solar panel modes

Radiation, W/m”
Time | Stationary | Tracking AE = E,— E,
panel panel

08:00 246.64 326.46 79.82
09:00 294.72 362.47 67.75
10:00 424.12 464.40 40.28
11:00 398.87 431.90 33.03
12:00 394.01 454.21 60.2
13:00 336.36 399.47 63.11
14:00 329.27 439.75 110.48
15:00 259.51 355.46 95.95
16:00 177.43 320.87 143.44
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Figure 9 — The average radiation solar
comparison curve per day

From the curve above we can see that solar panels with
tracking mode can capture more solar radiation in a day.
This is evidenced by the deviation value between the two
that shows positive results.

The lowest increase is at 11:00, i.e. 33.03 W/mz,
or 8.3 %:

—ﬁ'100%=8.3%.

n=
397.95

The highest average increase was at 16:00, i.e.
143.44 W/m’ or 81 %:

—M'loo%zéﬂ%.

n=
177.43

. Output power, W
Time P, P, AP=P,- P,
08:00 13.78 22.83 9.05
09:00 18.00 25.26 7.26
10:00 27.95 32.68 4.73
11:00 26.76 29.54 278
12:00 28.38 33.70 532
13:00 21.99 27.58 5.59
14:00 2121 28.40 7.19
15:00 16.34 23.15 6.81
16:00 9.96 22.26 12.3

8:00 9:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00
Time e P] et P?

Figure 10 — Average power comparison curve

In Table 3, P, is the output power of the stationary so-
lar panel; P, is the solar power output tracking.

The lowest power increase is at 11:00 o’clock at
2.78 W or 10 %.

—ﬂ-lOO%:I0.0%.

n=
26.76
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4.2 Efficiency

Using the number equation (1) to determine the input
power and equation (2) to determine its efficiency.

Table 4 — Efficiency of stationary solar panel output power

Time Radiatign, P, =E-A, P,. mn=P,,!Pj,
W/m W W %
08:00 246.64 129.98 13.78 10.60
09:00 294.72 155.32 18.00 11.59
10:00 424.12 223.51 27.95 12.50
11:00 398.87 210.20 26.76 12.73
12:00 394.01 207.64 28.38 13.67
13:00 336.36 177.26 21.99 12.41
14:00 329.27 173.53 21.21 12.22
15:00 259.51 136.76 16.34 11.95
16:00 177.43 93.51 9.96 10.65

Table 5 — Efficiency of solar panel tracking power output

Time Radiati(z)n, P, =E-A, P,., =P,/ P,
W/m W w %
08:00 326.46 172.04 22.83 13.27
09:00 362.47 191.02 25.26 13.22
10:00 464.40 244.74 32.68 13.35
11:00 431.90 227.61 29.54 12.98
12:00 454.21 239.37 33.70 14.08
13:00 399.47 210.52 27.58 13.10
14:00 439.75 231.75 28.40 12.25
15:00 355.46 187.33 23.15 12.36
16:00 320.87 169.10 22.26 13.16

Referring to table above, we can see that solar panels
are placed in a static state on the 180° slope facing north
and azimuth 75°, has an efficiency value below its stand-
ard. The conditions that enter the efficient range only
occur at 12:00 which is also the peak of sun exposure in
west Indonesia in particular.

In the solar panel tracking, the state is relatively effi-
cient except at an average of 14:00 and 15:00. This may
happen because of various factors; including weather,
surface temperature of solar panels and power losses [7].
However, the subject of our discussion is that there is an
increase in the efficiency of its output when the solar
panel is positioned perpendicular to the sun.

4.3 Average solar radiation intensity ratio of
four solar panel modes in one full day

Comparing these four solar panel placement modes
based on the average intensity of captured solar radiation
and output power in a single day can be seen from the
curves below (Figure 11), where E;| — intensity of solar
radiation captured by the northern stationary 70° solar
panels; E, — intensity of solar radiation captured by the
solar panel tracking north-south; E; — intensity of solar
radiation captured by 70° stationary east solar panels;
E4 — intensity of solar radiation captured by solar panels
tracking east-west.

400 365

350 319.4 323.9

305
» Hn
250
solar radiation intensity

MEl WE2 WE3 WME4

Figure 11 — Graph of solar radiation intensity comparison
of the four-mode solar panels

The eastern-western tracking mode with 15° changes
per hour is still much better than the eastern stationary
70° mode as has been the standard provision of solar
panel installation in Indonesia. While comparing east
stationary 70° solar panels with a 70° north stationer;
70° eastern stationary mode is still better at capturing
solar radiation though not much different.

4.4 Comparison of average output power of
all four solar panel modes in one full day

By calculating the output power obtained from the
output voltage and current output of solar panel, the data
as in Table 6, where p — output power of the northern
stationary 70° solar panels; P, — solar power output track-
ing north-south; P; — output power of the eastern station-
ary 70° solar panels; P, — solar panel power output
tracking east-west.

Table 6 — The average power of the solar
panel outputs are all four modes

. Power output, W

Time
P, P, P P,

07:00 7.45 6.77 8.96 4.90
08:00 14.62 23.19 21.26 18.62
09:00 29.55 27.09 34.23 37.05
10:00 32.17 33.22 36.42 37.37
11:00 38.95 39.58 40.81 42.19
12:00 40.15 40.89 40.09 43.14
13:00 25.95 28.80 26.88 31.00
14:00 33.37 33.11 29.01 36.89
15:00 12.33 12.36 10.11 14.59
16:00 12.71 9.97 6.97 17.97
17:00 4.85 3.12 4.33 6.79
18:00 2.13 1.51 1.50 2.38

X 20.56 21.63 21.71 24.41

In this measurement, it concentrates on the ratio of the
total average solar panel output power to all four solar
panel modes.

This is shown the highest average output power in one
full day can be generated by solar panels tracking east -
west. This data proves that the installation of solar panels
with this mode is the best compared to the other 3 modes.
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Figure 12 — Graph of output power ratio
of all four solar panel modes

5 Conclusion and recommendations

The results of the measurement and discussion can be
summarized as follows:

—the angle of a solar panel is very influential on the
intensity of solar radiation that can be absorbed by a solar
panel, which by positioning the solar panel remains per-
pendicular to the sun, maximizing the absorption of sun

radiation 8.3-81.0 % compared with positioning the solar
panel in a stationary state;

— the intensity of sunlight is proportional to the output
power of a solar panel, where the increase in power that
can be achieved by setting the position of the solar panel
perpendicular to the sun is 1023 % compared to posi-
tioning the solar panel on a stationary state.

Based on the conclusions, it can be suggested:

— to maximize efficiency, solar panels are expected to
be positioned perpendicular to the sun. This is possible by
using automatic solar tracker;

— installation of solar panels should be located in high
places that are not blocked by the shadow of the any ob-
jects or other buildings;

—in the case of measurement and testing, it should use
more than one solar panel to adjust the number of modes
to be measured to avoid errors caused by time delay in
measurement.
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AHaJIi3 e)eKTHBHOCTI BiICTeKYBAJTbHHX I CTANIOHAPHHUX

PeXXUMiB COHSIYHOI MaHeJ i MPOTH COHAYHOI pagiauii
Camayna X.', Basip I1.!, Tenmi M.!, ®arrypisku ®.!, Cyrasapa A.*

! ManiGanr6ancskumii yrisepcuter M. Tpiginanti, 30129, m. Tpiginanti, [HxoHesis;
2 VuiBepcuret Hiirara, 950-2181, m. Hiirara, SInownis

AHoTanis. BukopuCTaHHS JpKepen COHSAYHOI eHepril 3iHCHIOEThCS 13 BHKOPHCTaHHAM ()OTOENEKTPUYHHX,
COHAYHMX NaHened. EHepris, BUIPOMIHIOBaHA COHILIEM, KONUBAeThcsA. Ll 3MiHAa eHeprii BUIPOMIHIOBAaHHS TAaKOX
BIUIMBAE HA BUIYCK COHAYHUX MaHEIeH. Cnocrepirarotscsi 3MiHHU BI/IMip}OBaHI/IX Bi/THOILIIEHB, 1110 JIOBE/ICHO Y HOMY
JIOCIIiJUKEHHI. CHOCTepe)KeHHSI TMPOBOJIATECS 32 JIOTIOMOTOIO BI/IMlpIOBaJILHOFO npuIazy — JYMIBHUKA COHSYHOL
eHeprii, 31aTHOro (iKCyBaTH IHTEHCHBHICTH GHEprii COHSUHOTO BHIPOMIHIOBAaHHS, Br/M?. Xoda Buximmumii curman,
IO BUMIpIOETHCS, TOOTO BUXiJHA IOTYXKHICTh, BUPOOJIEHA SK MaHENb COHSYHHX Oarapei. BuMipioBaHHS B IbOMY
JIOCTIJDKEHH] 3/11HCHIOBAJIOCH 3@ JOTIOMOTOIO JIBOX PEXHMIB: CTalliOHApHOTO 1 peKUMY BifcTexkeHHs. CramioHapHHH
PEKHM peati3yeTbesi PO3MIIIECHHSAM COHSYHOI TaHeNi 3 HAaXWIOM Ta a3uMyTOM Yy 3a3alerigb BHU3HAYCHOMY
HANpPSMKY, Y TOH 4ac SIK PEXKUM CTEKEHHS — PO3MIMIEHHSIM COHSYHOI maneni Ha 90° mo conns. [leBHIM criocobom
PO3MICTHBIIM COHSYHI OaTapei, BOHM MOXYTh HOCATTH edekTuBHOCTI 10 14.1 % moOpiBHAHO 31 cTanioOHapHUMH
COHSYHUMH MAHEISIMHU, PO3TAIIOBAaHUMH ITiJ] KyTOM 75° 0 TBHOYI 3 TOCATHEHHIM epeKTuBHOCTI 13.7%.

KiouoBi ciioBa: eHeprist BUIPOMiHIOBaHHS, (OTOENEKTpUYHA eHEpPTis, eQEeKTHBHICTh, COHSIYHA MMaHETb.
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