Ministry of Education, Science of Ukraine
Odesa National Polytechnic University

ODES’KYI POLITECHNICHNYI
UNIVERSYTET

Pratsi

Scientific, science and technology collected

articles

Publication Frequency: 3 issues per year

Established in February 1996

Issue 2(49), 2016

Odesa
2016



Odes’kyi Politechnichnyi Universytet. Pratsi: Scientific, science and techno-
logy collected articles. — Odesa, 2016. — Issue 2(46). — 128 p. — Language:
ENG-UKR.

EDITORIAL BOARD

G.A. Oborsky (Odesa) — chief editor, S.A. Andronati (Odesa),
B.1. Basok (Kyiv), I.I. Bobok — responsible secretary,
Margaret Beyli (USA, New York), E.V. Bodyansky (Kharkiv),
R.A. Boun’ (Lviv), S.M. Vasilyev (Russia, Moscow), 4.S. Vereshchaka (Russia, Moscow),
V.A. Vlasenko (Poland,Opole), A.S. Garkavenko (Germany, Kornwestheim),
V.D. Gogounsky (Odesa), V.T. Grinchenko (Kyiv), P. Dasic (Republic of Serbia, Trstenik),
A.F. Dashchenko (Odesa), A.V. Yefimov (Kharkiv), V.F. Zinchenko (Odesa),
K.-H. Wehking (Germany, Stuttgart), A.4. Klyouchnikov (Kiyiv),
G.V. Kostrova (Odesa) — deputy chief editor, B.V. Kounshenko (Odesa),
V.M. Kountsevich (Kyiv), S.V. Lenkov (Kyiv), L.L. Litvinsky (Kyiv),
L.M. Lyoubchik (Kharkiv), A.L. Maystrenko (Kyiv),
M. V. Maksimov (Odesa) — deputy chief editor, Y.S. Mysak (Lviv),
V.A.Mokrytsky (Odesa), L. M. Neklyoudov (Kharkiv), V.R. Nikoulshin (Odesa),
B.S. Prister (Kyiv), V.1I. Slisenko (Kyiv),
V.A. Strizhalo (Kyiv), L M. Tkachenko Gorski (Spain, Valencia),
A.V. Usov (Odesa), N.M. Fialko (Kyiv),
H.-E. Schurk (Germany, Augsburg),
S.E. Shcheklein (Russia, Yekaterinburg), M.A. Yastrebenetsky (Kharkiv)

Recommended for publication by the Scientific Council
of the Odesa National Polytechnic University,
minutes No. 1, September 6, 2016

Free online access to printed materials at:
http://www.pratsi.opu.ua

ISSN 2076-2429 (print)
ISSN 2223-3814 (online)
© — Odesa National Polytechnic University, 2016



MiHICTEpPCTBO OCBITH 1 HAYKH Y KpaiHH

Opnecbkuil HalllOHAIBHUN TOMITEXHIYHUHN YHIBEPCUTET

IIpaui
OAECBKOI'O ITIOJITEXHIYHOI'O
YHIBEPCUTETY

HaykoBuii Ta HayKOBO-BUPOOHUYMUI

301pHUK

Buxoauts Tpu pasu Ha pik

3acHoBaHuil y motomy 1996 poky

Bur. 2(49). 2016

Oneca
2016



[Tpami Opecbkoro mMoNITEXHIYHOTO yHiBepcuTeTy: HaykoBuil Ta HaykoBO-
BUpOoOHMYMiA 30ipHUK. — Omeca, 2016. — Bum. 2(49). — 128 c. — Mosa aHruL,

YKP.

PEJJAKIIIMHA PAJTA

I".0. Obopcovkuii (Oneca) — ronoBuuit penakrop, C.A. Anoponami (Oneca),
B.I Bacox (Kuis), M. Beiini (CILIA, Hpio-Mopx),
LI Fobox (Oneca) — BiIMOBIAAILHUHN CEKpeTap,
€.B. boosncvkuii (XapkiB), P.A. bynus (JIbBiB), C.M. Bacunves (Pocis, Mocksa),
A.C. Bepewaxa (Pocis, Mocksa), B.O. Bracenko (Ilonbma, Omone),
O.C. I'aprasenko (Himeuunna, Kopusectxaiim), B./[. I'oeyncoruii (Oneca),
B.T. I'punuenxo (Kui), I1. Jawuu (Pecybmnika CepOisi, TpcTeHUK),
0.D. Jlawenxo (Oneca), O.B. €pimos (XapkiB), B.D. 3inuenxo (Oneca),
K.-I'. Bexine (Himeuunna, llltyrrapr), O.0. Knounuxos (Kuis),
I'.B. Kocmposa (Oneca) — 3aCTYITHUK TOJIOBHOTO peIaKkTopa,
b.B. Kynwenko (Oneca), B.M. Kynyesuu (KuiB), C.B. Jleuxos (KuiB),
JLJI. Jlumsuncoxuii (Kui), JI. M. Jlro6uuk (XapkiB), A.J1. Maticmpenxo (Kuis),
M.B. Maxcumos (Oneca) — 3aCTyITHUK T'OJIOBHOTO PEIAKTOPA,
HU.C. Mucax (JIsBiB), B.A.Moxpuywkuii (Oneca), .M. Hexnooos (Xapkis),
B.P. Hikynvwun (Oneca), b.C. Ilpicmep (KuiB),
B.I. Cricenxo (KuiB), B.O. Cmpuoicano (KuiB), L. M. Tkauenxo-I opcoxuii (Icnanis, Banencis),
A.B. Vcos (Opeca), HM. ®@ianxo (KuiB), X.-E. Illypx (Himeuunna, AyrcOypr),
C.€. Lexnein (Pocisa, €xkarepundypr), M.O. Acmpebdeneyvruii (XapkiB)

PexomeHnnyeThes 10 IpyKy BUCHOIO PasIOr0
OnechKOro HaliOHAJIBHOTO MOJIITEXHIYHOTO YHIBEPCUTETY,
npotokon Ne 1 Bix 06.09.2016 p.

Komm’toTepHa Bepcist ommyOaikoBaHUX MaTepialiB 3a aIpecoro:
http://www.pratsi.opu.ua

ISSN 2076-2429 (print)
ISSN 2223-3814 (online)

© — OpnechKuil HaLllOHATBHUN NOMITEXHIUHUH yHiBepcuteT, 2016



ISSN 2076-2429 (print) o . S . 5
ISSN 2223-3814 (online) Odes’kyi Politechnichnyi Universytet. Pratsi, Issue 2(49), 2016

CONTENTS

MACHINE BUILDING
PROCESS METALLURGY

MATERIALS SCIENCE

S.0. Koshel, G.V. Koshel. Analysis of fourth-grade flat machines with movable close-cycle

formed by the rods and tWo COMPIEX HINKS........eiiiiiiiiiiiiiieiee e 9
D.V. Mikhaylovskiy, D.M. Matyuschenko. Numerical researches of DGRP-type experimental

frames using the finite elements MEthOd ...........coviiiiiiiiie e e 14
V.G. Lebedev, A.V. Bespalova, O.P. Dashkovskaya. Regularities of dust formation

during stone cutting for CONSIIUCION WOTKS .....c.uiiiiiiiiiiii i 24
Ahmad Rahbar-Ranji. Modal analysis of a box shaped girder by numerical method ............cccooiviiiiinniiiie, 31
N.S. Remez, T.A. Osipova. Prediction of strain state of landfill considering soil

foundation and aNQIE OF SIOPE........c..iiii et e e e e reerearae s 40
ENERGETICS

HEAT ENGINEERING
ELECTRICAL ENGINEERING

V.P. Kravchenko, S.V. Surkov, Hussam Ghanem. Modelling and optimization of seawater
desalination process using mechanical VapOULr COMPIESSION ...c..veiveriieerreaireiresieestiesteesreereseeseesreesreesreereenreseee e 47

V.G. Ahrameev. Research of the sediment formation intensity at the run-around
cooling systems equipment With Water COOIING tOWETS ........evuviiieieeiieiie ettt sbe e e see e 56

COMPUTER AND INFORMATION NETWORKS AND SYSTEMS.
MANUFACTURING AUTOMATION

A.A. Kobozeva, S.M. Grigorenko. New approach development for solution of cloning results

detection problem in lossy saved digital IMAZE ........ccccuevviriiiiiiiiiii 62
S.A. Nesterenko, J.S. Nesterenko. Costs evaluation methodic of energy efficient

COMPULET NEEWOIK FEENGINEETIING .....veteitieiie ettt sttt ettt sttt sttt et e ke bt sb e s bt e bt e s e e e e besbeeb e et e eneese e e e nbeseeebesre e 70
O.V. Kostyrka. Throughput increase of the covert communication channel organized by

the stable steganography algorithm using spatial domain of the IMage ......c..cecerererie v 76

V.V. Zorilo, Ye.Yu. Lebedeva, M.O. Kozina, D.S. Belush. Method of photomontage detection
under conditions of limitations absence for photos falSification ..o, 84




6 . . . . ISSN 2076-2429 (print)
IIpaui Oxecpkoro NoIiTeXHIUHOTO yHiBepcuTeTy, 2016. Bun. 2(49) ISSN 2223-3814 (online)

ELECTRONICS
RADIO ENGINEERING
TELECOMMUNICATION FACILITIES

LV. Yatsenko. Improvement of surface layers properties of precision engineering
elements of optical ceramics by preliminary electron-beam surfacing..........cccooveeviviiiinieneninee e 88

FUNDAMENTAL AND APPLIED SCIENCES PROBLEMS

O.B. Kozin, O.B. Papkovskaya, M.O. Kozina. Modelling and solution of contact problem

for infinite plate and cross-shaped emMDEAMENT...........ccviiuiiiiiiiiii e 97
O.A. Mikulich, V.1. Shvab yuk. Interaction of weak shock waves with rectangular meshes in plate ................... 104
CHEMISTRY

CHEMICAL ENGINEERING

M.A. Oliynyk, A.B. Shestozub. Research of calcium oxide hydration in calcium nitrate solutions.............c...c..... 111
A.O. Maizelis, B.I. Bairachniy, G.G. Tul skiy. Formation of the organic-inorganic proton
EXCHANGZE MCIMDIANE ......veiiiiiiii ettt b e bt b e bt e s e s b e s E e e s be e ebe e R e e nn e emeeeneenr e e neeneeneannesneas 117

E.O. Mikhailova, V.O. Panasenko, N.B. Markova. Calcium carbonate synthesis with
prescribed properties based on liquid waste of soda production............ccceerueeeiiiirieniereeee e 122




ISSN 2076-2429 (print) o . Lo . 7
ISSN 2223-3814 (online) Odes’kyi Politechnichnyi Universytet. Pratsi, Issue 2(49), 2016

SMICT

MAIINMHOBYAYBAHHA
TEXHOJIOI'TA METAJIIB
MATEPIAJIO3HABCTBO

C.O. Kowenvw, I'.B. Kowenb. AHali3 INIOCKUX MEXaHI3MIB YE€TBEPTOTO KIJIACy 3 PyXOMHUM

3aMKHEHUM KOHTYPOM, YTBOPCHUM IIATYHAMH 1 TBOMA CKITAJTHUMHE JIAHKAME .....vvveeveereeseteseessesseeseessessesnessessesns 9
JI.B. Muxatinoscoxuit. /.M. Mamiowenxo. YnucenbHi TOCTIKCHHS SKCIICPUMEHTATBHUX

pam Tuny JII'PIT 3a 1OMOMOT0I0 METOY CKIHUEHHHX EIIEMEHTIB ...vcuvisririreieasieseesresensessessessesseaseeseesnesnesnessesnens 14
B.I'. Jlebeoes, A.B. Becnanosa, O.11. JJawkoecwbia. 3aKOHOMIPHOCTI MMMJIOYTBOPEHHS IIPU PO3pi3aHHi

KAMEHEO JUTSL OYITIBEITBHIIX POOIT 1.vveuvveveeteeuesseeastesteesseesteastesssessesstessseesseansesssesssesssesseessesssessssssesssesssesnsesnsesssessesnes 24
Axmao Paxbap-Panoci. MogansHHAN aHaJi3 KOpOOIACTOi OAJIKH 32 JOIMTOMOTOI0 YUCEITBHUX METOIIIB........venvoe.. 31
H.C. Pemes, T.A. Ocinosa. IlporHo3yBaHHs 1e(OPMOBAHOIO CTAHY IOJTIrOHA TBEPAUX

MOOYTOBHX BiIXOIB 3 BpaXyBaHHSM IPYHTOBOI OCHOBH 1 KYT& HAXIITY CXIILY «veuvveveerrensressnesesssesssessseenseseesseenes 40
EHEPI'ETUKA

TEIUVIOTEXHIKA

EJJEKTPOTEXHIKA

B.II. Kpasuenxo, C.B. Cypkos, Xyccam I anem. MoAemOBaHHs i ONITHMI3aIlis IPOIIECY
OTPiCHEHHS] MOPCHKOT BOJIM B YCTAHOBKAX 3 MEXAHIUHUM CTUCHEHHSIM TTAPH .. .vvveeviereenrenrestessessesseeseessesseseessesseans 47

B.I". Axpamees. JlocnimkeHHs IHTEHCUBHOCTI YTBOPEHHSI BiIKIIa/IeHb
Ha 00J1aIHAHHI OOOPOTHUX CHCTEM OXOJIOKCHHS 3 TPAIMUPHIME ...vveervenreisresseesteesseastesseessesssesssesssesssessesseesseses 56

KOMIPKOTEPHI il IHOOPMAIIMHI MEPEXKI I CACTEMM.
ABTOMATU3AIISA BUPOBHULITBA

A.A. Kobosesa, C.M. [ pueopenxo. PO3BUTOK HOBOTO ITiIXOIY 10 BUPILICHHS TUTAHHS
BUSIBJICHHSI PE3yJIbTaTiB KJIOHYBaHHS B HU(PPOBOMY 300pakeHHI, 30€PEKEHOMY 13 BTPATAMH ......cevververrerverreennn. 62

C.A. Hecmepenxo, 10.C. Hecmepenxo. Metonuka BapTiCHOT OLIHKH €HEproe()eKTHBHOTO
PCIHKUHIPUHTY KOMIT FOTEPHOT MEPEIKI +uvreuveeurirsresteesteesieasseasseassesssesseesseasseassesssessesssesssesssesssesnsesssesssessesssesssesneas 70
O.B. Kocmupxa. I1i1BuIeHHS MPOITyCKHOT CIIPOMOYKHOCTI IMTPUXOBAHOTO KaHAITY 3B S3KY,
OpraHi30BaHOT'O CTIHKUM CTETaHOAITOPUTMOM, III0 BUKOPHCTOBYE MPOCTOPOBY 00JACTh 300PaXKCHHS ............... 76

B.B. 3opino, O.FO. Jlebeoecsa, M.O. Kosina, /I.C. benyw. Meton BUSBICHHS (OTOMOHTaXY B yMOBax
BIZICYTHOCTi 0OMEXEeHb Ha BUKOPUCTOBYBaHI PU PaTbCUPIKAIIT POTOZHIMKH ....oovvervienririiesiee e 84




8 ISSN 2076-2429 (print)

[Mpani Opecbkoro nojiTexHiYHOTO yHiBepeuTety, 2016. Bur. 2(49)

ISSN 2223-3814 (online)

EJIEKTPOHIKA
PAJIOTEXHIKA .
3ACOBH TEJIEKOMYHIKANIN

1.B. Ayenxo. TlokpalieHHsT BIAaCTHBOCTEH MTOBEPXHEBHX IIIapiB €JIEMEHTIB
TOYHOTO NPUIAaJ00yAyBaHHS 3 ONTHIHUX KepaMiK IUIIXOM HOIEPEIHbO] eeKTPOHHO-

TIPOMEHEBOT OOPOOKH TX TIOBEPXOHD ...v..viuristitieiiesiestessesrestessestesstessessesbesbssbesbeeae e e e s e resbesnesbeene e e e s enenneas

MNPOBJEMH ®YHJAMEHTAJIBHUX I IPUKJIAJTHUX HAYK

O.F. Kosin, O.b. Ilanxoscvka, M.O. Kosina. MonemtoBaHHS 1 po3B’A3aHHS KOHTaKTHOI 33134l

JUTSI HECKIHICHHOT TUTACTHUHY 1 XPECTOTIOMIOHOTO BRITFOUCHHS 1.vvvveesvviesvreesiriesnreessneesssesssseessesssneesnsessnnes

O.A. Mixyniu, B.1. I1lsa6 1ox. B3aemozis cnaOKkux yaapHUX XBWIb 3 IPSIMOKYTHUMH

OTBOPAMH Y TIITACTHHILL ... vvisvitiatie et sae st be s e bbb bbb e b bbb bt bbb e b e e e ne s

XIMIA
XIMTEXHOJIOI'TSL

M.A. Onitinux, A.b. [llecmosy6. JIociKeHHs IPOIECy TipaTtallii OKCUIY KaJbIlio

B PO3UMHAX KATBLII HITPATY ..e.viiviiueiureiissistestesseasseste st sse st s sseassessess b sbe bt e e se e s e b sbean e be bt ene e e enenneas

A.O. Maiisenic, b.1. Baupaunui, I'.I'. Tynecokuii. DopMyBaHHS OpraHO-HEOPTaHITHOT

TIPOTOH-OOMIHHOT MEMODPAHH ......vveveevteteareste sttt e bttt sb st ns bttt ab e et e s e b sb e r e bt abeese e e nenneas

€.0. Muxaiinosa, B.O. Ilanacenxo, H.b. Mapkxosa. CuHTe3 KapOOHATY KAJIBIIII0

13 3aJJaHUMU BIIACTHBOCTSAMU Ha OCHOBI PIAMHHIX BiAXOJIB COIOBOTO BUPOOHHUIITBA -.....eevveneeeeeeennee




ISSN 2076-2429 (print)
ISSN 2223-3814 (online)

MACHINE BUILDING. PROCESS METALLURGY.
MATERIALS SCIENCE

MAIIMHOBYAYBAHHS. TEXHOJIOT'TS METAJIIB.
MATEPIAJIO3HABCTBO

Odes’kyi Politechnichnyi Universytet. Pratsi, Issue 2(49), 2016

UDC 621.01

S.0. Koshel, PhD, Assoc.Prof.,
G.V. Koshel, PhD, Assoc.Prof.

Kyiv National University of Technologies and Design, 2 Nemirovich-Danchenko Str., 01011 Kyiv, Ukraine; e-mail: a_koshel@ukr.net

ANALYSIS OF FOURTH-GRADE FLAT MACHINES WITH
MOVABLE CLOSE-CYCLE FORMED BY THE RODS
AND TWO COMPLEX LINKS

C.O. Kowenv, I''B. Kowenb. Anani3 NJIOCKMX MeXaHi3MiB 4eTBEPTOro KJacy 3 PyXOMHM 3aMKHEHMM KOHTYPOM, YTBOPEHHM
HIATyHAMH i ABOMA cKJIagHHMH jJaHkamu. CxiagHi 6araTonaHkoBi IUIOCKI MEXaHi3MH BCE YacTillle 3aCTOCOBYIOTHCSI B TEXHOJIOTIYHOMY
oOnagHaHHI JIeTKOi IMPOMHCIIOBOCTI. BiICyTHICTH YHIBEpCaIBHOIO CIoco0y KiHEMAaTHYHOTO MOCHTIIKEHHS TaKHX MEXaHi3MIiB 3yMOBIIOE
aKTyaJIbHICTh POOIT 3 KIHEeMaTHYHOTO aHaJIi3y 0araTolaHKOBUX MeXaHi3MiB. Mema: MeToro poOOTH € po3poOKa alropUTMy KiHEMaTHIHOTO
JIOCIIIJUKEHHS MIBUAKOCTEH TOYOK, IO CITIBIAJAIOTh 3 TECOMETPUYHNUMH LEHTPAMU KiHEMAaTHYHUX Nap CTPYKTYPHOI IPYHH YETBEPTOro Kiacy
TPETHOrO MOPSIIKY 3 PYXOMHM 3aMKHEHHM KOHTYPOM, YTBOPEHHM IIATYHAMH 1 ABOMa CKJIAJHUMH JaHKaMu. Mamepianu i memoou: J\ns
JOCSATHEHHSI METH JIOCII/DKEHHSI BUKOPHCTAHO Ipad)0aHAITHIHAH METOX KiHEMAaTHYHOTO JIOCIIDKeHHs. Po3poOka anroputmy Oa3yeThest Ha
MOJIOKEHHSIX TEOpil MEXaHi3MiB i MAlIMH MPO BIACTHBICTh MEXaHI3MIB BHIIMX KJIACiB 3MIHIOBATH KJIAC B 3aJIXKHOCTI Bil YMOBHO 0OpaHOro
IHIIIOTO MO>KJIMBOTO ITOYAaTKOBOTO MEXaHi3My, IO BXOJHUTH O CKIIaTy BEISHUX CTPYKTYPHUX TPYII JIAHOK MEXaHi3My, i IOJIOKEHHSX Teope-
THUYHOI MEXaHIK{ IJO0 MHTTEBOTO IIEHTPA MBUAKOCTEH. Pe3yrbmamu: Bu3HaueHO BEKTOPH LIBUIKOCTEH TOYOK JIAHOK Ipymu Accypa 4-To
Ki1acy 3-To HOpsAKY CKJIaJHOTO INIOCKOTO MeXaHi3My rpa)oaHaliTHYHHM METOAOM, B SIKOMY YMOBHO 3MIHCHO MOYAaTKOBUH MEXaHi3M, 110
IPYBEJIO IO 3MEHIIECHHS KJIACYy MEXaHi3My 1 JO3BOJIMIO JOCHIIUTH ¥oro. Ha BigMiHy Bij BiZOMOro MeTORY IIOMIJIKOBHX ITOJIOXKEHb, SIKUH
3aCTOCOBYETHCS VISl IOCII[DKEHHS CTPYKTYPHUX TPYIl 3-TO Kiacy, 3alpONOHOBAHUH aJTOPUTM KIHEMAaTHYHOTO aHalli3y JO3BOJISIE TOCIIANTH
MexaHi3MH 4-ro kiacy 0e3 HeoOXigHOCTi nmepeOynoByBaHHS IUIaHy, KU OyB MoOyJOBaHWI B HEBU3HAYEHOMY MaciiTali, 3 MOAAIBLIMM
PO3paxyHKOM JiHCHOr0 MacmTabHOro apameTpa BUKOHAHOI rpadidHoi o0y 0BH.

Kniouosi crosa: MexaHi3M; KIHEMaTHIHE JJOCIIDKEHHS, BEKTOP IIBHAKOCTI, IUIaH MIBUAKOCTEH.

S.0. Koshel, G.V. Koshel. Analysis of fourth-grade flat machines with movable close-cycle formed by the rods and two complex
links. Complex multielement mechanisms are increasingly used in the technical equipment of consumer industry. The lack of a universal
method of kinematic research of these mechanisms asserts the relevance of work on the kinematic analysis of multielement mechanisms.
Aim: The aim of this research is to develop an algorithm kinetic research of velocities of the points that coincide with geometric centers
kinematic pairs of structure group of the 4™ class and 3 order with movable close-cycle formed by connecting rod and two complex links.
Materials and Methods: The graphic-analytical method of a kinematic research will be used to achieve the goals of research. Development
of an algorithm is based on provisions of the theory of mechanisms and engines about property of high classes mechanisms to change its
class depending on another possible initial mechanism chosen conditionally which comes to structure of the conducted structural groups of
the mechanism links and provisions of theoretical mechanics relatively to instantaneous center of speeds. Results: Velocity vectors of points
of Assur group links of the 4™ class and 3" order of the composite flat mechanism are determined by a graphic-analytical method, where the
initial mechanism speeds that led to decrease of a class of the mechanism and allowed to investigate it. Unlike the known erroneous state-
ments method which is applied to research the structural groups of the 3" class, the offered algorithm of the kinematic analysis allows to
investigate mechanisms of the 4™ class without need to rebuild the plan which was constructed in a uncertain scale, with the subsequent
calculation of the real scale parameter of provided plotting of a graph.

Keywords: mechanism, kinematic research, velocity vector, plan of the velocity vectors.

Introduction. Improving of existing technology equipment of light industry and design of new
machines connected with efficiency of existing analysis methods for structural group of planar mech a-

DOI 10.15276/0pu.2.49.2016.03

© 2016 The Authors. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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nisms links, of which the last composed. The methods of investigation of dyads are the most effective
today. Enough known the analyze methods of structural group to which four links enter. They form the
3" class and 3" order groups or 4" class and 2™ order groups, on the base of which you can structural
synthesize the mechanisms of the relevant class.

On the one hand the structural group with six structural links have used or have significant
prospects of application in machinery of technological equipment in light industry, on the other — the
appropriateness (effectiveness) of their use is not theoretically justified because there is no known
method for their kinematic and dynamic researches. This is due to the variety of structural groups that
may be formed by six links and nine kinematic pairs.

Imperfection in methods of analysis of such structural groups is a factor of deterrence of their use
in technological equipment.

Last decades significant number of publications devoted to the practical use of planar complex
mechanisms, which class is at least four, a well as the questions of theoretical research of structural,
kinematic and dynamic parameters.

Application of multilink structural groups in specific mechanisms is protected by patents for utili-
ty model [1...3]. The issue of a theoretical analysis of the upper class mechanisms, including mecha-
nisms for light industry equipment, there are several works dedicated [5...9].

Tasks of kinematic research of complex flat mechanisms remain relevant because in each case,
according to the class of mechanism, it is necessary to develop a new algorithm which combines
several methods of kinematic analysis. Universal way to research of such complex mechanisms of
fourth and higher classes does not exist at present time.

The aim of this research is to develop an algorithm kinetic research of velocities of the points
that coincide with geometric centers kinematic pairs of structure group of the 4™ class and 3™ order
with movable close-cycle formed by connecting rod and two complex links.

Materials and Methods. The graphic-analytical method of a kinematic research will be used to
achieve the goals of research. Development of an algorithm is based on provisions of the theory of
mechanisms and engines about property of high classes mechanisms to change its class depending on
another possible initial mechanism chosen conditionally which comes to structure of the conducted
structural groups of the mechanism links and provisions of theoretical mechanics relatively to
instantaneous center of velocity (ICV).

Let us consider the complex plane joint-lever mechanism of fourth class (Fig. 1).

The initial mechanism (links 0, 1) with Assur group of the 4™ class and 3™ order, which includes
the set of six links 2...7 (n = 6) with nine kinematic pairs of 5% class — A, B, C,D, E, L, K, M, N
(ps = 9) — forming the mechanism of the 4™ class with degree of freedom 1 by Chebyshev formula
(mechanism with a driving crank):

W =3n-2p,—p,.
Structure formula of the complex mechanism that examines is
1% class (links 0, 1) — 4™ class 3" order (links 2...7).

The structural feature of the mechanism is the presence of variable form closed circuit, formed by
four connecting rods BD, BC, DE, the EC, two of which — BD and EC — located opposite each other
and have the form of complex links, forming with other parts three kinematic pairs, but rod 5 bears the
four elements of kinematic pairs.

To perform the kinematic analysis of the mechanism using known methods of study of 3" class
complex mechanisms by graphic-analytical method is not possible. This is due to the fact that the
connecting rod 2 which is directly connected to the crank 1 on the other side there are two rods 3, 4
attached, and their kinematic parameters and trajectory points are unknown.

Input parameters for kinematic study of the mechanism is the angular velocity of the crank 1
(o; = const, s™*) and the scale of the length (KI, m/mm) of the mechanism kinematic scheme.

In [10] it was shown that the mechanisms of the upper classes have a structural property to
change (decrease) the class provided by the replacement of primary mechanism for other possible first
class mechanism.

MAIINHOBY IYBAHHA. TEXHOJIOI'TA METAJIIB. MATEPIAJIO3HABCTBO
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If review the set of links 0, 7 as initial, the mechanism takes the form of 3" class with structure

formula
1% class (links 0, 7) — 2™ class 2™ order 1% type (links 5, 6) — 3" class 3" order (links 1...4).

If another possible initial mechanism is choose as a first class mechanism such as set of links 0, 6
then general view of the structure formula remains unchanged, and links 5, 7 will form the Assur
group of the 2" class in the formula.

Conventionally on the size and direction we set the angular velocity w; of rocker 7 as a link,
which, according to the formula of mechanism structure is the second conventionally possmle leading
link of the mechanism. On the plan of the mechanism :

velocity vector draw Pl vector of any length along
perpendicular to the line ML. For definiteness the
direction of angular velocity ®; we set clockwise.
Compose a system of vector equations for determining

of point K velocity:
\7K =\7L +\7K;L (1) v
Vi =V +Viy | ’

Let solve a system of equations and indicate Pk
vector on the plan. In case of origin of L, K, C, E points
to a complex link 5 and according to the theorem of
similarity determine the position of points e, ¢ and

velocity vectorsV. , V.. on the plane of velocity.

Note that to simplify the calculations, we can
assume that the points L, K, C, E belonging to one link 5,
which moves planar. The direction of the velocity vectors
of points K, L is given by the kinematic scheme of the

mechanism therefore vectors V., V, directed along

perpendiculars to the NK and ML directions respectively.
Based on these conditions we determine the posi-
tion of the Ps— ICV of rod 5 as the point of intersection LBA
of continued axial lines of NK and ML links.
According to the theorem of determining the IX
velocity points of the body, which has a planar :oa - &Z #7480
movement we set on the velocity plan the length of one A
point velocity vector (for example, point L). :pa/ 1B/ !
The velocity vectors of the other three points are ‘

proportional to the distance from them to the point Ps.
Vectors of L, K, C, E points directed perpendicularly to
the segments that connecting them with ICV of links 5.

Fig. 1. Kinematic scheme and plan of the
velocity vectors of the 4™ class mechanism:
0 —riser, 1 —host link, 2...5 —rods,

In fact, the instantaneous angular velocity of the 6, 7 —rocker

connecting rod 5 around ICV of this link can be set
conventionally.

A further solution is to choose the length of the velocity vector \7A of point A such that satisfies
the condition of arbitrarily assumed value of the angular velocity of the connecting rod 5. Velocity
V, L 0OA directed toward the direction given angular velocity o, of mechanism link 1 and line of

possible real a point positions on velocity plan is the line that drawn through the pole P in a direction
perpendicular to the crank OA.
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Set possible position of the point a; and solve a system of vector equations for determining the
position of the other two points by and d; on the plan:

Vg =V, +Vy Vg =V, +Vg 0

oL LT o )
Vo =V, +Vo. iV =V +Vp g,
where relative velocities vectors are perpendicular to respective instantaneous radii rotation.
Analysis of the position of the d; allows stating that the position of point a; on the plan was not

chosen correctly, because the received position of the d; does not match the vector equation
Vi =V, +Vge, A3).

from which point d; must be on the line, which is drown through the point e perpendicularly to the
segment DE.

Similarly, define the position of the d, for another arbitrarily selected point a, on the plan.

As in the previous case, the position of the a, defined incorrectly. The actual position of the point
a is on crossing the line, based on the plan according to the vector equation (3) and lines d,d,. Under
the system of vector equations (2) determine the actual position of the points b and d on the plan.

Results. The resulting plan of velocity is a graphic display of velocity vectors of linear point
velocities of fourth class mechanism, constructed from the pole in an uncertain scale. In case of
specified size of links and the angular velocity of the actual leading link to calculate the scale is easy.

Note, that unlike the known erroneous statements method which is applied to research the
structural groups of the 3™ class, the offered algorithm of the kinematic analysis allows to investigate
mechanisms of the 4™ class without need to rebuild the plan which was constructed in a uncertain
scale, with the subsequent calculation of the real scale parameter of provided plotting of a graph.

Conclusions. It was developed the algorithm for kinematic study of points velocities of the
fourth class mechanism with the mobile closed circuit that formed by connecting rods and two
complex links that is based on structural properties of higher class mechanisms to reduce class on the
condition of other possible initial mechanism choice.

The proposed algorithm allows perform the kinematic analysis of complex mechanism on condition
of graphic scale optimization of research constructions. In addition, the algorithm of kinematic analysis
can be recommended for similar studies of complex planar mechanisms fourth and upper classes.
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NUMERICAL RESEARCHES OF DGRP-TYPE
EXPERIMENTAL FRAMES USING
THE FINITE ELEMENTS METHOD

H.B. Muxaiinoscoxuii. /.M. Mamiowenxo. UuceabHi 10caifzkeHHs ekcniepuMenTanbHuX pam tuny JII'PII 3a tonomororo merony
cKkiHYeHHHX eJeMeHTiB. OIHNM 3 HaPO3NOBCIOKEHIIINX THIIB KOHCTPYKIH 3 KJIGEHOI IepEBUHH € THYTOKJICEHI paMH. 3 BUKOPUCTaHHIM
THYTOKJIEEHUX PaM ITOOYJOBaHO 0araTo CIOpYZ IPOMICIOBOTO i TPOMaJACHKOTO NMPH3HAYCHHS. BHKOPHCTaHHS TakuX paM B CIIOpyZax 3
arpeCHMBHUM CEPEIOBHUIIEM MOKA3aJI0 BENMKY HaaiitHicTh. OfHaK, MPH BCiX MepeBarax THYTOKIEGEHHX paM 3 KIIGEHOI JIEPEBUHH X 3aCTOCY-
BaHHS CTPHMYETBCSI HEJOCKOHAIIICTIO METO/IMK PO3PAXyHKY HAIPy)XeHb, sIKi 0a3yFOThCS HA MPUHIMIIAX PO3PAXyHKY KOHCTPYKILIH 3 I{iIbHOT
nepeBuHH. [loTpeba peTensHOro TOCTiIKEHHS 1 YIOCKOHAICHHS METOAUK PO3PAXyHKY FHYTOKJICEHHX paM OOYMOBIIOE aKTYyalbHICTh TEMU
nocnijkeHHs. Mema: Metoo poOOTH € YUCENbHI JOCIIKEHHs CKCICPUMEHTAIbHUX PaM 3 MOJANbIIMM BIOCKOHAICHHSAM METOAMK PO3-
paxyHKy Halpy>KeHb B KapHU3HUX BY3JIaX THYTOKJICEHUX paM. Mamepianu i memoou: JIyst TOCSTHEHHS ITOCTaBIEHOI METH OYyJIO IIPOBEICHO
TEOPETHYHE BU3HAYCHHS IIEPEMIICHb | KOMIIOHCHT HAMpYKEHOrO CTaHy 3 BUKOPHCTAHHSM EKCIIEPHMEHTAIBHHX IPYXHHX XapaKTEPUCTHK
Marepiany pam. Kieena nepeBiHa B MOPIBHAHHI 3 HIIBHOIO OMMKYA 10 TPAHCTPOIHOI PO3PaXyHKOBOI CXEMH CHMETPIi, 3TiZHO 3 SIKOI0 MeXa-
HIYHI i IpyXHI BIaCTHBOCTI Oy/iBEILHOTO MaTepially B IUIOIMHAX, IIEPHEHIUKYSIPHIX HAPSIMKY B3JIOBX BOJIOKOH JIEPEBHHH, € CKBIBaJeH-
THUMH. J[J151 TOCTOBIPHOTO BU3HAUYCHHS ITAPaMETPIB HAIPY)KEHO-Ie(GOPMOBAHOTIO CTaHY B elIEMEHTaX OyIb-sIKOr0 OOPHCY, OTPUMAaHHS sIKic-
HOI KapTUHU PO3MO/ALTY HAMPY)KEHb MO BCill JOBXKUHI PaMU i BCTAHOBJICHHS 3aKOHOMIPHOCTI 3MiHH HAlpY)KeHb Yy CKJIafi BCi€i KOHCTPYKINT
Oyno BukopucTaHo mporpamuuid komruieke JIIPA-CAIIP, B sixoMy Oyno peaii3oBaHO MOZENs OPTOTOHAIBHOI aHizoTpomii (opToTpormii) B
[UIACTHHYACTHX CKIHYCHHUX eJIeMeHTaX. Pesyiomamu: AHai3y04un OTPHMaHI pe3y/bTaTH, MOXHA 3pOOHTH BHCHOBOK, 110 B LiJOMY 30ir
MiX TEOPETHYHHMHM i €KCIEPHMEHTAIHUMH JIaHUMH € 3a[0BUIBHUM. MOXHA CTBEPHKYBaTH, LIO Je(hOPMOBAHUI CTaH paM, OTPUMAaHHMi
TEOPETHYHHM PO3PaXyHKOM 3 BPaxXyBaHHIM IiHCHUX (Di3MKO-MEXaHIYHMX XapaKTEPHCTHK Marepialy eKCIepUMEHTAIbHUX KOHCTPYKLIH, €
JIOCTOBIpHUM. BpaxoByroun Te, 110 B CTUCHYTO-3THHAIBHUX EIEMEHTaX JOJaTKOBUH 3THHAIBHIII MOMEHT BiJl HOPMAJIBHOI CHITH € (YHKIIE0
nepeMilIeHb, MOXKHA BBAXKATH, IO JaHUI PO3PaxyHOK 3a MeTofoM ckindeHHuX eneMeHTiB B [IK JIIPA-CAIIP no3Bosisie KoM 3a10BiTBHO
BU3HAYATH HAIPY)XCHHS 3 BpaXyBaHHAM Je()OpPMOBAHOI CXeMH paM i aHi30Tporil (i3nKo-MeXaHIYHHX BIaCTHBOCTEH KICEHOT ACPEBHHH.

Kniouogi cnosa: THyTOKIIeeHa paMa, KJIeeHa JepEeBUHA, KapHI3HUI BY30J1, HAPY)KeHO-Ie)OpMOBaHYI CTaH, METOX CKiHICHHHX eJIEMEHTIB.

D.V. Mikhaylovskiy, D.M. Matyuschenko. Numerical researches of DGRP-type experimental frames using the finite elements
method. One of the most common types of structures made of glulam beams is curved frames. A lot of industrial plants and public buildings
are built using curved frames. The using of such frames in buildings with an aggressive environment showed their great reliability. However,
with all the advantages of curved frames with glulam beams their using is constrained by imperfect methods of stress analysis based on the
principles of calculation of structures with solid wood. The need for careful study and improvement of methods of calculation of Curved
frames determines the relevance of researched topic. Aim: The aim of this research is to study the numerous researches of pilot frame for
further improving of methods of stress analysis in the cornice nodes of curved frames. Materials and Methods: In order to achieve this goal
the theoretical displacements and component stress state were determined using experimental elastic characteristics of the frames material.
Glulam beams compared to a solid closer to trans tropic design scheme of symmetry, according to which the mechanical and elastic proper-
ties of building materials in planes perpendicular direction along the wood fibers are equivalent. For reliable determination of the parameters
of the stress-strain state in the elements of any shape, getting of quality pictures of stress distribution along the length of the frame and
establishing patterns of changes in stress in the composition of the assembly, the software system LIRA-CAD has been used , where a model
of orthogonal anisotropy (orthotropy) in the plate finite elements has been realized. Results: Analyzing the results, we can conclude that the
overall coincidence between theoretical and experimental data is satisfactory. Arguably, the strained state of frames obtained by theoretical
calculation with taking into account the real physical and mechanical characteristics of the experimental designs material is significant.
Given that in the compressed-bending elements the additional bending moment on the normal force is a function of movement, we can
assume that this calculation method of finite elements in LIRA-CAD allows satisfactorily determine the tension in view of the deformed
circuit frames and anisotropy of physical and mechanical properties of glulam beams.

Keywords: curved frame, glulam beams, cornice node, stress-strain state, finite elements method.

Introduction. Experimental studies and operating experience of Curved frames with glulam
beams show that cornice node is the most dangerous place in the frame and the reliability of whole
construction depends on its reliability[1...4].
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To ensure the reliability of frame structures with glulam beams is important to have a precise method
of determining of stresses component of the stress state. Given that glulam beams are anisotropic materials,
the problem of determining the stress component of the stress state is extremely important.

Existing methods of stress analysis are different and are inaccurate. So important is the develop-
ment of precision engineering techniques of stress analysis, which will to formulate the conditions
under which the compatible component actions of the stress state will be considered.

Methods of stress analysis that occur in the cornice nodes of curved frames somewhat limited. In
the regulations [5, 6] and publications [7...9] there are methods and recommendations proposed that
can make certain assumptions about the a stressful state in cornice nodes of curved frames, but they do
not take into account the distribution of stress in height section of curved frames and questionable
about the legality of their use for these types of frames.

The aim of this research is to study the numerous researches of pilot frame for further improving
of methods of stress analysis in the cornice nodes of curved frames.

Materials and Methods. To achieve this purpose it was the theoretical determination of
displacements and component of stress state (normal stresses along the grain o,, normal stresses across
the grain o, and pinned stress 1, ).

For reliable determination of the parameters of the stress-strain state in the elements of any shape,
getting of quality pictures of stress distribution along the length of the frame and establishing patterns of
changes in stress in the composition of the assembly, the software system LIRA-CAD has been used,
where a model of orthogonal anisotropy (orthotropy) in the plate finite elements has been realized.

Hereinafter, we conducted the comparison of the theoretical results with experimental data of
tests of curved frames with rack-cornice block presented in [10].

It was introduced the following elastic constants: elastic modulus parallel to grain E,, modulus of
elasticity across the grain Eg, shear modulus Go, Poisson coefficient oo, o0, Which are determined
on specimens made of glulam beams of frames after the test.

When calculating the problems in mechanics of solid deformable anisotropic body an important
issue is the choice of the calculation model of environment that establishes the nature of the change of
elastic and strength characteristics depending on the direction of the major axes of symmetry.

Well known that for the glulam beams the scheme of orthogonal anisotropy, i.e. the presence of
three mutually perpendicular planes of symmetry [11...13] is characterized. This structural symmetry
planes are the planes perpendicular to the normal direction along the fiber, the radial and tangential
directions across the fibers.

Properties of solid wood are determined by its structure, namely the different orientation of
annual layers for radial and normal directions, as well as the width and content of medullar rays, but
building elements of considerable size, made of wood, characterize the random orientation of annual
layers in relation to their faces and not coincides with the radial and normal directions.

The structure of glulam beams compared to solid wood is more order. Therefore for building
structures made of glulam beams the anisotropy even more strong than for the solid. As glulam beams
components made of a set of boards that have a random orientation of the annual layers relative to the
side surfaces, the elastic properties of glulam beams in the direction perpendicular to the axis of the
glulam package is averaged, and can be considered as equivalent.

So on the basis of [12...15] Considering the above, we can conclude that glulam beams compared
to solid wood closer to trans tropic calculation scheme of symmetry, according to which the
mechanical and elastic properties of building materials in planes perpendicular direction along the
fiber wood are equivalent.

For the calculation of the experiment in program complex LIRA-CAD a model of orthogonal an-
isotropy (orthotropy) in the plate finite elements was implemented. This allows reliably determine the
parameters of the stress-strain state in the elements of any shape, get a good picture of stress  distri-
bution along the length of the frame and install the patterns of stress changes in the composition of the
whole structure.

When calculating the following assumptions have been taken:
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1) Work timber is considered only in elastic deformation stage;

2) The functional relationship between stresses and deformations described by generalized
Hooke's law for transtropic body;

3) Stress-strain state is subject to the hypothesis planar sections;

4) Finite elements are rectangles.

The geometry of the studied frames described by coordinates of mesh nodes for external and
internal contours in the direction of both axes X and Z. Discretization of construction by altitude is
automatically performed after setting the number of required partitions.

Calculated loading is applied was concentrated forces acting on objects of research in grid nodes
under the partition. Calculated loading and location of meshes performed by scheme of testing instal-
lation described in [10] in detail. Calculated cross sections for which tensions were determined shown
in Fig. 1.

Shoulder

/ tenon

\ Rack Girder/

Fig. 1. Scheme of calculation sections location in the cornice node of curved frames DGRP-5 and DGRP-6

The calculation was has been made using plate-type elements 41 and 44 according classifier
LIRA-SAPR 2013. Parameters of glue seam are adopted identical to wood and regarded as compo-
nents of finite elements. The influence of elastic-plastic properties can be ignored. The maximum size
of the finite element in calculation schemes of experimental frames is not exceeding 16x8 mm in the
front, 8x8 mm in curved part and 8x5 mm in rectilinear girders. Thus, each layer (lamella) has a
thickness of 8 mm in rack-cornice block and 5 mm in comb-shaped node.

Finite elements were provided with orthogonally anisotropic (orthotropic) properties with the
following experimental parameters: modulus of elasticity along the fiber E, = 1407930.683 t/m?
modulus of elasticity across the fibers E,=57675.841 t/m°, Poisson coefficient = 0.429,
1y, = 0.017, density of wood p = 0.52 t/m®,

The supporting node of the frames simulated with plate elements of the same type as the frame,
but with isotropic properties of materials (steel and plywood). For steel, elastic modulus
E =2.1.10" t/m? Poisson coefficient p = 0.3, density p = 7.85 t/m®; for plywood pad, elastic modulus
E = 6-10* t/m? Poisson coefficient u = 0.065, density p = 0.7 t/m®.

When modeling of supporting and comb-shaped nodes construction the basic principle was to
ensure hinge properties to order thereby to approximate the design scheme to testing installation. In
supporting node there was supporting metal plate modeled with thickness of 8 mm, which is fixed by
the central script on axes Z and Y. There has been modeled the plywood pad of size 80x20 mm,
through which thrust (axial load) was passed.

To ensure hinge properties in the comb-shaped node the metal part was modeled, on which the
transverse force operates and providing free turn of crossbar ends. In purlins fastening places it was set
ties along the axis Y.
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For modeling of loading which is applied gradually in increments of 25 % from the estimated
loading according to [16] there was used the subsystem of LIRA-CAD program “Installation Plus”.
This made it possible to take into account the deformation of calculation scheme under the influence
of its own weight with equipment placed on it. For conventional zero of displacement there was
adopted their own frame weight with test equipment.

One of the criteria of reliability of using the method calculation of curved frames considering ge-
ometric nonlinearity is the coincidence of theoretical and experimental forms of curved axes. Shown in
Fig. 2 and 3 the curves of deformed frames axes built for two series and show their identity forms.
Identified theoretical value of movements for most sections are slightly larger than the experimental.

Comparison of values (Fig. 2 and 3) for frames of series DGRP-5 and DGRP-6 showed that their
difference is within 6 %, excluding the reduction of local movements in the area to comb-shaped node
for frame of series DGRP-6.

1,75
The distance in the elements axis

m —e——— Experimental

MM —e——e=  Theoretical

4,859 L
The distance in the elements axis

Fig. 2. Theoretical and experimental displacements of frames DGRP-5

, 21228\ —~
1955 \ 217/ /20,60
@ a7/ (@
T 206 209 (1515 e

\l-l.h

1,869
The distance in the elements axis

CMM\' ——— Experimental
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Fig. 4...9 show the diagrams of tension o, o, and t,, in curved (5, 4, 3) and transient (6, 2, 1) are-
as of cornice node.
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Fig. 4. Diagrams of normal tensions along the fibers oy in a rack-cornice block for frame DGRP 5:
a —experimental; b —theoretical
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The local increase of displacement in frame DGRP-6 in the comb-shaped node may be associated
with a possible shift of the supporting and comb-shaped hinges and plywood pad, which perceives the
spacing in the supporting node.

Analyzing all the presented results we can conclude that the overall coincidence between theore-
tical and experimental movement is satisfactory. We can therefore say that the strained state of frames
obtained by theoretical calculation and taking into account the real physical and mechanical character-
istics of the material experimental designs is significant.

Given that in the compressed-bending elements the additional bending moment from normal
force is a function of movement, we can assume that this calculation method of finite elements in
program complex LIRA-CAD allows satisfactorily determine the tension in view of the deformed
scheme of frames and anisotropy of physical and mechanical properties of glulam beams.

Comparison of theoretical and experimental values of tensions was performed by comparing the
stress diagram oy, o, and 1, in sections, which were equipped with strain gauges.

In experimental diagrams at some points local breaks were observed that are caused by local
wood defects or local defects, come to the surface, cut fibers, loose wood core and other wood
structure homogeneities.

Comparison of theoretical and experimental curves (Fig. 4...9) distribution of all three compo-
nents of plane stressed state both in length and height section indicates that they are close enough.

The magnitude of the theoretical values o, were slightly higher experimental. On the stretched
edge a difference is 1...17 %, and compressed — 1...14 %. At points in height section also were
observed some differences (mainly in the compressed area of curved areas) not exceeding 0.17 h,
where h is height section.

From the stress analysis the most intense stress fibers boundary zone section, compressed and
stretched zone are identified. Theoretical value oy slightly higher the experimental also. The difference
between them is 1...19 %, the biggest difference is observed in transitional areas of cornice node that
can be attributed to strong heterogeneity and anisotropy of physical and mechanical properties
of wood.

As for tangential stresses t,, the theoretical data exceeding over the experimental within 5...20%
also and only in some points of section 1, 2, 4, where diagrams are alternating in nature preferably, the
experimental values are increasing compared to theoretical. It should be noted that the heterogeneity
structure of the adhesive package significantly affects on difference of experimental data from theore -
tical as well as that the angle of displacement of glulam beams v,, is variable, depending on the degree
of fluctuations in the values and gy and &q.

Particular attention attracts the fact that malfunctioning of supporting hinge placement and
plywood pad in experimental frames that perceive and vertical anchors effort affect on the magnitude
of stress significantly.

Conclusions. Analyzing the results of a comparison of experimental and theoretical data we not-
ed that in general, in the examined constructions full quality compliance experimental and theoretical
pictures of stress strain state is observed.

This allow to apply the new design principles [17] of glulam beams structures, the main of which
is the principle of a precise definition of stress along the grain, across the grain and tangents in view of
anisotropy of physical and mechanical properties of materials and joint action of all existing stresses in
a dangerous place. This approach, according to the authors, will ensure reliability and safety of curved
frames in general as a form of building structures.
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REGULARITIES OF DUST FORMATION DURING STONE
CUTTING FOR CONSTRUCTION WORKS

B.I". Jlebeoes, A.B. Becnanosa, O.11. [lawkoscerka. 3aKkOHOMIPHOCTI MUJIOYTBOPEHHSI MPU PO3pi3aHHi KaMeHIO 1Jisl OyaiBeIbHUX
po6it. IIpu pi3aHHi KaMEeHIO BUALTAETHCS BENHKA KIIBKICTh MUITY, KA € CyMILIIIO APiOHHUX, 3A€0LIBIIOr0 TOCTPUX, MiHEPaIbHUX YACTHHOK.
JlpibHuit cyxuii MM IIpH MONAJaHHI B JUXaIbHI IUIIXH BUKIUKAE B OpraHax Ti )X MATOJOTIUHI 3MiHH, IO € HACTIAKOM IPOHUKHEHHS B HUX
TOCTPUX 1 TBEPAHX 4acTUHOK. He3Baxalounm Ha BaXIHBICTh 3a3HAYCHOI MPOOJIEMHM, MPAKTUYHO HE PO3IIHYTHMH 3aJMIIAIOTHCS MHTAHHS
reHepaiii Mty mpu pi3HUX POOOYMX Mpolecax i HOro po3moii mo (pakiisx, B 40ro 3ajJeKHTh Yac nepeOyBaHHs MIUTy B MOBITPi i iforo
HETaTHBHHMI BIUIMB Ha MoauHy. Mema: MeToro poOOTH € TOCHiIKEHHS IIPOoLecy HIOYTBOPSHHS IIPH PO3pi3aHHI KaMiHHS 1 3aKOHOMIipHOC-
Tel Po3MOALTY MUY MO (PPAaKINisiX, a TAKOK BH3HAYECHHS KiTbKICHUX TOKAa3HUKIB MPOLIECY MHIOYTBOPEHHS 3 METOIO BIOCKOHAJICHHSI BHPOO-
HHYOro OONaJHaHHS, IHAMBIAyaIbHUX 1 KOJCKTUBHUX 3ac00iB 3aXHCTy mepcoHany. Mamepianu i memoou: be3niu BHIIB pi3aHHS MOXXHA
YMOBHO MOJUTHTH Ha JIBi TPYIIH — Pi3aHHs «BCYXY» 1 pO3pi3aHHs 3 BUKOPUCTAHHIM MAaCTHIBHO-0XOJIO[KYBaIbHOI piguau. [T npu pisaHHi
«BCYXY» SIBISIE COOOIO CYKYIHICTh MIKPOCTPYXOK, SIKi 3pi3alOThCsl aOpa3sHBHUMH 3epHaMH. PO3MIpH TaKMX CTPYXOK JOCHTb HEBEIHKi: Bif
Jrorel MikpoMeTpa J10 IeKiTbKOX MiKpoMeTpiB. TakiuM YHHOM, pO3MIpH CTPYKOK OOYMOBIIIOIOTh MOXKIIBICTE CTBOPEHHS IIMJIOBOI CYCIIeH3I1,
IIBUAKICTh OCIaHHS SIKOi MaJIa, i sika B pOO0YOMY IIPOCTOPI 3HAXOANTHCS y BEIUKUX KOHIEHTpauisx. Pesyrsmamu: B pesynbrati nposese-
HOTO JOCHTiKEHHS OYyJI0 OTPHMAHO TaKi XapaKTepPHUCTHYHI 3aJIeKHOCTI: 3aJIeXKHICTh Yacy OCITaHHS IIUIY BiJ po3Mipy HHJIMHOK, PO3MIpiB
IIIJIMHOK BiJ{ XBIJIMHHOI MO/adi 1 3epHUCTOCTI KpyTa, MUTOMOI KiTbKOCTI IMIJIMHOK BiJ{ HOMepa 3epHHCTOCT] aOpa3sHBHOTO Kpyra i TeMmepa-
TypU NHJIMHOK Bix mozjaui Ha o6eptT kpyra. [loka3aHo, 10 PO3MOALT CTPYKOK (IMMITHHOK) 38 PO3MipaMH MiANOPSIIKOBYETHCSI HOPMATBHOMY
3akoHy. Po3Mipu CTpy»OK IpH po3pizaHHi 3HaXOAATECS B miama3oHi 0,4...6 MkM. Tak yTBOPIOETHCS MIJIOBA CYCHEH3is, 9ac OCiaHHS YacTH-
HOK SIKO JIOCSITa€ AEKiIBKOX TOIHH, [0 CTBOPIOE 3HAYHI XBHIMHHI KOHIICHTPALl ATy — B MEXaX 0,28-108...1,68- 108 O)JI/IHI/ILIL/M3.

Kniouosi cnosa: po3pi3yBaibHUI KpyT, BEIUYHHA 3¢pHA, IIBUAKICTH Pi3aHHS, BEIHYHHA MiKPOCTPYKKH.

V.G. Lebedev, A.V. Bespalova, O.P. Dashkovskaya. Regularities of dust formation during stone cutting for construction works.
When cutting stone, a large amount of dust release, which is a mixture of small, mostly sharp, mineral particles. Shallow dry dust with
inhalation causes the pathological changes in organs that are a consequence of infiltration of acute and solids particles. Despite the
importance of this problem, the questions of dust generation during the various working processes and its fractions distribution are practical-
ly not considered. This determines the time of dust standing in the air and its negative impact on a person. Aim: The aim of this research is to
study the process of dusting during stones cutting and dust distribution on fractions regularities and quantification of dust formation process
in order to improve the production equipment, staff individual and collective safety equipment. Materials and Methods: Many types of
cutting can be divided into two types — a “dry” cutting and cutting with fluid. During “dry” cutting a dust represents a set of micro-chips
which are cut off by the abrasive grains. The size of such chips very small: from a micrometer to a few micrometers fraction. Thus, the size
of chips causes the possibility of creating dust slurry with low fall velocity, and which is located in the working space in large concentrations.
Results: The following characteristic dependences were obtained as a result of research: dependence of the dust fall from the size of the dust
particles, size of dust particles from minute feeding and grain range wheel, the specific amount of dust from the number of grit abrasive
wheel and the temperature of the dust particles from the feeding at wheel turnover. It was shown that the distribution of chips (dust) by size
will request of a normal distribution low. Dimensions of chips during cut are in the range of 0.4...6 pm. Thus, dust slurry is formed with time
of particles fall of several hours. This creates considerable minute dust concentration — within 0.28-108...1.68-108 units/m®.

Keywords: cutting wheel, grain size, cutting speed, microchip dimension.

Introduction. Varieties of stone building materials of natural origin form a wide range of
products derived from rocks. Stone artificial origin construction materials such as ceramics made from
natural clays, as well as mixtures thereof with organic and mineral supplements by shaping, drying
and firing. Because of the wide distribution of such materials inevitably arises the question of their
shaping, which is performed by cutting them. In most cases the cutting carried with disk diamond
wheels, speed of rotation of which as well as the material cutting speed is 35...50 m/s [1].

Due to the high intensity of the process of cutting and intensive micro chip formation, stone cut-
ting process is accompanied by considerable dust formation. This can be both harmful and dangerous
factor in operation.

DOI 10.15276/0pu.2.49.2016.05
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During cutting stone, a large amount of dust release, which is a mixture of small, mostly sharp,
mineral particles. Shallow dry dust with inhalation causes the pathological changes in organs that are a
consequence of infiltration of acute and solids particles. The consequence of inhalation of dust may be
diseases such as pneumoconiosis, which are associated with the deposition of dust release in the lungs
and tissue reaction to its presence.

Recently, much attention is paid to hygiene and sanitary of work conditions that led to the
intensification of research on influence of dust release on the human body, as well as clarification of
time duration of dust in the atmosphere of the production facilities [2...6].

Despite the importance of these issues, these sources do not consider all aspects of such
phenomena as dust in work areas. Almost does not discuss the generation of dust in various work
processes and its fractions distribution, which determines the time of dust existing in the air and its
negative impact on a person.

This paper discusses the generation of dust when cutting stone and withdrawn the quantitative
indicators of dust fractions in the working space of stone-cutting facility.

The aim of this research is to study the process of dusting during stones cutting and dust distribu-
tion on fractions regularities and quantification of dust formation process in order to improve the
production equipment, staff individual and collective safety equipment.

Materials and Methods. Upon cutting a variety of materials the dustiness of air is much higher
than the maximum allowable concentration, and the expanding chips is a source of eye injury. In
addition, dust and chips reduce reliability and degrade the efficiency of means of automatics and
control systems, as well as the cutting equipment.

Many types of cutting can be divided into two types — a “dry” cutting and cutting with fluid.

From the viewpoint of labor protection the “dry” cutting could be considered as a continuous
generator of dangerous production factors — dust, which, depending on the ground material may be of
different size, chemical composition, and therefore varying harmfulness.

During “dry” cutting a dust represents a set of micro-chips which are cut off by the abrasive
grains. The size of such chips very small: from a micrometer to a few micrometers fraction. Thus, the
size of chips causes the possibility of creating dust slurry with low fall velocity, and which is located
in the working space in large concentrations.

It should also be noted that under the influence of rising temperature during cutting fine dust
particles may be alloyed, welded and coalesce into conglomerates in size to several mm, which is
already posed a serious threat to employee (particularly the eyes), because such particles airspeed may
be 25...50 m/s.

Dust is a dispersion system. Dust particle with diameter of <1 um forms with the air aerosol slurry.
The settling rate of dust increases with the diameter of the dust particles. For example, settling time of
dust particles of 0.05 pm diameter from a height of 1 m is 320 hours, 1 um diameter — 3 hours, 100 um
diameter — 3 seconds. Therefore, in the inhaled air there are relatively few particles with a diameter

greater than 5 microns. Dependence of dust fall from

300 the size of the dust particles is shown in Fig. 1 [2].

. 250 1 1 _Determingtion of du_st size. Dist_ribution law of dust
3 by size. Abrasive and diamond grains are polyhedral.
S 200 The size and shape of there are different (Fig. 2) [2, 7].
£ 150 Thus, it can be argued that the abrasive grains are
2 irregular polyhedral, and a cutting element of the
= 100 . . )
g abrasive grain has a generally pyramidal shape. The
Y apex angle of the cutting element usually is close to

0 90°. Each of the cutting elements of abrasive grain has

0.05 05 1 5 a rounded top, the radius of curvature of the apex
depends on the grain size: than abrasive grains is
bigger in size, than more its apex radius.

The scheme and shadow projection of the
abrasive grains are presented in Fig. 3and 4 [2, 7].

Nominal diameter of dust particles, pm

Fig. 1. Dependence of dust fall from the size
of the dust particles
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Fig. 2. Shapes Fig. 3. Scheme Fig. 4. Shadow projection
of abrasive grains of abrasive grain of abrasive grain

Fig. 5 shows the process of chip formation, based on the shape of the cutting abrasive grains.

As can be seen from the figure, in order to determine the thickness of the removable chip by cut-
ting grain, you need to know: nose radius R of the cutting grain (depending on the number of grit
abrasive wheel); the actual distance between the cutting grains | (in cutting involved only 10...12 % of
the grains [4]); specific amount of cutting grains per surface unit of wheel (depending on | ), and cut-
ting conditions: V., — rotational speed of wheel, m/s, Vpi, — minute feeding, m/s, t — feeding at
single wheel turnover, mm or m; S — cross feed, mm/rev.

These values were determined by the method involving the use of semi-synthetic micro-
thermocouples with electrode diameter of 10 mm, described in [3, 7].

The most significant value in this process is the thickness of chips during cutting, which accord-
ing to [3, 7] can be described by the expression

20tV _. |
h — min , 1
VDt .

where Vi, — minute feeding,
Vot — rotational speed of wheel,
t — feeding at single wheel turnover,
| — the actual distance between the cutting grains in a wheel,
D — wheel diameter.
The dependence of size of dust particles from minute feeding is shown in Fig. 6.

1
h1 1 2 3 Vrot _ 2
Iy
h3 | h2 l |
. . 3
| v N Al
il i il
[ A
(4 [ A, ?-AS |
T il !
h—ab
h—ab—bc
h-ab-bc—cd 1 2 3
a b
Fig. 5. Scheme of chips formation during grinding: a —trajectory of cutting grains motion: h1, h2, h3 —thick-
ness of the chips, | —actual distance between the cutting grains, t —cutting depth during grinding;

b —scheme of chips formation: 1 —cutting grain, 2 —chip formation edge (ADB), 3 —shear plane (BD),
R —nose radius of cutting grain
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The number of chips (dust particles) formed during one second, obviously, will be
n=vySz (2

where S — the width of the cutting wheel,
z —specific number of cutting grains per unit of surface of the grinding wheel equal in ac-

cordance with [10, 12]
z=117-10° - N *®. N 2%, (3)

where N, — number of grit, reduced to granularity of abrasive wheels;
N — Wheel structure number.

The dependence of the specific amount of dust from the number of grit abrasive wheel is shown
in Fig. 7.
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Minute feeding, m/s Number of grit abrasive wheel

Fig. 6. Dependence of size of dust particles from minute feeding  Fig. 7. The dependence of the specific amount

and grain range wheel, v,, = 35 m/s, t = 0.01 mm: 1 —grain of dust from the number of grit abrasive
range 6; 2 —grain range 10; 3 —grain range 16; 4 —grain wheel
range 25

Minute dust concentrations during grinding with size of the working area 0.5x0.5x0.5 m is within
the (0.28...1.68) - 10° units/m°.

There are two important factors that affect to the size of the grains. This is a rotational speed of
the cutting wheel V., and feeding at single wheel turnover t. Analysis of Eq. (1) shows that the size of
the grains is inversely proportional to the rotational speed. In regard to the feeding at wheel turnover,
the size of the dust particles is directly proportional to the value t°°. Thus, as at speeds less than 30 m/s
cutting is not performed then we can expect a decrease in the size of the dust particles in the transition
to high-speed cutting (=50 m/s). As result, the dust size range will change from 0.5..3.5 to
0.35...2.1 mm, as shown in Fig. 6.

In regard to the feeding at wheel turnover, during “dry” grinding the feeding at wheel turnover of
the value more than 0.03 mm practically do not use. Using this value we can obtain the dust particles
with size of 0.86...6 um. Thus, during cutting of construction material is produced dust particles of
such dimensions that have the greatest pathogenic effects on the human body.

To more accurately determine the size of the grains must take into account the probability distri-
bution of the size of abrasive grains that make up the cutting wheel. Typically, the abrasive grains
depending on their size can be divided into three factions — average, small and large. Normally, the
proportion of the main fraction is 45 % by weight of the dust, while the small and large fractions
amount is 27.5 % both. Dimensions of the large and small fractions grains differ from the dust of the
middle fraction by 11.5 % (Table).

Distribution of abrasive grain size is subject to a normal distribution law (Fig. 8).

Note, that larger grains protrude from the bunch more, and thus remove chips greater than
smaller ones. Thus, we can say with a high probability that the size of the chips (dust particles) will be
subject to the normal law.
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Dimensions of the dust fractions formed during grinding, um

Cutting wheel . . .
number Minute feeding Vyin, m/s
N 0.083 0.166 0.249 0.332
6 0.4;0.45; 0.5 0.448; 0.50; 0.56 0.58; 0.65; 0.724 0.81;0.9; 1.0
10 0.67;0.75; 0.84 0.89; 1.0; 1.15 1.25;1.4; 1.56 152;1.7;1.9
16 0.98;1.1;1.22 1.34;1.5;1.67 1.88;2.1;2.34 2.06; 2.3; 2.56
25 1.34; 1.5;1.67 1.79; 2;2.23 2.33;2.6;2.9 3.22;3.6;4.0
Complex . Complex
fraction fraction
a b

Fig. 8. Distribution law of abrasive grain size:
a —big and medium abrasive grain sizes, b —medium and small abrasive grain sizes.

Fractions: 77771 —small;  [Ziii]—average; [ |—large; | | — boundary value

Analyzing the data presented above, it can be concluded, that even during grinding when feeding
at wheel turnover t =0.03 mm, the grains sizes are such that their pathogenic effect on human be
maximized and the rate of sedimentation in the air will be a few hours.

Determination of the chemical composition of the dust particles. In the zone of contact the cutting
wheel with work piece during grinding substantial amount of heat generated. Part of this heat (approx-
imately 10 %) is transferred to the chip. It is often sufficient to heat the chips to the combus-
tion temperature.

The results of experiments carried out by Maslov [8] showed that sparks during grinding of
sufficiently strong materials are melted or glowing fine particles flying at a tangent to that point of a
circle of the rotating wheel to which the sample is pressed. Blazing chips or particles of molten
material discarded by centrifugal force, not only does not going out because of a sharp differences
between their temperature and the ambient temperature, but, flying at high speed in the air are heating
even more. This can be explained by the fact that under the influence of oxygen in the air there is
intense oxidation (combustion) of chips, which increases its temperature.

Thus formed dust should consist of mineral oxides and from minerals themselves. We define a
chip heating temperature.

From Fig. 5, b it is clear that separation of the chips from the processed material is accompanied
by friction with the surface of the grain ADB, which can be regarded as the front surface of the cutting
element (grain). In this case, the chip temperature can be defined as the temperature of its abrasion
with the front surface.

Heat flow produced through friction of chip with front surface of the cutting element (grain) can
be calculated as

ql = Pzedvrot k_/f ’ (4)

where @; — heat flow generated by single cutting grain,
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ki« — friction factor taken equal to 0.1.
Specific heat flow during friction we determine based on the assumption that it allocated on
square-shaped site with a side h:

P
=13 ()
Chip temperature is determined according to [11], taking into account the fact that only 10 % of
heat is passed to the chip
— 0.5
r_L064q( 2al | ©
7\‘ Vrot
where A — mineral’s heat conductivity factor, g 0
o — mineral’s thermal diffusivity, T E ;g
| — length of the abrasion element. s%5
Fig. 9 shows the dependence of the temperature of the & X ig
dust particles from the feeding at wheel turnover during cut- 5 &
ting of complex mineral. Analyzing the dependence, we can & 2 S ‘
conclude that during cutting by wheel with numbers 6...25 2 0 5 10 15 20 25 30 35
and feeding at wheel turnover of about 10...35 um the chips Temperature of the
aren’t burnt; in turn, when cutting wheel number is 40 and dust particles T x 10% °C

feedi_ng_ is 10.._.15 um, we can expect to regeive the dust Fig. 9. Dependence of the temperature of
consisting of mineral oxides and unburned particles. _ the dust particles from the feeding at

COI’]C|USIOI’]S. The “dl'y” Cutting is characterized by h|gh wheel turnover during grinding by wheels
dust content in the air of the working area. During “dry” cut- with different cutting numbers;
ting a dust represents a set of micro-chips which are cut off Vot = 35 M/S, Viin = 0.166 m/s:
by the abrasive grains. Dimensions of chips during cut are in 1 —40;2—25;3—16;4—12;5—6
the range of 0.4...6 um. Thus, dust slurry is formed with time
of particles fall of several hours. This creates considerable minute dust concentration — within
0.28-10°...1.68-10° units/m°,

The dust chemical composition depends on the type of material and on the chip heating tempera-
ture, which can be above or below the combustion temperature of a particular material. Thus, during
cutting the complex stone structures there are various iron oxides and refractory materials such as W,
Mo, Ti, Nb, Va and others may be present in the dust.

Knowledge of the laws of the dust formation including the dust particles size, concentration,
chemical composition and rate of sedimentation of dust particles makes it possible to determine the
degree of harmfulness of the cutting process and to develop the adequate protection of the
working system.
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MODAL ANALYSIS OF A BOX SHAPED GIRDER
BY NUMERICAL METHOD

Axmao Paxbap-Panoci. MopaapHuii aHATI3 KOPOGYAcTOi 0aIKH 32 JONMOMOI0I0 YMCeJbHUX MeTONiB. /IS po3paxyHKy BIACHHX
4acToT i GOpM KOJIHMBaHb BUKOHAHO MOIAJBHHI aHami3 cTpykTyp. Lli mapameTpu € OCHOBHOIO TEXHIYHOIO iH(MOpMAaLi€lo, HEOOXIAHOO AJIs
aHaNI3y 1 po3poOku Oynb-IKUX CTPYKTYp. IHpopMaris Ipo HIX JOAATKOBO HEOOXiTHA I PO3YMIHHS i MOJETIOBAaHHS AUHAMITHOI ITOBEIiH-
KM CTPYKTYp. I HPOTHO3YBAaHHS LHX [IAPAMETPIB B MPOCTHX CTPYKTypax MOXKe OYyTH BUKOPHUCTAHMIl TEOPETHYHMII MiAXiJ, OJHAK IS
CKJIAHUX CTPYKTYp HEOOXiJHO BHKOPHCTOBYBATH YHCENbHI METOMH. 3asBIICHO, IO JUIS CKIAJHUX CTPYKTYp aHANITHYHE PIlICHHS MOXeE
OyTH BUKOPHCTAHO JUIS IPOTHO3YBAHHS BIIACHOI YaCTOTH MOAY IIEPIIOTO MOPSIKY 33 JOIIOMOTOIO CHPOIICHHS CKIaJHUX CTPYKTYp 10 IIPOC-
THX. Y JIaHiil po0OOTi IPOBEIEHO YUCENbHI JOCIIKEHHSI MOTAIBHOTO aHANIi3y KOpOOJIacToi OalKH, a TaKOX IIPOBEAEHO MOPiBHUILHIN aHai3
3 MOJIEJUTIO JBOOTIOPHOI OAIKH, sIKa MA€ aHAJOTIUHI XapaKTEePHCTUKH MOMEPEYHOro mepepidy. BHsiBIeHO, 1m0 3a JOMOMOTrOI0 MOJENi JBO-
OIOPHOT OaJIKU MOKHA IIPOTHO3YBATH BiOpamii Mepuioro mopsiAKy, 3a yMOBH aJIeKBaTHOTO BpaxXyBaHHS IPAHHYHHX YMOB.

Keywords: momansuuit anaiis, kopoodacta 6anka, METOJ CKIHUEHHHUX €JIEMEHTIB.

Ahmad Rahbar-Ranji. Modal analysis of a box shaped girder by numerical method. Modal analysis of structures is carried-out to
calculate natural frequencies and mode shapes. These parameters are the essential technical information required in the analysis and design of
any structures. In addition, this information is needed for understanding and simulating dynamic behavior of structures. For simple
structures, theoretical approach can be used to predict these parameters, however for complex structures, numerical method should be used. It
is claimed that for complex structures, closed form solution can be used to predict natural frequency of first mode by idealization of complex
structures to simple one. In this paper, the modal analysis of a box shaped girder is studied numerically and results are compared with simple
beam model which has the same cross sectional properties. It is found that simple beam model can predict first mode of vibration, if adequate
boundary conditions are considered.

Keywords: modal analysis, box shaped girder, FEM.

Introduction. Noise, malfunction and failure of mechanical systems/structures are caused by
excessive dynamic behavior. Increasing demands for the condition assessment, safety and reliability
assessment of structures requires needs better understanding of dynamic properties. To determine the
dynamic characteristics of existing structures, modal analysis should be performed.

Modal analysis of any structure is carried-out to determine natural frequencies and mode shapes.
These parameters are the essential technical information required in engineering analysis and design.
For simple structures, such as beams and plates, good analytical predictions using closed form
solutions can be easily found in various reference books (for example, [1]). For more complex
structures, like multi-storey frames when number of degree of freedoms is limited to two or three,
hand calculation still can be used for modal analysis. For higher degree of freedoms the numerical or
experimental methods should be used. It is claimed that for these types of structures, simple model based
on some idealization still can be used to predict the natural frequency of first mode with some acceptable
accuracy.

In recent years, modal analysis has received wide acceptance in structural engineering application
particularly for identification of bridges modal properties. Salane and Baldwin [2] have used the test
data to determine modal stiffness and damping of single and three span bridges. Fryba and Pirner [3]
have used long-term tests to determine natural frequencies and the dynamic impact factors of old
bridges for the estimation of their residual life and determination of inspection intervals. Cremona [4]
has used modal analysis for health monitoring of a high-speed railway bridge. Rahbar-Ranji [5] has
used finite elements method (FEM) to investigate accuracy and applicability of rule-based dynamic
magnification factor of a hollow box shaped girder.

Special gantry cranes are used for loading/unloading containers from ship-to-shore, which are
called STS cranes. These are large dock side cranes and only seen at the container terminals. The crane
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has a boom which is extended over ship and a trolley runs along rails that are located on top of the
boom. The trolley is driven by an operator sitting in a cabin suspended from the trolley. The operator
runs the trolley over the ship to lift the cargos. Once the spreader latches (locks) on the container, the
container is lifted and moved over the dock and placed on a truck. Boom of these cranes is in the form
of space truss or hollow box shaped girders.

The aim of this work is to determine natural frequencies and mode shapes of a hollow box
shaped girder using detailed FEM and to compare the results with simple beam model which has the
same cross sectional properties. ANSY'S computer software is used for free vibration analysis and the
girder is modeled using combinations of beam and shell elements.

Materials and Methods.

Geometry of box shaped girder. The boom of a gantry crane which is used for loading/unloading
of container ships is chosen for investigation. Fig. 1 shows the general dimension and arrangement of
boom. The boom has 49.047 m length, 3.70 m width and 1.875 m height. It is composed of stiffened
plate in the shape of hollow box girder (Fig. 2).

o G Container

Fig, 1. Elevation view of boom girder

L L L L

- _

cL
Fig. 2. Cross-section of hollow box shaped girder of boom

These plates are stiffened with longitudinal stiffeners of angle form through the full length. The
boom has 26 transverse diaphragms (plates) which are placed at some intervals to prevent transverse
deformation (raking). The positions of these diaphragms from one side (stations) are given in Table 1
and shown in Fig. 1. These plates have a circular or trapezoidal hole at the center which is
strengthened by a ring. Thickness of plates and size of stiffeners in different parts of boom are given
in the Table 2.
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Table 1 Table 2
Position of Transverse Diaphragms Thickness of plates and stiffeners size

Stations X (mm) Stations X (mm) Location Plate thickness Stiffener size

#1 0.00 #14 22961 (mm) (mm)

#2 1104 #15 24879 10 mm (from

#3 2957 #16 26797 station 1 'to 5, and L

#4 4810 #17 28715 Top Plate | from station 17 to 150%100% 10

#5 6663 #18 30633 26), and 15 mm

#6 8516 #19 32551 (from station 5t0 17)

#7 10369 #20 34469 10 mm (from

#8 12222 #21 36464 station 1 to 17,

#9 14075 #22 38459 Bottom and from station L

#10 15928 #23 41115 Plate 22 tOﬁZG) an_d 15 150%100%10

#11 17781 #24 43771 mm ( o aton 17

#12 19634 #25 46427 Sides 010) T T00°50E

#13 21043 #26 49047 -

Diaphragms 10, and 15 mm FB 150x10

Finite elements model of Boom. The ANSYS v.10 computer software is chosen for modal
analysis. First step for finite elements analysis (FEA) is to model structure adequately, which is the
most laborious step of the analysis. For global vibration the plates are modeled using Shell63 plane
stress elements. This four-node quadrilateral shell element is capable of modeling elastic behavior and
can simulate both membrane and flexural behaviors. In addition, it has three rotational and three
translational degrees of freedom per node. The stiffeners can be modeled either by beam elements or
truss elements (link). If truss elements are used, the bending stiffness, which could create some errors,
is ignored. However, the stiffness matrix is smaller and solution is faster. In case of very large struc-
tures, like big ships, it is necessary to use this type of elements. Beam44 beam element is used for
modeling all longitudinal stiffeners and rings around circular and trapezoidal holes. BEAM44 is an
uniaxial element with tension, compression, torsion and bending capabilities. The element has six
degrees of freedom at each node: translations in the nodal x, y, and z directions and rotations about the
nodal x, y, and z axes. This element allows using different unsymmetrical geometry at each end and
permits offsetting of the end nodes from the centroidal axis of the beam. Fig. 3...6 show different
parts of FE model of boom.

AREAZ

TYPE NUM

Fig. 3. Structural model of whole boom Fig. 4. Structural model of Transverse Diaphragm from
in ANSYS software station 2 to station 19 and from station 23 to station 25
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TYPE ML

m
i
o
o
=
L

Fig. 5. Structural model of boom from station 19 Fig. 6. Structural model of boom from station 23
to station 23 to station 26

1. Boundary conditions. As it can be seen
from Fig. 1, the boom is supported by sloped
cables connected to eye-plates at the stations 21
to 22, and by a plate from station 1 to 2. Fig. 7
shows the simplified boundary condition model Fig. 7. Boundary conditions of boom
used for the boom. Therefore, following
boundary conditions are applied (Fig. 8):

1) From station 1 to station 2, at distance
+890 mm, and £1110 mm from centerline on
cover-plate, Uy, = U, = U, =0.

2) From station 21 to station 22 at distance
+850 mm, and £992.50 mm from centerline, on
cover plate, U,=U, = U, =0.

2. Masses. In the computation of vibration,
the natural frequencies are highly depend on
mass distribution, and following masses must be
taken into account:

— boom structure,

— equipment,

— cargo (containers).

In the FE techniques, a distinction is drawn
between nodal masses and element masses. For
the arrangement of structural masses, as well as
for the distributable parts of equipment masses, element masses are used. Here, mass of boom and rail
are considered automatically by applying density for all elements (7850 kg/m? for structural steel).

Nodal masses are concentrated at corresponding nodal points of the FE model. This arrangement
of masses is advisable for heavy parts of equipment. The total mass of trolley and container are
considered as nodal mass. The trolley has 29.09 tons of weight and weight of container is considered
as 50 tons. These masses are applied as concentrated masses at foot-print area of four wheels. In this
study these masses are considered as 10+0.679 m.

3. Meshing. After creating the geometry of model and applying boundary conditions and masses,
the model is meshed by adequate mesh size. Fig. 9...11 show the meshed model of boom with
corresponding elements.

e 3691 m .L 11,08 m .

Fig. 8. Boundary conditions of boom
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Fig. 9. Shell and beam elements of boom model Fig. 10. Shell and beam elements of boom model
from station 2 to station 5 (elements are shown from station 19 to station 20 (elements are shown
by Eshape command) by Eshape command)

T
ELEMENTS

Results and Discussion.

Finite Elements Model. FE computer soft-
ware modal analysis is used to determine the natu-
ral frequencies and mode shapes of the boom.
Modal analysis using the ANSYS products family
is a linear analysis. Any nonlinearities, such as
plasticity, are ignored even if they are defined.  Ejg 11, Shell and beam elements of boom model
Fig. 12...15 show first four natural frequencies  from station 23 to station 26 (elements are shown
and mode shapes. by Eshape command)

Fig. 12. Mode Shape of boom by shell/beam model, Fig. 13. Mode Shape of boom by shell/beam model,
1% mode 2" mode
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Fig. 14. Mode Shape of boom by shell/beam model, Fig. 15. Mode Shape of boom by shell/beam model,
3" mode 4™ mode

ng EEAM Model, Llst mode Natural VIBRATION AR

Beam model with clamped supported
boundary condition. The same beam model with
clamped boundary condition at station 0.5
(Fig. 19) is considered.

’ |
i

e 36,368 I —— e 1L.0Sm- >

Fig. 19. Beam model with clamped

Wartural VIBRATION AIA] 30 500) ng BEAM Model, 3rd wode boundary Condition
Fig. 18. Mode Shape of boom by beam model, Fig. 20...22 show first three vibration modes
3" mode and natural frequencies of simple beam model

with clamped boundary condition.
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iy BEAM Model, lst mode Natural VIERATION ANA Goom by O ang BEAM Model, 2nd mode

Fig. 20. Mode Shape of boom by beam model, Fig. 21. Mode Shape of boom by beam model,
1% mode 2" mode

Table 3 depicts the first 10 frequencies and
mode shapes of boom calculated by FEM and
compared with the simple beam models.

As it can be seen, beam model with
clamped boundary condition has better agree-
ments than beam model with simple support
boundary condition. The differences between
beam model by clamped boundary conditions
and FEM for main global vibration modes are
less than 10...15%. This difference could be
explained by:

— ignoring transverse diaphragms by beam

mo del Natural VIBRATION ANAL ang BEAM Model, 5rd mode
l

— applying boundary conditions in beam
model at one point,

: L Fig. 22. Mode Shape of boom by beam model,
— applying mass of trolley and container in 2" mode

one node by beam model,
—applying boundary conditions at upper
nodes in FEM having full depth in beam model.

Table 3
Summary of results for two model of boom
Frequency and mode shape by beam model Frequency and mode shape
Mode number Simply support Clamped at station 0.5 by FEM
2.0260 3.0787 3.4714
1 Vertical Bending, Vertical Bending, Vertical Bending,
2 Node 2 Node 2 Node
9.5022 9.5022 4.7994
2 Horizontal Bending, Horizontal Bending, Horizontal Bending,
2 Node 2 Node 2 Node
10.842 11.543 9.9006
3 Vertical Bending, Vertical Bending, Torsion,
3 Node 3 Node 2 Node
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Mode number Frequency and mode shape by beam model Frequency and mode shape
Simply support Clamped at station 0.5 by FEM
11.335
4 Lon1 6i.tt?1?nal Lor% 6i.t4[1?j?nal Vertical Bending,
g g 3 Node
17.441 19.460 12,618
5 Vertical Bending, Vertical Bending, Local Bendin' of cover plate
4 Node 4 Node g P
26.332 26.332 12,825
6 Horizontal Bending, Horizontal Bending, Vertical Bendin of Fore Part
3 Node 3 Node g
37.028
! Vertical Bending, 42{3 ® Local Bendilr? .l§f7Cover late
5 Node g P
.42.649 _ _42.752 . 13.712
8 Vertical Bending, Vertical Bending, Local Bending of Cover plate
6 Node 5 Node g P
48.530
9 48.? » Horizontal Bending, Local Bené?ﬁOlgf Fore part
4 Node g P
15.901
48.530 51.940 Lo
10 Horizontal Bending, 4 Node Longitudinal Local transv;lr:fevmratlon of

As it could also be seen from Table 3 that order of mode shapes changes as boundary condition of
beam change. For example, vertical bending mode with five nodes is seventh mode shape for beam with
simple supported condition, while it is eighth mode shape in beam with clamped boundary condition.
Also it can be observed that local vibration modes and torsional modes can be caught by beam model.

Conclusions. FEM is used for modal analysis of a box shaped girder. Shell elements and beam
elements are used for girder modeling. Upon comparison with simple beam model, it is found that if
adequate boundary conditions are chosen, simple beam model can be used to estimate some first
natural frequencies of a complex structure. The local vibration and torsional vibration modes are
missed using this simple model.
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PREDICTION OF STRAIN STATE OF LANDFILL
CONSIDERING SOIL FOUNDATION AND ANGLE OF SLOPE

H.C. Pemes, T.4 Ocinosa. IIpornozyBanHsi 1e)0OpMOBAHOI0 CTaHY MOJIroHa TBepAHX MOOYTOBHX BiIX0AiB 3 BpaxXyBaHHSIM
IPYHTOBOI OCHOBH i KyTa Haxmiy cxuiy. CbOroHi cepiio3HO0 MpoOIEMOI0 CBITOBOrO MacIiTady BUCTYMAE 301IbLUICHHS OOCSTIB HAKOMH-
4JeHHs! TOOYTOBUX BiIXOAiB. YKpaiHa 3aiiMae ofHe 3 HepIINX MICIb B CBITi 3a KiJIBKICTIO CMIiTTS Ha OJHUHHIIIO HAaceNleHHS. B xpaiHi Bixke
O6m3pKk0 7 % TepUTOpii 3HAXOAUTHCS MiJ] TBEPAUMH IIOOYTOBIMH BiIXOJaMH, KPIM TOTO IIOPOKY YTBOPIOEThCS MOHAM 52 MIIH. TOHH IOOYTO-
BOTO CMITTA. Y 3B'3Ky 3 IIUM TOCTPO IOCTA€ NMUTAHHS MPO CTIHKICTh MOMNITOHIB ITiCHA X 3aKPUTTA I BUKOPHUCTAHHS B MOAAJBIIOMY SK
OCHOBH JUISl IH)KEHEPHUX CIOPY[ i KOHCTpYKLiH. Mema: MeToro poOOTH € BCTAHOBIICHHS 3aJISKHOCTI OCITAaHHS 3aKPHUTOrO MOJIIrOHA TBEp-
JIIX TOOYTOBUX BiIXOJIB Bil BIACTHUBOCTEH MiJCTENBHUX IPYHTIB, a TAKOXK BiJ] KyTa HAXIIy CXWIy ITOJIrOHA IS IPOTHO3YBAHHS MOJKIIH-
BOCTI BHKOPHCTaHHsI HOTO sIk OCHOBHU criopyau. Mamepianu i memoou: 1lix yac nociimkeHHs: OyJ0 BpaxOBaHO MOETAITHE HABAHTAKCHHS
TIOJIiTOHA IIapaMH BiIXOMIB, a TaKoX KyT Horo Haxmry. [TokpuBatounit 1 mincrensHuil mapu onrca€o Mopeiutio Kynona-Mopa. Tino momiro-
Ha OyJI0 3MOJENHOBAHO SIK CIA0KMIl IPYHT 3 ypaxyBaHHSM HOro MOB3ydOCTi, AT IBOTo BHKOpUcTaHO Moxenb Soft Soil Creep (SSC). dus
YHCENFHOTO PO3B’S3aHHS 3aa4i BUKOPUCTAHO METOJ CKiHUCHHUX eneMeHTIB. Pesynibmamu: B poboti Boepiie moOyIoBaHO MaTEMAaTHIHY
MOJIeNb OCiIaHHs HOJIIrOHA TBEPIUX NOOYTOBHX BiIXOMIB 3 BpaXyBaHHIM reOMETPHYHUX 1 (Di3HKO-MeXaHIYHHUX apaMeTpiB IOJIroHa i IpyH-
TOBOI OCHOBH, II[0 JO3BOJHUTH y IOJAIBIIOMY IIPOTHO3YBAaTH MOJKIIMBICTH BUKOPHCTAHHSI IOJIrOHA JUIsl OyIiBHHUITBA Ha HOMY CIIOPY[ Pi3-
HOTO TpU3HA4YeHHS. B pesynbrari AOCIIIXKEHb BCTAHOBJICHO, IIO 3i 3MEHIICHHSAM KyTa HaXHIy CXHIy BifOyBa€ThCs 3HAUHE 3MCHIICHHS
ocimanHs momirona. Tak, mpu 3MeHImeHHi kyTa 3 75° no 30° ocimaHHS 3MeHIIyeThCs Ha 5...22 % B 3a€XHOCTI BiJ THITy IPYHTIB OCHOBH.
Haiibinpliie 3MEHIIIEHHSI OCiTaHHS CIIOCTEPIraeThesl y HAHMEHII IITbHOTO IPYHTY — Y TICKY.

Kmiouoei croea: ocinanss, TBep/i MoOYTOBI BiIX0u, AedopMallisi, MAaTeMaTHIHE MOJICTFOBAHHSL.

N.S. Remez, T.A. Osipova. Prediction of strain state of landfill considering soil foundation and angle of slope. Today increase in
volumes of accumulation of a household waste acts as a global serious problem. Ukraine occupies one of the first places on the list in the
world by garbage quantity per capita. Already about 7 % of the territory in the country are under municipal solid waste, besides more than 52
million tons of household waste are annually formed. In this regard, sharply raises the question of the stability of landfills after their closure
for further use as a basis for engineering constructions and designs. Aim: The aim of this research is to establish the dependence of settle-
ment of the closed landfill on the properties of the underlying soil, as well as the landfill slope angle to predict the possibility of using it as a
basis for construction. Materials and Methods: The phased load of landfill by waste layers and angle of inclination were taken into account
during the research. The covering and underlying layers are described by Coulomb-Mohr model. The body of landfill was modeled as a weak
ground considering its creep. The Soft Soil Creep (SSC) model was applied for this. The finite elements method was used for numerical
solution of the problem. Results: In this work the mathematical model of sedimentation of municipal solid waste constructed for the first
time, taking into account geometrical and physical and mechanical parameters of landfill and soil base, which will allow further prediction
the use of landfill for building structures on it for various purposes. As a result of researches was found that with decreasing of inclination
angle of the landfill slope there is a significant decrease in settlement. Thus, while reducing the angle from 75° to 30° the settlement is
reduced by 5...22% depending on the type of soil foundation. The largest landfill reduction is observed for the least dense soil (sand).

Keywords: landfill, municipal solid waste, strain, mathematical modelling.

Introduction. Today increase in volumes of accumulation of a household waste acts as a global
serious problem. Ukraine occupies one of the first places on the list in the world by garbage quantity
per capita. Already about 7 % of the territory in the country are under municipal solid waste, besides
more than 52 million tons of household waste are annually formed. In this regard, sharply raises the
question of the stability of landfills after their closure for further use as a basis for engineering
constructions and designs.

Ukraine has about 6 thousand dumps and landfills of 7.4 thousand hectares total area, 32
thousand illegal dumps, 15 sorting lines and only two waste incineration plants. Very often landfills
(about 5 %) are overloaded or they do not meet the standards of environmental safety (about 16 %). It
should also be noted that in Ukraine, unfortunately, no waste treatment plants, common in
economically developed countries [1].

In this connection the question arises about firmness of landfills after their closure for use as a
basis for engineering buildings and structures in the future.
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To predict the firmness of the landfill is necessary to study its settling considering angle of land-
fill and stress-strain state of the underlying soil base.

Often, to assess the stability of the landfill the experimental techniques are using, namely the
method of inverse analysis, laboratory tests and more. Analysis of the literature showed that the
experimental methodology for assessing of the stability of the landfill is financially costly and
effective only for specific conditions. For example, the method of inverse analysis is based on
consideration of the properties already destroyed landfills. This method is not satisfactory for other
landfills due to the difference of waste, environmental conditions, properties of landfill body and
underlying soil mass. In turn, through laboratory tests the landfill conditions can’t be displayed — to
capture in one sample all the layers of waste and take into account the geotechnical, physical and
mechanical properties. Therefore, to consider the stress-strain state of the polygon layers and
underlying soil mass and its characteristics the mathematical modeling is advisable to apply.

Applied mathematical models for the prediction of settling can be divided into the following classes:
rheological; empirical; models based on soil mechanics; models that take into account biodegradation.

Park and Lee [2] proposed a model of settling, taking into account the time-dependent biodegra-
dation of waste: sedimentation rate is expressed through plurality of settlings directly proportional to
the amount of solids that decompose; and the process of dissolving of organic materials can be
described by equations of the first order kinetics.

Note that the definition of kinetic coefficients and/or hydrolysis constants with the possibility of
monitoring of their changes in the environment in a real time is a non-trivial task.

Empirical models predict a total waste behavior by adjusting of empirical parameters for a
specific site.

Marques et al. [3] have developed the rheological model to account the primary and secondary
compression mechanisms that governed by the rheological parameters that is also included in the bio-
degradation of waste. Note that the primary compression does not depend on time.

The common feature of these and other models [4...7] is that they just adapted to model the
behavior and properties of solid waste, ignoring such an important part of the landfill as soils that lie at
its core. Exactly the type, strength, geotechnical properties of the underlying soil affect on the stability
of the landfill, because the ground has the greatest burden.

Given the fact that some steep slopes of dumps remain stable, we can conclude that the focus in
the analysis of the landfill firmness should be given to materials that are the basis of municipal solid
waste (MSW). Therefore, to forecast the estimation the landfill firmness in this paper first studied the
settling as well as the stress-strain state of the underlying soil base.

The aim of this research is to establish the dependence of settlement of the closed landfill on the
properties of the underlying soil, as well as the landfill slope angle to predict the possibility of using it
as a basis for construction.

Materials and Methods. During the study we will take into account the phase loading of landfill
waste layers and angle of inclination. To predict the settling of closed landfill MSW the following
mathematical models were used.

Covering and underlying layers described the Coulomb-Mohr model [8].

The body of landfill was modeled as a weak ground considering its creep for this a model uses
Soft Soil Creep (SSC). Currently, this model more fully describes the properties of weak soil as stress-
dependent stiffness and compression based secondary creep. It should be noted that the SSC model
takes into account both physical and geometric nonlinearity of soil deformation process.

Total volume deformation ¢, , caused by the growth of effective stress from the initial value p,
to p' for the period of time T (T =t, +t") consists of an elastic ¢ and viscoplastic & components.
Viscoplastic component is the amount of deformation during consolidation . and after consolidation

v e

e’ . Rangeard [9] showed that the relationship between the deformations is expressed as follows:

v ac "

vp

_ ® vp
Sv_8v+8vc+8v ac !
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TC
where p* — modified creep factor;
7, — time of consolidation that depends on the geometry of the sample under study;

t" — time pass from the start of loading of landfill;
k" — modified swelling ratio;

*

A" — modified compression ratio;
t. — completion of primary consolidation;
p, — initial effective stress;
p’ — effective stress;
p,. — effective pre consolidation pressure.

The ratio of model parameters with internationally standardized parameters as follows:
. _ C, = Ce = 2C, ;
2.3(1+e,) 2.3(1+e,) 2.3(1+e,)
where C.— compression ratio;

Cg — swelling ratio;
C,, — creep factor.

As noted above, the underlying soil is described by the Coulomb-Mohr model. Full yield condi-
tion of Coulomb-Mohr model consists of six functions (surfaces yield f), which are formed as follows:

where

h

fia :%(0’2 —oy) +%(G’2 +03)sing—ccosp <0,

1 1 ,

f :E(Gg —0'2)+§(G'3 +0,)sinp—ccosp <0;
Lo oo o

f,. :E(G3 —-0o;) +E(G3 +0o})sing—ccosp<0;
1 ! ! 1 ! ’ H

fo :E(csl—cs3)+E(csl+c53)sm(p—ccos<p§0;
1 ! ! l ! ! H

f., :E(Gl —02)+§(61+GZ)Sln(p—CCOS(pSO;

1 1 .
f,, :E(G'z -o;) +§(G'2 +0o;)sing—ccose <0,

where ¢ — clutch;
o), G5, G, — normal stresses;
¢ — angle of internal friction.

In addition to the yield surface a Coulomb-Mohr model presented by six plastic potential
functions g:

MAIINHOBY IYBAHHA. TEXHOJIOI'TA METAJIIB. MATEPIAJIO3HABCTBO



ISSN 2076-2429 (print) e 1 . S . 43
ISSN 2223-3814 (online) Odes’kyi Politechnichnyi Universytet. Pratsi, Issue 2(49), 2016
1 ’ !/ 1 / ! H .
O = E(Gz —Gy)+ E(Gz +oy)siny;
1 ’ ’ 1 ’ ’ H .
O = E(Gs —0;)+ 5(63 +0o3)siny;
1 ’ ’ 1 / ! H .
9, = E (63 - c31) + 5(03 + 61) sinwy;

1 ’ ! 1 ! ’ H .
U, == (0] —0%) +E(01 +o5)siny;

2
1 ’ ’ 1 ’ ! H .
Osa :E(Gl _02)"'5(01 +05)siny;
1 ! ! 1 ! ! H
O3 25(52 _61)"'5(02 +oy)siny,

where y — angle of dilation.

Hydrodynamic aspects consist in the account of seepage forces acting on the skeleton of the soil
environment and interaction parameters of liquid and solid phases of soil (pressure, tension and
porosity) in the process of consolidation. Assuming the vortex seepage flow and distribution of the
resistance element evenly over the section we will use the generalized Darcy law and equation of
continuity. We assume that the compressibility of the skeleton and pore fluid is low, which leads to a
linear dependence of the porosity of the soil pressure.

The interaction of soil skeleton and fluid characterize by volume force which proportional to the
pressure gradient.

According to [10], the equation of continuity we supplement with the initial and boundary conditions.

For numerical solution of the problem finite element method was used. Estimated area was
divided into 265 finite elements.

Landfill for which was conducted simulation consists of ten layers of waste, thickness of 3 m
each. Subsidence was defined based on incremental load of landfill in 30 years after its closure. The
basis of Landfill is clay, sand and loam.

Simulations were conducted at three slopes angle of the polygon 30, 60 and 75°. Linear dimen-
sions of polygons with different angles of slopes chosen so that the volume of landfill body remained
unchanged. Settings of underlying soils are presented in Table 1. Parameters of waste are presented in
Table 2 (Layer Nel — latest, Layer Ne10 — first of underlying polygon).

Table 1
Physical and mechanical parameters of soils
Parameter Soils

Sand Loam Clay
Deformations module E,e, kN / m 18000 10000 9000
Poisson’s ratio v, units. 0.34 0.36 0.37
Soil specific weight Yyusa, KN/M® 18.0 13 19.0
Specific weight of water-saturated soil e, KN/m° 20.7 14.6 21.8
Filtration coefficient in the horizontal direction k,, units. 0.5 0.006 0.004
Filtration coefficient in the vertical direction k,, units. 0.5 0.006 0.004
Module of deformation E, MPa 50 33 28
The specific adhesion c, kPa 3 34 81
The angle of internal friction ¢, degrees 31 14 13
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Table 2
Physical and mechanical parameters of waste

Parameter Values
Specific weight yysan, KN/m® 7.504
Specific weight of water-saturated soil vy, KN/m® 10.0
The specific adhesion c, kPa 25
The angle of internal friction ¢, degrees 20
The initial coefficient of porosity e, units. 0.4268
Compression ratio C¢, units. 0.3987
Swelling ratio Cs, units. 0.0394

Creep factor C,, units :

Layer Nel 0.0615
Layer Ne2 0.0474
Layer Ne3 0.0448
Layer Ne4 0.0429
Layer Ne5 0.0414
Layer Ne6 0.0402
Layer Ne7 0.0391
Layer Neg 0.0382
Layer Ne9 0.0374
Layer Ne10 0.0367

Results and Discussion. In [11] the calculations of landfill strain at the slope angle of 75° was
conducted. They amounted to 4.95 m for landfill with sand base, with clay base — 3.83 m, with loam
base — 4.47 m.

Deformed estimated area of landfill with clay base and with his body angle of 60° shown in
Fig. 1. An analysis of numerical calculations shows that vertical deformation of landfill totaled 3.8 m.

As a result of numerical calculation found that at the same angle the maximum vertical
deformation was: for landfill of sand — 4.34 m (Fig. 2), with loam — 4.27 m. A comparison of these
results shows that the angle of inclination of the landfill body significantly affects the vertical
deformation, decreasing the angle from 75° to 60° deformations decreased by 1...12 % depending on
the type of soil base.

To establish the impact of slope angle of landfill on its settling the simulations for landfill with
angle of 30° was conducted. As a result of studies it was found that with decreasing of slope angle of
landfill the impact on the underlying soil subsidence reduced and the difference between the values of
deformation decreases.

Thus, if the underlying layer is sand, it can be observed that the vertical deformation reaches 3.94 m
(Fig. 3), if the loam —3.89 m (Fig. 4). If we use clay as underlayment then vertical deformation is the least
compared to the previous two ver-
sions— 3.63 m (Fig. 5). &M 1000 10.00 30.00 5000 7000 90.00 x,m

Comparing the value of 4000 \ 7
settling showed that decreasing of
the angle from 60° to 30° deformity
decreased by 5...9 % depending on
the type of soil base.

With decreasing of angle from 4440
75° to 30° vertical deformation
reduction was greatest for sand 0.0
(20.4 %), while the same value for
loam is 13 % and for clay is 5.22 %.

30.00

20.00

Fig. 1. Deformed calculated area of landfill with clay soil
underlying (slope angle of landfill 60°)
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loam, as the underlying soil (angle of landfill 30°) as underlying soil (angle of landfill 30°)

Fig. 6 shows the dependence of landfill settling from the slope angle of ground for three types of
underlying soil.

Conclusions. The modeling of strain state of landfill in view of soil foundations and angle of
landfill using finite element method was held. As a result of studies we found that with decreasing of
slope angle of landfill the settling is significant reduce. Thus, decreasing the angle from 75° to 30°
settling decreases by 5...22 % depending on the 46
type of soil base. The largest decrease is observed
in less dense soil — sand.

£

We have got the dependencies of settling s ,, ~a—Clay
from the angle of slopes for different soil founda- = —=—1 0am
tions as a second-degree polynomial. They are @ +—Sand
as follows: e

— Forclay — y=-0.07x* +0.18x +3.72 ; 34

- FOI’ |Oam — y = —009X2 + 007X + 449 , Landfill 5|0';'Ie‘ ang|e’ deg "

— 2 _
—-For sand — y =0.105x 0'925)(_+ S.77. Fig. 6. Dependence of settling from the angle
Using these dependences can be defined the of slopes for MSW landfill

settling for intermediate values of slope angles.

With decreasing of slope angle the difference

between settlings of landfill on different bases is

decreasing. The results can be used in predicting of landfill settling with different geometric, physical
and mechanical parameters for assessing the possibility of further exploitation of landfill as the
foundation structures for various purposes.
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MODELLING AND OPTIMIZATION OF SEAWATER
DESALINATION PROCESS USING MECHANICAL
VAPOUR COMPRESSION

B.II. Kpasuenko, C.B. Cypxos, Xyccam [anem. MoaenioBaHHsI i ONTHMIi3amisi Iponecy onpicHeHHsI MOPCHKOI BOJH B YCTAHOB-
KaX 3 MeXaHiYHHM CTHCHEHHSIM napu. B ymoBax rioGanbHHUX 3MiH KIIMaTy HecTada MpICHOI BOAU CTA€ aKTyalbHOIO IPOOIIEMOIO UL BCe
OinpImoi KibKocTi kpaiH. OnHi€I0 3 HaWOUIBII IEPCIIEKTHBHHUX TEXHOJIOTIH ONpPICHEHHS MOPCHKOI BOAM € MeXaHiuHe CTHCHEHHS IapHh
(MCITI), mo 3abe3nedye HU3bKE €HEPrOCHOKHBAHHS 3aBISKH BUKOPHCTAHHIO MIPUHITHILY TEIUIOBOrO Hacoca. Mema: MeToro poOOTH € BHSIB-
JICHHST PE3ePBIB MiABHILICHHS ¢()EeKTHBHOCTI OMPICHIOBAIBHIX CHCTEM, 3aCHOBAHHX HA MEXaHIYHOMY CTHCHCHHI MapH, HUIIXOM ONTHMI3awil
cxemu i mapameTpiB ycTaHoBoK 3 MCII. Mamepianu i memoou: 3anpornoHOBaHO HOBHUI THUII ONPiCHIOBAJIBHOI YCTAHOBKH, T'OJIOBHUM
€JIEMEHTOM SIKOI € TEIII00OMIHHUK TPUXOBAHOI TEIIOTH. Mopchka BOa MiC/sl MONEePeIHbOr0 HArpiBaHHS B TEIIOOOMIHHHKAX HAAXOIHTH Y
BUIIAPHUK-KOH/ICHCATOP, JIe OTPUMYE OCHOBHY KiNBKICTh TEIUIOTH BiJl ITapH, 0 KOHIEHCYeThCs. YacTHHA MOPCHKOI BOJM BHIIAPOBYETHCS, a
KOHIIEHTPOBAHUI PO3YMH COJi (PO3CiN) BUXOAUTH 3 BHIIAPHUKA 1 ITICIST OXONOMKEHHS CKUIAEThCS Ha3aq B Mope. [lapa, 10 yTBOPIOEThCS,
CTUCKA€ETHCS 32 JIONOMOTOI0 KOMITpecopa 1 HaXOAUTh y KoHneHcaTtop. CyTTeBOIO 0COOJIMBICTIO TAHOT CXEMH € Te, 10 KOHJeHcalis BinoyBa-
€ThCS IIPU BUIUX TEMIIEPATypax, HiXK BUIIAPOBYBAHH. 3aBISKH [IbOMY TEIUIOTA, IO BUIUIETHCS P KOHIEHCALIT TapH, BUKOPHCTOBYETHCS
U1 BUMIAPOBYBAHHS MOPCHKOT BoAu. Pesynsmamu: Byio BupinieHo HACTYNHI MUTAaHHS: MOAM(IKOBaHA i JOMOBHEHA MaTeMaTH4Ha MOJIEIb
yeraHoBok 3 MCII, moxudikoBaHO cxeMy BKIIOYEHHS TEIUIOOOMIHHHKIB, TOCTIIXKEHO BIUIMB KOHCTPYKTHUBHHUX ITapaMeTPiB yCTaHOBKH HA
BapTICTh OOJAHAHHS 1 ENEKTPOeHeprii. AHaI3 CXeM YCTaHOBKHM i MaTeMaTHYHOI MOZEINI J03BOJIMB BU3HAYMTHU IIUIAXU 3HWKEHHS €HEpPro-
ButTpat. [IpoaHani3oBaHO BIUIMB JBOX OCHOBHHX IIapaMeTpiB — MUTOMOI IOTY)KHOCTI KOMIIpecopa  MUTOMO] IUIOIIi OBEPXHi BUIIApHUKA-
KOH/ICHCATOpa — Ha BEJNYHMHY IPUBEACHUX BUTPAT OHPiCHIOBAIBHOI yCTAHOBKU. BH3HAYEHO ONTUMAJIbHE CIiBBIAHONICHHS LUX ITapaMeTpiB.

Knrouosi cnosa: onpicHeHHs MOPCHKOT BO/IH, MEXaHIYHE CTUCHEHHS TapH, YHCEIbHE MOICIIFOBAHHSI.

V.P. Kravchenko, S.V. Surkov, Hussam Ghanem. Modelling and optimization of seawater desalination process using mechanical
vapour compression. In the conditions of global climate changes shortage of fresh water becomes an urgent problem for an increasing
number of the countries. One of the most perspective technologies of a desalting of sea water is the mechanical vapour compression (MVC)
providing low energy consumption due to the principle of a heat pump. Aim: The aim of this research is to identify the reserves of efficiency
increasing of the desalination systems based on mechanical vapour compression by optimization of the scheme and parameters of installa-
tions with MVC. Materials and Methods: The new type of desalination installation is offered which main element is the heat exchanger of
the latent heat. Sea water after preliminary heating in heat exchangers comes to the evaporator-condenser where receives the main amount of
heat from the condensed steam. A part of sea water evaporates, and the strong solution of salt (brine) goes out of the evaporator, and after
cooling is dumped back in the sea. The formed steam is compressed by the compressor and comes to the condenser. An essential singularity
of this scheme is that condensation happens at higher temperature, than evaporation. Thanks to this the heat, which is comes out at devapora-
tion, is used for evaporation of sea water. Thereby, in this class of desalination installations the principle of a heat pump is implemented.
Results: For achievement of a goal the following tasks were solved: the mathematical model of installations with MVC is modified and
supplemented; the scheme of heat exchangers switching is modified; influence of design data of desalination installation on the cost of an
inventory and the electric power is investigated. The detailed analysis of the main schemes of installation and mathematical model allowed
defining ways of decrease in energy consumption and the possible merit value. Influence of two key parameters — a specific power of the
compressor and a specific surface area of the evaporator-condenser — on a value of given expenses of desalination installation is analyzed.
The optimum ratio of these parameters is defined.

Keywords: desalting of sea water, mechanical vapour compression, numerical modeling.

Introduction. Now the need for fresh water, both for domestic needs and for the production
enterprises, grows in many countries of the world. Especially this problem is particularly acute in the

DOI 10.15276/0pu.2.49.2016.08

© 2016 The Authors. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

ENERGETICS. HEAT ENGINEERING. ELECTRICAL ENGINEERING



48 . . . . ISSN 2076-2429 (print)
IMpaui Oxecbkoro noiTexHiYHOro yHiBepeutety, 2016. Burm. 2(49) ISSN 2223-3814 (online)

countries of the Arabian Peninsula and the Persian Gulf. As of 2008 the Persian Gulf countries were
producing 58% of the bulk world volume of desalinated water. Global climate changes and population
growth do a problem of fresh water more and more urgent for the majority of regions of the Globe [1].

Especially high requirements for the consumed water are placed by heat power production. On
nuclear power plants water is used as a working medium and as the coolant. Effectiveness of thermal
energy transfer and the its subsequent transformation into a mechanical energy is defined by purity of
surfaces of metal contacting with water and steam. According to technical requirements, the quantity
of permeates in working water must be no more than 10 ug/l [2].

The required quality of water can be reached only by means of technologies of a thermal desal t-
ing (distillation) which have several modifications. Multistage installations of instantaneous flashing
(MSF) are mainly used in large stationary installations. In the presence of the industrial vapor sources
the installations with thermal vapour compression (TVC) are optimum. Far from the industrial vapour
sources and in mobile installations the technology of a desalting with mechanical vapour compression
(MVC) has the greatest advantages. In this research this technology is chosen for the detailed analysis.

In the works of El-Dessouky [3] and Al-Juwayhel et al. [4] the mathematical models of systems
with MVC are developed. Further researches were devoted to decrease in prime cost of the water
freshened with MVC use. In particular, Lara [5, 6] investigated the prospects of use of high
performance gerotor compressors and hydrophobic evaporators-condensers, and Cherkasskiy [7]
investigated high-temperature working modes.

The aim of this research is to identify the reserves of efficiency increasing of the desalination
systems based on mechanical vapour compression by optimization of the scheme and parameters of
installations with MVC.

To achieve the goal, it is necessary to solve the following problems:

— to modify and complete the mathematical model of installations with MVC;

— increase the convergence of iterative methods and the reliability the obtained results;

— to modify the scheme of heat exchangers plug-in;

—to research the influence of design parameters of desalination installation on the cost of an
inventory and the electric power. ,

Materials and Methods. The scheme of the offered desalination instal- —@1VBPOUT
lation is submitted in Fig. 1. Evaporator Condenser

The main element of this installation is a uniform block of the e
evaporator-condenser, or the latent heat exchanger.

Seawater after preliminary heating in heat exchangers comes to the
evaporator-condenser where receives the main heat amount from the
condensed vapour. A part of seawater evaporates, and the strong solution of
salt (brine) goes out of the evaporator, and after cooling is dumped back in AAA
the sea. The formed vapour is compressed by the compressor and comes to T

il

the condenser.
The T(s) — chart of process is schematically shown in Fig. 2. Here, the 2
piece 1-2 shows the process of evaporation of seawater; 2—3 — compression 1
of vapour in the compressor which can be considered as adiabatic; 3-4 — %
isobaric cooling, 4-5 — devaporation. %
Essential singularity of this scheme is that condensation takes place at < Brine ] I [Distillate
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higher temperature, than evaporation. Due to this the heat evolved at
devaporation is used for evaporation of seawater. Thereby in this class of

desalination installations the principle of a heat pump is implemented. Fig. 1. The scheme of
desalination installation

with mechanical vapour
compression

Seawater
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Fig. 2. The T(s) —chart of desalting process with mechanical vapour compression
Now let’s write down a weight conservation law for water and for salt respectively:
G, =G, +G,, (1)
G, X, =GX,, (2

where G — mass flow of substance (water, salt);
X — salt concentration.
Here indexes f, d and b belong to the feeding ocean water, the distillate and a brine dumped in the
sea respectively.
The energy balance for the device in general is calculated according to the equation

h,G; +WG,; =h,G; +h,G,, (3)
where h— enthalpy,

W — specific energy, transferred to the steam flow from the compressor.
Using mean specific heat ¢, the equation (3) can be rewritten as

WGd = (Gb + Gd)cp (Tout _Tcw) )

where T, , — temperature of the output streams of a brine and distillate,
T., — temperature of the input seawater.
From here it is possible to obtain
WG
=Tt @

TOLIl cw + "
C, (G, +Gy)
For a numerical example is set that a mass output of distillate is 1 kg/s.
The amount of heat needed to evaporate the second mass of vapour is calculated using the formula
Q, =Gy, (5)
where r, — latent heat of vaporization at boiling point of a brine.
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The quantity of heat Q, has to be transmitted to the boiling brine through evaporator-condenser

walls.
The temperature of vapour which is formed during salty water boiling can be calculated as

T, =T, - BPE,
where BPE — boiling point elevation, which can be calculated according to [3, 4].

The saturation pressure in an evaporator corresponding to temperature T, is calculated by the
formula

P, =P(T,)-
For further calculations it is necessary to set first approximation for temperature T, at which the
vapour in the condenser is condensed. Further value of T, is defined by method of simple iterations

The compressor has to create pressure in the condenser that would be equal to saturated vapor
pressure at temperature T, , i.e.

Pq = Ps (Td)'
Vapor pressures on the saturation line p,(T,) and p,(T,) are also calculated according to the
ratios given in [4].
Estimation of minimum necessary intensity of vapour compression in the compressor is made
according to the equation

Cr= Ps (Td )/ Ps (Tb) . (6)

The specific power consumed by the compressor electric motor according to [7] is calculated
using formula

r-1

W, ot P [D_J a1 @)
v-1 n (R

where v, — specific volume of a saturated vapour at a temperature 7 ;
vy — heat capacity ratio;
n — compressor efficiency.
Apparently, the following ratio is fair in adiabatic process:

y-1

T [pg )"
f_(m) ' ®

From here it is possible to evaluate the temperature of compressed vapor
v-1

T, =T, (&]Y .
P,

The heat amount allocated during devaporation process is calculated according to the ratio
Q =G [rd +C; (Ts Ty I 9)
where r, — latent heat of vaporization at condensation temperature.
As calculations show, this power, as a rule, is more, than Q, because of the “excess” values of T,

arising at adiabatic vapour compression in the compressor. Excess of power (Q,—Q,) in practice
leads to boiling temperature T, rise, and together with it — the rise of all other specific temperatures.

EHEPTETUKA. TEINIOTEXHIKA. EJIEKTPOTEXHIKA



ISSN 2076-2429 (print) D s . o . 51
ISSN 2223-3814 (online) Odes’kyi Politechnichnyi Universytet. Pratsi, Issue 2(49), 2016

However, in this work authors assume that excess of power is compensated by a thermolysis to
ambient medium, and process can be considered as conservative one.
The heat transfer equation can be written as

Q, =UA(,-T,), (10)
where U, — total heat transfer coefficient of the evaporator-condenser;
A, — area of surface-heat transfer of evaporator-condenser.
At predefined values of A, and U, the condensation temperature id determined uniquely

Q
T, :Tb+Ue1 , (11)

but, because U, depends on temperature [3], it is necessary the iterative refinement of T, .
The loop body containing the equations (6...11) repeats until change of T, value becomes less

than the preset small value. Calculations show that the iterative cycle converges quickly.

Results and Discussion. All calculations were performed for a hypothetical machine which mass
yield of distillate is 1 kg/s. Thus, all values of power and areas can be considered as appanage. The
heat transfer coefficient was calculated by the integral relations given in [3, 4], and average value of it
is 2.45 KW/(m*K).

In fig. 3 the dependence of power and excess of power of the compressor on a heat exchange
surface area is shown.

From Fig. 3 it is evident that the necessary compressor power significantly decreases at increase
of a heat exchange surface area of evaporator-condenser. The optimum ratio between these parameters
can be found based on the economic calculation.

Specific energy consumption on production of one cubic meter of desalinated water is bound to a
specific power with the ratio

W=36-N,
where W — specific consumption of the electric power, (kW-h)/m®;
N — specific power, kW/kg.
In Fig. 4 the dependence of specific power consumption of W on temperature of seawater boiling
at two various values of heat-transfer coefficient in evaporator-condenser is shown.

N, kW W,
kwh/m?
50
10
40
8 ————————
30 ] (S | BRY (I (R s e
20 4
______________ 5
— e e
0
0 50 60 70 80 90 100 T, °C
250 300 350 400 Ao, m?
Fig. 3. Dependences of necessary power Fig. 4. Dependence of specific power consumption on
of the compressor («—») and excess of a thermal temperature of seawater boiling at two various values
power («---») on a surface area of heat-transfer coefficient in evaporator-condenser:
of heat exchange of evaporator-condenser «—» —U, =2,5 kW/(m*K);

«-—-» —U, =50 kW/(m?-K)
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From Fig. 4 it is evident that at increasing of boiling temperature the specific energy consumption
and the surplus of power lost are simultaneously decrease. However, at increasing of boiling tempera-
ture above 70 °C the speed of adjournment of a scum on device walls sharply increases that leads to
growth of operational expenses.

The system of preliminary water heating consisting of two heat exchangers is offered.

The energy balance for the smaller heat exchanger utilizing heat of distillate can be calculated
from the equation

Q :Gdcpl(Td =T,) :GprZ(Tb -T); (12)
in turn, for the second heat exchanger utilizing heat of a brine and distillate can be calculated from
the equation

Qb :GbCpS(Tb _Tout) +Gdcp4(Tb _Tout) zGcprS(Tx _Tcw) ' (13)
The T, we evaluate of (12)
G,c
T, =T,-(T,-T,)—=
b d b Gprz

and substitute in (13).

When all temperatures at input and output for each heat exchanger are determined, it is possible
to calculate the necessary areas of surfaces of heat exchange. We will calculate log mean temperature
pressures according to the following ratios:

ATdIm — (rd _Tb) _(Tb _Tx) , ATbIm — (rb _Tx) _(Tout _Tcw) ) (14)
T, -T, T, T,
In-&—> In—2>—>*
Tb _Tx Tout _Tcw
The necessary surfaces areas of heat exchange are calculated by the formulas:
Qq
_ , 15
A U, AT," (15)
Q
= , 16
A U, AT" (16)

The equations (12...16) give the only solution in whole studied range of temperatures and
provide heating of seawater to temperature T, .

In Fig. 6 the dependence of the necessary surfaces areas of heat exchange on boiling temperature

is shownT, .
Ty 4 Ta
Th Gy A, m?

Gy gé 60
Cp2 Cp1
50
'
T [T 40
Y h 4
S 30
Cpd = Cp5 o [Cps
.; 20
< I | » 10
Tout Gy Tout e S S T I e
Tew 50 60 70 80 9 100 Ty, °C
Fig. 5. The scheme of plug-in of heat exchangers of Fig. 6. The necessary surfaces areas of heat exchange
seawater preliminary heating with the indication of for preliminary heaters of seawater:
temperatures and mass expenses of water —»— A «—» — A
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From the plot it is visible that the areas of surfaces A, for preliminary heat exchangers are 10
times less than the areas of surfaces of evaporator-condenser A . The area A is greatly rises at rise of
boiling temperature T, . Therefore, in economic calculation the main attention needs to be paid to the

cost of evaporator-condenser.
Criterion of technical and economic optimization. As criterion of comparison the annual given
costs are accepted [8, 9]:

C=eC, +C,, (17)

where e, — normative rate of return (assumed equal to 0.12);
C.— capitalized expenses;
C,, —annual expenditure.

Annual expenditure C,, may be calculated by the formula

COp =C, +C +C,, +C (18)

clean. expl. !

where C, — annual power expenses;
C.ean. — costs of water purification and transfer of salts to a soluble state for prevention of

salts loss on the heating surfaces (we accept equal 0.3 USD/m? of initial water);
C,. — annual costs for depreciation of capital investments and maintenance estimated at

am.

10...20 % of depreciation expense;
Cexpr. — Operating expenses.

Annual energy costs are calculated by the formula:
Ca.=Aien P> (19)
where P, — national electricity cost (for UAE P, =0.04 USD/(kW-h));
A, ., — annual energy consumption, KWh.
Annual costs on depreciation of capital investment and maintenance calculated by the formula
C,, =p,C.+C,=p,C.+0.1p,C. =1.1p,C. , (20)
where p, — depreciation rate (assumed equal to 0.06).
C, — maintenance costs.
Maintenance costs are determined according to the ratio
Cexot. =Ciab. + Cotn.»

expl.

where C,_, —annual salary of the staff;
C, — other manufacturing expenses.
The value of manufacturing expenses C,, is 20...30 % total costs for depreciation, maintenance
works and wages, i.e. operating costs are in accordance with the ratio:
Ceot =Cip +0.2(p,C, +0.1p,C. +C,,, ) =1.2C_, +0.22p,C.. (21)

expl.

Substituting the values of all components in the expression (18), we obtain the formula for annual
operating costs:

Cyy =Cu +Coemn +1.1p,C, +1.2C,,, +0.22p,C, =C,, +1.32p,C, +1.2C,, . (22)

clean.
The expression for the given expenses can be written as

C=eC, +C, +Cy, +1.32p,C, +1.2C,, =C, (e, +1.32p,)+C, +C
=0.1992C_ +C, +C,,, +1.2C_, .

+1.2C,, =

clean. clean.

(23)

clean.
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Then, the final expression for the variable part of given expenses takes the form:
C=0.1992C_ +C, . (24)

The needs for the electric power are determined under condition of installation operating within
22 hours a day and 360 days within a year. During the choice of the equipment was accepted that
productivity of installation makes 25 m® per day.

Capital expenditure consists, mainly, of the cost of evaporator-condenser, preliminary heat
exchangers and the compressor.

As evaporator-condenser and preliminary heaters of seawater it is expedient to use the lamellar
heat exchangers differing in high coefficient of a heat transfer. The analysis of cost of heat exchangers
shows that in approximate calculation it is possible to accept their cost of directly proportional to
surface area of heat exchange.

For typical in the studied range heat exchanger Ridan NN 41 the surface area of heat exchange is
217.35 m’ at the price of 4806 USD [10]. Then the total cost of heat exchangers can be estimated
using the formula

C. =2211(A+A +A).

Compressor cost C can be averagely set to proportional power of electric engine. According

compr.

to [11], Cppppr. =645-N, .
Total capital expenditure will be
Cc = Ch.e. +Ccompr.'
The given annual costs (17) have been c

calculated taking into account the power of the  usDiyear
compressor and the areas of heat exchange 18650
surfaces obtained higher. Results of calculation

- i . ; 14000
of the specified cost for installation with a
12000 .

productivity of 1 kg/s of desalinated water are ~.l
presented in Fig. 7. 10000 i oT—

The analysis of the plots shows that the R T [epe P RS e 7 P
minimum of the given capital expenditure is 6000 i
reached at the specific area of evaporator- 4000
condenser of 570 m®. The electricity cost 2000
continuously drops at increase of surface of 0 )
heat exchange of evaporator-condenser A, . 400 500 600 700 800 900 A.m
Total annual costs decrease up to value Fig. 7. The given annual costs as function
A, =1000 m’. But at such great areas the heat of the surface area of heat exchange

exchangers have the large weight and of evaporator-condenser:
«—» —total annual costs;

dimensions and therefore A needs to be . .
«---» —reduced capital costs;

limited accordingly to transportation cost. «~ »—» —the annual cost of electricity
Conclusions. Numerical modeling has
shown that in systems with adiabatic compres-
sion of steam there are losses of power which are 26...29 % of the general expenses of energy. These
losses can be reduced when using advanced processes of compression of vapour along the line of
saturation, for example — at injection of water in the compressor.
Decrease in prime cost of desalinated water can be reached mainly due to increase of efficiency
of the compressor and increase of a heat transfer coefficient of evaporator-condenser.
With the given productivity of desalination installation, the optimum parameters of the compres-
sor (from the economic point of view) and evaporator-condenser can be found.

EHEPTETUKA. TEINIOTEXHIKA. EJIEKTPOTEXHIKA



ISSN 2076-2429 (print)
ISSN 2223-3814 (online)

Odes’kyi Politechnichnyi Universytet. Pratsi, Issue 2(49), 2016

Jlitepatypa

1.

2.

3.

10.

11.

Escobar, I.C. Sustainable water for the future: Water recycling versus desalination / 1.C. Escobar,
A.l. Schifer. — Amsterdam; Boston: Elsevier Science, 2010. — 416 p.

Komnsuios, A.C. Bomonoaroroeka B 3uepreruke / A.C. Kombuios, B.M. JlaBeirun, B.®. OukoB. — 2-¢
u3a., crep. — M.: Uznar. nom MOU, 2006. — 309 c.

El-Dessouky, H.T. Fundamentals of salt water desalination / H.T. EI-Dessouky, H.M. Ettouney. — Am-
sterdam: Elsevier Science, 2002. — 670 p.

. Al-Juwayhel, F. Analysis of single-effect evaporator desalination systems combined with vapor

compression heat pumps / F. Al-Juwayhel, H. EI-Dessouky, H. Ettouney // Desalination. — 1997. —
Vol. 114, Issue 3. — PP. 253-275.

. Lara, J.R. Advanced mechanical vapor-compression desalination system / J.R. Lara, Omorinsola

Osunsan, M.T. Holtzapple // Desalination, Trends and Technologies / ed. by M. Schorr. — Rijeka:
InTech, 2011. — PP. 129-148.

. Lara, J.R. An investigation of high operating temperatures in mechanical vapor-compression desalina-

tion / J.R. Lara, G. Noyes, M.T. Holtzapple // Desalination. — 2008. — Vol. 227, Issues 1-3. —
PP. 217-232.

. Uepkacckuii, B.M. Hacockl, BenTHiIsITOpBI, KOMIpeccopsl / B.M. Uepkacckuii. — M.: DHeproarom-

u3nat, 1984, — 416 c.

. BepeHc, B. PyKOBOI[CTBO IO MOArOTOBKE MNPOMBIINIIICHHBIX TEXHUKO-3KOHOMHUYCCKUX HCCHCHOBaHHﬁZ

mornorpadus / B.beperc, I1.M. XaBpanek; mep. c¢ anrr. A.O.[puamH w gp.; Hayd.pend.
P.I1. Buepamnuii u ap. - HOBoe Tiepepad. u gom. u3g. — M.: UrTepakcmeprt, 1995. — 343 c.

. Preparation of a Feasibility Study for New Nuclear Power Projects / International Atomic Energy

Agency. — Vienna: IAEA, 2014. — 125 p.

Tunoseie 1eHbl Ha TemnooOMeHHuku ruiacTuHYaThie [Enextponnuii pecypc] / Temnollpodu:
KommnekcHple mocTaBku WHXeHepHOTo obopyzoBanus mo Poccum m CHI. — Pexum mocrymy:
http://www.teploprofi.com/ceni/ ([lara 3sepuenns: 25.05.2016).

OobopynoBanue  [Enexktponnuit  pecypc] [/ ERSTEVAK Ltd. — Pexum  pocrymy:

http://www.erstvak.com/equipment/ (Jlara 3sepuentst: 24.05.2016).

References

1. Escobar, 1.C., & Schifer, A.l. (2010). Sustainable Water for the Future: Water Recycling Versus
Desalination. Amsterdam; Boston: Elsevier Science.

2. Kopylov, A.S., Lavygin, V.M., & Ochkov, V.F. (2006). Water Treatment in Power Engineering (2™
Ed.). Moscow: MEI.

3. El-Dessouky, H.T., & Ettouney, H.M. (2002). Fundamentals of Salt Water Desalination. Amsterdam:
Elsevier Science.

4. Al-Juwayhel, F., EI-Dessouky, H., & Ettouney, H. (1997). Analysis of single-effect evaporator desalina-
tion systems combined with vapor compression heat pumps. Desalination, 114(3), 253-275.
DOI:10.1016/S0011-9164(98)00017-4

5. Lara, J.R., Omorinsola Osunsan, Holtzapple, M.T. (2011). Advanced mechanical vapor-compression
desalination system. In M. Schorr (Ed.), Desalination, Trends and Technologies (pp. 129-148). Rijeka:
InTech. DOI:10.5772/14711

6. Lara, J.R., Noyes, G., & Holtzapple, M.T. (2008). An investigation of high operating temperatures in
mechanical vapor-compression desalination. Desalination, 227(1-3), 217-232.
DOI:10.1016/j.desal.2007.06.027

7. Cherkassky, V.M. (1985). Pumps, Fans, Compressors. Moscow: Mir.

8. Behrens, W., & Hawranek, P.M. (1991). Manual for the Preparation of Industrial Feasibility Studies.
Vienna: UNIDO.

9. International Atomic Energy Agency. (2014). Preparation of a Feasibility Study for New Nuclear
Power Projects. Vienna: IAEA.

10. TeploProfi. (n.d.). Prices for Lamella Heat-Exchangers. Retrieved from http://www:.teploprofi.com/ceni/

11.

ERSTEVAK Ltd. (n.d.). Equipment. Retrieved from http://www.erstvak.com/equipment/

Received May 20, 2016
Accepted July 7, 2016

ENERGETICS. HEAT ENGINEERING. ELECTRICAL ENGINEERING



56 . . . . ISSN 2076-2429 (print)
IMpaui Oxecbkoro noiTexHiYHOro yHiBepeutety, 2016. Burm. 2(49) ISSN 2223-3814 (online)

UDC 621.182.11.001.57

V.G. Ahrameev, PhD

Odessa National Polytechnic University, 1 Shevchenko Ave., 65044 Odessa, Ukraine; e-mail: ahvitalchik@mail.ru

RESEARCH OF THE SEDIMENT FORMATION INTENSITY
AT THE RUN-AROUND COOLING SYSTEMS EQUIPMENT
WITH WATER COOLING TOWERS

B.I'. Axpamecs. Jlocnip:keHHs: iHTEHCHBHOCTI yYTBOPeHHs BiIK/IaJeHb Ha 00JIaAHAHHI OGOPOTHHUX CHCTeM OXOJIOM:KEHHS 3
rpagupHaMH. [ 060pOTHHX CHCTEM OXOJIOMKEHHs HaWOLTbII HebGe3rneuHi 3a0pyAHEHHS TBEPAMMH MiHEPAJIbHUMH BiJKIaJCHHAMH, 110
YTBOPIOIOTBCS BHACIIZIOK KPUCTAITi3allii MaJIOPO3UMHHUX HEOPraHIYHUX COJNEH MPH MepeXofi LUPKYISIIHHOI BOAM B NMEPECHYCHUH CTaH.
Mema: Metoio poOOTH € TOCIiKSHHS IHTEHCHBHOCTI BiIKJIaIeHb KPHCTAJIIB BA)KKOPO3YHHHHX COJICH 3 NMEPECHICHOO IIUPKYILIIIHHOT Boau
Ha MOBEPXHSX HArpiBy BUITAPHOTO OXOJOKEHHS i KOHJCHCATOPiB B 0OOPOTHHX CHCTEMaX OXOJOMKEHHS EHepProyCTaHOBOK 3 IPaJHPHSIMH.
Mamepianu i memoou: MeTtonuka IPOBEICHUX NOCTIDKEHb MOJSraia y BUMIPIOBAHHI MAacH i BEJIHYMHU BaXKOPO3UHMHHUX KPUCTATIB B
LUUPKYJALIFHIA BOMI 1 TX BiKIaAeHb Ha TEIUIOOOMIHHIM MOBEpPXHI KOHIEHCATOpa 1 BUIIapHil MOBEepXHi rpaaupHi. BuxiaHna Bofa 1t excrie-
pumMenty Oyna BimiOpanma 3 p. Ctup. EkcrmepuMeHTanbHi TOCTIDKEHHsS NPOBOMMINCS Ha MacuTabHii Momeni OOOpOTHOI CHCTEMH
oxonokeHHs. [I7s1 BUBUCHHS XapaKTepy MpOIeciB B3aeMOJil YaCTHHOK TBepAol (a3u Mik co00I0 y BUXIAHIN 1 HUpKyIsANiiHii Boxi Oyno
BUKOPHCTaHO METOJ JUCIIEPCIHHOro aHali3y YacTHHOK IPyOOIHCIIEPCHOI (ha3h B ONTHIHO CKaHOBaHOMY Liapi Boau. Pesynsmamu: Ilpose-
JICHO CKCIIEPHMEHTAIbHE JOCIII/PKCHHS IHTCHCHUBHOCTI BiZIK/IaJIeHb KPUCTAJIB Ba)KKOPOSYNHHUX COJICH 3 MEPECHUCHOI0 LUPKYJIALIHOI BOAN
Ha MOBEPXHSX HArpiBy BUIIAPHOTO OXOJIOIXKEHHs i KOHJEHCATOpiB B 000OPOTHUX CHCTEMAaX OXOJIOJUKEHHS CHEProyCTaHOBOK 3 TPaJIMPHSIMHU.
BusHaueHo, o B Mipy OXOJIOKEHHS IIUPKYIISIIIHHOI BOAY IPH 11 CTIKaHHI B3JI0BXK OXOJIO/DKYIOUO] IIOBEPXHI 1 aepaii 3ycTpidHIM OTOKOM
IIApOTIOBITPSIHOT MacH BiOYBa€ThCs 301IBIICHHS COJIEBMICTY IIOTOKY 1 3pOCTaHHS MAacH KPHCTaJIiB KapOOHATHUX COJIEH, IO BUIUIIIINCS; B
KIHI[EBOMY MiJCYMKY I€ IPU3BOJHUTH 0 YTBOPEHHS MyXKHX Bi/KIIaJeHb HA HEOOIrpiBAHMX 3POLIYIOYMX MMOBEPXHSIX IPpaJupeHb. BuaineHHs
LIEHTPIB KpUCTaIIi3allil Ba)XKOPO3UMHHUX KapOOHATHHUX colieil IpH iX HarpiBaHHi B TEIUIOOOMIHHHX TPyOKaX KOHAEHCATOpa BiIOyBaeThCs 3a
paxyHOK TepMivHOI JucoLialii Jo0pe pO3YUHHHUX OiKapOOHATHHUX COJiel B BAKKOPO3YMHHI KapOOHATHI COJi 3 HACTYIHHUM BiAKITaJCHHAM X
Ha MMOBEPXHI TPYyOOK, 1[0 HATPiBAETHCSL.

Knrouosi cnosa: nupkyisiiina Bofa, 000poTHa CHCTEMA OXOJIOMKCHHS, BIIKIIaACHHS.

V.G. Ahrameev. Research of the sediment formation intensity at the run-around cooling systems equipment with water cooling
towers. For circulating cooling systems, the solid mineral sediments formed as a result of crystallization of sparingly soluble inorganic salts
in the transition of circulating water in the supersaturated state are the most dangerous. Aim: The aim of this research is to study the intensity
of sediments of hardly soluble salts crystals on the surfaces of the heating of evaporative cooling equipment and condensers from super-
saturated circulating water in the circulating cooling systems of power plants with water cooling towers. Materials and Methods: The
methodology of the research was to study the mass and size of the hardly soluble crystals in circulation water and sediments on heat
exchange surfaces of the condenser and the evaporator surface of the water cooling tower. Source water for the experiment was selected from
Styr river. Experimental studies were carried out at the installation of a scale model of circulation cooling system. To study the nature of the
interaction of the solid phase particles with each other in the starting water and the circulating used the method of dispersion analysis of
coarse phase particles in the optically scanned water layer. Results: The study the intensity of sediments sparingly of soluble salt crystal on
the surfaces of the heating of evaporative cooling equipment and condensers from supersaturated circulating water in the circulating cooling
systems of power plants with water cooling towers were held. It has been determined that as the circulation water is cooling, with its runoff
along the cooling surface and aeration by counter-steam mass flow there are salinity increase and increase the weight of precipitated
carbonate salts crystals, which ultimately leads to the formation of loose sediments in the unheated watering surfaces of water cooling
towers. Allocation of crystallization centers of sparingly soluble carbonate salt when it is heated in the heat exchange condenser tubes is due
to the thermal dissociation of good soluble bicarbonate salts into sparingly soluble carbonate salts and then sediment at the heated tubes
surface.

Keywords: circulating water, circulating cooling system, sediments.

Introduction. For circulating cooling systems, the solid mineral sediments formed as a result of
crystallization of sparingly soluble inorganic salts in the transition of circulating water in the super-
saturated state are the most dangerous. However, a visual inspection of water cooling towers and
condensers in Ukrainian power plants shows significant sediments and drifts at the heat exchange
surfaces of cooled condensers as well as at the evaporator surfaces of water cooling towers.

Many authors paid attention to the study of the formation sediment process at the heat exchange
tubes. Most authors examined the sediments in once-through systems, exploring the water passing
through the heat exchanger once [1...5].

DOI 10.15276/0pu.2.49.2016.09
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Briangon [3] and Andritsos [6] considered mainly the dependence of kinetics and mechanisms of
sediments, depending on flow multiplicity of the heat exchange tubes surface, ribbing, and the
recycling of the circulating water. Also, Andritsos shows that during formation of sediments on rough
surfaces the turbulent transport of particles to the heat surface increases and thus decreases the
induction period of the process.

Kishnevsky and Chichenin [7] studied the sediments on heat exchange surfaces by using scale
inhibitors and without them.

Sediment formation is a complex process involving water supersaturating for salts with nu-
cleation, their transport to the heat exchange surface with the possible sediment. To date, there is no
reliable theory of thermodynamic prediction of carbonate salts sediments process on the heat exchange
surface. Therefore, most of the known studies based on observational criteria. They allow calculate the
probability of formation of sediment on heat exchange surfaces of condensers, but do not consider
other types of heat exchangers [8, 9].

Practically in all previously published studies in the preparation of the material and salt balance
of circulating cooling systems, it was assumed that most of the sediments are crystallized at the heat
exchange tubes of condensers

In the works of Kishnevskiy [10] and Garrels [11] there is a studying method of water and
chemical mode of circulating cooling systems at the scale model, as well as the possible criterion of
sediment formation (Acaai) is offered, it is assumed that all the solid phase is deposited on the heat
exchange surface condencer.

Chichenin [12] proposed a method of the study of the intensity sediments at the coupons without
heating the coolant made from the materials typical for heat exchangers in which the heating of
coolant is present. At the same time overlooked the processes occurring in the water cooling tower.

In the literature and in the open press author does not found researches aimed at understanding
the mechanisms of calcium carbonate crystals sediments on the cooling surface of the water cooling
towers and the pipeline surfaces of the run-around cooling systems.

Drifts and sediments at the evaporator surface reduce the operation efficiency of the cooling
towers, and, moreover, with significant sediments threaten by major accidents related to the collapse
of the irrigation surface.

Thus, study the intensity of sediments at the evaporation part of the water cooling tower and the dis-
tribution ratio of sediments mass between the condenser surface and cooling tower surfaces is actually.

The aim of this research is to study the intensity of sediments of hardly soluble salts crystals on
the surfaces of the heating of evaporative cooling equipment and condensers from supersaturated
circulating water in the circulating cooling systems of power plants with water cooling towers.

To achieve the aim is needed solve the following problems:

— Improve the methodology of research of intensity of sparingly soluble salts sediments on the
surface of the cooling tower and evaporative heating surface of condenser.

— Improve the large scale stand of circulation cooling system.

— Carry out the experimental studies at the laboratory stand of large scale cooling system.

Materials and Methods. Formation of carbonate calcium CaCO; sediments in the cooling tower
and the condenser takes place in different thermal and hydraulic conditions:

—inacondenser — at heating of circulating water with the release of CaCO; on the heated surface;

—in a water cooling tower — during cooling water by increasing the salt content on unheat-
ed surface.

Formation of crystallization centers in the circulation water during evaporative cooling in water
tower occurs at the “liquid / water-steam mixture” interface.

Allocation of crystallization centers of sparingly soluble carbonate salts during heating of circu-
lating water in the heat exchange tubes of the condenser is due to the thermal decomposition of readily
soluble bicarbonate salts with the formation of dense and poorly soluble carbonate salts, and their sub-
sequent sediments onto the heated surface of the tubes.
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_ T Ny b In the process of circulating water cooling in
L s the cooling tower during its run-off along the cool-
: =t 1T ing surface and aeration with counter vapor flow
— 21 (saturation with CO, as result) flow salinity and

= mass of carbonate salts crystals are increasing. This
i = eventually leads to the formation of loose
T ] sediments in the unheated watering surfaces of

|, cooling towers.

T 2 o = 3 The methodology of the research was to study
[agae 12 : P the mass and size of sparingly soluble crystals in
11 R P g circulation water and sediments on heat exchange

[ “——7 | surfaces of the condenser and the evaporator sur-
T face of the water cooling tower. Experimental stud-

\ 10 " A . ies were carried out on a large-scale installation of
" 2 % (I 6 the run—argund cooli_ng_systems model (F_ig. _1). _
: g l Detailed description of the stand is given in
: 9 : E > = [7]. The design of water cooling tower and working
' nter . A
et cell is shown in [12].
Fig. 1. The model of run-around cooling system: The procedure of the experiment was as
1 —working cell (heat exchanger with external  follows. _
flow), 2 —flowmeter, 3 —ammeter, 4 —voltmeter, Previously prepared according the procedure

5 — laboratory transformer (LATR), 6 —indicator, ~described in [12], LAMSsh brass tubes installed in
7 —valve, 8 —water cooling tower, 9 —capacity, the working cell 1 (Fig. 1).

10 —pump, 11 — “crossed wheels” nozzle, Moreover, the flat elements (coupons) of

12 —coupons 70%10x2 mm size which are made from LAMsh

77-2-0.05 brass material added to the water cooling

tower. These elements are designed to compare the growth of sediments in the cooling tower and the

condenser on the same materials. Coupons were mounted in the water cooling tower directly under the

stream of circulating water dispersed by the nozzle, above the “crossed wheels” nozzle and parallel to

air flow.

To control the sediments on the evaporator of the water cooling tower from the nozzle layer were
selected and marked 12 elements, connected by a fishing-line.

In operation, the experiment was interrupted after 40 and 100 hours for extraction of nozzle
control elements and coupons. Extracted from the installation control elements were placed in a drying
oven until dry, then the check weighing held. Detailed sample processing method described in [12].

Control of deposits on the tubes, coupons and cross-disks conducted as weight gain. For elements
made of LAMsh, it takes into account the effect of minor corrosion. Kinetics of growth of sediments
was investigated in the condenser tubes, coupons and nozzles in a cooling tower.

Characteristics and composition of the source water taken from river Styr the following:
pH=7.4, evaporation rate K.,=1, water alkalinity A,=1mgEq/dm® water hardness
H,, = 1.9 mgEq/dm?; [CI'T = 0.7 mgEq/dm?, [SO,*] = 0.95 mgEq/dm®.

In the pilot study the evaporation rate of the circulating water was maintained at 2, and pH = 8.

Every 12 hours there was sampled for the study of physical and chemical composition of water
and the amount of sediments on the controlled areas of the experimental installation at given water
velocity and air flow. Humidity, temperature of atmosphere air and air at the outlet of the cooling tow-
er controlled using psychometric analysis.

To study the nature of the interaction processes between the particles of the solid phase in source
and circulating water we used the analysis-of-variance method for coarse phase particles in optically
scanned water layer, described in detail in [13].

Results. The obtained experimental data for determining the mass of sediment on the coupons,
tubes and crossed disks are shown in Tables 1 and 2.
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Table 1 Table 2
Characteristics of the heat exchange surfaces Mass of sediment on heat exchange surfaces
Data Nozzle Tubes | Coupons Time. hour Sediments mass, ¢
Quantity, pcs 350 8 3 ’ Nozzles | Tubes | Coupons
Area S, m’ 0.4613 | 0.02512 0.0039 40 3.32136 | 0.7536 | 0.000288
100 41517 1.1304 0.00036
200 6.9195 1.5072 0.00048
J,
g/m2:h| ™ Visual inspection shows that the sediments in the
0.7 water cooling towers are loose; moreover, the adhesion
0.65 between the sediments and the heat exchange surfaces is
06 flimsy.
0.052 1 _Dependences of the intensity of sediments on the
0 4'5 1l /— heating surfac_es pf the conde_nser, nozzles and control
04 o8 coupons considering the density of carbonate salts are
035 shown in Fig. 2.
03 T~ The intensity of sediments on the heated heat
0.25 exchanger surface of the condenser tubes was
02| & /i 0.75 mg/(m*h) after 40 hours after the start of the
0.15 \T—‘ experiment, and 0.30 mg/(m?*h) — after 200 hours. The
01 L intensity of sediments on the unheated surface in the
0.05 3 water cooling tower for LAMsh brass coupons was 0.30

0 .
20 40 60 80 100120 140 160 180 r,n and 0.10 mg/(m™h), respectively. _
Thus, the intensity of sediment in the condenser is

Fig. 2. Dependence of the intensity of sedi- gjfferent from the intensity in the water cooling tower in

ment on the heat exchange surfaces of Water e than two times, provided that they are made of the
cooling towers and condenser: 1 —LAMsh same material (LAMsh).

brass tube, 2 —LAMsh brass coupons, The intensity of sediments on the unheated surface

3 —polyethylene nozzles in the water cooling tower on the polyethylene nozzles

was 0.170 mg/(m?h) at the beginning of the experiment,

and 0.07 mg/(m?h) at the end. This is a few less than for LAMsh brass coupons, but the difference is

not so significant.

Conclusions. The conducted research lead to the conclusion that the processes of formation of
carbonate salt sediments in the water cooling tower and in the condenser determined by the heat-
hydraulic conditions.

The obtained experimental data indicate that the intensity of sediments on the heat exchanger
surface of the condenser tubes is more than two times higher than on the control coupons of irrigated
surface of the water cooling towers made of LAMsh brass. Furthermore, it is shown that the intensity
of sediments on unheated surface of LAMsh brass coupons is higher than on the polyethylene nozzles
by 30...40 %.
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NEW APPROACH DEVELOPMENT FOR SOLUTION
OF CLONING RESULTS DETECTION PROBLEM
IN LOSSY SAVED DIGITAL IMAGE

A.A. Kobosesa, C.M. Ipucopernko. PO3BUTOK HOBOTO MiIX0OAY 0 BHPilIeHHs] MUTAHHS BHSIBJEHHS Pe3yJbTATIB KJIOHYBAHHS B
nuppoBomy 300paxenHi, 30epe:xenomy i3 BTpatamu. Po3risHyTO NMUTaHHS BUSIBIEHHS pe3yibTaTiB (anbcudikanii muppoBoro 300pa-
JKEHHS, 3[1HCHEHOI MUIIXOM KJIOHYBaHHS — OJHOTO 3 HAHOINBII 4acTO BUKOPHCTOBYBAaHUX IPOTPaMHHX IHCTPYMEHTIB, Peali30BaHOTO Y
BCiX cydacHuX rpadiunux pegakTopax. Mema: Metoro po6oTH € TofabIIHii PO3BUTOK MiXOIy X0 BUPIIICHHS MUTAHHS BUSBJICHHS KIOHY-
BaHHS B yMOBaxX 30€pe)KCHHs KIOHOBAHOTO 300pakeHHs y (opmaTi i3 BTpaTami, 3ampOIOHOBAaHOMY aBTOpaMu paHiuie. Mamepianu i
MemoOu: 3anpOIIOHOBAHUH T11/IXiJ] 3aCHOBAaHO Ha BPaXyBaHHI MaJoCTi 3MiHHM 00’€My IMITIHAPHYHOTO TiNla 3 TBIpHOIO, MapaensHoro oci OZ,
00MEKEHOT0 3BepXy rpadikoM iHTEepIIOMo0Y0i GyHKIIT i MATPHUII SCKPABOCTI aHATI30BAHOTO 300paxeHHsI, 3HN3y — mionmHo XOY, B
nponeci crucHeHHs. Pesynemamu: TIpoBeneHo ajanTaiiro 3alpONOHOBAHOTO IMiIXOMY JO YMOB CTHCHEHHS KJIOHOBAHOTO 300pa)K€HHS 3
JIOBUJIBHUM KOe(DillieHTOM sIKOCTI (Koe(illieHTOM CTUCHEHH:). [IpoIeMOHCTPOBAaHO MOXIIMBICTh BUKOPHCTAHHS 3aIIPOIIOHOBAHOTO ITiAX0/1Y B
YMOBaxX CTHCHEHHSI KIIOHOBAHOTO 300pa)kKeHHsI BiIIOBIAHO 10 aJrOPHTMIB, 10 BiapisusioTees Bin cranmapty JPEG: JPEG2000, ctiucHeHHs 3
BUKOPUCTAaHHAM MaJOPaHTOBHX arpOKCUMaIliii MaTpuii (6J10KiB MaTpuIli) 300paxenHs. HaBeneHo pe3ynpTaT 00UMCIIOBAIBHOTO EKCIIEpH-
MenTy. [lokazaHo, Mo po3poOieHuU Miaxigq Moke OyTH BHKOPHCTAHO Ui BHSBJICHHS PE3YNbTATIB KIOHYBaHHS B IH(POBOMY Bimeo B
YMOBaX MOJaJIbIIOr0 MiCJIsk KIIOHYBAHHS CTHCHEHHS i3 BTpaTaMH.

Kniouosi crosa: undpose 300paxxeHHs, BUABICHHS KJIOHYBaHHs, CTHCHEHHS 3 BTPaTaMH, MaJIOPaHI0Ba aliPOKCHMALIis.

A.A. Kobozeva, S.M. Grigorenko. New approach development for solution of cloning results detection problem in lossy saved
digital image. The problem of detection of the digital image falsification results performed by cloning is considered — one of the most often
used program tools implemented in all modern graphic editors. Aim: The aim of the work is further development of approach to the solution
of a cloning detection problem having the cloned image saved in a lossy format, offered by authors earlier. Materials and Methods: Further
development of a new approach to the solution of a problem of cloning results detection in the digital image is presented. Approach is based
on the accounting of small changes of cylindrical body volume with the generatrix, that is parallel to the OZ axis, bounded above by the
interpolating function plot for a matrix of brightness of the analyzed image, and bounded below by the XOY plane, during the compression
process. Results: Adaptation of the offered approach to conditions of the cloned image compression with the arbitrary factor of compression
quality is carried out (compression ratio). The approach solvency in the conditions of the cloned image compression according to the
algorithms different from the JPEG standard is shown: JPEG2000, compression with use of low-rank approximations of the image matrix
(matrix blocks). The results of computational experiment are given. It is shown that the developed approach can be used to detect the results
of cloning in digital video in the conditions of lossy compression after cloning process.

Keywords: digital image, cloning detection, lossy compression, low-rank approximation.

Introduction. One of the program tools implemented in all modern graphic editors (Adobe
Photoshop, Gimp, etc.) which are most often used for falsifications of the digital images (Dl) is the
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cloning at which the part of DI called a prototype is copied and moves to another area of the same
image, replacing with itself his original part and forming a clone. The cloning is used in case when an
“undesirable” object is removed from the image, the existing objects are duplicated, their location
changes within the image scene.

Taking into account the modern level of information technologies development, the implemented
capabilities of graphic editors the changes on DI, in particular cloning, can be made so qualitatively
that their detection is the problem needed for the solution of the attraction of the widest mathematical
apparatus, the methods considering various tricks of falsification “authors” for the purposes of
masking of the main results of their work, including, post-processing of DI after cloning executed in it.

In spite of the fact that the problem of detection of cloning results in the conditions of post-
processing, in particular, of lossy DI compression isn’t new [1...4], it is not completely solved. In
particular, efficiency of clone/prototype areas detection needs improvement under conditions of lossy
compression in case when the cloning aims the hiding of an object (objects) using the prototype which
is a part of the DI background area. It is possible to assume that one of the main reasons for this is the
widely known approach for the solution of such problems is based on technology of use of charac-
teristic points of the image [2, 5...7] and is effective in case if objects are cloned.

In [8] authors of the work have offered theoretical bases of new approach to the solution of
results of cloning detection problem in a digital image saved after change in a lossy format. Approach
is based on the considering of a small change of a cylindrical body volume with generatrix during the
compression process. That generatrix is parallel to OZ axis and limited from above by the plot of the
interpolating function g(x,y) for the image brightness matrix F, from below — by the XOY plane.

Indicator of existence of clone areas of prototype is the proximity of double integrals values from
function g(x,y) on the corresponding subareas of definition range of the function which is originally

set the initial image.

New approach gives the principle possibility based on it in providing of the effective solution of
viewed problem that is irrespective of performed cloning specifics, used during compression algorithm
and parameters, that has not been fully provided in [8].

The aim of the work is to further develop of proposed in [8] approach to solve the problem of
cloning detection in conditions of lossy saving of the DI.

To accomplish the aims, such problems are solved in this work:

1. Adaptation of the approach offered in [8] to conditions of cloned DI compression with any
quality offered in [8] (compression ratio);

2. Providing (providing check) a solvency of the offered approach in the conditions of compres-
sion of cloned DI according to algorithms other than the JPEG standard.

Materials and Methods. Without limiting of verbal proofs collectivity, to simplify the state-
ment, the DI are further considered in gradation of gray which formal representation is one two-
dimensional matrix. In case of the color image, all following verbal proofs can be carried to each of
color component separately, participating in its formal representation (RGB scheme), or to a bright-

ness matrix (YUV scheme).
Let F — nxm-DI matrix with elements f;,

matrix block, for which at position (1,1) is situated the element f;. To each such block, according to

i=1n, j=1m. Letset, asin the [8], B, — qxq F

[8], we will associate (n—g+1)x(m-q+1)-M®? matrix, each element
m?, k=Ln-g+L1=Lm—-q-+1 of it shows the difference of B; block from B, block in such

. q
sense: miD =>"r,
t,p=1
equality is understood as element-by-element method.
The approach offered in [8] is essentially not connected with the value of DI compression ratio

after performed cloning. For the blocks B; and B, of clone and the prototype image respectively

where r_,t,p=1q, — elements of matrix R=|Bij —Bk,|, where the last

p’ tp?
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shown, that minM®? =minM®" and reached in corresponding elements, that correspond to the
prototype and clone image. So, if to define (n-gq+1)x(m-q+1)-G matrix with elements g, in such

way: g; =minM @ then for the blocks B and B, of clone and the prototype image the elements
g; = 9y, at that in this elements the global minimum of the G is reached practically certain. At this,

min

the g,, element is called as global minimum of the G, if g, =
p P 1<i<n—q+li<j<m-q+l

g; - Such conclusion was

made in [8] allowing for additional perturbation actions, that are applied to DI after cloning process.
i.e. lossy saving, cannot be great, because otherwise violation of image perception is possible — artifact
appearance. However, in practice the use of low quality factors (high compression ratios) often doesn’t
lead to appearance of visible artifacts on the compressed image, so such parameters can be essentially
used at unauthorized change of DI for the subsequent masking of these changes. Therefore, to
eliminate the restrictions of the applicability domain of the developed approach its adaptation is need-
ed to ensure its viability, regardless of the quality factor used during DI compression.

Considerable compression (with low quality factor) will significantly change all elements of DI
matrix. Here, the option is essentially possible when change of the DI blocks which weren’t coinciding
among themselves by values before compression can lead to the fact that their difference after
compression will be comparable (or even smaller), than for the corresponding blocks of a clone and
prototype image which were originally coinciding on values. However, taking into account the way of
formation of blocks B; of DI matrix, it is obviously, that in small neighborhood of the corresponding

blocks of a clone/prototype image their difference among themselves will be the smallest. Thus, at any
quality factor used for lossy compression of the cloned image, an indicator of the corresponding
blocks of clone and prototype images B; and B, will be the coincident elements g; =g, of the G

matrix, in which not only the global, but also local minimum of the G can be reached (in element g,
the local minimum is reached if in the G matrix such neighborhood U (g,,) exist for element g,,, that
for any matrix element g; €U(g,), g; #9, the condition g; >g,, is true). This, as a rule, can be

reached, when the cloning is used to remove an object from DI using prototype image, being the part
of image background. This conclusion provides the possibility of the new approach using at DI
compression with any quality factor.

Ilustration for the told is the example given in Fig. 1 where the global minimum of the function
which is an interpolation spline for G matrix elements is reached in the elements of the G correspond-
ing to the DI blocks different from clone/prototype image blocks. At the same time the areas of a clone
and a prototype image correspond to the local minima of the G coinciding by value, resulting in
characteristics of the plot: to existence of comparable

in a form cone-shaped surfaces (the neighborhood of z
clone/prototype image blocks), which z-coordinates of 16000
tops have identical values (marked in Fig. 1). 140007,
Confirmation of effective recognition of cloning 12000
in DI in conditions of considerable compression using 10000
the approach [8] which has gained further develop- 80001
ment in this work, were results of the computing 6000+
experiment were made with an experimental set of 4000
images (ES) which consisted of 300 DI of the NRCS 2000+
base [9], which is traditional for testing of the 0- - - : : 50

algorithms working with images.

During the experiment an original DI was
exposed to cloning and then was saved in JPEG format
with quality factors QF {25, 35,45,55,65, 75,85,95} .

X100 80 60 40 99 0

Fig. 1. A plot of function, interpolating the G ma-

trix elements, for DI after cloning with the subse-
quent saving using JPEG format with QF = 25
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Compressed DI were analyzed using the advanced approach: for the received G matrix
(qe{l16,24,32}) the function plot was built, interpolating its elements, which showed the presence of

characteristic areas corresponding to the elements of the G, where its local minima coinciding on
values were reached. Expert assessment of characteristic properties of the plot has yielded the positive
result for 98.7 % of DI used in experiment: for them the areas of a clone/prototype image correspond-
ing to real have been found. The comparable result (98.1 % of DI) has been received in case when
images after cloning were saved in JPEG2000 format with quality factors
QF {25, 35,45,55,65,75,85,95} .

As one more option of DI lossy compression implementation we will consider a way which is not
the accepted standard, but it is often used during the work with images [10]. This way is based on low-
rank approximations of a matrix (matrix blocks) of DI and consists in the following.

For nxm-matrix F (n > m) of DI its singular decomposition is built [10]:

F=UZV', (1)

where U, V — orthogonal matrixes of sizes hxm and mxm accordingly, which columns are the left and
right singular vectors of F, X =diag(c,, o,,...,6,,) — diagonal matrix of singular numbers, for which

6,>0,>..>c, >0. If n<m then singular decomposition of a matrix F' is considered. Decomposi-

T

tion (1) of a matrix F can be presented in the form of external products: F=> ocuyv', where

i=1

u;, Vi, i=1,m, — columns of matrixes U, V accordingly.

k
Approximation of a matrix F of a rank k <m is called the matrix F, = chiuiviT , that is nearest
i=1
to F (in sense of spectral matrix norm) by matrix of range k [10]. The substitution of F to F leads to
image compression is greater, the less k.
Let’s check a solvency of the offered approach of cloning detection in the conditions of compres-
sion of the cloned DI using low-rank approximations of a matrix of whole image.
During the computing experiment the DI from ES were exposed to cloning and then compressed
using k-rank approximations with various values of k. As results of the experiment show, the offered

approach remains well-founded up to k =m/10. We will notice that at k <m/10 there are obvious

artifacts in DI.

The illustration of typical results of testing for the offered approach (detection of characteristic proper-
ties of the function that is interpolating G matrix elements) for specific DI is presented in Fig. 2 (results are
yielded for k = 100 and k = 20; for values 20 < k < 149 qualitative picture is similar). It should be noted also
obvious localization of a clone/prototype image areas on the projection of the plot of functions interpolating
G to the XQY plane (Fig. 2, ¢, e —the respective areas are specified by arrows).

Let’s consider use of low-rank approximations during processing the separate 8x8-blocks of a
matrix of DI obtained by standard splitting (just as it performed in JPEG and JPEG2000). Such way of
compression will be more preferable before use of low-rank approximation of all matrix in sense of
computing complexity as here the costs of singular decomposition construction of the block won’t
depend on the size of initial DI matrix, and will be a constant concerning the size of input data.
Computing complexity of DI compression process using low-rank approximations of blocks of its
nxm-matrix will be defined by blocks quantity equal O(nm) .

Let’s establish how the rank of blocks approximation influences on reliability of perception of
compressed DI, that is quantitatively estimated standardly [4]: using the peak “signal noise” relation
PSNR. The computational experiment has been made for this purpose, during which DI from ES were
exposed to compression using k-rank approximations of 8x8-blocks, where k e{l,...,7} then PSNR

value was calculated. Results are given in Fig. 3.
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Fig. 2. Results of identification of areas of a clone/prototype in the conditions of the compression cloned DI with
use low-rank approximations of his matrix: a —the part DI (the size of pixels) containing areas of a clone and a
prototype, kept after cloning in a format without loss (TIFF); b —a function plot, interpolating elements of G
matrix in case k = 100; ¢ —projection of G to XOY-plane having k = 100; d —function plot, interpolating
elements of G matrix in case k = 20; e —projection of G to XOY-plane having k = 20
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Fig. 3. Dependence of PSNR value
on the approximation rank k of 8 x8-blocks
of a DI matrix at its compression:
1 —average PSNR value of DI of ES;
2 —minimum PSNR value;
3 —the maximum PSNR value
of all DI of ES

k

As computational experiment shows, already for
k = 3 the average value of PSNR < 40 dB that can be
expressed in appearance of artifacts on DI [11], how-
ever even at small value of rank of the used blocks
approximations of DI the subjective ranging can not
reveal any artifacts in compressed DI. The illustration
to told is given in Fig. 4. Taking it into account is
essentially possible the using of approximations of
blocks of any rank ked{l,...,7} to mask performed

cloning. It leads to need for ensure (providing check)
operability of the offered approach of cloning detection
in conditions of use for compression of the cloned
image of any rank k e{L,...,7} blocks approximations.

When carrying out a computational experiment, it
has been established by subjective estimation that
characteristics of a function plot, that interpolate  el-
ements of G matrix, stated above were present for all
DI, subjected to cloning with the subsequent compres-

sion using any rank of approximation blocks: k =1,7.

Ilustration of this is in Fig. 5, where DI was exposed to
compression, presented in Fig. 2, a.
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Fig. 4. lllustration of DI compression result using low-rank approximations of DI matrix blocks:
a —initial DI; b —result of compression using 1-rank approximations of 8 x8-blocks of DI
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Fig. 5. Function plots, approximating the elements of DI matrix G, subjected to cloning with the subsequent
compression having k-range approximations of 8 x8-blocks:
a—k=1b—k=2;c—k=3;d—k=4;e—k=5;f—k=6

Thus, the offered new approach to detect areas of a clone/prototype in DI in the conditions of
lossy compression of the cloned image is well-founded in case for compression the low-rank
approximations of matrix (matrix blocks) of DI are used.

Conclusions. In work the further development of new approach offered by authors earlier to the
solution of a problem of a cloning/prototype image areas detection in the digital image in the
conditions of his subsequent lossy saving is carried out.

The main object of the analysis is the matrix G which elements reflect the smallest difference of
the corresponding block of the image matrix from any other incoincident with him. It is shown that the
corresponding blocks of a clone/prototype image in matrix G correspond coincide by value its local
minima, which generally can differ from value of a global minimum. The obtained conclusion has
allowed to provide a solvency of the offered approach in conditions of compression of the cloned DI
with any quality factor (compression ratio) when using for compression not only the JPEG standard,
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but also other algorithms other than JPEG, in particular JPEG2000, algorithms based on low-rank
approximations of an image matrix (matrix blocks).

Given the fact that the digital video sequence may be considered as a sequence of DI, there are no
fundamental restrictions on the use of this method to identify a cloning in a digital video under
additional attacks.
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COSTS EVALUATION METHODIC OF ENERGY EFFICIENT
COMPUTER NETWORK REENGINEERING

C.A. Hecmepenxo, FO.C. Hecmepenkxo. MeToquka BapTiCHOI OIIHKH eHeproe)eKTHBHOIO peiH:KHHIPHHTY KOMII’IOTEPHOI Mepe:xi.
OnHHUM 3 OCHOBHHX HAINpSIMIB PEIHKUHIPUHTY CYYaCHHX KOMIT IOTEPHHX MEPEXK € iX MepeBeieHHs Ha HOBY eHepro30epiraiouy TEeXHOJIOTII0
IEEE 802.3az. [{ns nmpuiHATTS apryMEHTOBAHOTO DIiIlIeHHS IOAO HMEepeBEeIEHHS Ha HOBY TEXHOJOTII0 HEOOXiJHA METOAMKA, SIKa JO3BOJIIE
MEpeKHHM IHKeHEepaM BiANOBICTH HA NMHUTAHHSA BiTHOCHO €KOHOMIYHOI JOLUIBHOCTI IPOBEAEHHS MojepHizamii Mepexi. Mema: MeToio
poboTH € po3poOka METOAMKH PO3PaxyHKYy SKOHOMIYHOI €)eKTHBHOCTI NPOBEJCHHS €HEProe(heKTUBHOTO PEiHKMHIPHHTY KOMIT FOTEPHOL
Mepexi. Mamepianu i memoou: MeTouKa BUKOPHCTOBYE aHAIITHYHI MOl PO3PaxyHKY CIIOKHBYOI ITOTY)KHOCTI IIOPTOM KOMIT IOTePHOT
Mepexi, sika mpaitioe 3a cragnapToM IEEE 802.3 ta B eneproedextunomy pexxumi crannapty |IEEE 802.3az. [lns po3paxyHKky dacy mepenadi
KaZpy B KaHaJi 3B’S3Ky BUKOPHCTOBYIOTHCS MOJENi MAacoOBOro OOCIyroByBaHHs. J[si BH3HAYEHHS 3HAaUeHb MapaMmeTpiB (YHKI[IOHYyBaHHI
Mepei 3alpOIIOHOBAHO BHKOPHCTOBYBATH MYJIbTHATCHTHUH METOJ MEPEXKHOTO MOHITOpUHTY. Pe3ynsmamu: 3ampornoHOBaHO METOIHKY,
sIKa JJO3BOJISIE PO3PAXOBYBAaTH EKOHOMIUHHI e(eKT BiJ IepeBeleHHS KOMII'IOTepHOI Mepexi Ha eHepro30epiraiody Ttexnomoriio IEEE
802.3az. i BM3HAuYCHHS mapaMeTpiB (QYHKIIOHYBaHHS MEPEXi 3alpornoHoBaHO BUKOpHcToByBatH SNMP-crcTeMu MepexHOro MOHiTO-
puHry Ha 6a3i arearis RMON MIB.

Kmouoei ciosa: crannapt |EEE 802.3az, anamitidsi Mozierti, CIIOXKIBYA MOTYXKHICTb MepeskHoro opty, SNMP-menemkep, arenr RMON MIB.

S.A. Nesterenko, J.S. Nesterenko. Costs evaluation methodic of energy efficient computer network reengineering. A key direction
of modern computer networks reengineering is their transfer to a new energy-saving technology IEEE 802.3az. To make a reasoned decision
about the transition to the new technology is needed a technique that allows network engineers to answer the question about the economic
feasibility of a network upgrade. Aim: The aim of this research is development of methodic for calculating the cost-effectiveness of energy-
efficient computer network reengineering. Materials and Methods: The methodic uses analytical models for calculating power consumption
of a computer network port operating in IEEE 802.3 standard and energy-efficient mode of IEEE 802.3az standard. For frame transmission
time calculation in the communication channel used the queuing model. To determine the values of the network operation parameters
proposed to use multiagent network monitoring method. Results: The methodic allows calculating the economic impact of a computer
network transfer to energy-saving technology IEEE 802.3az. To determine the network performance parameters proposed to use network
SNMP monitoring systems based on RMON MIB agents.

Keywords: IEEE 802.3az standard, analytical models, network port power consumption, SNMP-manager, RMON MIB agent.

Introduction. The incoming of the IEEE 802.3az energy efficiency standards — Energy
Efficient Ethernet (EEE) [1], which has a low power mode and the appearance of a large number of
communication devices and network interface cards that support this standard, formed one of the main
trends of reengineering of modern computer networks (CN) associated with the transition to new en-
ergy-saving IEEE 802.3az technology. In order to make a reasoned decision about the transition to the
new technology requires a methodic that enables network engineers to answer the question about the
economic feasibility of CN modernization.

Analysis of known publications on the field of EEE shows that most of them are devoted to study
of the effectiveness of different switching modes from the active channel state (Active) to a state with
low power consumption (Low Power Idle — LPI) [2...5] These works are used complex simulation or
analytical models that required for calculating special modeling systems, and have rather theoretical
than practical nature. There are a number of works devoted to the practical study of communication
devices (CD) and network interface cards (NIC) of certain manufacturers [6...8]. However, in these
studies there are no models and calculation methodic and the results are meaningful only for certain
CD or NIC types.

The aim of this research is development of methodic for calculating the cost-effectiveness of en-
ergy-efficient computer network reengineering. The methodic and instrumental tools, allowing  ob-
taining traffic parameters for real networks, which are used in the calculation models, was proposed.
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Materials and Methods. The ownership cost of IEEE 802.3 standard communication networks.
Calculation of communication network power consumption is carried at the level of each its port. In
this article a network communication ports defined as switch and router ports or network interface
cards through which the subscribers are connected to the network. Obviously, any wired link contains
two ports and power consumption in a channel is defined as the sum of consumption in each of its
ports. Power consumed by the communication network is

N M
k= choi + ZPNICJ- '
i1 =

where P, — power consumed by the communication network,
P, — power consumed by the i-th port of communication device,

Ch;
Puc, — power consumed by the j-th network interface card (subscriber port of CN),

N

N — number of ports in the communication network,
M — number of network interface cards in a communication network.
We will call wired channel IEEE 802.3 mode — as the standard operation mode. Then the power
consumed by the port in the standard operation mode will be equal to [3]
P*=[PU, +P.(1-U,)], Q)

where P, — power consumed by the port in the active state,
Pp— power consumed in pause state,
U, — i-th port loading.
Expression (1) is a power consumption model of the port working at IEEE 802.3 standard opera-

tion mode.
The i-th port loading is defined as

U =AT,
where A, — the average intensity of incoming frames per port,
T,; — average frame transmission time via i-th port.
Given the assumption of simplest frames flow in a channel and exponential distribution of their
service time the average frame transmission time via i-th port T, may be expressed as
T — )\'iTTRi T — LSi + LP
" ?\‘i (1_ 7\’iTTRi ) , " Vci

where T, — frame transaction time over physical channel of i-th port,
L,, — average size of the transmitted frames through the i-th port,

L, — minimum pause size between frames equal to 96 bytes [1],
V., — transmission rate over physical channel of i-th port.

The amount of energy Q° consumed by i-th port in standard mode during time T is expressed as
QiS = F)iST .

The amount of energy Q° consumed by M-input CD operating in the standard mode during time
T, can be written as

Q* =T§:Pf.
i=1

Maintenance cost of CD working in IEEE 802.3 standard mode during time T is equal to
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CS — QSCkW ,
where Cyw— cost of 1 KW / hour of electricity.
If the communication network includes L CD, to which are connected N subscribers, the amount
of energy consumed during time T working in standard mode Qg , expressed in the following form

L N
QCSN ZZQCSDi + ZQSIC] 1
i=1 j=1
where QéDi — amount of energy consumed by i-th CD operating in standard mode during time T,
Qj,cj — amount of energy consumed by the j-th NIC operating in standard mode during time T.

Cost of maintenance of the communication network operating in IEEE 802.3 standard mode Cg,
during time T will be equal to
CcSN = Q(fN CkW :
The ownership cost of IEEE 802.3az standard communications network. In IEEE 802.3az
standard frame transmission time depends on in which channel state frame arrives [1]. Let us consider
the situation of IEEE 802.3az standard implementations for 100 and 1000 Mbps/s. If the frame comes

into an active state or when the channel is in transition to a low power state, the frame transmission
time is minimum and equal to

AT

T

TOAMI-AT,)

min __

If the frame comes in a low power state, the initially is a transition duration T, to active state, and

then performed the frame transmission. Obviously, in this case will be the maximum transmission time
T =T +T,.
Then the average frame transmission time can be represented as
TTaVr ZTTmin R +TTmax P,
where P, — probability of the next frame arrival at the time of previous frame transmission when the
channel is active or in the time before the completion phase T, when the channel has not had time to
switch to a low power state,
P, — probability of the opposite event.

Under the assumption that time intervals between the arrival of frames distributed over Poisson

law probabilities P; and P, will be equal to
p1 :TTmin (l— e )’ P2 ZTTmine—kT.
Loading the i-th switch port U; operating in EEE mode can be written as
U =AT".
The power consumed by the i-th port in EEE mode will be equal
REEE Z[PAUi +PLPI (1_Ui)]1 (2)

where P, — power consumption in a low power state LPI [1].

Expression (2) is the power consumption model of a network port working on standard IEEE
802.3az in EEE mode.

To verify the adequacy of the model were compared the data of port power consumption obtained
using the model and experimental data given in [7]. Analysis shows that the error of calculation using
the proposed model is not more than 8 % over the whole range of port loadings.
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The amount of energy Q™ consumed by i-th port in EEE mode, during time T is expressed as
Q-EEE — P-EEET

The amount of energy QZ5° consumed by the N-input CD operating in EEE mode during time T,
can be written as

N

EEE _ EEE

co — E Qi :
i-1

If the communication network includes L CD, to which is connected N subscribers, the amount of
consumed energy during the time T working in EEE mode expressed in the form

L N
e =2 Qi+ Qe
i=1 i=1
where QS — amount of consumed energy by the i-th CD operating in the EEE mode during time T,

cD;

=t amount of consumed energy by j-th NIC operating in EEE mode during time T.

NIC;
Cost of maintenance of the communication network working in the IEEE 802.3az standard in
EEE mode CZ™ during time T is equal to

EEE _ (~EEE
Cc — NXc CkW'

Economic efficiency calculation of computer network EEE reengineering. The total cost savings C =
associated with the operation of upgraded network in EEE mode during period of time T is equal to

CF =C, (Q2 - Q). 3)
Payback term T, of energy-efficient CN modernization, associated with buying L CD and N NIC
operating in EEE standard, can be expressed as
L N

S+

-I-P _ =t j=1 ,
[Cu (Q2 = Q)]

where  Cc5° — cost of i-th CD operating in the EEE standard,
C,E,ECEJ_ —cost of j-th NIC operating in EEE standard.

Obviously, the expression (3) and (4) can be used to calculate the cost-effectiveness and costs
payback period of EEE modernization as a whole CN and any of it fragments.

Results. For the calculations of energy efficiency modernization in a real network it is necessary
to determine the values of four parameters that are present in the models (1) and (2). These are the
power consumed by the port in the active state P,, the power consumed in the pause state Pp, the
average intensity of transmission frames A and the average frames size Ls. These parameters must be
defined for each port of CN.

The values of power P, and Py are determined based on the passport data of the maximum Py
and minimum P, power of CD or NIC consumption. Maximum power consumption corresponds to
the situation when all CD ports loaded by 100% and the minimum — when ports loading is equal to
0%. Consequently, for the CD containing N ports P, and Pp values are calculated for the port as a

I:)max IDmin
N PN
It is obvious that the NIC value of P, and P are defined as

PA = I:)max’ PP = Pmin'

(4)
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To carry out the measurement of values A and Lg it
suggested to use one of the standard network monitoring
RNON MIB SNMP-systems [9]. Examples of such systems are Aggre-

i SNMP Gate Network Manager, Zabbix, Nagios, etc. These systems

operate under the agent-manager scheme [10]. Manager
located on one of the network servers. As an SNMP -agents
used RMON MIB agents, which are located at communica-
““““ "““|‘“““"": tion equipment (Fig. 1).
: : To calculate the average values of A and Ls manager
| via SNMP protocol periodically polls the values of the
i corresponding table of the RMON MIB database for each
|
|
|
|

Switch Server

SNMP Agent Manager

™ CN wired CD port. To calculate the average frame rate is read out
L segment values of Statistics group, namely value of the parameter
______________________ etherStatsPkts, which characterizes the total number of
Fig. 1. The structure of a network packets received at this port. Then the average frame rate
monitoring SNMP-system value for the port is equal to
A= Ki+1 — Ki ,
AT

where K;, K,,, — number of frames received by the port, respectively, at the beginning and end of the

measurement period AT .

To calculate the average size of transmitted frames is read out values of Statistics group, namely
value of the parameter etherStatsOctet, which characterizes the total number of bytes received at this
port. Then, the average value of the transmitted frames size in the investigated port is equal to

LS:EHl_ii ,
i1 N

where B, B, — number of bytes received by port, respectively, at the beginning and the end of the

measurement period AT .

Thus reading the values of only two parameters from the RMON MIB base for each port allows
calculating the average values of the intensity and frame sizes for all CN ports. Using the built-in
capabilities of network SNMP-monitors for data processing we can regulate the frequency of RMON
MIB parameters poll and calculate the average values of A and Ls for any work interval of CN.

Conclusion. In the paper presents simple analytical models for calculation the power port
consumption operating in IEEE 802.3 standard mode and low-power mode EEE. Verification of
obtained models shows that they have sufficient accuracy for engineering calculations of power
consumption for the CN communication systems. The paper presents the analytical dependences allow
to calculate the economic effect from the communications network transfer to the EEE technology.
The methodic allows calculating the parameters of the real network which are used in the models of
power consumption calculation. As an instrumental tool for collection of CN traffic parameters
standard SNMP-system of network monitoring was suggested. The analytical dependences allowing
on the basis of variables from the RMON MIB database calculate parameters for the models of port
power consumption calculation was proposed. The developed methodic is an effective tool for
network engineers in decision-making tasks of energy-efficient CN reengineering.
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THROUGHPUT INCREASE OF THE COVERT
COMMUNICATION CHANNEL ORGANIZED BY
THE STABLE STEGANOGRAPHY ALGORITHM USING
SPATIAL DOMAIN OF THE IMAGE

O.B. Kocmupka. TlinBuIeHHs1 TPOMYCKHOI CIIPOMOKHOCTI MPHXOBAHOI0 KaHAJY 3B’SA3KY, OPraHi3oBaHOIo CTiliKMM cTeraHo-
aJITOPHTMOM, III0 BHKOPHUCTOBYE MPOCTOPOBY 00.;1acTh 300paskenHs. [Ipu opranizamnii NpHXoBaHOTo KaHAIY 3B’SI3Ky JO cTeraHorpadid-
HHX aJTOPUTMIB, 0 BUKOPHCTOBYIOTHCS, BUCYBAETHCS P BUMOT, OCHOBHHMH 3 SKUX € CTIHKICTB MO aTak HPOTH BOYJOBAHOTO IOBiTOM-
JICHHS, HaJiffHICTh CHPUHHATTS C()OPMOBAHOTO CTEraHOMOBIJOMIICHHS, 3HAa4YHA INIPOIMYCKHA CIIPOMOXHICTh CTEraHOrpadivHOro KaHaiy
3B’s13Ky. Mema: Metoto poboTH € Moau(iKaIlis po3poOIEeHOT0 aBTOPOM paHillle cTeraHorpadiqHoro MeToxy, sika JO3BOIUTE IIPH 30eperkeH-
HI CTIMKOCTI IO aTak MpOTH BOYJOBAHOTO TOBIJIOMIICHHS 1 HAIIHOCTI CIIPUIHSATTS CTETAaHOMOBIJOMIICHHS, MO (OPMYETHCS, BIACTHBUX
METO/Y, 30UTBIIMTH HPOIYCKHY CIPOMOXHICTD BiMOBIAHOTO MPHXOBAHOTO KaHATy 3B’s3Ky. Mamepianu i memoou: 3anporoOHOBaHO JIBi
Mozudikamii creraHorpapiyHOro METoy, CTIHKOro 10 aTak MPOTH BOYZOBAHOTO MOBIIOMICHHS, 3iHCHIOIOUOTO 3aHypEHHS 1 JeKOTyBaHHS
iH(opMaii, ska ImepecuIacThes (0AaTKOBOI), B IPOCTOPOBii 00acTi 300pa)keHHs, IO JO3BOJIIOTH 30UIBIINTH IIPOITYCKHY CIIPOMOXKHICTD
MPUXOBAHOTO KaHAJTy 3B’5I3Ky. BHKOpPHUCTaHHS MPOCTOPOBOI 007IacTi 300payKeHHs TO3BOJISIE YHHKHYTH HAKOIMYEHHS T0JaTKOBOI OOUYHCITIO-
BaJILHOI IOXHOKH B IIpoLieci 3aHypeHHs/IeKOTyBaHHs JOJATKOBOI iH(OpMAIlii 3a paXyHOK «IIepEeXOAiB» 3 IPOCTOPOBOI 00IACTi 300pakeHHS
B 00JIacTh NEPETBOPEHHS 1 Ha3aJ, IO IO3UTHBHO IT03HAYA€ThCSA HAa e()EeKTHBHOCTI JeKOAyBaHHS. PO3ITISHYTI HACTYIHI aTaku NPOTH BOYHO-
BAHOTO MOBITOMIICHHS: HAK/IA[JCHHS HA CTETaHOMOBIIOMIICHHS PI3HUX IIyMiB, (iNbTpAllis, CTUCK CTEraHOIOBIIOMIICHHS i3 BTpaTaMH, IS
goro Bukopucrano (opmaru JPEG i JPEG2000 3 pisHEMH Koe(ilieHTaMH SIKOCTI I 30€peKeHHs CTeraHONOBiTOMICHHS. Pe3ynsmamu:
TTokazaHo, 110 aNrOPUTMIYHI peatisallii 3amponOHOBAaHUX MOAU(IKAILIiil 3aTHIIAIOTECS CTINKUMHU 10 30YPIOIOYHX JIil, B TOMY YHCIIi 3HAYHUX,
3a0e3MeuyIoTh HaAIHICTh CIPUIHATTS CPOPMOBAHUX CTETAHOMOBIIOMIICHD, B JBa Pa3d 301IBLUIYIOTH MPOIYCKHY CIPOMOXHICTH CTEraHo-
rpaidHOro KaHaIy 3B’sI3Ky, II0 (JOPMYETHCS, B IOPIBHSIHHI 3 alTOPHTMOM, SIKHI pealtidye creraHorpadiqHuii METON, B3ATHIA 3a OCHOBY. Bci
BUCHOBKH IATBEPDKEHO Pe3yNbTaTaMHt IIPEACTaBHAIBKUX O0UNCTIOBAIEHIX €KCIIEPHMEHTIB.

Knuiouosi cnosa: creranorpadiuauii anroputM, nudpoBe 300paeHHs, MPOIMYCKHA CHPOMOXKHICTh IIPUXOBAHOTO KaHATY 3B 53Ky, CTii-
KICTB JI0 aTaK MPOTH BOYZXOBaHOTO MOBiJOMJICHHS, HAAIHHICT CIIPUHHATTSI.

O.V. Kostyrka. Throughput increase of the covert communication channel organized by the stable steganography algorithm
using spatial domain of the image. At the organization of a covert communication channel a number of requirements are imposed on used
steganography algorithms among which one of the main are: resistance to attacks against the built-in message, reliability of perception of
formed steganography message, significant throughput of a steganography communication channel. Aim: The aim of this research is to
modify the steganography method, developed by the author earlier, which will allow to increase the throughput of the corresponding covert
communication channel when saving resistance to attacks against the built-in message and perception reliability of the created steganography
message, inherent to developed method. Materials and Methods: Modifications of a steganography method that is steady against attacks
against the built-in message which is carrying out the inclusion and decoding of the sent (additional) information in spatial domain of the
image allowing to increase the throughput of the organized communication channel are offered. Use of spatial domain of the image allows to
avoid accumulation of an additional computational error during the inclusion/decoding of additional information due to “transitions” from
spatial domain of the image to the area of conversion and back that positively affects the efficiency of decoding. Such methods are
considered as attacks against the built-in message: imposing of different noise on a steganography message, filtering, lossy compression of a
steganography message where the JPEG and JPEG2000 formats with different quality coefficients for saving of a steganography message are
used. Results: It is shown that algorithmic implementations of the offered methods modifications remain steady against the perturbing
influences, including considerable, provide reliability of perception of the created steganography message, increase the throughput of the
created steganography communication channel in comparison with the algorithm implementing steganography method taken as a basis. All
conclusions are confirmed with results of representative computational experiments.

Keywords: steganography algorithm, digital image, throughput of a steganography channel, resistance to attacks against the built-in
message, reliability of perception.

Introduction. Information security — one of the main problems of modern society, and with
rapid development of information technologies and computer systems its decision becomes more
difficult. As is well-known [1,2], effective protection of information resources of any enterprise,
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| Considerations establishment, etc., the states in general can be

L [m\fr provided today only by means of complex system

Container | —4— —— " of information security, one of obligatory compo-

-L‘;‘;%thar';h AlsgmonLC "*'f""‘*” ™ nents of which is the steganographic system. Base

& [Pty | elements of a steganosystem are presented in
(DWM) T coder Flg 1 [3]

in l ‘ At steganographing the confidential infor-

' mation (CI) or a digital watermark [3] (DWM) after

Fig. 1. Base elements of steganography system preliminary coding, which result is the additional

information (Al), as a rule, presented as the binary
sequence, enwraps into a container using steganographic algorithm which in the presented work the digital
image (DI) is used. Result of inclusion of DI, or steganotransformation is the steganomessage (SM).

Efficiency of a steganosystem is determined by efficiency of the steganographic algorithm used
by it. One of the main demands made to the modern steganomethods and algorithms implementing
them used for the organization of the hidden communication channel are requirements of sufficient
capacity of the organized channel [3], ensuring reliability of perception of the formed SM [3, 4], and
also resistance to the attacks against the built-in message [3, 5...7] which purpose is distortion, up to
destruction, of the sent Al. Such methods can act as the attacks: lossy saving of SM, imposing of
various noise, SM filtration, etc.

A large number of works in the field of a steganography [8...12] is devoted to solution of a
problem of ensuring resistance of steganoalgorithm and methods to the attacks against the built-in
message, however to speak about its final solution still early. So, the most of the existing stable
methods carry out a steganotransformation in domain of a matrix DI transformation: frequency [6],
discrete wavelet-transformation domain [13], domain of singular and spectral decomposition of the
corresponding matrix [7], etc. The computational operations which are carried out upon DI transition
from spatial domain to transformation one and back lead to accumulation of additional (in comparison
with use of spatial domain of the image) computational error that has an adverse effect on efficiency of
decoding of Al [14]. Besides, when using of DI transformation area for a steganotransformation the
often uncommon problem is the organization of simultaneous ensuring of an algorithm stability and
reliability of perception of the received SM that is obligatory for the hidden communication channel.

In [15...18] the base steganographic method implementing its polynomial algorithm (SA) SA,

and its modification, which resistance to the attacks against built-in message exceeds stability of mod-
ern analogs, at the same time providing reliability of SM perception. The area of stegano-
transformation and decoding of Al is the spatial domain of DI. A lack of the mentioned algorithms is
the small capacity of the hidden communication channel which is organized at their use.

The aim of this research is to modify the developed steganomethod [15...17] that will allow with
retention of resistance to the attacks against the built-in message and reliability of perception of the
formed SM to increase the capacity of the corresponding hidden communication channel.

To accomplish the aims, such problems are solved in the work:

1. The choice of way/ways of dithering matrix of DI-container matrix block construction during
steganotransformation process, that will allow to provide the increasing the quantity of various options
of dithering of the container block at steganotransformation;

2. The efficiency analysis of algorithmic implementations of the offered modifications of a base
method [17].

Materials and Methods. In this work color DI are used as containers (RGB-scheme), at the

same time the inclusion of Al, being the binary sequence p,, p,,.... P, P, €{0,3},i=1t, which is a
result of sent CI coding, taking into account features of human vision [19], is carried out in a blue
color component which formal representation is the mxm-matrix F. Corresponding mxm-matrix of SM

is further defined as F .
Efficiency of all steganoalgorithms considered in the work will be determined with two components:
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— resistance to the attacks against built-in message which is quantitatively estimated using corre-

lation coefficient NC for Al [16]:
t —_—
ch(zp;x pj/t
i=1

where p/=1, p’, =1, ifp. =1, p, =1, at this p,, p,,... p,, P, €{0,1}, i=1,t — hinary sequence,
that is a decoding result Al, and p/=-1, p’,=-1,if p,=0, p, =0;

—ensuring reliability of the formed SM perception which is quantitatively estimated using a
PSNR differential indicator — the peak “signal noise” relation [16]:

2 1 F 2
PSNRle-Ig[ZSS/(mZ;(f” -f,) D

i, j=1,m —elements of F and F matrices respectively.

where fij, f i

For a base steganomethod [17] inclusion of 1 bit of Al was performed in the IxI-matrix F block
obtained by its standard dividing [19], providing the maximum capacity (if steganotransformation
covered all blocks of a container) of the corresponding hidden communication channel (CCC) 1/I?
bits/pixel. For this purpose, at inclusion of Al the two possible options of pixels of the block dithering,
corresponding to included 0 and 1 were provided.

To provide the CCC increase in k times taking into account sufficient SA stability conditions to
the attacks against the built-in message implemented in spatial domain of DI [15] it is needed to
provide 2 possible options of dithering of pixels of the block at steganotransformation.

Let’s consider in detail a case when k = 2. Here, it is necessary to provide four various options of
ditherings of the container block corresponding to inclusion the couples of bits: 00, 01, 10, 11.

Construction of a matrix of dithering of the IxI-container block at steganotransformation can be
performed in various ways. In this work two options of construction of such matrices are presented, to
each of which there corresponds the modification of a base steganomethod [17].

The main steps of the first of offered modifications further called SA} method look as follows.

Inclusion of Al.

1. Matrix F of DI-container to divide using standard way to IxI-blocks.

2. Construct matrices:

AB® with elements bijﬁo()) =—Ab,i, ] =11, AB® with elements bi,@ —Ab.i, 11,

—Ab,i=11, j=1[1/2]

Ab,i=11, j=[1/2]+1]
oo A0 =TL i=1072]
i —Ab,i=11, j=[l/2]+1]1

where Ab — dithering of one pixel during steganotransformation process, defined accounting

potential attacks [15,16],
[¢] — integer part of argument.

3. Let B — the next IxI-block of a container used for steganotransformation and chosen accord-
ing to used secret key, and p,, p,, — the next couple of Al bits, B — corresponding block of F

AB® with elements b{® ={ , AB" with elements

i+1

matrix of SM.
If p P, =11
then B=B+AB™,
If P P, =10
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then B=B+AB"
If P P, =01
then B=B+AB®
If P P, =00
then B=B+AB®™

Decoding of Al

1. Matrices of container F and possibly modified SM during transfer E are divided using
standard way to disjoined IxI-blocks.

2. Let B — the next IxI-block of SM, used in transfer of Al (defined according to used secret
key), of which the Al bits are decoded p,, p,,,, and B — corresponding container block.

2.1. Define IxI-matrix: AE:E— B with elements Bi,-, i, J =11.

= —(L) — — -
2.2. Divide AB totwo Ix[l/2] — submatrices: AB  with elements bi(jL), i=11,j=1[l/2], and
—=(R) — J— - — - = —
AB  with elements bi(,-R), i=11, j=1[l/2], where bi(jL) =Dy ;bi(jR) =i jz .
2.3. Determine the number of positive k!, k!® and negative k", k'™ elements in matrices
—=(L) =

=(R)
AB , AB accordingly.

i KO > K
p no

then p, =1,

else p, =0.

i K 5 K
p not

then P =1,

else p,.,=0.

The way of construction of dithering matrixes of container blocks in SAY (at algorithmic
implementation 1 =8, Ab=9 were used similarly to SA, [16]) for steganotransformation has led to
insignificant reduction of the PSNR value characterizing distortion of a DI container as a result of
steganotransformation in comparison with SA, (tab. 1). Taking into account that the developed
methods are supposed to be used at the organization of the hidden communication channel, such
degradation is undesirable. In this regard, one more modification is offered — the SA”’ method which
also increases twice the capacity of the hidden communication channel, in comparison with SA,,

however revolts a container matrix less at Al inclusion. Main steps of SA? are the following
Inclusion of Al.
1. Matrix F of DI-container to divide using standard way to IxI-blocks.
2. Construct IxI-matrix AB, used during steganotransformation process of container block:

Ab Ab ... Ab

Ab Ab ... Ab
AB =

Ab Ab Ab

3. Let B — the next IxI-block of container used for steganotransformation according to secret
key, and p,, p,,, — the next couple of bits of Al, B — corresponding block of matrix F of SM.
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If PP, =11
then B=B+AB.
If P P, =10
then §=B+%-AB_
If PP, =01
then E:B—%-AB.
If pi pi+1=00
then B=B-AB

Decoding of Al.

1. Construct a matrix AF =F— F, where F and F — matrices of container and of SM possibly
modified during transfer respectively.

2. Divide matrix AF using standard way to disjoined IxI-blocks AB_,t, p=1,[m/I], where t, p

p!
correspond according to number of block arrow, column in AF .
3. For each block AB, of matrix AF find arithmetical average of its elements s, |

4. All obtained values s, , t,p=L1[m/l], divide to two sets: S ={s |s, <0} and
S, ={s, s, >0}

5. Determine: T, and T, — medians of sets S, and S, respectively and M, =minS,
M, =maxs, .

6. Divide matrices F and F by standard way to disjoined IxI-blocks. Let B — is the next block

of SM, determining according to secret key, from which the bits are decoded _pi,_pi+1 Al,and B —
corresponding to it container block.

6.1. Define matrix: AB = B—B with elements by, i, j =11 .

6.2. Determine the quantity of positive k, and negative k elements in matrix AB.
If k,O >k,
then _pi =1,

Determine the quantity k, and Ep of positive elements of matrix AE, for
which their values are lower/greater than (T, + M,)/2 respectively.

If K >kp,

then p,.. =0,

else P, =1,
else p,=0.

Determine the quantity ko and k. of negative elements of matrix AB, for
which their values are greater/lower (T, +M,)/2 respectively.

If Ko > En,
then P, =1,
else _p”l =0.
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Results and Discussion. For the efficiency analysis of the developed modifications SA}’, SA?
of base method the computational experiment has been made (in algorithmic implementation of a
method SA® as well as SA, values | =8, Ab=9 were used). 400 DI of NRCS base [20] has been

involved as containers. This base is traditional for testing of the algorithms work with DI. During the
experiment the Al included into containers, at this CCC was 1/32 bits/pixel. At this stage of the
experiment and average PSNR value on all used DI, characterizing distortion of DI container at the
expense of steganotransformation was calculat-

ed. Results are given in Table 1. After that the Table 1
SM were exposed to various attacks: imposing  Average value of PSNR for algorithmic implementations of
of various noise, filtration, lossy compression  developed modifications and base steganomethods (dB)
using JPEG and JPEG2000 standards with m 7
various QF quality coefficients after what there A SA SA,
was decoding of Al from the dithered SM. 49 45 53
Results of the experiment are given in Table 2.

Table 2

Quantitative estimates of resistance to the attacks against the built-in message of algorithmic implementations of
the developed modifications SAY and SA?” and base steganomethods

Values of NC
The disturbing effects and their parameters SA, SA® SA?
D =0.0005 0.994 0.973 0.961
Gaussian noise with zero D =0.001 0.993 0.96 0.960
mathematical expectation D =0.005 0.988 0.955 0.940
D=0.01 0.962 0.941 0.922
D=0.1 0.524 0.510 0.499
D =0.0001 0.995 0.981 0.967
D =0.001 0.993 0.965 0.961
Multiplicative noise D=0.01 0.977 0.953 0.946
D =0.08 0.822 0.799 0.774
D=05 0.548 0.531 0.513
p=3 0.994 0.981 0.954
Averaging filter of size pxp p=5 0.962 0.950 0.933
p=7 0.881 0.861 0.859
L . p=3 0.997 0.988 0.964
Gauss'arzsfigte:g’;)s'ze pxp =5 0.997 0.988 0.964
p=7 0.997 0.988 0.964
QF =40 0.969 0.947 0.905
. . . QF =60 0.987 0.952 0.919
Saving of SBIL\I/!tmfiI(D:tIZ(rS foFrmat with QF =70 0.988 0.959 0.928
quality Q QF = 80 0.989 0.956 0.931
QF =90 0.991 0.974 0.961
QF =40 0.782 0.745 0.736
. . QF =60 0.947 0.937 0.904
Saving thSM |Ir_1tJPfECiZOOOFformat QF =70 0.980 0.961 0.939
with quality factor Q QF = 80 0.990 0.974 0.946
QF =90 0.992 0.985 0.963
Poisson noise 0.9977 0.988 0.975
Median filter 3x3 0.997 0.988 0.964

Thus, the developed modifications provide reliability of perception of the formed SM
(PSNR > 40 dB [4]), slightly concede to a base steganomethod [17] in resistance to the attacks against
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the built-in message (the maximum deterioration were less than 7 % for SA”’ at compression of SM

using JPEG format with QF =40, 60), but provide increasing of the hidden communication channel
capacity twice.

Conclusions. Two modifications of a steganographic method resistant against the attacks against
the built-in message which is carrying out a steganotransformation in spatial area of the image
container are offered in this work. Modifications result was: increase of the capacity of the
corresponding hidden communication channels at insignificant reduction of stability in comparison
with a base steganomethod, ensuring perception reliability of the formed steganomessages.
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METHOD OF PHOTOMONTAGE DETECTION UNDER
CONDITIONS OF LIMITATIONS ABSENCE
FOR PHOTOS FALSIFICATION

B.B. 3opino, O.10. Jlebeoesa, M.O. Kosina, /I.C. beayw. Meton BusiBjIeHHsI (OTOMOHTAKY B yMOBaX BiICYyTHOCTI 00MeikeHb Ha
BHKOpHCTOBYBaHI npu ¢anbcudikauii ¢poro3nimku. [lomupeHe BUKOpUCTaHHS MiApoOIeHHX (OTO3HIMKIB B iH(OpMAIiHHUX BiiHaX,
CY/IOBHX CIpaBax, MOJITHUIII, TOIIO MOTPeOye PO3pOOKH HOBHX €(DEKTHBHUX METO/IB BUSBICHHS (POTOMOHTaXY. OIHHM 3 HHX € METOJ BHSIB-
JIeHHS! POTOMOHTAXY, 3aCHOBAHHIA Ha aHAaJi31 CHHTYJSIPHUX YHCel OJIOKIB MaTpHili u(ppoBoro 300paxkeHHs. Mema: MeToro poOOTH € Tiepe-
BipKa CepH 3acTOCYBaHHS METOIY BHUSIBICHHS (POTOMOHTAXY, 3aCHOBAHOTO Ha aHAaNi3i CHHTYJSIPHHX 4YHCeT ONOKIB MaTpuii H(POBUX
300paXkeHb B yMOBaX BiJCyTHOCTI OOMEXeHb Ha CTYIIHb iX CTUCHEHHSI. Mamepianu ma memoou: B ocHOBI poGOTH PO3IISIHYTOTO METOY €
BUSIBIICHHS BIIMiHHOCTEH MK 300pa)kKeHHSIMH y BHIIAJKy, KOJIU BOHH MalOTh Pi3HI CTyNEHI CTUCHEHHS: 3HAYCHHS MaTPHIL HYJILOBHX CHHTY-
JSIPHUX YUCe OJIOKIB, IO BiAMOBIAIOTH YY>KOPIAHIH YaCTHHI 300pa)KeHHS, BUPIZHAIOTH IO MiTAHKY Ha (OHI OCHOBHOTO 300pa)KEHHSI, 110
nae 3Mory BHABHTH (aibcudikamio. 3a3HauyeHnit MeTo 0yI0 TOCIIHKEHO 3a TIEBHUX 00MEXEHb, 10 HAK/IaJaliucs Ha BUKOPHUCTaHI TECTOBI
¢orozuimku. TIpoBeseHO pO3LUIMPEHHiT EKCIIEPUMEHT 3 BUKOPHCTAHHSAM 300pa)XeHb, ULl SIKUX BiJCYTHI OOMEXEHHs Ha CTYIIiHb CTHCHEHHS.
Pesynomamu: B pesynbrati exciepuMeHTy (anbcudikariiio 6yno BussieHo B 44.4 % Bumajkis 3a yMOBH 30epeskeHHs nudpoBoro 300pa-
KeHHs Ticis poToMoHTaxy B popmarti 6e3 BTpar, i B 53.3% BumaakiB — npu 30epexeHHi 3 BTpatamu. Yacriire GoTOMOHTak 0yJ10 BUABICHO
TOXI, KOJIH Pi3HULS MK Koe(iieHTOM siKocTi Q OCHOBHOTO 300paskeHHS 1 3aMIIyIo4o] TiIsTHKH Oyiia OiibIie ABOX.

Kmiouosi cnosa: poroMoHTaxk, mepeBipKa HiTICHOCTI [H(MPOBOTro 300paXKeHHs, METO BUSIBJICHHS (DOTOMOHTAXY, MATPHUIL LIU(PPOBOTO
300pa)XEeHHS, CUHTYJISIPHI YUCia.

V.V. Zorilo, Ye.Yu. Lebedeva, M.O. Kozina, D.S. Belush. Method of photomontage detection under conditions of limitations
absence for photos falsification. The widespread using of fake pictures in information wars, lawsuits, politics, etc., needs to develop new
detection methods of photomontage. One of them is a method of photomontage detection based on the analysis of singular values of matrix
blocks of digital images. Aim: The aim of this research is to check the application area of photomontage detection method based on analysis
of singular values of matrix blocks of digital images in the absence of restrictions on the degree of their compression. Materials and
Methods: The basis of this method is the detection of the differences between the images when they have different degrees of compression:
values of the zero singular values matrix of blocks corresponding to foreign part of image. We distinguish this area on the background of the
main image, that allows to detect falsification. The mentioned method was investigated under certain restrictions imposed on the used test
photos. An advanced experiment with images was held, for which there are no restrictions on the degree of compression. Results: The
falsification was detected in 44.4% of cases in experimental study while saving the digital image after photomontage in lossless format, and
in 53.3% of cases when saving the losses. Montage was detected most often when the difference between the quality factor Q of the main
image and the replacing area was more than two.

Keywords: photomontage, digital image integrity checking, photomontage detection method, digital image matrix, singular numbers.

Introduction. Photomontage story begins long before the creation of modern graphic editors.
With the first pictures people began to experiment — to combine the objects and scenes of different
photos. Earlier to identify the photofake was easier by means of expert visual evaluation. Today,
information technology in the area of computer graphic allows execute montage so that even experts
are not able to detect it. Therefore, the development of photomontage detection methods that effective
without expert is important and urgent today. In this paper as the montages we will understand the
result and the process of images creating composed of several parts of different photos.

Scientists around the world work over photomontage detection. Note, the existing methods have
their areas of application, its advantages and shortcomings.

Now actively the methods of digital image (DI) analysis are developing, grounded on the general
approach to the analysis of the state and operation of information systems technology [1]. One is a
method of photomontage detecting, based on the analysis of singular numbers of the matrix DI units.
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The work of this method is to identify the differences between the images when they have
different degrees of compression. There are [2] formal differences established between DI in lossy and
lossless format and DI in lossy formats with different quality factor.

Quality factor (Q) for lossy format JPEG determines the measure of photography compression. In
this research it meets the standard of graphics editor Adobe Photoshop, according to which Q takes a
value between 0...12 where more value Q corresponds to less compression of the image.

The mentioned method was investigated under certain limitations of used photos. In [2] it was
justified the use of images with Q > 8 (for images compressed with a lower value of Q, the artifacts of
compression appear that violate the stability of perception).

However, there are situations when images used in montages have low quality. In this regard,
there is a need to clarify the application area of this method.

The aim of this research is to check the application area of photomontage detection method
based on analysis of singular values of matrix blocks of digital images in the absence of restrictions on
the degree of their compression.

Materials and Methods. The main instrument for the analysis of digital images for this method
is the so-called zero singular numbers matrix of blocks (ZSNMB). Each element of this matrix
corresponds to the block 8x8 matrix of digital image brightness, takes values from 0 to 8 and means
number of zero singular numbers in the block [1, 2].

For DI in lossless format ZSNMB consists mostly of zeros. When compressing with the highest
quality it is possible blotches of units, sometimes twos. With increasing DI compression the ZSNMB
elements can take values from 0 to 8, which are caused by linear dependence row/columns of matrix [1].
Consider the example of this method (Fig. 1). In the image of the lake was inserted the boat with rowing.
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Fig. 1. Photomontage (a) and ZSNMB of falsified DI (b)

As we can see, the ZSNMB value corresponding to foreign parts of images distinguish this area
against the main image that allows you to detect the falsification.

Carry out an advanced experiment with images, for which there are no restrictions on the degree
of compression. For the experiment there are 30 digital images in a lossless format of resource [3]
used (traditional base of digital images when tested algorithms and methods).

In the image that saved before the montage in JPEG format with quality n (the main image), we
insert a different part of the image (by replacing area) that has been saved in JPEG format with quality
1,2, ..., (n-1), where n takes the value from 1 to 10. The results are saved in lossless format (results
typical for most photographic fakes are presented in Table 1) and in the lossy format JPEG with the same
value of Q, as the main image (results typical for most received photo fakes are presented in Table 2).
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Table 1

Results of the experiment with the saving of photomontage in lossless format
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Table 2

Results of the experiment with saving of photomontage in the losses format
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In these tables, we took the following notation: N (negative) — photomontage not found; P
(positive) — photomontage found; “—” — experiment was not carried out.

Results and Discussion. In the experiment the falsification was detected in 44.4 % of cases when
saving digital image after of photomontage in a lossless format, and in 53.3 % of cases — when saving
the digital image with losses. More often montage was detected when the difference between the Q
factor of the main image and replacing area was more than two. However, reveal a pattern that
generally would make recommendations concerning area of application in this method is not possible.

Number of photomontage gaps if available — a very important indicator of the method effective-
ness. The results showed that this method can not be recommended for widespread use to verify the
integrity of digital images. However, it can be used in complex information security system or in
combination with other methods of checking the integrity of digital images.

In the future the efficiency of this method we will research the impact of the block structure of
digital images (background, contour) on properties its ZSNMB in the absence of restrictions on use for
the photographs falsification. This, say the authors, will help monitor the uncharacteristic for
integrated DI changes of singular numbers, which in turn will improve the process of fakes
identifying.

This scientific work made it possible to critically assess the earlier developed method of detecting
photomontage in conditions where there are no restrictions on use for the photographs falsification that
are useful for the further development of an complex information security system.
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IMPROVEMENT OF SURFACE LAYERS PROPERTIES
OF PRECISION ENGINEERING ELEMENTS OF OPTICAL
CERAMICS BY PRELIMINARY ELECTRON-BEAM
SURFACING

1.B. Ayenxo. IlokpaleHHs1 BJAaCTHBOCTel NOBePXHEBHX LIAPIB eJeMeHTiB TOYHOI0 NPHJIaA00ylyBaHHsS 3 ONTHYHHX KepaMik
LIJISIXOM NOTePeIHbOi e1eKTPOHHO-TIPOMeHeBol 00po0KH iX MOBepXoHb. [l 3a100iraHHs pyHHYBaHHSIM €JIEMEHTIB 3 ONTHYHUX KepaMik
[PAaKTHYHE 3HAYCHHS MA€ IMOMEPEAHs CICKTPOHHO-IIPOMEHEBa 00pOOKa MOBEPXOHb Ha CTAAll BUTOTOBJICHHS NMPHJIAAIB HAa iX OCHOBI, siKa
JI03BOJISIE IOKPAITyBaTH BIACTHBOCTI IOBEPXHEBHX IIApiB eneMeHTiB. Mema: MeToro poOOTH € HOCIiIKEeHHS BIUTUBY ITapaMeTpiB HoIepe -
HBOI EIEKTPOHHO-IIPOMEHEBO] OOPOOKH €NEMEHTIB 3 ONTHYHMX KEpaMiK Ha IOINEPEKCHHs iX pyHHYBaHb, NOKPALICHHS BIACTHBOCTEH
TIOBEPXHEBUX UAPiB i MiABUIIEHHS CTIiHKOCTI 10 30BHIHIX Tepmonii. Mamepianu i memodu: [lns NOCTDKEHHS BIUIMBY TapaMeTpiB
E€NEKTPOHHOTO TPOMEHs HA BJIACTMBOCTI TIOBEPXHEBHX WIAPIB ENEMEHTIB 3 ONTHYHOL KepaMlKPI BHKOPHCTOBYBAJINCh JTHCKH JIIaMETPOM
3-107...5-107% M 1 ToBmHOW0 4-107°...6-107° M, miBchepmuni obTiunmKH xiamerpom 4-1072...8-107 M. JUts IPOBEIEHHS JOCTIKEHb TepMid-
HOT I[il PYXOMOTO €IEKTPOHHOTO npOMeHsI Ha €JIeMEHTH 3 ONTHYHOI KepaMiku Oy1Io BMKOpI/ICTaHO eHeKTgOHHO TPOMCHCBE obnagHaHHS, WO
JIO3BOJISIE peam%sam CTPI‘IKOBI/II/I ENEKTPOHHMH NPOMiHb UIHPHHOIO 5 107°...5-10 M, moBxuHOI0 6-107...8-:10 M, TYCTHHOIO TEILIOBOI il
Fn=5-10°...9-10° Br/M® i mmBmkicTio mepemimenns V = 5-10°...107 m/c. Pe3y/1bmamu B pesymbrati npoBezneHHX EKCHEPHMEHTAIILHIX
;[ocnmxceHL BCTaHOBJ'ICHO WO I PO3IIIALYBAaHHX mana30H13 3MiHM THapaMeTpiB eneKTpoHHoro mnpomens (Fn= 108...1 ,6° 107 Br/M?,
V =10°...10™" m/c) MikpoTBepIiCTh MOBEPXHi ClIEMEHTIB 3MiHeThCs Bia 1.2...2.9 (w1 Heo6p06nel—mx €NeMenTiB) 10 5.7.. 6.4 TTla (ZUISI
06p06neHHx eneMeHTiB). [IokpalieHHs BKa3aHUX BIACTHBOCTEH NPUBOMWTH HO IIIBUIIEHHS CTIHKOCTI €IEMEHTIB 10 30BHIIIHIX TEPMOIiL.
30utbiieno y 1.3...1.7 pa3u KpUTUUHI 3HaY€HHS 30BHIIIHIX TEIUIOBUX MOTOKIB Ta 4ac ix Aii. [IlepeBuIlieHHs IMX MapamMeTpiB NPU3BOIUTH 10
PYHHYBaHHS €IEeMEHTIB Ta BUXOMY 3 Jamy NPHIAAIB UL JOCIiUKYBAHOTO JAiaa3oHy 3MiHH 30BHIMHbOro THCKy 10°...10° Ila. IlixBumeno
TPaHUYHO JIOMYCTUMI 3Ha4€HHS TEPMONPYKHUX HanpyxeHb 3 50...140 no 160...370 MIla npu temneparypax Harpiy 300...1200 K.

Kouoei cnosa: TouHe Npriiano0yTyBaHHs, OITHYHA KepaMika, eJIeKTPOHHHI IPOMiHb, MIKPOCTPYKTYPa, TBEPIICTh, TEPMOIPYKHI HATIPY>KEHHSL.

1.V. Yatsenko. Improvement of surface layers properties of precision engineering elements of optical ceramics by preliminary
electron-beam surfacing. To prevent destruction of the elements made of optical ceramics the practical importance has the preliminary
electron-beam treatment of their surfaces during the manufacturing stage of devices based on them. This allows improving the properties of
the surface layers of the elements, making them more resistant to external thermal and mechanical impacts. Aim: The aim of this research is
to research the impact of parameters of preliminary electron-beam treatment of the elements made of optical ceramics to prevent their
destruction, improvement of the surface Iayers propertles and increasing of their re5|stance to external thermo-influences. Materials and
Methods The discs with diameter of 3-102...5-10°m and thickness of 4-10°...6:10°m and hemispherical cowl with diameter of
4-1072...8-10 m were used to research the |mpact of electron-beam parameters on surface layers properties of the elements made of optlcal
ceramlcs Results After researches it was established that for studied range of electron beam parameters (F,=10°...1.6:10" W/m?,
V=107..10" m/s) the microhardness of the elements surface increases from 1.2...2.9 GPa (unprocessed elements) to 5.7...6.4 GPa (processed
elements) It was defined, that improvement of these properties leads to improvement of elements resistance to external thermo- influences. The critical
values of external heat streams and the time of their actions are increase in 1.3...1.7 times. The excess these parameters leads to the destruction of the
elements and failure of the devices for the studied range of external pressure variation 10°...107 Pa. The maximum allowable values of thermal stresses
in elements are raised from 50...140 to 160...370 MPa at the heatina temperatures of 300...1200 K.

Keywords: precision engineering, optical ceramics, electron beam, microstructure, hardness, thermal stresses.

Introduction. The successes achieved over the past quarter century in the development of
electron beam technology led to the creation of various electron-beam equipment for industrial,
scientific, medical and military purposes.
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Modern instruments with elements of optical ceramics, (KO1, KO2, KO3, KO5, KO12 etc) for
measurement and thermal testing of different physical objects (plates and discs as substrate filters of
infrared devices, input protective window of laser sighting systems for surveillance in IR spectrum,
hemispherical fairing of infrared homing devices and monitoring facilities etc. [1...6]) (Fig. 1) are
subjected to intense external thermo-influences (high heating temperature and external pressure, shock
thermo-influences in terms of shots and flight etc. ).

In these conditions there is a significant change in the properties of the surface layers of the optical
elements up to their destruction (cracking, chips and others. defects), leading to a significant
deterioration in technical and operational characteristics of devices (reliability, service life, etc.) and their
failure.

So important is the prevention of these undesirable effects at the design stage.

Experimental studies [7...14] show that to prevent the destruction of elements with optical
ceramics the electron beam methods of pre-treatment of the working surfaces have practical
importance. They can significantly improve (more than 2...3 times) properties of the surface layers of
the elements (microhardness, thickness reinforced layers, etc.), which in turn affect the stability of
materials for external thermo-influences.

()

a(® a.(t)

/ /

c d

Fig. 1. General view of the optical elements of precision instrumentation which are subjected of external thermo-
influences in conditions of operation of devices based on them, q,(t) — density of external thermo-influences,
W/m?: a —plate; b —discs; ¢, d — hemispherical fairing

Currently, the process of prevention of possible destruction of elements of the precise instrument
with optical ceramics under influence of external thermo-influences studied not enough. For example,
not paid attention to the calculation the permissible ranges of parameters of the electron beam (density
of thermo-influences, velocity), within which there would be a significant improvement of the proper-
ties of the surface layers of processed elements and would be missing their local destruction (cracks,
bumps, depressions, chips etc).

Further study of the effects of external thermo-influences to elements of precise instrument with
optical ceramic will help to improve their resistance to external heat loads and, ultimately, improve the
technical and operational characteristics of the devices in their operation.

The aim of this research is to research the impact of parameters of preliminary electron-beam
treatment of the elements made of optical ceramics to prevent their destruction, improvement of the
surface layers properties and increasing of their resistance to external thermo-influences.

Materials and Methods. The discs with diameter of 3:1072...5:10°m and thickness
of 4-10°...6:10> m and hemispherical cowl with diameter of 4-1072...8-10° m were used to research
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the impact of electron-beam parameters on surface layers properties of the elements made of optical
ceramics (KO1, KO2, KO3, KO5, KO12) [10, 15].

For research the thermo-influences of moving electron beam to the optical elements with
ceramics the specialized electron-beam equipment [10]. The main characteristics of strip electron
beam were as follows: width — 5-10*...5:10°m, length — 6:107%...8:10° m, density of thermo-
influences — F, = 5-10°...9-10® W/m? and velocity — V = 5-102...107" m/s.

The electron-beam equipment and its main elements. Equipment was established on the basis of
universal vacuum installation UVN-74P3 (Fig. 2) [10]. The vacuum system consists of a vacuum
chamber and a vacuum installation post UVN-74P3, oil vapor diffusion pump NP-400, vacuum pump
AVZ-20, vacuometers VIT-3 and VMB-8, vacuum sensors (thermocouple TP-1, ionization IP-1,
magnetic blocking M-2) located in the vacuum volume. In a vacuum chamber of the installation the
special technological equipment for electronic data processing was placed; there are quartz infrared
preheating and final cooling oven, electron gun with Pierce optics to form the strip electron stream, the
mechanism of movement of the optical elements. The following external devices provide the special
technological equipment operations: high-voltage power source of electron gun based on unit UELI-1,
control unit of a quartz oven on the base of thermal sensor — the thermostat RIF-101, an automated
processing control system was developed.

For modeling the thermal effects on the studied optical elements under normal conditions

(To=293 K, P =10°Pa) and for finding the critical values of parameters (heat flow g and time of

action t") controlled infrared heating has been used quartz lamps of type KNM-220-1000-1 with
RIF-101 sensors for temperature control of surfaces elements in the range of 300...1900 K and heat

flow that come to them.

Power supply
of electron gun

The vacuum chamber

Formation 71
module of ‘
cathode heating
current

Pierce gun

0

\
Formation |
module of ‘

Quartz heaters
1" H* accelerating
L

voltage

[

System
of probes Automated

Control System

.

Clamping device with
the object of treatment

The mechanism
_of movement |

CAN bus

Electromotor

Power

1 supply of
quartz oven

Electric
oven

f

Vacuum system
LY ¥ _

Fig. 2. Appearance (a) and general scheme (b) of equipment for the electronic processing of optical elements:
1 —vacuum chamber; 2 —electric drive mechanism for moving of the optical elements; 3 —temperature
control system of optical elements based on thermostat RIF-101; 4 —vacuometer VIT-3; 5 —vacuometer

VMB-8; 6 —PC for installation control; 7 —central unit of automatic control system; 8 —electric control
unit; 9 —modules of temperature measuring in the area of processing and sensing of electron stream;
10 —power supply and control system of Pierce electron gun

For the modeling of high heating temperatures impact (1500 K) and external pressures (10’ Pa)
the specialized equipment was used, tests on which were held using methodic developed at SDP SE
“Arsenal” (Kyiv) and Cherkasy State Technological University.

Installation for the study of optical elements at high temperatures (1500 K) and external
pressures (up to 3-10" Pa). The installation is shown in Fig. 3 and designed for simultaneous testing of
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three elements. Accuracy of working pressure in the installation is 5 %. The installation consists of
a device of permanent pressure and heating system, temperature control and temperature recording.
Constant pressure device contains three test chambers which are connected to one unit. Unit of
cameras is combined with the body of liquid filter which filling with water before testing. Heating of
elements was made directly in chambers. When testing the device of constant pressure filled with an
inert gas. All three elements are tested simultaneously. Products that cooled and cleaned of condensed
particles in the liquid filter, entering to the valve of constant pressure controlled by compressed gas.

Fig. 3. Appearance of settings (a) and scheme of constant pressure device (6) 1 —filter housing; 2 —valve cap;
3 —membrane; 4 —valve body; 5 —unit of testing chambers; 6 —drain pipe; 7 —mechanical disk filter;
8 —water; 9 —nut; 10 —cap; 11 —filter cap

To determine the properties of the surface layers of the of optical elements before and after
electron beam treatment (microhardness of surface (H,, MPa), the quantities of residual thermo
stressed (o, MPa) and thickness of reinforced layers (A, m) we used known methods of physical and
chemical analysis (micro identification by Vickers method, methods of optical microscopy and
microprobe analysis, which includes the raster and scanning microscopy (SEM) and transmission
electron microscopy (TEM), diffractometers DRON-0.5, DRON-2.0, DRON-3.0 with special consoles
for measuring the microstresses in the surface layers, etc. [16...18]). Tensile strength of optical el-
ements o (T) before and after electron-beam processing was found by the central annular bending
method [10, 15].

In studies conducted to determine the above mentioned properties of the surface layers of optical
elements and critical parameters of external influences the relative error does not exceed 5...10%.

Results. Experiments with electronic processing of elements with optical ceramics have shown
that they can not be melted in a vacuum because of the high elasticity of vapor [5, 10]. Thus, pre-
heating in vacuum of optical elements even up to 1300 K, leads to advanced evaporation of material,
and when trying it melting the liquid phase is not formed.

This electronic processing of elements with optical ceramics without heating leads to increase
their microhardness, streamline and strengthen the structure by forming the surface layers of compres-
sive stresses and thereby to increase the strength of products to thermal shock effects, which they are
exposed to in operation.

Electron microscopic analysis of images of surfaces and transverse thin sections of optical
ceramics before and after processing shows that there is a noticeable change in the structure of the
material in depth (up to 250...300 um), which depending on the electron beam parameters (F, V).

As a result of experimental studies it was established that for studied range of electron beam
parameters (F,=10°...1.6-10" W/m?, V =10°..10" m/s) the microhardness of the elements surface
increases from 1.2...2.9 GPa (unprocessed elements) to 5.7...6.4 GPa (processed elements). The
increase in heat density F, from 10° W/m? to 1.6-10" W/m? leads to increasing of ceramics surface

ELECTRONICS. RADIO ENGINEERING. TELECOMMUNICATION FACILITIES



92 . . . . ISSN 2076-2429 (print)
IMpaui Oxecbkoro noiTexHiYHOro yHiBepeutety, 2016. Burm. 2(49) ISSN 2223-3814 (online)

microhardness in 1.5...1.7 times, and increase the velocity V from 107 to 10" m/s leads to decrease in
microhardness of ceramic surface in 1.3...1.4 times (Fig. 4).

The results of studies of microhardness change on depth of elements with optical ceramics pro-
cessed by electron beam, shown in Fig. 5. These data suggest that the microhardness of the mate-
rial of all types of ceramics that were considered sufficiently decreases rapidly heading for its value
for uncultivated material. The thickness of the hardened layer (A), where there are major  structural
changes and increased microhardness of the material for the electron beam parameters under consider-
ation ranges from 70...90 um to 210...230 um in thickness of processed products 4...6 10 m. The
thickness of the hardened layer A depends greatly on the nature of ceramics as well as the parameters
of the electron beam (Fig. 6): increase in heat density F, from 10° W/m? to 2-10" W/m? leads to in-
creased thickness of the hardened layer in 1.8...2.6 times, and increase the speed of the beam from
1.5-10" m/s to 2-10"> m/s leads to decrease in thickness of hardened layer in 1.7...2.5 times.
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Fig. 4. Dependence of microhardness of the surface  Fig. 5. Change of microhardness on depth of elements
with optical ceramics KO12 (1), KO2 (2), KO1 (3), with optical ceramics KO12 (1), KO2 (2), KO1 (3)
KO5 (4) and KO3 (5), which are processed by KO3 (4) and KOS5 (5), which are processed by electron

electronically beam on its thermal effects density: beam for different speeds of its movement
V=7-102m/s (----); V=1,5-102m/s (- - - -); (Fa=1.5-10" W/m?):
4,0,0, A, m ¢ ¥, o B <« (experimental data) V=7-102m/s (----); V=1.5-102m/s (- - - -);

4,0,0 A, m ¢ V¥V, e b <« (experimental data)

It was established that the influence of the

electron beam on the surface of the optical A um ] 4 ﬁ l/c
ceramics elements leads to a mosaic block 200 / ° %ZW
increase and decrease the microstrains of crystal 17 / Wﬂ' 1“’ B
lattice. The value of mosaic blocks for optical 150 = =1 ——4
elements that electron beam treated, compared to 125 W - ﬁt’/i _—
their condition before treatment increased in 3.9 ”/L; — j;DL/' —F— 4
times for items from the KO1, in 5.5 times for w00 === = S
items from KO2, in 3.3 times for the elements of 75 '/.//{' —=1= o7

KO12, in 4.7 times for items from KO3 and in 7.7 50 {//‘?g\( -l

times for items from KOS5, and the value of o= ~ 3

microstrains reduced in 3.7 times for items from 1 4 7 10 F\-10°, W/m?
the KO1, in 5.4 times for items from KO2, in 4.2

times for items from K012, in 5.5 times for items Fig. 6. Dependence the depth strengthening by
from KO3 and in 5.9 times for items from KO5. electron beam the optical elements with ceramics

K012 (1), KO2 (2), KO1 (3) KO3 (4) and KO5 (5)
from the values of its thermo-influences density:
V=7-102 m/s (-----); V=15-102 m/s (- - - -);
4,0,0 A, m ¢ ¥V, o P <« (experimental data)

It is shown that regardless of technological
modes of processing (values F, and V for the
examined range of change) of elements with
optical ceramics in all cases an increase in the size
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of the mosaics blocks and reduce of microstrains their crystal lattice, that is, as a result of electronic
processing we obtain a coarse surface layers with stress in the crystal lattice.

Analysis of the changes parameters of the elements crystal (after processing according to known
methods of calculating these radiographs [18], based on the line analytical relationship between
residual stresses acting on the surface element and change the period of the crystal lattice of the main
components under consideration ceramics, showed the presence of compressive stresses in thin surface
layers of the elements of depth 40...60 pum for the central part of the treated areas (plots size 4 102...5 10 m)
in the considerable range of parameters of electron beam, for elements of optical ceramics KO1 — up
to 30...40 MPa, for elements of optical ceramics KO2 — up to 60...70 MPa, for elements of optical
ceramics KO3 — up to 25...30 MPa, for elements of optical ceramics KO5 — up to 55...65 MPa, for
items from optical ceramics KO12 — up to 75...90 MPa.

As a result of studies it was found that after preliminary electron beam processing of optical ele-
ments there is increased the critical values of external heat flow ¢, and the time of action t™ in 2..4
times (Fig. 7). The increase in external pressure up to 10’ Pa, which can be implemented, for example,
as the shock front at supersonic airflow with fairings infrared device in flight and shot [3, 10], result-

ing in increased value ¢, and g, only in 1.3...1.7 times (Fig. 8).
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Fig. 7. Dependence of critical values of external heat flows g from the time of their effects t™ on treated and
untreated optical elements by the electron beam (element thickness H = 4-10°m, T, = 300 K, P = 10° Pa):
untreated elements ( );treated elements (F, = 1,6:10" W/im*, V=102 m/s) (- — — — );

a —elements with optical ceramics KO5 (1), KO1 (2) and KO12 (3);

b —elements with optical ceramics KO3 (4) and KO2 (5);

4, 0,0, A, m, @ (experimental data)

In addition, it was also shown that the maximum allowable value of thermoelastic stresses o at
various temperatures of heating T for the optical elements processed by electronic beam in 1.8...2.7
times higher than for unprocessed elements (Fig. 9).

Using the results obtained in the design and production of new and modernization of serial
devices with the examined optical elements for measuring and thermal control objects of different
physical nature (IR optical instruments, laser sighting systems, infrared homing devices and
surveillance, laser medical devices based on optical fibers, etc.) will increase their basic technical and
operational characteristics (reliability, resource and service life, etc.) during operation, taking into
account the impact of external thermo actions. For example, during storage and transportation in terms
of the emergence of high-temperature centers of fire (warehouse storage, combat zone, etc.), and
application of products with infrared homing devices and monitoring in terms of shots and flight
(drums exterior thermal and mechanical effects, etc.).
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Fig. 8. Dependences of critical values of external heat flows g from the t” time of their impact on processed by
electron beam optical elements (element thickness H = 6-10° m, F, = 1,6-10" W/m?, V = 10°° m/s):

P =10°Pa (

); P =10" Pa (- - -); a —elements with optical ceramics KOS5 (1), KO1 (2) and KO12 (3);

b — elements with optical ceramics KO2 (4) and KO3 (5); 4, o, 0, A, m, e (experimental data)

Conclusions. The study found that after pre-
treatment of working surfaces of optical elements
with ceramics (KO1, KO2, KO3, KO5, KO12) by
moveable electron beam for studied range of
electron beam parameters (F,=10°...1.6:10" W/m?,
V=10%.10" m/s) the basic properties of the
surface layers improve without local damage:

— The surface microhardness is increasing in
1.9...2.3 times;

— Compressive thermostatic stress of 25...90
MPa occur in the surface layers of thickness
40...60 um, which lead to the formation of re-
inforced layers with thick from 210 to 230 pm.

It was defined, that improvement of these
properties leads to improvement of elements re-
sistance to external thermo-influences:

— The critical values of external heat flow
and the time of their actions are increase in 2...4
times that lead to the destruction of the elements
and failure of the devices; increasing in external
pressure from 10° to 107 Pa reduces critical values
in 1.5...1.9 times;
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Fig. 9. The dependence of the maximum permissible

thermoelastic stresses in the elements from optical

ceramics KO1 (1), KO2 (2), KO3 (3) of the heating
temperature (P = 10° Pa, the thickness of the element

H=410°m, F,=1. 610" W/im? V = 10° m/s):
unprocessed element ( );
element processed by electron beam (- - - -);
4, 0,0, A, m, @ (experimental data)

— The maximum allowable values of thermal stresses in elements are raised from 50...140 MPa
to 160...370 MPa at the heating temperatures of 300...1200 K.

JlirepaTypa

1. Bessmertnyi, V.S. Plasma treatment of glasses (A review) / V.S. Bessmertnyi // Glass and Ceramics. —

2001. — Vol. 58, Issue 3—-4. — PP. 121-124.
2. Tapacos, B.B. UudpaxpacHsle cucTeMBI

«CMOTPALICTO  THUIIA»:

moHorpagus / B.B. Tapacos,

I0.I". SIkymenkoB. — M.: JIOT'OC, 2004. — 443 c.

EJIEKTPOHIKA. PAJIIOTEXHIKA. 3ACOBU TEJIEKOMYHIKALIIA



ISSN 2076-2429 (print)
ISSN 2223-3814 (online)

Odes’kyi Politechnichnyi Universytet. Pratsi, Issue 2(49), 2016 %

3.

10.

11.

12.

13.

14.

15.

16.

17.

18.

TemnsioBbIe MPOLECCH MPHU IEKTPOHHOH 00paOOTKE ONTHUECKUX MATEPUANIOB M IKCILTYaTAlMH U3ICIHN
Ha ux ocHOBe: MoHorpadwus / B.A. Bamenko, /I.M. Korensankos, F0.I'. Jlera u mp. — K.: Haykosa
nymka, 2006. — 368 c.

. Anderberg, B. Laser weapons: The dawn of a new military age / B. Anderberg, M.L. Wolbarsht. —

New York: Plenum Press, 1992. — 244 p.

. Airborne laser sensors and integrated systems / R. Sabatini, M.A. Richardson, A. Gardi, S. Ramasamya //

Progress in Aerospace Sciences. — 2015. — Vol. 79. — PP. 15-63.

. CoBpeMeHHbIE aclieKTbl JazepHOW Tepamuu: MoHorpadus / M.H. bonycs, A.W. I'mankosa,

C.A. T'op6atrok u fap.; pea.: B.JI. ITonoe. — Yepkaccer: Beprukains, 2011. — 607 c.

. Kanamesny, I'.B. TlepcriekTBH BHKOPHCTAaHHS €JICKTPOHHOTO IPOMEHIO B TEXHOJOTIi iHTErpaibHOI

ontuku / ['.B. Kanamesud, B.A. Bamenko, M.O. bounapenko // Bicauk Uepkacbkoro iHXeHEpHO-
TexHOJOTiYHOTO iHCTUTYTY. — 2000, — Ne 2. — C. 189-193.

. CnemiayibHi MeToAM OOpPOOKHM ONTHYHOTO CKJa. TexHoJoTis, TexHika, ekoHomika / M.II. Bodok,

M.IL. Bytko, B.A. Bamenko Ta iH.; 3a pex. JI.I. KorenprikoB. — Yepsiris: YATY, 2002. — 152 c.

. [Toryuenne GpyHKIMOHATIBHBIX CIIOEB B ONTHYECKOM CTEKJIE W KepaMHUKEe METOJOM 3JICKTPOHHOW 00pa-

6otk / I'.H. [lyoposckas, I'.B. Kanameswnu, B.A. Bamenko u ap. / C6. noxn. MexayHap. Hay4.-
npakt. cummnozuyma «OyHKIHOHANBHBIE TOKpBITHS Ha creknax» (FCG-1). — Xapekos: HTL X®TU
«KoncranTay, 2003. — C. 135-137.

OCHOBH €JIEKTPOHHOI MIKpOOOpPOOKHM BHPOOIB 3 ONTHYHHMX MarepianiB: MoHorpadis / B.A. Bamenko,
I.B. SAuenxko, FO.I". Jlera, O.B. Kupuuenko. — K.: HaykoBa nqymka, 2011. — 560 c.

Influence of parameters by electronic ray on properties of superficial layers of optical elements of exact
instrument-making / I. Yatsenko, V. Antoniuk, M. Bondarenko, V. Vashchenko // Proceedings of Sci-
entific-Technical Conference “Innovations in Engineering”, 10-11 September 2015, Burgas, Bulgar-
ia. — Sofia: Scientific-Technical Union of Mechanical Engineering, 2015. — PP. 64-66.

OmnpeneneHrne KPUTHYCCKUX 3HAYCHUH MapaMETPOB BHEIIHHX TEPMOBO3ICHCTBHI Ha ITOBEPXHOCTH
obrekareneit MK-mpubopoB B ycioBusx BeicTpena u monera / W.B. fAnenko, B.C. AHTOHIOK,
B.A. Bamenko, B.B. I[pi0ynun // Hanoumxkenepus. — 2015. — Ne 12. — C. 20-25.

YnpexieHre BO3MOKHBIX pa3pylleHuil ontTuyeckux oorekarenein UK-nprubopoB B yCioBHsX BhICTpena
u nonera / U.B. Sluenko, B.C. AnroHiok, B.A. Bamenko, B.B. L{pi0ynun / Hanonwxenepus. — 2015. —
Ne 12, — C. 26-31.

[NonepemxeHHs: MOXKIIMBUX PYHHYBaHb ONTHYHHUX EJIEMEHTIB TOYHOTO NPUIaJo0yIyBaHHS B yMOBax
3oBHimHIX Tepmoiii / 1.B. Suenko, B.C. Anrontok, B.A. Bamienko, B.B. Ilubynin // XKypran HaHo- ta
enektpoHHO1 Qizuku. — 2016. — T. 8, Ne 1. — C. 01027-1 — 01027-6.

Yatsenko, 1.V. Experimental and statistical models of impact determination of the electron beam
parameters on surface layers properties of optical elements in precision instruments building /
I.V. Yatsenko // TIp. Onec. nonitexs. yu-ty. — 2016. — Bum. 1(48). — C. 65-71.

Engel, L. An atlas of metal damage: surface examination by scanning electron microscope / L. Engel,
H. Klingele. — 2" Ed. — Herne: Flender Service, 2001. — 271 p.

Tlopenuk, C.C. Penrrenorpaduueckuii u  3nekTpoHHo-onTudyeckuii anamu3 / C.C. Topenuk,
10.A. Ckakos, JI.H. Pactopryes. — M.: MUCHC, 2002. — 358 c.

Bauer, E. Surface microscopy with low energy electrons / E. Bauer. — New York: Springer, 2014, —
496 p.

References

1.

2.
3.

Bessmertnyi, V.S. (2001). Plasma treatment of glasses (A review). Glass and Ceramics, 58(3-4), 121—
124. DOI:10.1023/A:1010907701090

Tarasov, V.V., & Yakushenkov, Y.G. (2004). Infrared Imaging Systems. Moscow: Logos.

Vaschenko, V.A., Kotelnikov, D.I., Lega, Yu.G., Krasnov, D.M., Yatsenko, I.V., & Kirichenko, O.V.
(2006). Thermal Processes in the Electronic Processing of Optical Materials and Use of Products
Based on Them. Kyiv: Naukova Dumka.

. Anderberg, B. & Wolbarsht, M.L. (1992). Laser Weapons: The Dawn of a New Military Age. New

York: Plenum Press.

. Sabatini, R., Richardson, M.A., Gardi, A., & Ramasamya, S. (2015). Airborne laser sensors and

integrated systems. Progress in Aerospace Sciences, 79, 15-63. DOI:10.1016/j.paerosci.2015.07.002

ELECTRONICS. RADIO ENGINEERING. TELECOMMUNICATION FACILITIES



96

ISSN 2076-2429 (print)

IMpaui Oxecbkoro noiTexHiYHOro yHiBepeutety, 2016. Burm. 2(49) ISSN 2223-3814 (online)

10.

11.

12.

13.

14.

15.

16.

17.

18.

. Bonus’, M.N., Gladkova, A.l., Gorbatyuk, S.A., Zubkova, E.V., Zubkova, S.T., Katyukova, L.D., ...

Lobanov, G.F. (2011). Modern Aspects of Laser Therapy. Cherkasy: Vertikal'.

. Kanashevich, G.V., Vaschenko, V.A., & Bondarenko, M.O. (2000). Prospects for the use of the electron

beam in integrated optics technology. Bulletin of Cherkasy Engineering and Technological Institute, 2,
189-193.

. Bochok, M.P., Butko, M.P., Vaschenko, V.A., Kanashevich, G.V., & Kotelnikov, D.l. (2002). Special

Techniques for Optical Glass Processing: Technology, Technique, and Economics. Chernihiv:
Chernihiv National University of Technology.

. Dubrovskaya, G.N., Kanashevich, G.V., Vaschenko, V.A., Kotelnikov, D.l., & Yatsenko, I.V. (2003).

Obtaining the functional layers in the optical glass and ceramic by electronic processing method. In
Proceedings of International Scientific and Technical Symposium on Functional Coatings on Glass
(FCG-1) (pp. 135-137). Kharkiv: Konstanta.

Vashchenko, V.A., Yatsenko, I.V., Lega, Yu.G., & Kirichenko, O.V. (2011). The Basics of Electronic
Microprocessing of Optical Materials. Kyiv: Naukova Dumka.

Yatsenko, 1., Antoniuk, V., Bondarenko, M., & Vashchenko, V. (2015). Influence of parameters by
electronic ray on properties of superficial layers of optical elements of exact instrument-making. In
Proceedings of Scientific-Technical Conference on Innovations in Engineering (pp. 64-66). Sofia: Sci-
entific-Technical Union of Mechanical Engineering.

Yatsenko, 1.V., Antonyuk, V.S., Vaschenko, V.A., & Tsybulin, V.V. (2015). Determination of critical
values of parameters external thermo-influences on the surface of the fairings IR-devices in terms of
shots and flight. NanoEngineering, 12, 20-25.

Yatsenko, 1.V., Antonyuk, V.S., Vaschenko, V.A., & Tsybulin, V.V. (2015). Anticipation of possible
destructions of the optical fairing IR-devices in the conditions of the shot and flight. NanoEngineering,
12, 26-31.

Yatsenko, 1.V., Antonyuk, S.V., Vaschenko, V.A., & Tsybulin, V.V. (2016). Prevent potential destruc-
tion of the optical elements of precision instrumentation to external thermo-influences. Journal of
Nano- and Electronic Physics, 8(1), 01027-1—01027-6. DOI:10.21272/jnep.8(1).01027

Yatsenko, 1.V. (2015). Experimental and statistical models of impact determination of the electron beam
parameters on surface layers properties of optical elements in precision instruments building. Odes ’kyi
Politechnichnyi Universytet. Pratsi, 1, 65-71. DOI:10.15276/0pu.1.48.2016.12

Engel, L., & Klingele, H. (2001). An Atlas of Metal Damage: Surface Examination by Scanning
Electron Microscope (2™ Ed.). Herne: Flender Service.

Gorelik, S.S., Rastorguev, L.N., & Skakov, Yu.A. (2002). Radiographic and Electro-Optical Analysis.
Moscow: MISIS.

Bauer, E. (2014). Surface Microscopy with Low Energy Electrons. New York: Springer.

Received May 26, 2016
Accepted July 10, 2016

EJIEKTPOHIKA. PAJIIOTEXHIKA. 3ACOBU TEJIEKOMYHIKALIIA



ISSN 2076-2429 (print)

ISSN 2223-3814 (online) Odes’kyi Politechnichnyi Universytet. Pratsi, Issue 2(49), 2016

FUNDAMENTAL
AND APPLIED SCIENCES PROBLEMS

IMPOBJIEMH ®YHJAAMEHTAJIBHUX I ITPUKJIAJHUX HAYK

UDC 539.3:517.518.12+624.044

0.B. Kozin', PhD, Assoc.Prof.,
0.B. Papkovskaya?, PhD, Assoc.Prof.,
M.O. Kozina’, PhD

! National University “Odesa Law Academy”, 23 Fontans’ka Rd., 65009 Odessa, Ukraine; e-mail: kozindre@rambler.ru
2 Odessa National Polytechnic University, 1 Shevchenko Ave., 65044 Odessa, Ukraine

MODELLING AND SOLUTION OF CONTACT PROBLEM
FOR INFINITE PLATE AND CROSS-SHAPED EMBEDMENT

O.b. Kosin, O.b. Ilanxoscvra, M.O. Kosina. MoneaioBaHHs i po3B’si3aHHs] KOHTAKTHOI 3a1a4i J/Is1 HeCKiHYeHHOI NMJIACTHHH i
XpecTonofiGHOro BKIIOYeHHs. Po3pobka e)eKTHBHUX METOAIB BU3HAUCHHS HANpPYXCHO-1e(OPMOBAHOTO CTaHY TOHKOCTIHHUX KOHCTPYK-
i 3 BKIFOYCHHSIMH, IAKPIIUICHHSIME i {HITMMH KOHIIEHTPATOPaMH HaNpy>KEHb € Ba)KJIMBUM 3aBJaHHSIM SK 3 TEOPETUYHOI, TAK 1 3 IPaKTHY-
HOT TOYKHM 30pYy, BPAXOBYIOUH TX BEJUKE NPaKTHYHE 3aCTOCyBaHHsA. Mema: MeTolo IOCHi/UKEHHS € po3po0Ka aHAIITHYHOTO MaTEMAaTHYHOTO
METO/Iy BUBUYCHHS HANpYKEHO-/1e()OPMOBAHOIO CTaHy HECKIHYCHHOI IUIACTHHHM 3 XPECTONOMIOHIM BKIIFOYCHHSM NpH BUTHHI. Mamepianu i
Memoou: MeTo[ TPaHUYHUX eNEeMEHTIB € e(eKTHBHUM CIOCOOOM PO3B’sI3aHHS KPalOBHX 3a[ad Ul CUCTEM IudepeHLiaTbHUX PiBHSHb.
Meroan, 3aCHOBaHi Ha TPAaHMYHUX iHTETPAITBHUX PIBHSHHSX, 3HAXOMSITH MIMPOKE 3aCTOCYBAHHS B 0AraTboX Trajly3sX HAayKH i TEXHIKH, BKIIFO-
Yal0ul PO3PaxyHOK IUIACTHH 1 0007J0HOK. OHUM i3 METOAIB PO3B’SI3aHHS YHUCICHHOTO KJIACY IHTErpajJbHHUX PIBHIHB 1 CHCTEM, 1[0 BUHHKA-
FOTh Ha 0a3i METOJly TPAHUYHHX IHTETPAIbHUX PiBHSIHB, € AHATITUYHUIA METO]] 3BE/ICHHS IMX PIBHSHB 1 CHCTEM JI0 3a1au PimMaHa 3 mojans-
UM iX pO3B’si3aHHsIM. Pe3ynbmamu: OTpUMaHO iHTErpasibHe PIBHIAHHS TS aHAJI3y MPOTHHIB 1 aHAII3y HANpPyXeHO-Ie(hOPMOBAHOTO CTAHY
TOHKOI IPYXXHOI IUIACTHHH 3 XOPCTKHM XPECTOIOAIOHIM BKITFOUECHHSIM. 3BECHHSM JI0 3a1a4i PiMaHa i il mojanpImM po3B’s3aHHAM OTpPH-
MaHO TOYHHMIT pO3B 530K JlaHOT KpaitoBoi 3axadi. JJOCITiIXKEHO aCHMITOTHYHY HOBE/[IHKY KOHTAKTHHX 3YCHJIb Ha KiHISX BKIIIOYCHHS.

Kniouosi cnoea: xpaiioBa 3aada, i30TpOITHA IUIACTHHA, )KOPCTKE XPECTONOAI0HE BKIFOUEHHS, BUTHH, NIepeTBOPEHHsT MelutiHa, MeTox
(hakTopu3auii, 3aga4a Pimana.

0.B. Kozin, O.B. Papkovskaya, M.O. Kozina. Modelling and solution of contact problem for infinite plate and cross-shaped embedment.
Development of efficient methods of determination of an intense-strained state of thin-walled constructional designs with inclusions,
reinforcements and other stress raisers is an important problem both with theoretical, and from the practical point of view, considering their
wide practical application. Aim: The aim of this research is to develop the analytical mathematical method of studying of an intense-strained
state of infinite plate with cross-shaped embedment at a bend. Materials and Methods: The method of boundary elements is an efficient way
of the boundary value problems solution for systems of differential equations. The methods based on boundary integral equations get wide
application in many branches of science and technique, calculation of plates and shells. One of methods of solution of a numerous class of
the integral equations and systems arising on the basis of a method of boundary integral equations is the analytical method of construction of
these equations and systems to Riemann problems with their forthcoming decision. Results: The integral equation for the analysis of
deflections and the analysis of an intense-strained state of a thin rigid plate with rigid cross-shaped embedment is received. The precise
solution of this boundary value problem is received by reduction to a Riemann problem and its forthcoming solution. An asymptotical
behavior of contact efforts at the ends of embedment is investigated.

Keywords: boundary problem, isotropic plate, rigid cross-shaped embedment, bend, Mellin transform, factorization method, Riemann problem.

Introduction. Development of efficient methods of determination of an intense-strained state of thin-
walled constructional designs with inclusions, reinforcements and other stress raisers is an important problem
both with theoretical, and from the practical point of view, considering their wide practical application. Plates,
reinforced by a different inclusions and ribs, are widely used in practice as components of different construc-
tions. In this study we proposed a method of analytical solution for boundary value problem of stress-strain
state of the bending of an infinite plate with a rigid cross-shaped embedment. The exact solution of this
boundary value problem is obtained by reduction to the Riemann problem and by its subsequent solution.
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The boundary element method is an effective way of solving boundary value problems for
systems of differential equations. Methods based on the boundary integral equations, are a powerful
tool in many fields of science and technology, including the calculation of plates and shells [1...5].

However, due to the singularity of the fundamental solutions, a problem associated with irregular
borders (corners, edges, etc...) arises. So, the question to use of special techniques for solving the
problems with non-smooth boundary is actual.

One of methods for solving numerous classes of integral equations and systems, arising on the
basis of the method of boundary integral equations, is an analytical method of reducing these
equations and systems to the Riemann problem with their subsequent solution [6...13].

This method was further developed in solving the problem of bending isotropic [6] and ortho-
tropic plates [7, 8] with linear irregularities oriented arbitrarily.

Contact problem of bandpass orthotropic plate Kirchhoff model with a thin semi-infinite rigid re-
inforcement were studied and solved in [9] by present method, as well as with reinforcement in the
form of elastic rib [10].

In [11], an exact solution of the antisymmetric contact problem of bending bandpass orthotropic
semi-infinite plate and a rigid support was constructed by reduction to the Riemann problem. The as-
ymptotic behavior of the contact forces at the end of this support has been investigated.

Exact solution of the boundary value problem of bending bandpass shallow shell, which is
supported by intermediate thin semi-infinite rib, type Winkler foundation was obtained in [12]; and
supported by intermediate thin semi-infinite rigid support, was obtained in [13].

The aim of this research is to develop the analytical mathematical method of studying of an
intense-strained state of infinite plate with cross-shaped embedment at a bend. It is also necessary to
investigate the asymptotic behavior of the contact forces at the ends of this embedment.

Materials and Methods. We consider the problem of the bending of an infinite plate
(o< X, y<ow), containing a  cross-shaped, thin, absolutely rigid embedment

(Y <ay=0y|<ax=0).
The force P applied to the embedment in point x=0,y=0. P is an applied transverse load. The
plate is simply supported in 4N points
M, =(bcos(rk / (2N) + 7/ (4N)),bsin(zk / (2N) + =/ (4N)) =(X,,Y,), (b>a).
It is necessary to find the deflection of embedment W, and the contact forces of interactions

y, (&), v, (&) between embedment and plate.

Using the results of [6], we give mathematical formulation of the boundary problem described
above. Equation, governing the deflection of mid-surface of plate w(x,y) can be approximated as:

DAW(X, ) = (98(3) + (1)) = 3> 35X =X )5(y ~1,): (1)
The boundary conditions are the following:
ﬁw(—’@%o,izfs as X +y:ooo; )
axlay 1
Moreover:
w(x,0)=W,, (X <a); w(0,y)=W,, (|y|<a;); (3)
[w.@de+ [, ©)de=P, (4)

where 3(x), d(y) — Dirac delta functions.
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Using the fundamental solution of the biharmonic equation d(x, y) = (8) (x> + y?) In(ﬁjx2 +y?),
we obtain the solution of equation (1), satisfying (2).

DW(x,y) = [ ¥, (O)(x~& y)d&+ [ v, (D (x y-n)dn-

4N
_P () x—bcos(n—k+ij, y—bsin[ﬂ+ij .
AN = 2N 4N 2N 4N
Substituting (5) in (3), we obtain a system of two integral equations for w, (&) and w,(n) . Posed
problem is symmetrical relative to the variables x and y.

Therefore v, (&) =y, (&). v,(§) — is even, and eventually we come to an integral equation of
the first kind with a smooth kernel:

= [ OLKE, W, + £(), 0<x=a; ©

®)

where  L(x,&) =(x—&)° In[x =&+ (x+ &) In(x + &) + (X" +£7) In(x* + £7) ;

4N
f(X)=iZd> X—bcos(iJrij,bsin(ﬂJrij _
4N 1= 2N 4N 2N 4N

Performing the differentiation (6) three times with respect to x and introducing the notation
t=a€, t=a"x, y,(§)=y(r), we come to a singular equation

1 ¢ t\dzt
-— - |—=1f,@t), 0<t<1; 7
4nD£"’(‘)9[JT () (7)
1 1 6y 4y3 P

_ - , ) =1"(x
1-y 1+y 1+y2+(1+y2)2 - (M) 9

It is important to note that the solution of equation (7), when substituted into the left side of the
equation (6), in general, can give a function that is different from W, + f (x) on an even polynomial of

the second order A+Bx’. The necessary and sufficient conditions for the equality to zero of this
polynomial will be equalities

1 f ) 18 "

where g(y)=

The first is obtained by substituting of x=0 into (6). The second — by double differentiation of
(d? /dx*) (6) with respect to x and subsequent substituting x =0 into result. To satisfy (8), we should
be seeking w(t) in such class of functions in which the homogeneous equation, corresponding (7),
has two linearly independent solutions. As will show below, it is necessary to search y(t) in class of

functions with non-integrable singularity at the pointt=1, and the corresponding integrals are
understood in regularized sense [14].
We extend the definition of right-hand side of equation (7) asl<t<oo, using the unknown

function f_(t). Introducing the notation

(] B0 st (o[ v, 0<x<)
70, s<t<w), 770, dst<w),

let rewrite (7) in the form
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j\y (r)g( j—— f@)+f(0)), (0<t<o). 9)

We applying Mellin transform to the (9)
[f.0.w )] =f[fi (), w_OIt*dt=[F*(p),"¥ (p)], p=3+ir,

RAORTAC B j [F*(p), ¥ (Pt "dp, (0<t <cc).

Then we calculate M[g]=G(p) using the formula 3.241 [15]. As a result, we have the Riemann

problem
Y (p)G(p)=F (p)+F"(p), ~o<Imp<co, (10)

where G(p) =—rctg7t—p 1—'0—_2 , (max(a,,0)<Rep=oc<1).
2 TP
sin——
2
o is determined by the asymptotic behavior of function y_(t)=0(t™*) ast—0
Problem (10) is solved by the factorization method [16] with the use of representations

), 1
o e 2 ) T2 ),
g™ =T (BT (p), T () nr( pj,T(p) o)

2
=2 k(K (P K (P =0 f '”(K(S”dJ
i s—p

K(p)=1-

sin— oien
G(p)=G"(p)G (p), Gi(p)=T*(p)Ki(p)'
H(P) = ) < (p) ~H (p), H*(P)= - H(s)s
(p) 2ni 2 s—p
As a result, (10) is transformed into
Y (PG (p)+H (p)=F"(p)/G"(p)+H (p)=Q(p) (11)

To obtain two constants satisfying the conditions (8), it is necessary to have Q(p)=c, +c,p

Results. Thus, exact solutions of equations (7) and (6) have the next form
G+|00 p
¥(®)=21D [ (6 +ep—H (P) 5= db. (12)

G—io

where Y, (&) = \V(éail) = 2ﬂ:D[Co(po (E.a) +C0, (i) + Q. (E.a)] ;
i e
0, (8) = )5 dp;

L
7.0 JG (p)

dp;
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- o+iw

I b N 5
0.(8) = nGLH (g

Here the constants c,,c,,W, are found from the equations (8) and (4):
¢, [0, (E)E* In[g] d + ¢, [, (B)E° In[E|d& + [ 0. ()5 In[E|dE =W, + £ (0);
0 0 0

G, 9 (@In[e]+ e+ [0, @nfel+ Dz + [9.(2) nfe+ e =2,

e, 0, @0 +6, [, @0e + [ 0.0z =

Conclusions. Mathematical formulation of the boundary value problem is done. An integral
equation for stress-strain analysis of thin supported elastic plate with rigid cross-shaped embedment is
obtained. The exact solution of this boundary value problem is obtained by reduction to the Riemann
problem and by its subsequent solution.

The behavior of the function v, (&) when & —a—0 (defined by the asymptotic behavior ¥~ (p)
at |p|—>) s of great interest. Since p[G(p)]* =O(p“?) then, according to [17]

v, (&) =0((a—-&)™*?), i.e., the contact forces have a non-integrable singularity at the ends of the cross-
shaped embedment. This singularity coincides with the result in [9].
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INTERACTION OF WEAK SHOCK WAVES WITH
RECTANGULAR MESHES IN PLATE

O.A. Mixyniu, B.1. Illea6 ox. B3aemopisi ¢1a0KUX yIapHHX XBIWIb 3 HPSIMOKYTHHMH OTBOPaMH y IUIACTHHII. Y MammHOOymy-
BaHHI, OY/IBHUIITBI Ta iHIIMX Tally3siX BHPOOHWITBA 3HAYHA YAaCTHHA IPOIECIB BKIJIOYAE B ceOe HASBHICTh Pi3HOMAHITHMUX JAMHAMIYHHX
HABAHTAXCHb, OOYMOBICHNX TEXHOJIOTTYHUMH | MEXaHIYHIMH BIUIMBaMU. BpaxyBaHHS BIUIMBIB TAKMX HABAaHTAKEHb A€ MOXIIHBICTH TOY-
Hillle OLIHUTHU MIIHICTh €IEMEHTIB KOHCTPYKLIH uM aetanell MamuH. Mema: MeTolo poGOTH € po3podKa alropuTMy PO3paxyHKY AHHAMIY-
HOTO HAMpYyXXCHOTO CTaHy IUIACTHHOK 3 OTBOPAMH 3a [ii IMITyJbCHOrO HAaBaHTAKEHHs y BUIIAL c1abkol yaapHoi xswii. Mamepianu i
Memoou: J{ys po3B’si3aHHs 33/aui BUKOPHCTAHO iHTerpajbHe Ta JUCKpeTHe mepeTBopeHHst Pyp’e. 3actocyBanHs meperBopenns Pyp’e 3a
YacoM J1aJl0 MOKJIMBICTH 3BECTH JHHAMIUHY 3ajady IUIOCKOTO Ne)OpMyBaHHS O PO3B’SI3aHHS CKiHUCHHOI KIIBKOCTI 3aJa4 Ha ycTaleHi
KOJMBaHHs TpH (HIKCOBAHMX 3HAUCHHSX MMKITIYHHX 4acTOT. Y ob6nacti Dyp’e-300pakeHb I TOCIIHKEHHS AXHAMIYHOI KOHICHTpAIIT
HAaIpy>XeHb BUKOPUCTAHO METOJ TPaHUYHHX iHTErpalbHUX PIBHSHS 1 amapat Teopii QyHKIT koMIITeKkcHO1 3MiHHOI. Pezynsmamu: Ha ocHOBI
PO3pO06IEHOT METOMKHU JOCIIKEHO 3MiHY PO3MOiNY AUHAMIYHHX KiTbLIEBUX HAMPYKEHb 3 YaCOM HAa MEXi MPSIMOKYTHOTO oTBOpY. [100y-
JIOBaHO YacOBi 3pi3H MOJIB PO3MOIITY HaNpy KeHb 3a Jil IMITYJIbCHOTO JUHAMIYHOTO HaBaHTa)KEHHSI.

Knrouosi cnosa: niacTHHKa, HATIPY)KEHUIT CTaH, HECTAI[lOHAPHA 3a/1a4a.

O.A. Mikulich, V.1. Shvab’yuk. Interaction of weak shock waves with rectangular meshes in plate. In mechanical engineering,
building and other industries a significant part of the process includes the presence of various dynamic loads due to technological and
mechanical impacts. Consideration of such load effects allows more accurate assessment of the structural elements strength or machine parts.
Aim: The aim is to develop an algorithm for calculating of dynamic stress state of plates with meshes for pulse loading in the form of a weak
shock wave. Materials and Methods: An integral and discrete Fourier transform were used to solve the problem. An application of Fourier
transform by time allowed reducing the dynamic problem of flat deformation to the solution of a finite number of problems for the
established oscillations at fixed cyclic frequency values. In the area of Fourier-images the method of boundary integral equations and the
apparatus of a complex variable function theory are used to study the dynamic stress concentration. Results: Based on the developed
methodology the distribution change of the dynamic circle stress over time on the edge of a rectangular hole is studied. The time sections of
stress distribution fields under the influence of pulse dynamic load is constructed.

Keywords: plate, stressed state, nonstationary problem.

Introduction. In engineering, construction and other industries a significant part of the techno-
logical processes is associated with dynamic loads. Such activity can be single within the operating
cycle as a package pulses or vibration. Each of these loads types can be of shock nature.

Obviously, for the actions of such stresses, especially impulse, stress concentration significantly
differs from those occurring under conditions of quasi-static deformation. Research of dynamic
problems for bodies with meshes was based on Laplace transform. In [1] using the method in the area
of images of series the distribution of dynamic stresses in the plate with rectangular meshes from the
effects of the shock load applied to the border was investigated. In [2, 3] solving the problem is
reduced to the singular and regular integral equations.

In [4, 5] solving of dynamic problems in the case of antiplain deformation is performed by finite
differences method by time.

In [6, 7] to study the dynamic stress state of plates with stress concentrators at antiplain strain the
Fourier transform is used.

In [8] the technique of research of dynamic stressed state of plates with meshes at the steady -state
oscillations is developed. This technique is based on joint use of boundary integral equations method
and the apparatus of the complex variable theory. The numerical realization of the offered technique
was made on the basis of a method of mechanical quadratures and collocation. Such approach was
efficient when calculating of dynamic stress concentration in the plates weakened by meshes of the
irregular shape.

DOI 10.15276/0pu.2.49.2016.15
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AXo The aim is to develop an algorithm for calculating of dynamic stress

- state of plates with meshes for pulse loading in the form of a weak shock

fL, & - wave. This algorithm should be based on boundary integral equations method
X and apparatus of the complex variable theory.

Materials and methods. Let us consider an infinite isotropic elastic

plate, weakened by a hole of any form (fig. 1). We will designate by D the

Fig. 1. Scheme area which is occupied by a plate. Let L — its limiting contour. We will carry

of loading of aplate  an g|astic plate to the Cartesian system of coordinates Ox;x, which we will

place in its gravity center.
According to [3], the equation of the movement of an isotropic plate in movements is written as:

du,
atZ ! (1)
where u(x,t) ={u;(x,t)}, j =1, 2 — vector of arbitrary point movement x ={x;, X,};

C = Qf(k +u)/p, c,=+/u/ p — speed expansion and shear of waves respectively;

A, . — Lame constants;
b={b,} — vector of mass forces;

(Clz - sz)ui 7jj —C

U +b, =

29 jii

()., means for differentiation x;;

t — time.
Using Fourier transform [9] to an equation (1) for the time variable t

f(x, o) = j f(x, e dt, f(x t)= 2—1nj f(x, e do (2)

gets equation:

Ly —Cal +b, + 0’0, =0, (3)

(¢l -¢;)a
which is equivalent to the equation steady-state oscillations with cyclic frequency o [3]. The use of
Fourier integral transform gives the opportunity to conduct research in the field of images, thereby
isolate the effect of the time factor.

Research of dynamic stress state we will conduct in case when plane shock wave waves to the

mesh in the plate, that is similarly to [10] defined by the potential:

f(x/a—ct/a),t>0
ox t):{tpo (x/a-ct/a)

0 <0 v(x, ) =0, (4)

where ¢ — constant;
a — characteristic size.
Applying to the presentation (4) the integral Fourier transform (2), we get:

P(x,0) =g,af (walc )e ™ /¢, = (@)e™  y(x, w)=0, 5)
Whel’e ([:')0 (0)) = (I)OCE f(wc_aj , f(())) — I f (,C)e—imrd’E )

1 1
Boundary conditions of the problem in the field of Fourier-images we will write as [3]:

=1(X, o). (6)

For the case of the first main problem the potential image of general solution for displacements
we will choose as [10]:

6n|L =6(X, o), %Sn|L
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. (x, m)=jpj(x°,m)-u;(x, x°, o) ds, (7

where  p1, p» — unknown complex potential functions;
L — border of plate area.

Integration along the border is held by the variables x7, x7, and the x° ={x’, x’}. Expressions for
images of functions U are chosen accounting the Sommerfeld conditions [10] as [3]:

. 1
Uijzﬂ(\v'sij_x'rj'r,j)v (8)

where vy =K, (k, r)+k1 {K(k) 2Kl(klr)j x =K, (K,r)- sz K,(k,r);

2 1

io

k, =—, j =12 — wave number;
C.

j

K, (r), m=0,1, 2 — modified Bessel functions of the third kind (or Macdonald functions);

r= \/(X1 —x2)* +(x, —x2)* — distance.
Satisfying the boundary conditions (6), we determine the unknown function on border py, pa,
calculating the stresses in the plate by formulas [10]:

5. = O 10, +£ 2| Ou +0, tio, |+e 010, i, ||;
2 2 2 2
~ i( ,u(0,+0, . i Gy +O,, .
T, :E(ez' (—“ 5 2 —Iclzj—e & [—“ 5 2 +I612D,

where o — the angle between the normal line 7z the plate and the axis Ox;.
Substituting dependences (7) taking into account the expressions for functions of influence (8) in
formulas (9), we will obtain a representation like:

6n ZI fl(Z, @)qdﬁ,&j fz(Z, E_,)ng, ‘fsn :J.gl(Z' i)qd§+.[gz(z’ (tj)ng , (10)

(9)

where q=i-p-ds/d& — unknown complex functions;

E=X+iX), Z=X+IX,, p=Pp, +ip,;
f.,, 9,, 1=1 2 — known function containing Bessel functions of the third kind:

i dz (7-8)° 3
f,= 4W£( -B)F ( G e @GD

((z—&)F (—(Z—é)G+dZ (2= @ZGZJ];
7 ¢

- 4mur dz

1

1 (dz(z- E)ZG_dZ 6
Cdmprldz z-& 2 b

1 _ dz (z-
9,= 4nur[d—z( -€)G - Gj

F=y'—y' -2:G=y'-%, G =4_24
Von ==y =2 G == T
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The integrands f;, g,, i=1, 2 at small values of the argument are irregular. Let set their features,
using the asymptotic expressions for the Bessel functions of the third kind [12]:

2 1

K (r)=In2—In2—y+O(r’); Kl(r)=%+%£—In2+lnr+y—%)+0(r3); K,() =2 -2+0(r"),
r

where y — Euler's constant.
We obtain, that at » — 0 functions iy and y have features of type:

V=S Inr+ )+ 0(r); % =— = (L-1)+0(r?) ,KZ(&] .
2 2 c,

Besides, functions F, G,, G, have features of type:

F——X4100); G =-1 %0076, =- %1 0(r?) .
r 2r 2r

In the case of plane stressed state k = (1—v) /2, v— Poisson's ratio.
Considering the above mentioned features of integrand functions, the representation for definition
of the functions f,, g,, i=1, 2 can be written as:

flz_L[Lﬁ{(l_KE(z 5, & 1+KD + 172, 8

daul z-& 2 dz (z-§)? dzz—&

i [ x + dz 1+K z-§ LR E);

T4l z-€ 2\dzz-¢ g d 7 (7-§)* 2

1 _\dz 7- g 0z 1+x

9 =3 u(( K @ o dzz &] 9, (z &);
—_i EH_K_ _g R

% SnH(dZ 7 ¢ dz - g)2j+92 (z.8).

where the functions f*, g%, i=1, 2 are regular functions.

We apply the Sokhotski-Plemelj formula [10] at the boundary transition in dependences (10) with
consideration of the obtained representations. As a result of these changes we obtain the system of inte-
gral equations to find the unknowns at functions borderq, 7 :

Re%—lm[Al gt E( ng j(z é)qd&n jf(z a)qda+jf (2, 8)qdE=5

z-¢ dz (11)
dz d T =~
m-Re _(Az L AT a} [0 2 ade [ (2. 2)adE -
"2 dz{ L (2-8)
where A = 1+—V A= , A= 1:—\/ — the constants defined for a case of flat stressed state;
i

6,71 — known functlons that are based on representation (5);
f*, 9%, i=1 2 — known regular functions.
Obtained system of integral equations (11) we solve numerically, using method of mechanical

quadratures and collocation [12]. For integrals with Cauchy type feature we apply the clarified
quadrature formulas [12]. We obtain a system of linear algebraic equations of the form:
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+0, % N qg
u+§ f.(z., &m)qngn+§ f,(z,, &,)8,0 =Dy;
(12)

qs +Zgl(zs,é )9, +Zg (2., €,)3,0, = D,.;

h 21
Where gn:g((pn ’Zs:g((ps)’ (pnzhn’ (psz(Pn-’_E’h:W’

g(p) — parametric boundary setting L;

(Dls = 6((Ps)’(I)Zs = ;E((Ps) !
N —number of nodal points.
The calculation of circular stresses in plate held numerically based on dependencies obtained
from the formulas [10] by allocating irregular components and use of Sokhotski-Plemelj formula at the
boundary transition:

5,=vRe] lm{ﬁaf - jﬁ[/&jq“ a4 B+jyf(z,a)qd&+jyf(z,a)qdé; 13)

where y*(z, £), v, (z, &) — functions that do not have features.

Definition of originals of obtained on the basis of formulas (13) stresses was conducted using
inverse Fourier transform [9] according to dependences:

Ge(X, t)ZZ—J;CI&e(X, ('O)ei(md(,o, (14)

which at numerical calculation of circular stresses can be implemented based on the discrete Fourier
transform, which proved its effectiveness at researches of the dynamic stress condition at antiplane
strain [6].

Results. Based on the proposed algorithm will explore the dynamic stress concentration in plate
weakened by rectangular mesh with aspect ratio of 3.2. To describe the border of the plate mesh we use
the presentation as a series used in the conformal reflection of a circle of radius a to given region [13]:

eixp e3i¢ 3e5i¢ 3e7iq) 5e9i¢ 57e11i¢ j
+ +.o |

—ale4———— = _ +
9(e) ( 2 8 80 896 768 11264

limiting the number of 11 members.
Numerical calculations we will perform for case of modulation of pulse by time in the form of a
weak shock wave [6,7]:

f(t)=pst™e™, t>0,n >0,

where f (®) = p.(n.)(c. +io) ™.
In the calculations such values are taken, similar to [6, 7], p.=185n=2; o, =10; a=1.
Research carried out for the interval of dimensionless time parameter T €[0, 8a/c,] .

As calculated by the formula (14) values of circular stresses o images in general are complex,
then Fig. 1 shows the dependence of the changes over time of real and imaginary values of dynamic

circular stresses: o; =Re(o,), o, =Im(c,) , calculated at 4 point of a border. The calculation results
shown in Figure 1 were made at a value of Poisson's ratio v = 0.3 and N = 300 of nodal points on the

border of the plate.
Based on Fig. 1 it can be analyzed the distribution of weak shock waves in the plate, that come to

the mesh border with time. Increasing of the values of dynamic stresses components o; andc, , that
starts from 7'=0.22a/c,, corresponds to “coming” to “end” of mesh of disturbing impact (X, t).
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Further growth of stresses in the plate is associated with the spreading of reflected and rereflected
pulses from the edges of the mesh. Fig. 1 shows that the intensity of the shock wave rapidly decreases
at reflection from the borders of the mesh. The main influence on the dynamic plastic stress state has
the main wave and the first reflected wave from the right border.

max

O
c700 / o WY
1:71g§;j§'£\=:7—qui — R
0.2 ,
/ o
-0.4

0.6 / \G:
oo .

0" X
-0.8 V
-1 ]
1 2 3 4 5 6 7T T—
C, 270
Fig. 1. Distribution of dynamic stresses in the plate Fig. 2. Dynamic stresses
with a rectangular mesh distribution at the border

of a circular mesh over time

For a detailed study of unsteady process at the plate over time we build time sections of dynamic
stresses distribution along the border of the mesh. The calculation results are shown in Fig. 2 for the
time interval T €[0;1.2a/c,] with step AT =0.2a/c, (curve 1...7).

Fig. 2 shows that under the influence of a weak shock wave the maximum dynamic stresses on
the border of the mesh occur in the neighborhood of point A. Further distribution of stresses in the
plate essentially depends on defragged waves from its mesh. Numerical calculations showed that the
main shock of wave loading will reach the border of the mesh and reflect from it at 7= 0.2a/c;.
Having 7 = 1.6al/c, the shock wave will reflect from the left side of the border. During the spread of
reflected waves in a plate it is seen a significant increase of dynamic stress in angular points.

Having calculated the discrete time representation for movements that are similar to the formula
(14) we can analyze a complete picture of unsteady flow wave process at the border of the mesh plate.

Conclusions. The use of integral Fourier transform over time and inverse discrete Fourier trans-
form makes it possible to reduce the dynamic problem of plane deformation to solving the finite
number of problems on steady-state oscillations at fixed values of cyclic frequencies. The advantage of
the proposed approach is the setting for the incident wave for images area as (5), which makes it pos-
sible to calculate using the formula (14) the values of circular stresses for time moments 7, [0, 77,

and not just half of them, as it does the calculations based on the discrete Fourier transform [9]. Thus
the developed approach based on the method of boundary integral equations and the theory of func-
tions of complex variables in field of Fourier-images makes it possible to calculate the time depend-
ence of dynamic stresses in bodies with meshes for the actions of impulsive dynamic loads.
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RESEARCH OF CALCIUM OXIDE HYDRATION
IN CALCIUM NITRATE SOLUTIONS

M.A. Onitinux, A.B. Illecmo3y6. Jlociinzennst npouecy rixpatanii OKCHIy KaJblil0 B PO3UHHAX KajbLiii HiTpaTy. MiHepanbHi
00puBa — Iie OIUH 3 BAXKINBHX YMHHHKIB iHTeHCH]iKamii ciTbCEKOro TOCIONapCTBa i 301IbIIEHHS KITBKOCTI IPOAYKTIB XapuyBaHHS. O06cs-
¥ BUPOOHHMIITBA i BHYTPILIHBOTO CIIO)KUBAHHS MiHEPAIbHIX JOOPUB B YKpaiHi CBIAYaTh HPO T, M0 BUKOPUCTAHHS a30THHX IOOPHUB TUIbKH
HaOIKAETHCS 10 HEOOXiAHOT HAYKOBO OOIPYHTOBAHOI KibKOCTi. OfHMM 3 HAUMOMIMPEHIMINX ITYIHHX MiHEpaIbHUX JOOPHB € KanbllieBa
cemitpa. Mema: MeToro poOOTH € JOCTIPKEHHS 1 TeOpeTHIHe OOTPYHTYBAaHHS IIPOLECIB, SIKi BiOYBAIOThCs MPU MPUTOTYBaHHI CyCHeH3iH
rigpokcuny kanbiito Ca(OH), B posunnax kanswiil Hitpary Ca(NOs),. Mamepinu i memoou: B poGoTi BUKOPHCTAHO TEXHIYHHN OKCH[
kaspLito (Heramede BanHo) JICTY b B.2.7-90-99, po3unHu KaibLieBoi cemitpu KoHUeHTpawii 15, 20, 25, 30, 35 i 40 % Ca(NOs),. Bmict
BAITHA [PU TIPUTOTYBAHHI CYCTIeH3ii y po3umHi 3MiHFOBaTH (B TIepepaxyHKy Ha OKCH Kanbito CaO) Bix 150 r/nM® 10 MaKCHMATBHO MOMITH-
Boro. Koxnnif i3 mux po34nHiB HacudyBanu npu Temmneparypi 40 °C BammHOM 0 MaKCHMalbHO MOXIHBOI KoHIeHTpanii. [IpuaatauMu s
BHKOPHCTAHHS B HACTYITHUX CKCIIEPUMEHTAX 1 B TEXHOJOTI] OTPUMAHHS KAaJbLIEBOI CETITPH BBAXKAIUCS Ti PO3YMHH (CycmeHsii), siki mpo-
TroM 12 TOAMH He BTpadanu CBOEl PyXJIHMBOCTI (TpaHcmopTabenbHOCTI). Pe3ynsmamu: Pe3ynbTaTi eKCIIEPHMEHTIB MOKa3ylOTh, IO IPH
301IbIICHH] KOHIIEHTpaNil HiTPaTy KalbIlilo Y po3uuHi B HianasoHi 15...40 % KinbKkicTh BalHa, SIKy MOXKHA BBECTHU B Liel pO3UMH Oe3 BTpaTH
HHUM TpaHCIopTabeabHOCTI, 3MeHIIyeThCs. [loaanpie 301MbIIeHHs BHIlle BKA3aHOI KITbKOCTI BalmHa B PO3YMHAX 3a3HAYEHOI KOHLICHTPALLi
IPU3BOJUTH 10 HOTO 3aryCHEHHSI, BTPaTH PyXJIMBOCTI (TpaHCIIOPTa0eIbHOCTI). Po3paxyHKH Moka3aiy, o 3a IPUCYTHOCTI KaJbI[i€BOI CeIiT-
pu poszunaHicTs Ca(OH), 3MeHIIyeThCS MPUOIU3HO HA MOPSIOK, IO MOXE MPUBECTH 10 (HOpMyBaHHS Ha IOBEpXHI OKkcHAy Kaibliro CaO
tBeproi ¢pazu Ca(OH),, sika TakoXK MOXKE YTBOPIOBATH BOTHEBI 3B’SI3KH 3 KOMIIOHEHTaMH pO3uiHY. OCKiTbKH HMOBIPHICTh YTBOPEHHS B
PO34YHHI BOJHEBHX 3B’SI3KiB BEIIHKa, TO iCHYE MOXIIMBICTh YyTBOPEHHS KIJIACTEPIB.

Kntouosi cnosa: xanbIiii HITPAT, BAIHO, TipaTallist, KOHIIEHTpPALis, CyCIeH3is.

M.A. Oliynyk, A.B. Shestozub. Research of calcium oxide hydration in calcium nitrate solutions. Mineral fertilizers are one of the
important factors of agriculture intensification and increasing of food products quantity. The volume of fertilizers production and its
domestic consumption in Ukraine indicate that nitrogen fertilizer using only comes nearer to the required number of science-based. One of
the most widespread artificial fertilizers is the calcium nitrate. Aim: The aim is to study and theoretically substantiate the processes occurring
in the preparation of suspensions of calcium hydroxide Ca(OH), in solution of calcium nitrate Ca(NO3),. Materials and Methods: The tech-
nical calcium oxide (quicklime) DSTU BV.2.7-90-99, solutions of calcium nitrate of 15, 20, 25, 30, 35 and 40 % Ca(NOs), concentrations
were used in the work. The content of lime in the preparation of a suspension in the solution changed (in terms of calcium oxide CaO) from
150 g/dm? to the maximum possible. Each of these solutions saturated at 40 °C in lime to maximum concentration. Suitable for use in these
experiments and in the technology of calcium nitrate obtaining are considered the solutions (suspensions) that within 12 hours did not lose
their mobility (transportability). Results: The experimental results show that increasing of the concentration of calcium nitrate in solution
within the range 15...40 %, the amount of lime that you can put into the solution without loss of transportability decreases. Further increasing
of lime quantity in solutions concentrations causes to its solidifying, loss of mobility (transportability). Calculations showed that in the
presence of calcium nitrate the solubility of Ca(OH); is reduced nearly by order that can lead to the formation of calcium oxide CaO the solid
phase Ca(OH), on the surface, which also can form hydrogen bonds with the components of the solution. As the probability of formation of
hydrogen bonds in solutions is high, there is a possibility of formation of clusters.

Keywords: calcium nitrate, lime, hydration, concentration, suspension.

Introduction. Mineral fertilizers are one of the important factors of agriculture intensification and
increasing of food products quantity. The volume of fertilizers production and its domestic consumption in
Ukraine indicate that nitrogen fertilizer using only comes nearer to the required number of science-based.

One of the most widespread artificial fertilizers is the calcium nitrate. It is widely used,
particularly as the basis of anti-ice mixes and corrosion inhibitors; as an additive in building mixtures;
as the components of emulsion explosives, accumulating solutions in refrigeration and others.
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The chemical industry, including the production of mineral fertilizers is the branch which
requires high material and energy expenses at a time when a major development trends now is re-
source saving. The actual is development of energy saving technologies of calcium nitrate production
containing additional nutrients, primarily through improvement of prior preparation processes of
calcium material acid treatment. Apart from entering into a ground the main nutrients (NPK), entering
the Ca-compounds increases mobile forms of calcium, increases the microbiological and enzymatic
activity of soil [1]. Using of calcium nitrate solution as a component of emulsion explosives reaches
15...30 % of the total mass [2]. Because of the wide scope of application a number of demands put
forward this product: reduction of insoluble substances, enrichment solution of calcium nitrate and
granular product with additional nutrients and reduce water absorption and caking, others.

In this regard, various approaches designed to improve the quality of calcium nitrate in solution
and in granulated form, including the approach of pure calcium obtaining [3]. Chvertka [4] proposed
decrease of suspended particles in calcium nitrate solution by flotation, and Obrestad [5] — treatment
by flocculants.

In turn, Oliynyk [6] proposed energy-saving technology of calcium nitrate obtaining while increas-
ing the concentration of lime in the initial suspension and the introduction of additional nutrients.

Note that a significant impact on quality of calcium saltpetre solution, including its contents, is
method of introducing of initial reagents [7].

In modern calcium nitrate manufacturing various types of calcium processed with aqueous
solutions of nitric acid suspended in the reaction system. When using quicklime the formation of
different intermediate calcium compounds happened that will affect the suspension, and at the critical
concentrations will lead to its thickening.

The aim is to study and theoretically substantiate the processes occurring in the preparation of
suspensions of calcium hydroxide Ca(OH), in solution of calcium nitrate Ca(NO3),.

Materials and Methods. The technical calcium oxide (quicklime) DSTU BV.2.7-90-99,
solutions of calcium nitrate of 15, 20, 25, 30, 35 and 40 % Ca(NQOs), concentrations were used in the
work. The content of lime in the preparation of a suspension in
the solution changed (in terms of calcium oxide CaO) from 150
g/dm? to the maximum possible.

Laboratory studies conducted on the installation, schemati-
cally shown in Fig. 1. Installation consists of cool reactor (work-
ing volume 1.75dm® made of stainless steel grade
12Kh18N10T, electric motor with the paddle mixer and the pos-
sibility of speed control that mounted on a tripod of electric oven
to maintain the temperature in the reactor.

The study was conducted as follows. In the reactor 2 was
loaded with 1 dm® calcium nitrate indicated above. Each of these
solutions saturated at 40 °C in lime to maximum concentration.
Suitable for use in these experiments and in the technology of
calcium nitrate obtaining are considered the solutions 3
(suspensions) that within 12 hours did not lose their mobility ‘ e
(transportability). — e

Results and Discussion. The experimental results show that
increasing of the concentration of calcium nitrate in solution  Fig. 1. Scheme of laboratory facility
within the range 15...40%, the amount of lime that you can put for the preparation of hydroxide sus-
into the solution without loss of transportability decreases. ~ Pensions: 1 —electric mixer with
Further increasing of lime quantity in solutions concentrations ~ Paddle; 2 —reactor; 3 —electric
causes to its solidifying, loss of mobility (transportability). So, ©Ven: 4 —tripod; 5 —thermometer;
for a 15 %-solution of calcium nitrate Ca(NOs3),, the maximum 6 —thermal |n.suilat|0_n; ! —grad_u-
possible concentration of lime in terms of calcium oxide is  2tedtank (t’f ”'t:'c %C(;?;S—addl-
350 g/dm®, for 20 %-solution — 320 g/dm?, for 25 %-solution — tonal padcies
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295 g/dm?®, for 30 %-solution — 275 g/dm?®, for 35 %-solution — 240 g/dm?, and for 40 %-solution —
200 g/dm?®, respectively (Fig. 2).
45
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Fig. 2. Dependence of lime concentration in the transport solution on Ca(NO3), concentration

These lime concentrations can vary from deviation +3 g/dm®. Further increasing of lime quantity
in solutions concentrations causes to its solidifying, loss of mobility (transportability). It is formed
viscous gel-like mass, which is not subject of transportation with pipelines. Experimentally it was
found that the dynamic viscosity of the obtained suspension shall not exceed 1.0...1.1 Pa-s. Increasing
the viscosity of the suspension leads to difficulties in pumping and transportation with pipelines, and
in some cases prevents these processes.

In subsequent studies used the 35 %-solution of calcium nitrate Ca(NO3), and determines the
degree of conversion (hydration) of calcium oxide CaO therein.

Particular importance for the stage of preparation of suspensions in experimental studies is

interaction time of reagents, which 1
determines the degree of slaking of calcium | __L _—L—ﬁ;
/0’—‘

oxide in 35 %-solution of calcium nitrate, S
/,

productivity and size of equipment. Signifi-
cant impact on the degree of conversion of
calcium oxide has the intensity of mixing. The
dependence of the degree of conversion of
calcium oxide from Reynolds criterion Re and
interaction time is shown in Fig. 3.
Thickening of suspension formed by
adding calcium oxide in calcium nitrate
solution of variable concentration is
happening with different amounts of
calcium oxide in solution. Moreover,
increasing the concentration of calcium Interaction time, min

nltra;[]e_ Iﬁ aﬂs t(r)fakdec_rease of Cal.C'uT: oxide Fig. 3. The dependence of the degree of CaO conversion on
at which the thickening suspension happen.  e'intensity of mixing and interaction time: 1 — Re = 1000;
The experimental results are shown in 2 Re =4000: 3— Re = 7000: 4 — Re = 10000:

Table 1. 5 — Re = 13000

o
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Table 1
The properties of the suspension at critical concentration of calcium oxide CaO
Components and some parameters of suspension Values
The concentration of the initial solution Ca(NO3),, % 150 | 200 | 250 | 300 | 350 40

The concentration of the initial solution Ca(NOs),, mol/dm® | 0.998 | 1.418 | 1.845 | 2.302 | 2.796 | 3.330

The density of the of the initial solution of Ca (NOs),, g/dm® [ 1119.3]1163.6 | 1211.0 [ 1259.0 | 1311.0 | 1366.0
Critical lime content expressed as CaO with thickening of
the suspension, g/dm®

350.0 | 300.0 | 295.0 | 275.0 | 243.0 | 200.0

Critical Ilmg content exgressed as CaO with thickening of 624 | 535 | 526 | 490 | 433 | 357
the suspension, mol/dm

Water mass in the initial solution of Ca(NQ3),, g 951.4 | 930.9 | 908.3 | 881.3 | 852.2 | 819.6
The mass of water required for complete hydration of CaO 1125 | 964 | 948 | 884 | 781 | 6423
to Ca(OH),, g
Water mass remaining after hydration of CaO, g 838.9 | 8345 | 8135 | 792.9 | 774.1 | 755.3

Table 1 shows that the water mass required for complete hydration of calcium oxide CaO by
the reactions

CaO + H,0 = Ca(OH), (1)
or
CaO + Ca®** +H,0 = 2CaOH" 2)

significantly less than the water mass which is present in suspension. So, impossible explain the
thickening process by water flow in accordance with reactions (1) and (2). Thus there are other pro-
cesses that are likely to occur at scheme outlined below.

lonization of calcium hydroxide Ca(OH), contained in the solution is as follows:

Ca(OH), «—2—»CaOH" + OH «“—Ca* +20H", (3)

+ - 2+ =
K, = [CaOH ]-[OH ]zl (strong alkali), K, =M=
[Ca(OH),] [CaOH]
According to the scheme the material balance of calcium compounds can be represented by
marking C as the total concentration of calcium compounds in the solution, as follows:
C =[Ca(OH),]+[CaOH"]+[Ca*].

To calculate the equilibrium concentration of [CaOH"] in solution let make use of expressions for
K, and K, taking K, = 1. Then [Ca(OH),] and [Ca*"] can be expressed via [CaOH *], and the material
balance will take the following form:

_[COHT[OHT 1oy, KulCROH'T

5-10°2.

C
K, [OH7]
Solving the equation with respect to [CaOH"], we obtain the expression
[CaOH'] K,[OH]

S  [OHPF+KJ[OH]+KK,'

where S — solubility value, which will allow calculate the relative concentration of [CaOH*] when
concentration of [OH ] changing.

Similarly equation for calculation of equilibrium concentrations of [Ca(OH),] and [Ca®'] have
been obtained

[Ca(OH),] _ [OHT
S  [OHP+K[OH]+KK,’
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[Ca”] _ KK,
S [OH P +KJ[OH]+KK,
Fig. 4 shows the distribution of forms of existence of calcium compounds from solution pH when

thickening.
As shown in Fig. 4, hydration of calcium oxide CaO is going partially according to reaction
CaO + Ca*" +H,0 = 2CaOH". (4)
JPIT— At This forms CaOH" ion in which oxygen is
0.9 | | cn W8 , in a state of unfilled orbitals that should promote
3 08 +— CaOH" /| the formation of hydrogen bonds and occur the
& 07 - —Ca(OH), clusters (Fig. 5); thus, solution become capsulate
© 06— w~—Ca* $ and as a result, suspension is thickening.
T 05 During calculations were conducted the
g 04 ] values of basicity coefficients not taken into
*g 82 ‘ account, since for large values of ionic strength
S o1 . . P 4 for a rough approximation you can accept their
0 , s B values as constant.
7 8 9 0 1 12 13 14 Solubility values S can be defined using the
PH solubility constant K, [Ca(OH),] = 5.47-10°. Cal-

Fig. 4. Distribution of forms of existence of calcium  culations are performed without considering the
compounds from solution pH upon reaching the thicken- degree of hydration of calcium oxide CaO and ac-
ing tivity coefficients, taking an extra concentration C
as the molar concentration of Ca(NOs), in solution:
Ky = [Ca®]-[OH > =5.47-10°°.
Material balance of Ca(OH), solution:

Ca(OH), « Ca®" + 20H, (5)
[OH]=2S;[Ca®]=S+C, (6)
Ksp = (S + C):(25)°. (7)

According the value of C given in Table 1, calculate the value of S, which are suitable for
determining the relative concentration of Ca(OH), using Eq. (5)...(7).

Calculations showed that in the presence of calcium nitrate the solubility of Ca(OH); is reduced near-
ly by order that can lead to the formation of calcium oxide CaO the solid phase Ca(OH), on the surface,
which also can form hydrogen bonds with the components of the solution. As the probability of formation
of hydrogen bonds in solutions is high, there is a possibility of formation of clusters (Fig. 6).

o
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Fig. 5. Formation of clusters through Fig. 6. The formation of Ca(OH), membrane and
hydrogen bonds clusters around CaO grain through hydrogen bonds
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Conclusions. A number of experiments was held aimed at research and theoretical study of processes
occurring in the preparation of suspensions of calcium hydroxide Ca(OH), in solution of calcium nitrate
Ca(NOg3),. Experimentally determined the highest possible content of lime in a solution of calcium nitrate
and the possibility of increasing the critical concentration of calcium oxide CaO for thickening of slurry.
Theoretically grounded the calcium oxide hydration process and mechanism of slurry thickening.
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FORMATION OF THE ORGANIC-INORGANIC
PROTON EXCHANGE MEMBRANE

A.O. Mauizenic, b.1. batipaunuii, I'.I". Tynecokui. ®opMyBaHHS 0PraHO-HeOPraHiyHoI NPOTOH-00MiHHOI MeMOpaHH. 3acTOCyBaHHS
€JIEKTPOITi3epiB HU3bKOTEMIIEPATYPHOTO PO3KIIaaHHs BOAH 3 TBEPJOKO HOIIMEPHOI0 MEMOPAHOIO € MEPCIEKTUBHUM UL OJIEPXKaHHS BOIHIO
3 BUKOPHMCTAaHHSIM BiJHOBIIIOBAJIEHUX JUKepen eHeprii. OfHak BHCOKa BapTiCTh MEMOPaHHMX MaTepialiB IEpelIKo/Kae MacoBOMY BIIPO-
BA/UKCHHIO TAKHUX EJIEKTPOIizepiB. Binblry 4acTuHy D0CIiKEeHb, HAIPSIMICHHX HA PO3po0Ky METOAMK (opMyBaHHS MeMOpaH, albTepHATH-
suux Nafion®, npucstaena opramiunuM Marepianam. Mema: MeToio poGOTH € Po3poOKa METOIMKH GOPMyBAHHS KOHKYPEHTOCIIPOMOYKHOL
IPOTOH-MPOBIAHOT MeMOpaHH Ha ocHOBI momniBiHinoBoro crupty (IIBC) i Heopraniunux rinpatiB. Mamepianu i memoou: Jlns onepikaHHs
MeMOpanu y 2...10 %-uii pozuns [1BC noxaBanu rixparoBaHuid OKCH 0JIOBa, HEPEMIIIyBalIH i OMIAPOBO HAHOCHIIN Ha iIHEPTHY OCHOBY, BiJ
SKOI TOTOBY MEeMOpaHy y IOJANIbIIOMY BiJOKpeMiIIoBaiH. J{yis MOKpaleHHs 1 MeXaHiYHHUX BJIACTHBOCTEH BUKOPHCTOBYBAIIM apMyIOUy CIiTKY.
T'igpaToBaHuii OKCHI OJIOBa OJEPIKYBAJIU B3aEMOJIEI0 PO3YMHIB XJIOPUIY OJIOBA 1 TiAPOKCHAY aMOHi0. Pesynrsmamu: JlocnimKeHO YMOBH
(hopMyBaHHS IPOTOH-OOMIHHOI MeMOpaHH Ha OCHOBI IOJIBIHIZIOBOTO CITHPTY i TpaTOBaHOTO OKCHIY ojoBa. OnepikaHo cepito MeMOpaH 3i
BMICTOM rifpaToBaHoro okcuay oiosa 30, 50, 70, 80 i 90 %. IlokazaHo, 110 CywinbHa MIiBKa MeMOpaHH TOBIIMHOKO HoHa 100 MKM MOXe
OyTH OTpHMaHa, SIKIIO 3MICT HOJIBIHIIOBOTO, 10 AOpiBHIOE abo mepesuirye 30 %. ITokaszano, mo HeoOXixHO npoBoauTH 3umBky IIBC y
ofepxaniii miiBLi. CTpyKTypa ofiep»aHoi IPOTOH-TIPOBiIHOT MeMOpaHu sBIisie co00t0 JaHioru [1BC, 3MuTi aabaerizioM, Mix SKUMH PO3TaIlo-
BaHi I700y/H TipaTOBaHOTO OKCHAY 0JI0Ba. [IpoBifHICTS MeMOpaHH 3a0e3Meuy€eThest SIK PYXOMICTIO TIPOTOHIB rifipokcuibHOI rpymu [1BC, Tak i
3a paxyHOK YacTKOBOI IMCOLIiallii IiJpaToBaHOro OKCH/Ty Ha MOBEPXHi T106YJ1 3 yTBOpeHHaM yrpymysanb HzO*/H,0 i OH/H,0.

Kniouosi crosa: IpoTOH-TIPOBiTHA MeMOpaHa, NOMNIBIHIJIOBUH CITUPT, IiApaTOBaHMUI OKCHI OJI0BA.

A.O. Maizelis, B.I. Bairachniy, G.G. Tul skiy. Formation of the organic-inorganic proton exchange membrane. The use of electro-
lyzers for the low-temperature water electrolysis with the solid polymer membrane is perspective for production of hydrogen using
renewable energy sources. However, the high cost of membrane materials obstructs the mass commissioning of such electrolyzers. Most of
the researches devoted to the technologies of membranes formation, alternative to Nafion®, deal only with organic materials. Aim: The aim
of this research is to develop the method for formation of the competitive proton exchange membrane based on polyvinyl alcohol (PVA) and
inorganic hydrates. Materials and Methods: The hydrated oxide of tin was added to the 2...10 % PVA solution, mixed and applied to inert
base layer by layer for formation of the membrane. Then the membrane was separated from the base. The reinforcing mesh was used to
improve mechanical properties of the membrane. The hydrated tin oxide was prepared by reaction of tin chloride and ammonium hydroxide
solutions. Results: The conditions of formation of proton-exchange membranes based on polyvinyl alcohol and hydrated oxide of tin were
investigated. The series of membranes containing 30, 50, 70, 80 and 90 % of hydrated tin oxide are obtained. It is shown that a solid
membrane film with the thickness over 100 um can be obtained if the content of PVA exceeds 30 %. It is shown that it is necessary to
crosslink the chains of PVA in the resulting film. The structure of the obtained proton exchange membrane consists of PVA chains
crosslinked by aldehyde, between which the globules of hydrated tin oxide are situated. The membrane conductivity is provided by both
proton mobility of hydroxyl group of PVA and H3;O*/H,0 and OH/H,O groups that are formed due to the partial dissociation of hydrated
oxide on the surface of the globules.

Keywords: proton exchange membrane, polyvinyl alcohol, hydrated tin oxide.

Introduction. Recently, high interest is paid to finding the ways to improve the material for
creation of hydrogen electrochemical generators with a solid polymer electrolyte. This generator
(electrochemical cell) consists of two electrodes pressed against the proton exchange membrane
(PEM), forming a membrane-electrode assembly. The distilled water serves as electrolyte.

The main chemical reaction on the anode is water oxidation that leads to formation of the
hydronium ions and oxygen:

3H,0 =% 0, + 28 + 2H;0" (E,=1.229 V).

Oxygen is removed through the gas diffusion layer of the electrode. Hydronium ions pass

through the proton exchange membrane, which is a solid electrolyte in electrochemical cell.

The main chemical reaction on the cathode is the reduction of hydronium that leads to the water
release and hydrogen evaluation:
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H30+ +e =% H,+H,0 (EO =0 V)

Thus, the overall reaction is:

H,O =H, + % O, (E, = 1.229 V).

Due to the formation of protons, the media in the electrochemical cell (which is fed by deionized
water) changes to acidic: the estimated concentration of protons at the standard load is about
1 mol-dm™, i.e. pH is 1. This fact complicates both the selection of electrode materials and membranes.

The most expensive components of the cell with a solid electrolyte are proton exchange
membrane and catalysts of electrode processes. The most used catalysts are platinum-group metals
(platinum, palladium, iridium and ruthenium) in the form of nanoscale particles and their oxides. The
most widely used solid electrolyte membrane is Nafion®. This membrane is a co-polymer of
tetrafluoroethylene and co-monomer with side chains of perfluorinated vinyl ether ending by sulfo-
group, so that proton is transferred from one sulfo-group to another one.

Among the requirements for the proton exchange membrane, that are used in water electrolysis,
are high proton conductivity, low electron conductivity, low permeability of the gases (hydrogen and
oxygen), high chemical stability in the acidic media, providing high speed electrode reactions,
mechanical strength in the dry and humid condition, minor water transport across the membrane by
diffusion and electroosmosis effects, as well as availability of materials and low production cost.

The high cost of Nafion® membranes has led to an active research for more reasonably priced
membrane compositions. The similar perfluorinated membrane called MF-4SK was created in USSR.
The number of another membranes were developed [2], but they are inferior to Nafion® membrane on
the number of important characteristics. One of the developments is membrane based on polyvinyl
alcohol (PVA) with addition of phenol-2,4-disulfonic acid [3]. PVA can conduct protons through a
inherent system of hydrogen bonds. It also has high gas impermeability, which is one of the essential
requirements for membranes (solid electrolytes) in electrochemical cells for hydrogen production and
fuel cells. Additionally, the low cost of PVA led to the interest in practical application. However, the
use of PVA is limited by its solubility in water and its insufficient proton conductivity.

On the other hand, it is known that some of the hydrated metal oxides (inorganic hydrates) of
globular structure have proton conductivity. The composition of the globules inside is close to the
metal oxide and the surface contains many high-active OH-groups and water molecules, which
provide proton conductivity [4]. For example, hydrated oxides of antimony and tin are used in sensors
for hydrogen detection as a layer of a proton-conductive electrolyte. However, these precipitates are
not mechanically stable hydrates and this prevents their use as membranes.

The aim of this research is to develop the method for formation of the competitive proton
exchange membrane based on polyvinyl alcohol (PVA) and inorganic hydrates.

Materials and Methods. The tin chloride, ammonium hydroxide, polyvinyl alcohol and sodium
sulfate (“chemically pure” qualification) were used in the work. The photographs were taken by a
hardness measuring instrument PMT-3 and digital camera Canon PowerShot A11001S. The PVA
solution with concentration of 2...10 % was prepared by dissolving PVA in the heated to 50...70 °C
distilled water during 2 hours and holding at room temperature until solution becomes clear.

The precipitate of hydrated tin oxide was obtained by the reaction between ammonium hydroxide
and tin chloride (IV) solutions. The resulting precipitate was washed until the pH of filtrate becomes
neutral. To prevent the loss of the hydrated water the prepared precipitate was stored in air at
100 % humidity.

Results and Discussion. The proton exchange membrane was formed by the method described in
[5], by “brush” method using layering of PV A solution with addition of certain amount of hydrated tin
oxide on an inert substrate. Free water was removed from each layer using heated (40...60 °C) air,
preventing its complete drying, since the loss of the hydrated water significantly reduces the
conductivity of the obtained membrane.

After applying the half of layers, the reinforcing mesh was stacked, and then the rest of the layers
were applied. The use of reinforcing mesh improves the mechanical strength of the membrane.
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The degree of swelling in hot water (50 °C) of the obtained membrane with PVA content 50 %
was 640 % after 2 hours of exposing. The higher temperatures lead to slow dissolution, due to the
solubility of PVA. To increase the heat resistance of membrane the crosslinking of PVA chains on the
surface of the membrane was performed by treatment with aldehyde in the solution containing
2...5wt. % of aldehyde, 20 wt. % of sulfuric acid and 20...25 wt. % of sodium sulphate at 60...70 °C
during 25...30 minutes. The sulfuric acid acts as a catalyst, sodium sulfate reduces swelling degree of
the membrane.

The series of membranes containing 30, 50, 70, 80 and 90 wt. % of hydrated oxide are marked as
M30, M50, M70, M80 and M90, respectively. Samples containing 30...70 % of SnO, - nH,O have a
uniform structure for both thicknesses of 100 um (Fig. 1, a, b, ¢) and 200 um (Fig. 2, a, b, ¢).

§

Fig. 1. Microphotographs
of membranes with thickness
of 100 um.: a — M30; b — M50;
C—M70; d— M80,; e — M90

With the further increase of SnO, - nH,O content (Fig. 1, d, e, Fig. 2, d, e) the disadvantage of the
PVA binder is critical for the film thickness higher than 100 pm: the cracks in the M80 membrane
sample can be seen using microscope with a 400 times magnification, cracks in M90 membrane
sample are visible with the naked eye.

The probable structure of proposed proton exchange membrane based on polyvinyl alcohol and
addition of hydrated tin oxide is shown in Fig. 3, a. The chains of polyvinyl alcohol are crosslinked by
aldehyde, which makes the polymer insoluble. There are the globular hydrated tin oxide and water
molecules between PVA chains. This leads to the partial dissociation of SnO,.xHx« producing
hydronium ion:

SnO,.iHox + Yy H,O SIlOz.;.XHZX,y Y+ yH3O+.
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Fig. 2. Microphotographs
of membranes with thickness
of 200 um: a — M30; b — M50;
C— M70; d — M80; e — M90

30mm
| e

a b

Fig. 3. Proton exchange membrane of polyvinyl alcohol and a hydrated tin oxide:
a —the structure, b —exterior membrane M50

Thus H30"/H,0 and OH /H,0 proton-containing groups are formed and the proton transfer pro-
cess occurs by Grotthuss mechanism, which consists in proton overshoot between the proton  ex-
change groups and their reorientation. Fig. 3, b shows a photograph of M50 membrane sample with
200 um thickness.

Conclusions. Thus, a method of formation of the proton exchange membrane using reasonable
materials, polyvinyl alcohol and hydrated tin oxide obtained from the tin chloride and ammonium
hydroxide is proposed.
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CALCIUM CARBONATE SYNTHESIS WITH PRESCRIBED
PROPERTIES BASED ON LIQUID WASTE
OF SODA PRODUCTION

€.0. Muxaiinosa, B.O. Ilanacenxo, H.b. Mapxosa. CUHTe3 KapOOHATY KaJbLil0 i3 3aJaHMMH BJIACTHBOCTAMH HA OCHOBI piIuH-
HHUX BiIX0iB CO10BOro BUPOOHMUTBA. [IepCIICKTHBHIM HAIIPSIMKOM y BUPILICHHI €KOJIOTTYHHX IPOOJIeM COIOBOI raysi € po3podka Maio-
BIZIXOIHUX pecypco30epirarounux TeXHOJOTIH, sIKi MOJSraloTh y nepepoOLi HiHHHX KOMIOHEHTIB BIIXO/IB 3 OJep)KaHHIM TOBapHUX MPOIYK-
TiB. Mema: MeToro poOOTH € BCTAaHOBJICHHS ONTUMAIBHAX YMOB OZiepXKaHHs KapOOHATy Kajblilo i3 3aJaHHUMU BIACTHBOCTSIMHU 3 PIIMHHUX
BIJIXOJIiB COIOBOTO BUPOOHUIITBA. Mamepiaau i memoou: XiMidHO OCaPKCHUI KapOOHAT KaJIBIII0 3aCTOCOBYEThCS SK HAIIOBHIOBAY 1 TIOBU-
HEH MaTH MeBHi (i3uKO-XiMiuHi BracTUBOCTI. [ ofep kaHHs IPOAYKTY HEOOXITHOT SKOCTI MPOIIEC OCaKEHHs KapOOHATY KaJbL{iI0 TPOBO-
JIAJIM 3 TUCTHIIEPHOL PIAKHY, IO € BIXOJOM BHPOOHMIITBA KATBIIHOBAHOI COM 1 MICTHTh 3HAYHY KiNBKICTh 10HIB KaJIbLif0, i HATHIIKOBO-
IO MaTOYHOT'O PO3YHHY BUPOOHHIITBA OUHINCHOTO TiIpoKkapOOHaTy HATPiIo, 10 CKIIaIy SIKOTO BXOAATH KapOOHATHI Ta TiIpoKapOOHATHI i0HH.
Pesynvmamu: BcTaHOBIICHO 3a7I€KHICTh HACHITHOT T'YCTHHH 1 TUTOMOI TIOBEPXHI OCa/IiB KapOOHATY KAIBIIIO 1 CTYIEeHs HOro OcaKeHHs Bif
TaKHX TEXHOJOTIYHUX MapaMeTpiB: Croco0y 3MIIIyBaHHS BHXiJHUX PO3UHHIB, KOHLIEHTPALT i MOJFHOTO CIiBBiHOIICHHS PEAreHTiB, TEMIIe-
parypu i 4acy mpoTikaHHs peakiii. Bucnoéxku: BU3Ha4€HO ONTHMAIBHUI PEXUM IIPOLECY OCA/UKEHHS 1 PO3POOJICHO MPHHIKIIOBY CXEMY
BUPOOHHIITBA KapOOHATY KAILIIO, SIKICTh SIKOTO BiMOBIA€ Cy4aCHUM BUMOTaM LIO0 BHCOKOI AUCIIEPCHOCTI, HU3bKOI HACUITHOI TYCTHHH 1
PO3BHHEHOI TUTOMOI TIOBEPXHI IPOAYKTY.

Kniouosi kapOOHAT KaJbLIiI0, XIMIYHE OCAJKEHHS, BIZIXOIM COJIOBOTO BUPOOHMIITBA

E.O. Mikhailova, V.O. Panasenko, N.B. Markova. Calcium carbonate synthesis with prescribed properties based on liquid waste
of soda production. A promising direction in solving of environmental problems of soda industry is the development of low-waste resource-
saving technologies, which consist in recycling of valuable waste components with obtaining the commercial products. Aim: The aim is to
establish the optimal conditions for obtaining calcium carbonate with prescribed properties from liquid waste of soda production. Materials
and Methods: Chemically deposited calcium carbonate is used as filler and should have certain physical and chemical properties. To obtain a
product of prescribed quality the process of calcium carbonate deposition was performed of still waste liquid, that is the waste of calcium
carbonate production and contain significant amount of calcium ions, and excessive production of the purified stock solution of sodium
bicarbonate, which is composed of carbonate and hydrocarbonate ions. Results: The dependence of bulk density and specific surface area of
calcium carbonate sediments and degree of deposition from such technological parameters are established: method of mixing the stock
solutions, the concentration and molar ratio of reactants, temperature and reaction time. Conclusions: The optimal mode of deposition pro-
cess is determined and the concept of production of calcium carbonate is developed. The quality of calcium carbonate meets the modern
requirements of high dispersion, low bulk density and evolved specific surface of the product.

Keywords: calcium carbonate, chemical deposition, waste of sodium production.

Introduction. Soda production — one of the oldest in the world branches of chemical industry.
In production, trade and in life under the name soda several products meet: ash soda — a waterless
sodium carbonate Na,COjz; a purified sodium bicarbonate NaHCO3, often called as baking soda;
caustic soda or sodium hydroxide NaOH; crystal carbonate Na,CO3-10H,0 and Na,COs3-H,0.

The soda ash which use is characterized by a wide range of modern industries in which techno-
logical process she plays the main role (Fig. 1) has the greatest value for economy. The leader in its
use is the silicate industry. In chemical industry a significant amount of soda is spent in processes of
water and brines purification, for synthesis of various salts, dyes, some mineral fertilizers. In
metallurgy the sodium carbonate is applied to receive some nonferrous metals, for desulphurization of
cast iron and enrichment of uranium ores. The soda ash plays a significant role for pulp-and-paper,
petrochemical and coke-chemical branches. Besides, it is used in production of the purified sodium
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bicarbonate which, in turn, is used in food, rubber and medical industries, and also for production of
the caustic soda, irreplaceable for purification of oil and metal sodium preparation [1].

From the moment of independence of Ukraine acquisition three soda plants worked in the
territory: in Sloviansk (Donetsk region), Lysychansk (Luhansk region) and Krasnoperekopsk
(Crimea). Feature of soda production is its high need for raw materials and large tonnage of waste. So,
for production of one ton of soda ash the 1.5 t of table salt, 1.5 t of limestone, 1.7 t of conditional fuel
are spent, and 8 t of waste are formed. Therefore, such positioning of the enterprises is explained by
direct proximity to a source of raw materials, existence of the necessary territory for warehousing of
waste, and also the convenient traffic intersection. In due time, the domestic manufacturers completely
provided domestic market with necessary products of soda. Besides, domestic soda was one of the best
and competitive in the European market and occupied about 2.5% of its volume.

= Glass production

® Chemistry and petroleum
chemistry

Metalhurgy

® Pulp-and-paper mdustry

= Other mdustres

Fig. 1. Structure of soda ash consumption in Ukraine

Now need of Ukraine for soda ash is 300...350 thousand tons per year. On the place of the
Sloviansk and Lysychansk enterprises there are only industrial platforms, and supply of soda from the
Crimea to continental Ukraine became extremely unstable. Therefore, the domestic consumers who
are using soda as raw materials are forced to import it from other countries.

In the emerged situation expedient and, the main thing, economically reasonable becomes
creation in Ukraine of new production of soda ash. Dovgaliuk [2], the director of the state institute of
NIOCHIM (Kharkiv), considers that the optimum place for placement of the soda enterprise is the
platform of the former plant in Sloviansk. The reason of such choice consists in that unlike
Lysychansk, necessary constructions have remained here — brine extraction facility, a chalk-pit and
the sludge collector, that will allow to reduce costs of restoration of the plant.

Besides positive sides of revival of soda production in Ukraine, it is impossible to forget about
ensuring ecological safety of this branch. In Ukraine, as well as in the majority of the countries of the
world, soda ash is received by ammonia method Solvay which has a high level of the technological
process organization and rather high economic efficiency. At the same time, shortcomings of this
method are low extent of use of raw materials, high power consumption and existence of significant
amount of waste in the form of liquid, solid and gaseous substances. If gas emissions contain compo-
nents within maximum permissible norms, then they are released into atmosphere. At the same time,
liquid and solid waste of production completely dumps in sludge collectors — “the white seas” which
occupy more than 300...350 hectares of the land plots in regions of arrangement of the soda plants [1, 3].

Settlers-sludge collectors not only occupy considerable land areas, but also are sources of
continuous impact on water objects and the soil. Slurry waters have high alkaline reaction of the
environment (pH value is up to 12.0) and high mineralization due to the content of soluble ions
(chlorides, sulfates, sodium, calcium, ammonium) that has high migratory ability. The arrangement of
accumulators within settlements and in regions of large waterways worsens a sanitary and hygienic
and ecological situation and threatens health of the population.

Processing of a wastage with receiving new products on its basis, which have wide application in
the national economy, allows to reduce the amount of the wastage coming to the sludge collector and
to lower anthropogenous load of soda production on the biosphere. Results of estimation of toxico-
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logical impact of slimes and liquids of soda production on various test-objects (Ceriodaphnia affinis,
Paramecium caudatum) received by Samutin [4] showed that this wastage refers to the IV class of
hazard (are low-hazard for the environment) that is justification for the possible directions of their use.

Way of solution of ecological problems of soda enterprises are various and each of them
deserves an attention and comprehensive study [5...8].

According to authors of article, the perspective direction of utilization of enterprises effluent for
production of soda is obtaining a marketable product — chemically besieged calcium carbonate which
finds wide application as an excipient for creation of various composites [9]. Production of chemically
besieged calcium carbonate in Ukraine is also absent now.

The aim of the work is to establish the optimal conditions for obtaining calcium carbonate with
prescribed properties from liquid waste of soda production.

Materials and Methods. As a part of almost all composites the excipients are widely used. They
are various on chemical composition and origin natural and the synthetic materials and are entered into
composition structures for reduction in cost or collimating of particular operational properties to them.
One of the most widespread types of excipients is a fine-grained chalk (calcium carbonate). It finds
application in production of dry structural blends, finishes, plasters, coating compositions, plastic,
rubber, paper, cable production. Calcium carbonate is received in two ways:

— by refinement of breeds and sedimentary deposits (haturally occurring or natural calcium carbonate);

— by chemical deposition (chemically besieged calcium carbonate).

Particles of natural excipients, including with high level of micronization are, as a rule,
significantly larger, than of the products obtained by deposition. They also concede on purity level,
whiteness and content of the main substance that significantly limits the field of their application.

Obtaining of product by chemical deposition allows improving the quality of excipient (Table 1).

Table 1
The main rates of chemically besieged calcium carbonate quality
Value
Rate 1% quality 2" quality
Whiteness, %, not less 93 No norm.
Containing, mas. %:
— carbonates of Ca and Mg in terms of CaCO3, not less 98.5 97
— the free alkali in terms of CaO, at most 0.03 0.05
— moisture, at most 0.5 15
— other impurities, at most 0.1 0.3
Bulk weight, g/cm”, at most 0.25 0.4
Specific surface area, m’/g, not less 6...12

Chemically besieged calcium carbonate is generally obtained by the “limy” way using calcium
hydroxide suspension carbonization by gaseous carbonic oxide (IV) [10]. However, for a number of
reasons, this method does not allow to obtain a product of necessary quality.

It is possible to receive calcium carbonate with necessary properties if to use the clear solutions
containing well soluble salts of calcium as raw materials. From this point of view the technology of
receiving besieged CaCO; based on wastage of the soda enterprises is of the considerable interest: the
still waste liquid which is formed during the obtaining of soda ash, and also the excess mother solution
obtained as a result of the cleared sodium bicarbonate manufacture process. These substances do not
find further use in the next cycles and are pumped over in settlers stores.

The qualitative composition of a wastage according to production terms of the corresponding soda
productions (Table 2) allows receiving a calcium carbonate deposit using the equations of reactions:

CaCl, + Na,CO; = CaCO3d + 2NaCl1,
CaCl, + 2NaHCO; = CaCO3!d + 2NaC1 + H,0 + CO,T.
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Table 2
Chemical composition of a wastage of soda production
The clarified still waste liquid Excess mother solutions
Composition % mas. g/dm’® Composition % mas. gldm®
CaCl, 12.90 149.77 NaHCO; 12.95 145.25
NaCl 6.01 69.78 Na,CO; 4,72 52.99
CaSO, 0.50 5.81 NaCl 0.47 5.26
MgCl, 0.21 2.44
NH; 0.0034 0.040

During an experiment the dependence of bulk weight and a specific surface area of depositions of
calcium carbonate, and also its extent of sedimentation on the following technological parameters
were studied by authors: way of mixture of initial solutions, concentration and molar ratio of reagents,
temperature and time of reaction behavior.

The research of influence of the interfusing sequence of initial solutions was conducted by adding
of the clarified still waste liquid to an excess mother solution (SWL—MS), dispensing of a mother
solution to still waste liquid (MS—SWL) and at simultaneous interfusing of initial solutions
(MSJ/SWL).

Different concentration of CaCl,, NaHCO;, Na,COj3 substances in initial solutions it was created
by their dilution at 1.25; 1.5; 1.75; 2; 2.25 times.

Dependence of the product quality on the molar charge ratio was established by creation of
stoichiometric excess of one reagent concerning another. So, in the beginning, used the surplus of ions
of Ca? equal to 1.2; 1.4; 1.6; 1.8; 2, and then — surplus of ions of HCO3 and COs~.

Deposition of calcium carbonate was carried out in the range of temperatures from 70 to 90°C.
The lower temperature bound of process was
chosen according to solubility polytherm in the ¢
Na,CO; — NaHCO; — H,0 system, and also
taking into account a possibility of future techno-
logy implementation of obtaining of chemically
besieged calcium carbonate in the conditions of
already existing productions of the corresponding
soda products.

The analysed time of reaction behavior was
from 1 to 10 minutes that corresponds to results of
the state-of-the-art review of references.

For carrying out researches the experimental
assembly (Fig. 2) was created. Deposition of CaCO3
was carried out in the reactor-precipitator 3, where
in the given temperature mode the initial solutions
entering from tanks 1 and 2 mixed up at continuous
hashing of a reaction mixture (Re=16000,
500 rpm). Dispensing of reagents was controlled
using flowmeters 7. The obtained deposit was
filtered by a vacuum filter 4 from a mother solution,
in the same place was washed using hot distilled
water from chlorine ions, and then dried up at a Fig. 2. Scheme of the experimental assembly:
temperature of 105...110 °C in a drying chamber up 1, 2 —temperature-controlled collections of initial
to the constant weight. Further, the qualitative and solutions; 3 —temperature-controlled reactor-
quantitative analysis of obtained filtrate and  precipitant; 4 —vacuum filter; 5 —tachometer;
deposition of calcium carbonate was carried out. 6 —mercurial thermometer; 7 —flowmeter
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Results. The analysis of the experimental data of dependence of calcium carbonate properties on
concentration of reagents showed that a dilution of initial solutions leads to receiving of CaCO3;
depositions with high bulk weight and undeveloped specific surface area. It is possible to reach
increase in concentration of solutions by evaporation that demands the considerable energy cost.
Therefore, the solution of use of initial solutions with concentration with which they are formed in the
corresponding productions is optimum.

During researches it was established that the molar charge ratio slightly influences on quality of
the received calcium carbonate. Besides, the amounts of an excess mother solution which are formed
in production of the cleared sodium bicarbonate it is, much less, than it is necessary for complete
utilization of the corresponding amounts of the clarified still waste liquid of soda ash production.
Thus, it is possible to receive a product with necessary physical and chemical properties in the
conditions of a stoichiometric relationship of initial reagents that will allow using more rationally the
corresponding wastage as raw materials.

Researches results of bulk weight dependence of calcium carbonate from a way of mixture of
initial solutions showed (Fig. 3) that for receiving of deposit with bulk weight at least 0.4 g/cm?,
simultaneous adding of reagents to the reactor precipitant is the most acceptable. Other consequence of
solutions interfusing leads to increase in bulk weight. Also it was established that in the conditions of
elevated temperatures the calcium carbonate deposit with smaller value of bulk weight is formed.
Increase in time of a precipitation process, on the contrary, promotes receiving a product with higher
rate of bulk weight.
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Researches of temperature effect and time of precipitation process in the conditions of simulta-
neous interfusing of initial solutions on a specific surface area of exemplars of calcium carbonate
showed the exacting nature of the obtained dependences (Fig. 4).

It can be explained with the fact that at the beginning of precipitation process a large number of
shallow particles of calcium carbonate is formed that it leads increase of a specific surface area. And, the
process temperature is higher, the quicker there is an achievement of the maximal value. By results of the
experimental data it is possible to draw a conclusion that it is possible to obtain calcium carbonate with
necessary value of specific surface area at any temperature, however time of precipitation process should
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not exceed 5 minutes. It was established that in all area of the studied temperatures the functions of specific
surface area curves have an extremum (point of a global maximum).

One of the key technological parameters influencing on effectiveness of raw materials use is
extent of its sedimentation. The dependence of sedimentation extent of calcium ions on time and
temperature of process at simultaneous mixture of still waste liquid with excess mother solution
(Fig. 5) is established by authors during the experiment. Results of researches demonstrate increase in
the given rate at increase of (behavior) process temperature that it is possible to explain with decrease
of calcium carbonate solubility in these conditions. It is known that sodium chloride in which solution
there is a sludging, increases solubility of calcium carbonate. However, according to the equation of
“salt” effect it is established, that both in clear solvent (water), and in sodium chloride solution
solubility of calcium carbonate decreases with increase of temperature.
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(1—50°C,2—70°C,3—90 °C) (1—90°C, 2 —70 °C, 3—50 °C)

Conclusions. By results of the conducted researches the optimum process conditions of calcium
carbonate deposition is defined. It is established that to receive the product meeting requirements to
this excipient it is possible at simultaneous interfusing of the clarified still waste liquid and an excess
mother solution in the conditions of a stoichiometric ratio of reactants at a temperature of 80...85 °C
within no more than 3 minutes. In this case bulk weight of a product will make at least 0.24 g/cm?, its
specific surface area— not less than 23 m?/g, and extent of sedimentation — not less than 96.5 %.

Authors also developed the concept scheme of chemically besieged calcium carbonate production
which provides predefining of still waste liquid from solids, interfusing of initial solutions in the given
technological mode, filtration and washing of the obtained deposit till complete removal of chlorine
ions, and then drying, crushing, sieving and casing of a finished stock. The offered way gives the
possibility to obtain no more than 5 thousand tons of synthetic calcium carbonate a year that it is not
enough for requirements of domestic market of Ukraine. The outputs are limited to the actual number
of the waste which is formed in production of the cleared sodium bicarbonate. To increase the
efficiency of technology of Mikhaylova, etc. [11] it was offered to use solution of soda ash as
precipitant instead of mother solutions or along with them.

Thus, the offered way of receiving chemically besieged calcium carbonate based on effluent of
soda production promotes not only utilization of valuable components of this waste and decrease of
dumping of highly mineralized solutions into sludge collectors, but also receiving the qualitative
product which have found wide application in various industries which consumption steadily increases
over the last few years.
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