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ESTIMATION OF LOAD CAPACITY OF ADHESIVE JOINTS
FOR TRANSPORT ENGINEERING

OILIEHKA HAT'PY30YHOI CITOCOBHOCTU KJIEEBBIX COEJIMHEHUIA
JJI1 TPAHCIIOPTHOI'O MAIIIMHOCTPOEHU A

Prof., Dr.Sc.(Eng.) Koryagin S.1., Assoc. Prof., Dr.Sc.(Eng.) Sharkov O.V., Assoc. Prof., Dr.(Eng.) Buylov S.V.,
Prof., Dr.Sc.(Eng.) Velikanov N.L., graduate Kulakov A.S.
Immanuel Kant Baltic Federal University — Russia, Kaliningrad

skoryagin@kantiana.ru, osharkov@kantiana.ru,

Abstract: Adhesive joints are widely applied in transport engineering. Crack resistance is an important parameter determining the load
capacity and durability of adhesive joints. The calculation-experimental method, which allows to raise the accuracy and reliability of an
estimation of the crack resistance of the adhesive compositions is proposed. The proposed method can be implemented using a test station
that ensures the loading of double cantilever glued beams by equal and oppositely directed moments. The mathematical model for
determining the value of crack advancing energy, includes only one independent parameter (the bending moment) was obtained. It is
established that change of geometrical parameters of the proposed experimental models slightly effects (less than 3.5 %) on value of crack

advancing energy.

Keywords: ADHESIVE JOINT, LOAD CAPACITY, TRANSPORT ENGINEERING, ADHESIVE JOINT, CRACK RESISTANCE,

CRACK ADVANCING ENERGY, ADHESIVE COMPOSITION

1. Beeoenue

B Hacrosee Bpems KieeBble COSJUHEHHUs HAXOAAT IIMPOKOE
NpUMEHEeHHe B TPAHCIOPTHOM MAIIMHOCTPOSHUM MM CHUXKEHMS
Macco-rabapuTHBIX ~XapaKTEPHCTHK, YBEIUYEHUs] Harpy304HON

CITOCOGHOCTH, repMeTH3aIHH, BOCCTAQHOBJICHHUSI
paboTOCIIOCOOHOCTH, a TAKXKE ralleHue nryma u Buoparmu [1-14].
IIpoBeneHHbIC psiiom KOMITaHHH HCCIIeIOBAHUS

MOJTBEPKIAIOT, YTO HPHMEHEHNE KIICEBBIX COSIMHCHUH IT03BOJISIET
B 2.0...2.5 pa3za CHU3UTH TPYJOEMKOCTh COOPKH W YMEHBIIHUTh
MaTepUaTOeMKOCTh KOHCTPYKIMH g0 10% 1o cpaBHeHHIO C
KJIENKO# 1 cBapkoii [11].

Hampumep cknenBaHue CEKLUI METaNIMYECKMX Ky30BOB €llE
HE HAaNUIO0 IIUPOKOTO MHPHUMEHEHMS, TOTJa KaK IUIaCTMAacCOBBIE
Ky30Ba MallliH MHOTHX MapoOK COEJUHSIOT CKJICHBaHHEM. B cBs3u
9THM pa3pabOTKa HOBBIX KJICEBBIX KOMIIO3HIMH C YIyYIICHHBIMH
9KCIUTyaTallMOHHBIMH CBOWCTBaMH IIPEJCTAaBISIET OMpeEJeTICHHBIH
npaktideckuit  wHTepec [12]. Kak  mnpaBmigo, OCHOBHBIM
MOKa3aTeNneM,  XapaKTepH3yIOIIUM,  IPUTOJHOCTh  KIIEEBOTO
COCIMHEHNS] TIPH OJKCIUTyaTallMW SABIAETCS €ro Harpy3odHas
CITIOCOOHOCTb.

Harpy3ounass cmocOOHOCTE  KOHCTPYKI[HOHHBIX  KIJIEEBBIX
COCJIMHEHUH ONpenensercss He CTOJNILKO COOCTBEHHON IPOYHOCTHIO
KJIEeBBIX ~ KOMIO3WIMIL, CKOJBKO  BO3HMKAamOmIeH B  HHX
KOHIIGHTpaLMell HampshKeHWH, 3a cd4eT oOpa3oBaHUs B IIpoliecce
CKJICHBAHMSl TEXHOJOTMYECKUX Je(EeKTOB: IIyCTOT, HHOPOIHBIX
BKJIIOUEHMIA; 00JacTeil ¢ OTCYTCTBUEM WM Claboil aare3MoHHON
CBSI3BIO.

IIpu 3TOM B KJIeeBoii croe (1Be) HaOIOmaeTCss HEOTHOPOIHOE
HaNpsDKEHHOE COCTOSIHME, O0Opasyrolieecs B CIEACTBUH Pa3lIHIHs
NPOYHOCTHBIX ~ XapaKTEPUCTHK  KJIEEBBIX  KOMIIO3MIMH U
coeMHseMBbIX MaTepuanoB. Okpyxaromas cpeia JOMOJIHUTENEHO

OKa3blBaCT HEPaBHOMEpPHOE pasymnpouHsmollee JAeHCTBUE Ha
KJIEeBOM CIIOH.

OpHOM W3 BaXHEHIINX XapaKTEPHUCTHK, ONPEACIAIONINX
Harpy304Hyl0 CIIOCOOHOCTh KII€EBBIX COCIUHEHHH, SBIIETCS WX
TPEIUHOCTONKOCTS.

HecmoTpss  Ha ~ MHOTOYHCIEHHBIE  TEOPETHUYECKHE U
SKCIICpUMEHTANIbHBIE ~ PEe3YyNbTAaTHl  HCCIENAOBAHMH  KpPHUTEpHEB

OIICHKH TPEIIMHOCTUHKOCTH KJICEBBIX COEAMHEHHUH, 3TO BOIPOC
OCTaeTCsl HE MOJHOCTHIO HCCleqoBaHHbIM [3, 15-27].

TaK MHOI'HUC l'lO.]'Iy‘leHHbIe peSyHbTaTbI SIBJIAKOTCS
HeCpaBHI/IMbIMI/I, a HeKOTOpre He)lOCTOBeprIMI/I n3-3a
HEKOPPEKTHOTO IUIAHUPOBAHUS JKCIEPUMEHTOB, TaK KaK MOTYT
BKITIOYaTh B ce0sl BEJIMYMHBI, KOTOPhIE HE 00s3aTENFHO SBISIOTCS
HEe3aBUCUMBIMH. B pe3ynbTare 3TOT0 BeNMYMHA, XapaKTepH3YIOIas
paboty, 3aTpaunBacMyrd Ha Je(OpPMHPOBaHHE COOCTBEHHO
CKJICMBAEMBIX JETAaJICH, MOXKET SIBISTHCS MPE00Iaaatonei.

JUist OLIEHKH TPEIMHOCTOMKOCTH KIIEEBBIX COSANHEHHI MOXHO
HCTIOJIE30BaTh HECKOJIEKO KPHUTEPHUEB: k03 GuIHEeHT
HMHTEHCUBHOCTH HaNpsDKCHHIT; KOA()OHUIUEHT PacKpBITHS TPELIHHBI
WK YISIbHYIO SHEPTHIO MPOJIBHKEHHS TperrHbl [28-31].

Onenka TPEIUHOCTONKOCTH c UCTIOIb30BAHHEM
KO3 (HUIMEHTOB HHTEHCHUBHOCTH HANpPSHKEHUH M PaCKPhITHA
TPEIlUHbl TpeOyeT TEOPETUUECKOTO M  IKCIEPUMEHTAILHOTO

aHaJIM3a CJIO0KHOTO HAIPSHKEHHOTO COCTOSHHS TOHKOTO CIIOS KJIes,
YTO MPEJICTaBIIET cO00IT JOCTATOYHO CIIOKHYIO 3a1ady.

IlosToMy 1mpm, OIEHKE  TPEIIMHOCTOHNKOCTH  KJICEBBIX
COCIMHEHNI OOBIYHO WCIOJIB3YIOT JHEPreTUUeCKHil KpUTepuit —
YIENbHYI0 SHEPTHIO MPOJBIKEHHS TPEIIUHBI (CHITY IIPOJBIKECHHS
TPELIMHEI).

Jlnst MOBBIIEHUS] TOYHOCTH M JOCTOBEPHOCTH OIPEIENCHUS
yIETbHON 3HEPTUH MPOJBUKEHUS TPEIIMHBI aBTOpaMu pa3paboTaHa
pacdeTHO-3KCIepUMEHTaIbHas METOAUKA.

K macrosmemy BpemeHH pa3pabOTaHO 3HAYUTENIBLHOE YHCIIO
METOJMYECKHX PEKOMEHJAalMii ¥  CTaHAapTOB [0  OLEHKE
Harpy304HOH CHOCOOHOCTH KJIGEBBIX COCAMHEHHH NPU Pa3IUIHBIX
BUJAX [PWIOKEHHUS HarpykalolluX YCWIHH, KOTOpBIE, C
OTIPEENICHHBIMU JOMYIIEHUSIMA, MOTYT OBITH NPUMEHEHBI M IS
OIICHKH HX TpeIMHOCTOKOoCTH [28-35].

B xagectBe 6a30B0ii BEIOpaHa M3BECTHAS METOUKA UCTIBITAHUS
KJIEEBOTO COEIMHEHUS! Ha TPEIIMHOCTOMKOCTH, 3aKJIFOYAIOMIAsCS B
TOM, 4YTO K JABYXKOHCOJHHOMY 00paslly IpHKIAJBIBAIOT
M3rubaroNIyro  Harpy3ky B BHJAE YCWIHMH, JEHCTBYIOIINX
HEePIEeHIUKYISIPHO KOHCONBHBIM OankaM. IIpu a3ToM perucrpupyror
M3MEHEHNE Harpy3Kd M COOTBETCTBYIOLIEe el M3MEHEHHE IIHHBI
oOpasyromieiicss B KJIEEBOM CJO€ COCOUHEHHS TpPEMIMHBI. 3aTeM
OTIPENEINSAIOT YAEIbHYIO SHEPTHIO MPOABIKEHHS TPEIIUHBI U 110 Hel
CYIIAT O Harpy304Hoit ciocobHocTH [28].

Ilpu  Takoii  mocTaBKe  OKCIEpPUMEHTa  HAOIIOAaeTCA
CYIIECTBEHHOE  BIHMSHHE JUIMHBI pacTyliedl TpelMHbl Ha
CTaOWIBHOCTh PE3YJIbTATOB HCIBITAHUH, KOTOPOE IIPHBOIHUT K
HEJJOCTaTOYHOI TOYHOCTH MOJTYYSHHBIX JaHHBIX.

2. Mamemamuueckas mooenn

TonyduM  MareMaTHYEeCKyl0  MOJEHb,  ONHCBHIBAIOLIYIO
rapameTpbl TPEIIMHOCTOUKOCTH KIIEEBOTO COCANHCHHUSL.

VI3BecTHa 3aBHCHMOCTH AJIS OMPEICNICHHUs YICIbHOW 3HEpPruu
npoasrkenus TpeumHsl [30, 31]
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rac M - I/I3I‘I/I6aIOU_II/IIjI MOMCHT; C — NOoAaTJIMBOCTb 3aJICJIKH

KOHCOJIBHBIX 6anok; D — mMprHa KOHCONBHEIX GaNoK (KIEEBOTO
COEJIMHEHNs); d — AJMHA TPELIUHBI.

B npetoxenHo# pacueTHO cxeme (puc. 1) mpH Harpy>KeHUH
M3rUOAIOIMIMI  MOMEHTAaMH  SKCIIEpUMEHTAIBHBIH  o0pasen
HAKaILIUBaeT IOTCHIMAIbHYI0 JHEPrHI0, KOTOPYKD  MOXKHO
OTIPE/IENUTS 110 3aBUCHMOCTH

U =£M2 L+ﬂ+
2 213, 2

k?a +2+(I—k)z(l—a)
2E,J, 2 2(Ed),

. (2)

rae K — xosduuuent, 3aBucsAmuil 0T XapaKTEPUCTHK MaTeEpUana
U pa3sMEpPOB KOHCOJIBHBIX 0anok; | — mivHa KOHCOJNBHBIX GaloK;

E;, E, — momynu ynpyroctn Marepuana KOHCOIBHBIX Oanok; Jq,

Jo — MOMEHTBI HHEPLMH MONEPEYHbIX CEYCHHIl KOHCOJBHBIX
Oanok; O, Op — KOOPOULUMEHTE IOJATIMBOCTH 3aJEIKH
koucosbHeix  6anok; (EJ)g — w3rubHas »ecTKOCTb eQMHHLbI

JUIMHBI SKCIEPUMEHTAIILHOT'O 06pa3ua.
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Puc. 1. Pacuemnas cxema oyeHKU mpeuuHoCcmouKocmu

Pemras coBmectHo 3aBucumocTH (1) u (2) mosryduM BhIpakeHHE
JUISL. OTIPENICIICHUS] BEIMYUHBI SHEPTUU IPOJBIDKCHUS TPCIIMHBI B
BHJIC

M1 K @-k)?
2b | By Epdp,  (BJ)g

I 3)

Boipakenne (3) momydeHO B HPEAINOTONKESHHUH ITOCTOSHCTBA
K03(OHUITMEHTOB MOJATIMBOCTH Olp = Ly = CONSt .

JUtst ompejieNnieHust YCIOBHH, IPH KOTOPBIX 3TO TIPEJIIOTIOKEHIE
BBITIOJTHACTCS, MIPOM3BEICHBI pacyeTs HaIPSKEHHO-
1eOpPMUPOBAHHOTO COCTOSIHUSL IKCIICPUMEHTAIBHBIX 00pasLoB.
[Monyuenuble pe3ynaprarbl [36, 37] mokaszamu, YTO HANPSKCHHS,
BO3HHKAIOIME B Marepuajge OajJoK M B KJICEBOH KOMIIO3MIUH Ha
paccTostHuM deThipex TommuH koucomn 4h, ymenbmarorcs o
HUYTOXKHO MaJIBIX BEJINYHH.

CremoBatensHO, [UIMHA y4acTka, B MpefelaX KOTOpOTo
HANPsHKEHHOE COCTOSIHHS, COOTBETCTBYIOIEE H3THOY OTHENbHBIX
0aloK, TEPEeXOIUT K HANPSHKEHHOMY COCTOSIHHIO — HM3rHOa
HepaspyLICHHOW 4acTh 00pa3ua He MpPEeBBILIAET YETHIPEX BBICOT

KOHCOJIBHOI Ganku |y =4h .

Takum 00pa3oM, ecny B HpoIecce MCTBITaHUS 4acTh o0Opasia
JUTMHON OoJiee YeThIpeX BBICOT OalKk He pa3pyIIeHa, TO XapakTep
pacupeneneHus HaNpsDKEHHH HE W3MEHHTCS, 4YTO 00ecCIeduT
HOCTOSIHCTBO KO3((GUIMEHTOB MOAATIMBOCTH.

CymiecTBeHHOE JOCTOMHCTBO BbIpakeHH (3) ero mpocrora, Tak
KaK  OHO  TO3BOJSET  OLECHMBATh  TPEIIMHOCTOWKOCTH  C
UCIOJIb30BAaHUEM TOJBKO OJHOIO HE3aBHCHMOIO Iapamerpa —

I/I3FI/I68.}OHICFO MOMCHTa
OKCIEPUMEHTAIIBHO.

(M), xoropsiii  ompexessieTcs

3. Okcnepumenmanvhan memoouxa

CylHOCTh  MIpeaiaraeMoil  METOAMKH  3aKJIIOYaeTcs B
ClieyIomeM. JKCIIepUMEHTaNbHBIH 00pa3sell (puc. 2) BBIIOIHSIIOT B
BUJIC IBYX KOHCOJIBHO 3aKpEIUICHHBIX Oanok 1 u 2, COeAMHEHHBIX
KIIeeBoil komnosunueii 3.

Cunel F , cozparomue n3rn6aromuii MOMEHT Ha KaxkIoi Galike,
MPUKIAIBIBAIOT C I[OMOIIBIO  CIICIHAJIBHBIX  HArPYKAFOIIHX
YCTPOKUCTB 4 | 5, coCcTOSAMMUX U3 OJIOKOB M TMOKHUX HUTed. KOHIBI
KaXJIOW M3 HUTEH COCMUHEHBI ¢ OOCHMH KOHCOJNEHBIMH OajKaMH,
BCJIEJICTBHE YETO HArpy3Ka K OaiikaM IepenacTcsi B BUJIC PaBHBIX U

MIPOTHBOIIONIOKHO ~ HANpaBleHHbIXx MomentoB M (pumc. 1).
Harpy)KeHI/Ie 3KCHepHMeHTaHBHBIX 06pa3HOB BBI3BIBACT
pa3pyuieHue KJIEEBOTI'O COCOUHCHMU, COIIPOBOKAAOIICECH
00pa30BaHHEM U POCTOM TPEIIMHBI B €0 MIIOCKOCTH.
5
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Puc. 2. Cxema ucnvimamenvHou ycmanogKu

IToBbIIEHHE TOYHOCTH B 3TOM CIydae MOCTHraeTcs 3a CUeT
CO3[]aHHs MAEHTUYHBIX YCIOBMH TpEeUIMHOOOpa30BaHUS IpU
Hapy>KEeHUH.

4, 3Kcnepumeumaﬂbnb1e pe3yibmambl

PacueTHO-dKCTIEpUMEHTANTbHASL OIICHKA XapaKTePUCTHK
TPEIIMHOCTONKOCTH KJIEEBOTO COEAMHEHHS II0 TIpeaiaraeMoi
METOJVKE  MpPOBOJNWIM €  HCHONB30BaHMEM  CHEHaIbHO
pa3paboTaHHON YKCIIEPUMEHTAIBHON YCTAHOBKH (pHC. 2).

B uccnenoBaHMAX — MCHOJIB30BANM  KJIEEBBIE KOMITO3MIMH
Heckonpkux TunoB: BAK-A; Cmopyr Ilmoc u Copyr-5M,
HPOYHOCTHBIC XapaKTEPUCTHKU KOTOPBIX NIPUBEACHBI B TaOM. 1.

Tabauua 1: OcHosHble mexHON02UYeCKUe XAPAKMEPUCMUKU —KIeeBblX
KOMRO3UYULL

Kieepast koMosumms
DHU3UKO—XUMUYECKHE e
CBOWCTBa BAK-A Tioc Cnpyr—5SM
VYcnoBHast BA3KOCTh
110 B3-246 [cex] 70...80 30...60 20...35
e ) -40..+80 | -60..+100 | -10...+60
skcruryaranuu [°Cl
IIpounocTs Ha BO3myXe B B )
[28] npu:
PaBHOMEPHOM OTPBIBE
[MITa] 10.8 8.5 8.4
capure [MI1a] 10.1 9.3 7.0
Ipounocts B Boze [28] ) } )
TpH:
PaBHOMEPHOM OTPBIBE
[MITa] 7.7 5.1 4.6
casure [MIla] 7.2 5.6 4.1
IIpouHocTh B R R }
Hedrenpoaykrax [28] npu:
PaBHOMEPHOM OTPBIBE
[MITa] 8.6 7.8 6.3
casure [MIla] 8.2 8.6 5.2




Ilpy  moBemeHMM  MCHBITAHUH  WCTHONB30BaNM  OajKu
npsMoyromsHoro ceuennsi Dxh wsrorosnennsie w3 cramm Cr.3.
Harpyxenune »sKcepHMMEHTaIbHOrO 00paslia BBINOJHSANU TIPH
MIOCTOSTHHOM CKOPOCTHU NEPEMEIIEHHS Harpy>KaroLuX yCTPONCTB.

Uzrubatonme MomeHTsl M 1 BeJIHMUMHBI YIIIOB PAacKpPBITHS
TPELIMHBl Y HU3MEPsUIM C IOMOIIBI0 TeH3oxaruukoB Ttuna 2I1Kb-

10-100xB. [l perucrpaniii CHrHajla TeH30aTYMKOB MPUMEHSITH

PETHCTPHPYIOLIYIO anmaparypy - JBYXKOODPAWHATHBIN
rpadonocrpoutens H306.
Ilpu  ompeneneHunm  XapakTEpUCTHK  TPEIIMHOCTOMKOCTH

KJICEBBIX COGZ[I/IHGHI/Iﬁ 0OBIYHO YYUTBIBAKOT JIBa MEPEXOAHBIX
COCTOSIHHA.

IlepBoe cocTosiHMe (XapakTepu3yeTcs BEIHYMHON

Gie)

COOTBETCTBYET CIIy4yaro, KOTJa TpEelIMHA JeaeT pe3Kuil ckauok. B

npepiaraeMoif  METOJUKE OHO HaOmroJaeTcs TMpHU  BENUYHHE
MaKCHMAJIGHOTO N3THOHOTO MOMEHTA.
Bropoe cocrosuue (xapaxtepusyercs BemmumHoit Gp)

COOTBETCTBYET CIy4al0 OCTAHOBKM Pa3BUTHS TpeuIMHBL. JlaHHas
BENTMYMHA OIpPEAENIach M0 BEIMYMHE H3TMOHOTO MOMEHTa IpU
OCTAHOBKE PA3BUTHS TPEIIUHEL.

Bemmunust G| 1 G|, paccuntsiBamu mo ¢opmyne (3) ms

COeIMHEHHWH Ha OcHOBe KieeBbIX Kommosuuuii BAK-A, Copyt
ITmoc u Cnpyt-5M.

Kax mokassiBaer aHanu3 cpentux sHauennii G u G (tabm

2) HamOoJbpmias BEJIMYHHA TPCHIMHOCTONKOCTH HAOIIONANACH IS
kieeoil komnosunuu BAK-A. TloaroMy nanbHeiie pacders! IO

Gic.Gja = f(b,h,9)

TPOBOMIIN TOJIBKO ISt KiieeBoi kommno3zunyu BAK-A.

OIPEACICHUIO XapaKTe€pa 3aBUCUMOCTH

Tabmuua 2: 3asucumocmsv dnepauu npooOSUICEHU MPewuHbl Om MmMund
Ki1ee6oll KOMNO3uyuu

KneeBast kommosunus

ITapamerpsl Cnpyr—
BAK-A Tioc Crpyr—5M
OHeprus MPOIBHKECHUS
573 465 274

tpemunsr G 1o [T/ M2

OTHOCUTEbHAS BEIMYMHA
OHEPIuM NpOABUIKCHUA 100 81.1 47.8

tpemmnst G [%]

OHeprus MPOIBHKCHUS

rpeumst Gy ] 512 414 238

OTHOCUTENbHAS BEIMYMHA
OHCPIUM IIPOABAKCHUS 100 80.1 46.5
TPEIIHHBI G|a [%]

Kak BuHO M3 puc. 3 IpH JMana3oHe WU3MEHEHHM IIMPUHBI
6amku b B 2 pasa (c 10 1o 20 mm), a e Beicotsr N B 3 pasa (c 4 o
12 mm), HauGonbiee u3MeHeHHe BennauHBl G|¢ COOTBETCTBEHHO

cocraBisieT Bcero 0,37 % u 0,65 %.

G ‘
Taw/m™

485 —
G, (D)

\ G, (h)

6 8 10 h. mm
| | | | |
10 12.5 15 175 b.mm
Puc. 3. 3asucumocmv dHepeuu NPoOGUINCCHU MPEWUHbL OM PA3MEPO8
KOHCONbHOU OANIKU 8 MOMEHN 00PA308aHUSL MPEUUHDbI

Kak BupHO M3 puc. 4 mpu Ouana3oHe M3MEHEHUH IIUPUHBI
6amku b B 2 pasa (c 10 1o 20 mm), a e Bricotsr h B 3 pasa (c 4 o
12 MM), HanboIblIee H3MCHEHHE BeNHUUHEL G|y COOTBETCTBEHHO

coctanisiet Bcero 0,84 u 1,24 %.

GM i
Ta/m”
460 "
\ G;”:_f {h)
440 \\
420
G!rxif(b)
400
4 6 8 10 h oum
L | | | |
10 12.5 15 175 b.mm

Puc. 4. 3asucumocmsv sHepeuu npoosudtCcenus mpewunsl Om pasmepos
KOHCONbHOU OANKU 6 MOMEHN OCMAHOBKU MPeuuHbl

Kak BupHO M3 puc. 5 W3MeHeHHWe TONIIMHBI CIIOS KIIEeBOI
xommosuimu O B 5 pas (¢ 0.5 o 2.5 MM) NOpHBOAMT K

HanGonbmemy mmererno G u G, coorsercrenHo Ha 3.37 %
n 1.98 %.

G Iet Gfu
Tik/n’ —
480 - f
G, ()
460

G~ (®)
440 £c~---~____‘_ﬁ5___'_..&'_/_1{‘9__'__'_‘E
420

400

0.5 1.0 1.5 2.0 3, mm
Puc. 5 BQGMCW'lOCmb 3H€p2uu npO()@uolCe‘Huﬂ mpe‘muﬂbl om MmoJawursbl
Kfleeeoﬁ Komno3uyuu

5. Conclusion

1. IlpemnoxxkeHa cxeMa MCHBITAHWN ABOMHOTO KOHCOJIBHOTO
o0pa3ua npu KOTOPOH ero HarpykeHUe MPOU3BOJUTCS PABHBIMH 110
BEJIMYMHE M NPOTHBOIOJIOXXHO HAaNpaBICHHBIMH MOMEHTaMH, 4TO
TapaHTUPYyeT MACHTUYHBIC YCIOBHsS 00pa30BaHMS TPEIIMH BO BCEM
00BbeMe KIIeeBOM KOMITO3HIIHH.

2. VYCTaHOBJIEHO, 4YTO TMpPHU HM3MEHEHHH T'€OMETPUYCCKUX
TapaMeTpOB KOHCOJIBHBIX OAIOK W TOJIIMHEI KIEEBONH KOMITO3UIIHU
MPOUCXOJIUT HE3HAYUTENBHBIH Pa30poCc  BEIMYHHBI  SHEPTHU
MPOJBM)KEHHS TPELIMHBL. Tak IpU W3MEHEHHH B 2 pa3a pa3MepoB
nonepeunoro ceueHus bDxh  koHcombHBIX 6amok  pasbpoc
BEJIMYMHBl DSHEPrMU TPOJBIKCHUS TPELIMHBI HE MPEBBIIIAET
0,37...124 %. Ilpu wu3MeHeHMHM B S5 pa3 TOJILIMHBI KJIECEBOM
KOMIO3MIMK O  pa3OpoC BENMYMHBI JHEPTHU  TIPOIBHIKEHHS
TpEeIIUHEI MeHsteTcs B mpexpenax 1.98...3.37 %.

3. VYcTaHOBIEHO, 4YTO IMOKPHITHE Ha OCHOBE KIIEEBOU
kommosuimn BAK-A wumeeT HauOONBIIYIH0 TPEIIMHOCTONKOCTD.
BenmuuuHbl TpemmMHOCTOMKOCTH KieeBbIX KomMno3umuid Crpyt
ITmroc u Cripyt 5M menbite Ha 19.9 % u 53.3 % cOOTBETCTBEHHO,
yeM KOMITO3MIIMiA Ha ocHoBe BAK-A.
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Abstract: In accordance with the global concepts for machine design based on the modular principle, the main modules, which are the
same for the different types of working machines, are the electromechanical modules, also called geared-motor modules. Because of the
multivariance of the task for their design, a database containing the technical parameters and characteristics of the main constructive units

needs to be build.
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1. Introduction

The electromechanical modules (EMM) represent the
constructive unification of the electrical and the mechanical part of
the drives of the different types of working machines. In the
majority of cases, the combination is between an electrical motor
and a gear reducer, known also in the literature and the practice
under the name geared-motor, respectively geared-motor module. In
some case, the connection between the electric motor and the gear
reducer is realized by means of a clutch. Depending on the selection
of electric motor, gear reducer and clutch, at the same values for the
input data, the realization of multiple variants of EMM is possible
[Genova, etc. 2011]. Their unification in a single database facilitates
the process for selecting the suitable for a concrete application
EMM, as well as gives an opportunity for creating a software for
optimal selection.

2. Formulating the problem

In terms of the structure, the database (DB) must contain
information about the main constructive units of the EMM - electric
motors, gear reducers and clutches. At certain point, this can turn
out to be large amount of data, for the unification of which in a
single DB, the most simple and functional structure that is easy to
update and maintain needs to be built. Furthermore, the interface of
the database needs to be user-friendly and to ensure fast and easy
access to the information. This can be achieved by designing a
relational DB, which is the most commonly used type [Hernandez
2003]. This is due to the fact that in comparison with the other
models — hierarchical, network and object-orientated, at the
relational DB structuring and updating the information, as well as
building the relations between the separate tables is performed very
easy. The nature of a relational DB is the correct building of the
relations between the different tables that compose it [Garcia-
Molina et al., 2009].

Fig. 1 shows an exemplary block-scheme of the general view of
the database structure. The rectangles indicate the main tables that
built the database — electric motors, clutches, gear reducers and the
possible combinations between them. These tables contain technical
parameters of the components:

- table electric motors — type of motor (for AC or DC
current, asynchronous, synchronous, etc.), nominal power, nominal
and synchronous speed of the motor shaft, nominal and maximal
torque, nominal current, efficiency, IE efficiency class, weight,
manufacturer;

- table gear reducers — type of gear reducer (cylindrical,
bevel, worm, etc.), number of stages, mounting (horizontal or
vertical), ration, efficiency;

- table electromechanical modules - the possible
combinations between electric motors and gear reducers and their
respective technical and geometrical parameters.

The blue rhomb indicates between which tables a relationship
needs to be built. The block-scheme given on fig. 1 is exemplar.
The information, which is contained in the tables, could be
supplemented or removed, as well as the tables themselves.

Input data
nout, Mout

L

A A 4

Electric motors <—<>—>

Gear reducers

\ 4
EMM

Fig. 1 Block-scheme of exemplary structure of the DB

3. Designing the database

In order to build a database, the so-called database management
systems (DBMS) are used. These are the programs (software) by
which a DB is designed and which ensures fast access to them and
gives the opportunity for their updating and maintenance. One of
the most commonly used DBMS are Oracle, MS Access, Paradox,
FoxPro, Sybase, dBase, etc.

We have developed two versions of the database, using the
software MS Access 2013. These versions differ from each other
concerning their structure.

Version 1:

This version is the simplest one. It consists of only one table
(shown in Table 1). The table contains information about all
possible combinations of the structural units, obtained based on the
input data. In order to simplify as much as possible the DB, the
geometrical parameters of the obtained variants of EMM and some
of the technical data about the electric motors and the gear reducers
were exported in a separate file, for every concrete variant. The
access to these files is done by clicking on the according hyperlink
in the Gear_Mot_ID field.

For the convenience of the user, a search form has been created.
Upon entering values for the input data and clicking on the
functional button “Search”, the search results are outputted. This is
done by the means of a so-called query, in which search criteria
based on the entered values for the input data are assigned. Fig. 2
shows the general view of this query.

Version 2:
This version of the DB also consists of a table with the technical
parameters of the possible combinations of EMM — identical in its



structure with the table in the first version, but in this case, there are
also two more tables.

One of the tables contains data about electric motors of concrete
companies and the other one contains data about the different types
of gear reducers. In all three tables, there is one field, which
indicates the identification number of every single record (row).
This identifier is the so-called primary key and is unique for every
record. The relations between the tables are built with the help of
these primary keys. Another auxiliary table is built, which connects
the three main tables, because it is not possible to create more than
one relation from a single primary key.

This version of the DB also have a search form, which is
identical with the form from the other version. The difference here
is in the query, at which not only the search criteria are defined, but
also the relations between the tables. Thereby, upon entering values
for the input data in the search form and clicking on the functional
button “Search”, the results show preliminary defined fields from
all tables. Fig. 3 shows the general view of the query for version 2
of the DB.

3 MRQuery1
MRTablel
*
% MRID
w [5-1)
n2 (min-1}
M2 [Mm)
P2 [KW)
nl (min-1}
i
¥ GearID
MatlD
Gear_Mot_ID
P1 [KW)
KEE
4
Field: | MR_ID w | N2 [min-1) M2 [Mm) P
Table: | MRTablel MRTable1 MRTablel L
Sort:
Show:
Criteria: [Forms]! [MRForm1]![o
ar: »=[Forms]![MRForm1]
4

Fig. 2 Query - version 1

4. Numerical example

EMM design at the following input data: ney = 65 min™; Mgy =
95 Nm.

Depending on the type of the electric motor and the gear
reducer, different variants of EMM are obtained. The database —
electric motors contains asynchronous squirrel cage motors with
different number of pole pair, i.e. different values for the speed of
the input shaft nj,, namely: 2-pole electric motor (n;, = 3000 min™),
4-pole electric motor (n;, = 1500 min'™), 6-pole electric motor (n;, =
1000 min'Y) and 8-pole electric motor (nj,= 750 min™).

The input power is calculated (Pi, = 0,67 kW), based on the
output power (P, = 0,65 kW) and previously accepted indicative
value for the efficiency. For the concrete case, an electric motor
with nominal power P., = 0,75 kW has been selected that
guarantees the realization of the input data. The ratios are
calculated, based on which are defined the gear reducers by which
these variants can be obtained — cylindrical, bevel, cylindrical-
bevel, worm and worm-cylindrical. 51 different variants of EMM
are obtained. Fig. 4 shows the results of the search in the search
form of version 1 of the DB, and fig. 5 shows the results at version
3 of the DB.

5. Conclusion

Version 2 of the DB is more complex, but updating and
maintaining such structure is easier. Also, the volume of the DB is
smaller, because at his version there are no external files.

At version 1, for every EMM that is added in the DB, a new file
with technical parameters of the electric motor and gear unit, that
comprise it, needs to be created, which additionally compounds the
DB. On the other hand, at version 1 the information is better
illustrated in the search form, because the user can open only the
file with technical data of this variant of EMM that satisfies its
requirements.
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Table 1: General view of the table in the first version of the DB

MR_I D (O] nout Mout Pout Pm nm i Gear_MOt_lD
MRIi const const const var var

. const const var .

i=1,2,..n calc calc calc calc hyperlink

Description: const-constant values; var-variable value; calc-calculated values; hyperlink-link to external file; MR_ID - identification number of all of the
obtained variants; o — input angular speed, it is calculated, [s™]; no. — output speed, [min-1]; M. — output torque, [Nm]; Po. — output power, it is calculated,
[KW]; Pin — input power, it is calculated, [KWT]; ni, — input speed, [min-1]; i — ratio, it is calculated, [-]; Gear_Mot_ID — hyperlink type of field
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Sort:
Show: o
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ar = =[Forms]![MRFarm1]
1
Fig. 3 Query — version 2
MRForm1
TopceHe
usxogAwm obopotu n2 (min-1): |65 M3X0OAL, BbPTAW, MmomeHT M2 (Nm): 95
Pezynmamu:
MR_ID -~ | n2(min-1} -| M2(Nm) - P2(kw) ~| P1(kw) ~-|nl(min-1) - if-) - |Gear_Mot_| - -
65 95 0.65 0.67 3000 46.15 G5 M3-2
MR0002 65 95 0.65 0.67 3000 46.15
MR0003 65 95 0.65 0.67 3000 46.15
MRO004 65 95 0.65 0.67 3000 46.15
MR0005 65 95 0.65 0.67 3000 46.15
MR0O006 65 95 0.65 0.67 3000 46.15
MR0O007 65 95 0.65 0.67 3000 46.15
MR0008 65 95 0.65 0.67 3000 46.15
MR0009 65 95 0.65 0.67 3000 46.15
Record: M 1 of 51 LI 1 Mo Filter | |Search




Fig. 4 Results from the search (version 1 of the DB)

MRForn‘i\"-._
TvpceHe
usxogAwm obopoti n2 (min-1): M3X0OAW, BbPTALY MomeHT M2 (Nm):
Pesynmamu:
MR_ID - | n2(min-1} -| M2(Nm) - P2(W) ~| P1(kw) =~ nl{min-1) - if(-) ~ | Gear_ID - MR - CTENEHM | (=
65 95 0.65 0.67 3000 46.15 G5 UMAMHODHYEH TpUCTBbNaneH Kt
MROO02 65 95 0.65 0.67| 3000 46.15/G6 UMAMHODHYEH TpUCTBbNanex ®e
MRO0O03 65 95 0.65 0.67 3000 46.15|G7 UMAMHOPUUEH TpUCTBRaneH ®t
MROO04 65 95 0.65 0.67| 3000 46.15(51 yepsAYEH efHOCTbRnaneH ®e
MROD0S 65 95 0.65 0.67| 3000 46,1552 yepsAYEH efgHoCTbnaneH ®e
MROO0E 65 95 0.65 0.67| 3000 46.15/53 yepsAYEH efHOCTbRnaneH ®e
MRO0O7 65 95 0.65 0.67 3000 46.15/ 54 yepsAYEH AByCTbhnanex Xt
MRO00S 65 a5 0.65 0.67| 3000 46.15|55 YEPBAYHO-UMMHADHYEH | ABYCTbrRaneH ®t
MROD0S 65 95 0.65 0.67| 3000 46.15/56 UHWMHODHMYHO-YepBAYEH AByCTbhnanex ®e
MROO10 65 95 0.65 0.67| 1500 23.08/ G2 UMAMHOpHYEH AByCTbrnaneH xe
MROO11 65 95 0.65 0.67| 1500 23.08/G3 UMAMHODHYEH AByCTbhnanex ®e
MROO12 65 95 0.65 0.67| 1500 23.08/G4 UMAMHODHYEH AByCTbhaneH ®e
MROO13 65 95 0.65 0.67 1500 23.08/G5 LMAMHAPHYEH TPUCTBNANEH e
MROO14 65 95 0.65 0.67| 1500 23.08/Gb UMAMHODHYEH TpUCTBbNanex ®e
MROO15 65 95 0.65 0.67, 1500 23.08 G7 UMAMHAPHWYEH TpUCTBNANEH ®t
MROO16 65 95 0.65 0.67| 1500 23.08/ K2 KOHYCHO-UHMAWHIPHUYEH AByCTbhaneH ®e
RAROOLT &K oE 0.CE 0.7 AC00 a3.08 K7 TR P S EIT T TPTET TR r ey e e nanGL ra4
Record: M < [1of51 | ¥ » b2 | . No Filter ||Search || ] [»]

Fig. 5 Results from the search (version 2 of the DB)
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Abstract: The paper presents the program and methodology of carrying out research on kinematic pair with pivoting friction. There was
examined a node with pivoting friction in bearing concentrated connection flat surface-spherical bowl. During the research there were
determined two types of characteristics — characteristic of friction moment as a function of load and experimentally designated
characteristic of wear of the frictional kinematic pair. Both of the assigned characteristics are compared..

Keywords: MOMENT OF FRICTION, PIVOTING FRICTION, FRICTION COEFFICIENT, WEAR

1. Introduction

The phenomenon that occurs between two bodies in contact in
rest or in motion is called friction. As a result of this phenomenon
there arises resistance to motion. There are various kinds of friction
distinguished (figure 1). -

,

J 37

-4
Prva
P

Fig. 2 Model of the bearing type spherical cap on plate; p - Hertz

[ Kinematic ] [ Static ] [ In fluids ] [lnsnmudys] pressure, Pmax - Hertz pressure maximum [3].

[S\idingfri:tion] [ Ralling ] | Fluid friction I
friction
L7 V2
rvoting 1
friction

where: v - Poisson ratio, E - Young’s modulus, N - axial force,

I

Fig. 1 Types of friction [4]. r, - contact radius, ry - sphere radius.
Machines constructors try to eliminate dry friction, replacing it
with more advantageous fluid friction. Due to the fact that co- AZ

operating surfaces are not ideally smooth, on the top of the
irregularities of the surface there could occur dry or boundary
friction, whereas the cavities could be filled with lubricant. In such
conditions the friction between the rough contact surfaces is so
called mixed friction [2].

pﬁy

N

2. Pivoting friction

One particular case of sliding friction that occurs in slide
bearings is pivoting friction, caused by continuous rotation or

oscillation around the normal in point of contact between two

cooperating surfaces. Pivoting friction occurs in the bearings: / ;

measuring timing devices, analogue scales, spindles, textile "\ i

machinery etc. This paper attempts to analyze the conditions of Py : /5:' \X
i X

pivoting friction for bearing model: flat surface - spherical bowl
(figure 2). In this type of bearings obtaining fluid friction, even in
case of total immersion of lubricating agent node (figure 3), is not
possible due to the scattering of the gaps.

Fig. 3 General model of the sidle bearing: rl, r2 — curvature radius of
mating surfaces [5].
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3. Experimental research model

In the initial examination there was used a bearing ball made of
steel 100Cr6 of diameter 8mm and a flat plate made of Ertalon. The
test was performed only in conditions of dry friction, without the
use of the lubricant.

bal
<
3

Fig. 4 Scheme of general model of radial thrust bearing [1].

4, Test bench

Figure 5 presents the test bench for determination of friction
coefficient by the string twist angle measurement.

Fig. 5 Test bench for the friction moment and friction coefficient for the
frictional pair ball joint — spherical cap; 1 — shaft, 2 — electric motor, 3 -
weights, 4 — sphere , 5 —sample, 6 —compressed air supply, 7 — string,8 —

disc to read the angle of torsion, 9 — aerostatic table [6].

The test bench is made of two cylindrical radial bearings and
axial bearing. The drive from electric motor (2) is transferred by the
belt transmission on the shaft (1) which is ended by the ball joint.
The load is changed by adding weights (3) on the shaft (1). The

12

tested ball joint (5) is placed on the aerostatic table (9) which is
connected with the string (7). The second end of string is mounted
to the table (8) which is used to twist string angle compensation.
The angle of compensation is read from the scale plotted on the
table (8).

5. Test bench researches

For the initial experiment there were selected bearing balls
made of steel H-15 (100Cr6) of diameter 8 mm and a flat plate
made of Ertalon (PA6-E). Experimental measurements were carried
out by measuring the moment of friction as a function of load. In
addition, the test results calculated due to the varying string angle
verified friction torque values designated with signs of wear on the
plate.

The test bench research was performed by the measurement of
the torsional angle of the string as a function of load. The electric
motor was started after mounting the plate from PAG-E and steel
ball (100Cr6) to the test bench. The shaft rotated with constant
speed — 36 rpm. Then the test bench was gradually loaded by 2 N in
the range 7,09+16,9N. After that the test bench worked in the
inverse sequence. Weights were added for 500 cycles.

The smallest load due to the weight of shaft was 7,09 N and
peak load was the sum of the weight of the shaft and weights. Each
measurement was repeated in 10 measuring series in order to
calculate the average value of the string twist angle. The moment of
friction was determined according to the relationship:

2
+1—VPW
E

4

r

1-v}
E}r

M,=33722-u-p,..- N rk-[ )

Track wear plate measuring scanned using an optical
microscope with a mounted camera. Assuming that the diameter of
the wear scar is 2ro friction torque calculated from the relationship:

M, =274 p_. 7.1633.17 3)
6. Measurement results

Below is a sample list of friction torque for the combination of
friction couple: plate from ertalon (PA6-E) — steel ball (100Cr6).

Tab. 1 Radius r, of the wear traces on the plate in the function of load
for the examined sample

& (3
m, [ke] | mlkg] | glms? | dy[m] " vy EEPQJO Efpz? 7,-10° [m)]
0,0 5,71
0.2 6,19
0,4 6,61
0,723 06 9,81 0,008 0,308 0,298 210000 180000 698
0.8 732
1.0 763

Tab.2 Analytical values and values from traces of wear determined for
the friction moment of the frictional pair ertalon-steel.

- Average moment Average Moment of

Load [N] Pme [Pa] Friction p [-] of friction [Nmm] | friction 1 [] friction from
trace [Nmm]

7,09263 1,04 E+09 0,067029 0,00059 0,067846 0,00052487
9,05463 1,13 E+09 0,062566 0,000721 0,059811 0,00067849
11,01663 1,21 E+09 0,054026 0,000845 0,053975 0,00076099
12,09786 1,27 E+09 0,051049 0,000994 0,051049 0,00089470
14,94063 1,33 E+09 0,049443 0,001152 0,049041 0,00104548
16,96541 1,39 E+09 0,046451 0,001286 0,046451 0,00115785




Fig. 6 Example trace of wear on the flat surface, r,=0,258 mm, S=

0,209 mm?.

Fig. 7 Graph of moment of friction in function of load for the researches
of friction couple PA6-100Cr®6.
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6. Summary
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of friction
from traces

1. The moment of friction increases proportionally to the load.

2. The characteristic of the friction momentum as a function of
load determined analytically is the same as the characteristic
determined by the wear.

3. Differences in momentum of friction for analytical calculations
and the values determined from the exploitation do not exceed
0,00012 Nmm in the entire load range.

4. The values determined analytically were calculated for the

The values of friction momentum

determined from the wear include the impact of the plastic

deformation and the exploitation.

springy connection.
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OPTIMIZATION OF GEOMETRIC PARAMETERS OF HARD METAL MICRO DRILS
TO INCREASE TOOL LIFE AND PERFORMANCE OF DRILLING PACKAGE OF
PRINTED CIRCUIT BOARDS

Doctor of science, Prof., Turmanidze R., Senior laboratory Bachanadze V.2, Undergraduate student Popkhadze G.2
Faculty of Transportation and Mechanical Engineering® % % — Georgian Technical University, Thilisi, Georgia, inform@gtu.ge

Abstract: In the presented work investigated the changes of power characteristics of deep drilling package of printed circuit board’s hard
metal micro drills depending on the drilling depth, cutting data and geometry of the drill. In particular studied the nature of changes in
axial efforts and torque depending on the drilling depth drill with different inclinations of the spiral grooves using specially designed highly
sensitive devices, enabling direct measurement method. Based on the analysis of the results of the study, changes in the geometry of existing
standard drills. Proposed new construction of micro drills vary-angle spiral grooves in such a way that the angle is the maximum value at
the top of the drill and uniformly decreases towards the end of the working parts. The drills are manufactured with different inclinations of
the spiral grooves. Based on the experiments of them chosen more for its near standing power rates to the standard drill bit and its
comparative test with a standard drill bit, bringing them up to the breakage, thanks to which the proven advantages of drills new design.
Taking into account the results of the experiments proposed drill elongated structures to improve performance by increasing the processing
drilling depth and accordingly the number of plates in the package of printed circuit boards.

Keywords: DRILL, GRADIENT OF SPIRAL GROOVE, VARIABLE ANGLE, DEVICE.

1. Introduction As for measurement of a torque, in our case the existing
indirect method at which measurement is carried out by means of
It is impossible to imagine modern equipment without measurement of power of process of cutting is unsuitable as we
electronic knots, starting from household and ending with space deal with very low indicators. That is why it is necessary to use
equipment. Printed circuit board’s production, basic parts of this method, which will make it possible to measure directly the
electronic equipment associated with drilling process vast torque with high precision. To this end, we have designed and
quantities of small diameter holes (about 1mm or less). Carry out manufactured a special device (see fig. 2), in which table for
drilling of micro carbide drill geometry, which has multiple drilling is equipped with rotating lever mechanism. As the
experiments an experiences relevant production. In particular: the measuring element, elastic element applies here too with the
optimum cutting angle and spiral angle grooves respectively is system of load cells, only the higher strain measure (0.2 g).

300, and the rear angle 180. They are refaced through each hole
and 1000 are designed for 3-4 regrinding costs.

Production of printed circuit boards is mass production,
where performance is carried out with the aim of increasing the
drilling package, composed of several plates, it has a place of
deep-hole drilling, where the drill depth exceeds the diameter of
8-10 times.

Downtimes of expensive technological equipment, especially
in mass production are associated with significant economic
losses. In the production of printed circuit boards easy connected
not only with the replacement of the tool with the aim of
reshaping, but unexpected, caused by fragile destruction even
before the first reshaping. Probability of brittle fracture grows
significantly during deep drilling package of printed circuit
boards. When this zone is located in the near destruction of the
end of the spiral grooves.

Providing the best mass production processes for
manufacture of printed circuit boards, at least a slight increase in
resistance, including fragile resistance micro drills and
consequently increasing productivity processes, can provide
significant economic benefits.

2. The Main Part

Research work with a view to enhancing the resistance of
tungsten carbide micro drills and deep hole drilling process
performance package of printed circuit boards were held in the
laboratory precision micro instrumental Department “Industrial
Technologies Engineering Mechanics”, Georgian Technical
University in close cooperation with specialists of the Institute of Fig. 2. The device for measurement of torque.
Manufacturing Technology and Quality Management (IFQ)
Magdeburg University Otto-von-Guericke (Germany).

Studies were initiated the study of the nature of the change of
power indicators-torque and axial reinforcement depending on the
depth of cutting and drilling printed circuit board package from
fiberglass.

To measure the axial effort was the appliance is made on the thick P fiq. 3
basis of known methods and existing analogs, measuring element, ickness of 8mm (see fig. 3).

S : : . Drilling of blanks is carried out on different modes of cutting
\(’ZZ‘;CE gls f)]e system of strain gauges mounted on the elastic casing depth up to 7 mm and 1 mm the depth of the recorded testimony

Experiments were conducted with drills from solid alloy
VK60M diameter ¢ 0,9mm long spiral groove 1=10mm. Rake
angle and spiral angle grooves respectively =30 rear angle was
18%.

Drilling was carried out a package of printed circuit boards
of fiberglass thickness 1.6mm composed of 5 plates with a total
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every depth controlled readings. Experimental results are shown
in fig. 4 and 5.

From this results, clearly shows that the load power with
increasing depth progressively increasing. If the axial thrust is
growing, approximately 1.5 times the amount of torque is
increased 3-4 times.

1 2

oo
\lmmbwmpo

I L

Fig. 3. Package diagram printed circuit boards of 5 plates.
1-copper foil, 2-fiber, 3-double layer of copper foil.
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Fig. 4. The chart for standard drills = 30".
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Depth of drilling (mm)
==10000 rpm. 0.01 mm/turn
-#=15000 rpm. 0.01 mm/turn
20000 rpm. 0.01 mm/turn

Fig. 5. The chart of axial efforts for standard drill & = 30",

Question, what caused this increase in power? Cutting
conditions at the cutting edge of drills with increasing depth does
not change. The only reason for this could be the increased
contact area abrasive chips with the surface of the hole and
emerged from it frictional forces.

You need to note that the sharp fall in axial efforts on areas
of depth 2-3 and 5-6 (see fig. 5.) on these sites due to the lack of
the work piece (fig. 3.) the copper layer.
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The main factor increase the likelihood of brittle fracture of
the cutting tool of these two power indicators may not increase the
axial effort and more progressive increase in torque because the
strength properties of carbide materials on the compression
significantly exceed indicators of torsion.

Accelerating the process of chips from the cutting zone
would contribute to the reduction of the force of friction and,
consequently, improve the reliability of the drilling process. The
problem of removal of chips when drilling deep hole in different
cases decide in different ways. For example, when drilling drills
dimensions solid this exercise method of leaching using a coolant,
which is supplied, into the hole through, done in the body of the
drill. In other cases, when the drill bit sizes do not give possibility
of coolant above method to remove shavings used drilling method
intermittent, where after a certain depth drilling is carried out
periodically by the disqualification of drills from holes fast
running.

The application of these techniques in our case nepriemlim.
In the first case we have with micro drills. The use of coolant in
the manufacture of printed circuit boards is not allowed. Design
and method of intermittent drilling, because it led to the strong
performance. When processing deep eyelet micro drills
accelerating factor could be an increase in chip removal step spiral
grooves, i.e. reducing the angle, but it would have led to a
deterioration of the cutting conditions, so-as will decrease the
cutting angle drills.

In the design of the drills carried out in a way that at the top
of the save the desired cutting angle, and toward the end of the
spiral grooves reduce its angle, IE a spiral groove cut into a vary-
angle [1, 3, 4, 5, 6] and gradually increase its step, it would
accelerate the process of chip and facilitate conditions for drilling.

Fig. 6 shows the scheme of drills with vary-angle spiral
grooves where the angle of the grooves at the top of the drill w,
and at the end of the working part of ®;. The width of the grooves
in the normal section B,, on all length does not change, but the

and at

change in the front section and at the top is g _ B,
oS @,

To

the end of the working partsg_ _ B,
COS @,

)

B n
n
By
“‘“‘\'.

Fig. 6. Drill scheme with vari-angle spiral grooves,
| — The useful mechanical section of the drill,
Il — Face section of the groove, Il — Useful
normal section of the drill, IV — Normal
section of the groove.

N

Changing and useful mechanical drill section. Useful section

at the top: S, :ﬂ_ 25, ,and at the end of the working

4  coswm,



parts: ¢ _zd* 25,
Y4 cose,’
section, d - is the diameter of the drill.

If you take into account that wy > o4, it turns out that toward
the end of the working part of the useful cross-section drills
intensifies. Then there are drills compared to standard must
withstand stress.

Production of such drills associated with certain difficulties.
At production of standard drills with a constant tilt angle of a
spiral flute the special adaptation carries out the mutually
agreement two movement — rotations of preparation of a drill and
its movement in the axial direction at a size of a step of a spiral
flute. Thus, this interrelation is defined by linear function. In case
of a variable step, this interrelation is defined by difficult
tangential function. Because of it was necessary to modernize the
equipment and its mechanism of axial giving of an element with
the Archimedean spiral to replace elements with a tangential
spiral, made by our special calculations [2, 3, 4, 5].

Besides, because of a variable tilt angle of a spiral flute, at
you - polishing of these flutes should change orientation of a
grinding wheel relatively to an axis of preparation of a drill
respectively to change of a tilt angle of a flute. It can be carried
out in two ways: at a motionless axis of a grinding spindle to turn
a preparation spindle axis round a point of intersection of these
axes at a corner size @ = @, — o, (see figs. 7), or motionless to

leave an axis of a spindle of preparation and to turn an axis of a
grinding spindle (see figs. 8) [7].

where S - square grooves in the normal

Fig. 7. Schemes of change of orientation of axesof a
spindle of preparation of a drill and grinding spindle.
Method of turn of an axis of a spindle of preparation.

Proceeding from constructive reasons the preference was
given by us to the first option (figs. 7) and in the course of
modernization of the equipment it was equipped with the
additional mechanism of turn providing when cutting spiral flutes,
turn of an axis of preparation of a drill relatively to an axis of a
grinding spindle at a corner size ¢ = @, — e, thus depending on
are long the cutting part of a drill turn is carried out by the linear

law: o =0 K, where @, - the current size of an angle of

rotation of an axis of preparation, fx - the current coordinate of
length of the cutting part of a drill, K," the size of change of a tilt

angle of a spiral flute per unit length the cutting part of a drill.
We have designed constructed prototypes of drills with vary-

angle © =30-17°, @ =35-20°, @=40—-22%and @ =43-23".
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All of these included circuit boards same experiments as the
standard. Experimental results for drills »=30-17° and
@ =35-20° are shown on fig. 9 — 12.

Fig. 8. Schemes of change of orientation of axes of a
spindle of preparation of a drill and grinding
spindle. Method of turn of a grinding spindle.
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Fig. 9. The chart of change of a torque for drills @ =30-17".

Analysis of these graphs shows the following: for drills
®=30-17° performance of axial efforts almost indistinguishable
from a standard drill bit 4 =30°, so, it was expected, because
these same drill front angle and cutting conditions respectively at
the cutting edge. With regard to indicators of torque, they drill
= 30 —17°depending on the cutting was understated by 12-16%.
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Fig. 10. The chart of changes of axial efforts for drills
@=30-17"
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For drills ¢ = 35— 20° performance of axial efforts relatively
understated, as rake angle increased by 5% and this facilitated the
process of cutting, but indicators of torque with increasing depth
drilling grows more intensively and exceed indicators of both
previous designs. It is clear that the understatement of torque to
drills @ =30-17° compared with standard drills » =30°, due to
the gradual increase in step spiral grooves and accordingly
reduced contact area formed by chips with processed apertures.
Increasing the angle of inclination and therefore a decrease in
pitch of spiral drills @ =35-20" again causes the reverse-torque
figures intensively promoted.
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~-#-15000 rpm 0.01 mm/turn
20000 rpm 0.01 mm/turn

Fig. 11. The chart of torque for drills @ = 35 - 20",

When drilling by drills of @ =40-22° and @ =43-23"
these power indicators are rather underestimated (see figs. 13-16)
that is explained by improvement of conditions of cutting because
of considerable (5-8°%) increases in a forward corner at the cutting
edge. However, reduction of a corner of a point at further
operation causes increase in intensity of wear, and they without
repoint reach only 600-800 openings.
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Fig. 12. The chart of changes of axial efforts for drills

®=35-20".
Obviously, to get a clearer picture further experiment need to

keep standard drills @ = 30° and drills with vari-angle spiral
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grooves @ =30—17°. Experiments were continued until the
breakdown drills. Through each hole 200 checked power
indicators, with increasing cutting edge wear gradually increases.
After 1000 holes check carried out through every 100 holes, as
increasing the likelihood of breakage of drill. Throughout a series

of experiments for both types of drills, @ = 30° nearly identical
indicators remain innovative wear and axial efforts. As for torque,

17

its value on the standard drills always exceed the value of drills
with variable angle of the spiral grooves @ =30-17°
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Fig. 13. The chart of change of a torque for a drill
w=40-22°,
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wm=40-22".
35
30
~125
E
520
K
c15
=
[
10
5
0
1 2 3 4 5 6 7

Depth of drilling (mm)

=+=10000 rpm 0.01 mm/turn
-#-15000 rpm 0.01 mm/turn
~-20000 rpm 0.01 mm/turn

Fig. 15. The chart of change of a torque for drills
w=43-23",
Statistics showed that the breakage of the standard drills
@ =30° going from 1200 to 1300 holes and drill with vari-



angle @=30—17° from — 1400 to — 1500. Performance torque
values before breakdown indicating the number of drilled holes N
traversed the path L and size of wear on back surface drills f
shown in Fig. 17 and 18.
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3. Conclusions

Solid Carbide micro drills with vary-angle spiral grooves in
deep drilling package provides improved chip control process
intensity of hole, promoting this underestimates the force of
friction and consequently the torque on the axis of the drill.

Implementation of the spiral grooves with a gradual lowering
of the w-angle from the top of the drill toward the end of the
working part provides useful cross-section reinforcement drills,
increasing the reliability of the brittle.

On the basis of the foregoing, it becomes possible to
manufacture drills with elongated working part at 2-2, 5mm and in
the package circuit boards add another plate, which will make it
possible to improve the performance of drilling process on 20%.
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Abstract: Among cavity pumps used in hydraulic drive systems as energy generators, gear pumps are the most widespread. Apart from
their numerous advantages from the point of view of noisiness and the delivery fluctuation coefficient, they are inferior to others. Steps are
undertaken to decrease the noisiness. According to the research results, own acoustic parameters of the pump depend on the technology and
performance quality as well as on the geometrical features of the tooth profile. The paper is restricted to the analysis of acoustic properties
of an innovative gear unit after tooth root undercutting. Acoustic properties have been described with taking into consideration induction of

decision trees and decision rules.
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1. Introduction

Hydraulic machines are one of the most widespread machine
classes, without which it would be hard to imagine the functioning
of modern industry and of society today. These machines can be
divided into pumps, water turbines, hydrokinetic drives, mixers,
water-jet drives, propellers etc., but also hydraulic transport,
hydraulic drive and hydraulic steering, etc. [1-4]. Overflow
machines form a wide group of systems. The work of overflow
machines is most frequently based on two states: transient state (in
which values of the system functions change in time) and steady
state (the functions values do not change in time or change
periodically). If the pump is the heart of a hydraulic system then the
valve is the brain. Valves are used to perform a large variety of
governing and controlling functions.

The noise is most effectively reduced through a combination of
the two ways (the active way being the most effective of the two).
Detailed studies have shown that the noisiness of the displacement
pump is due to the flow of the working medium (Fluid Born Noise)
and to the vibrations of its structural components (e.g. the unbalance
of the rotating parts, excessive clearance in the moving joints,
improper workmanship and assembly). The main causes of noise
generation, having the most significant bearing on the sound
pressure emission level, are the pressure fluctuation on the delivery
side and the trapping of the fluid in gear wheel tooth spaces. In
order to avoid such adverse phenomena, relief grooves and dampers
are used to at least partially reduce the fluctuations generated by the
pump (the passive method) [4, 12, 13]. Such measures, however,
entail additional costs. The authors’ own research has shown that
the pump’s acoustic parameters depend on the manufacturing
technology, the quality of workmanship and the tooth profile
geometry. The present study is limited to the analysis of the
acoustic properties of a novel gear pump with tooth root relief, in
particular with the use of a induction trees.

2. Tested pump

The designed and built prototype pump has a three-plate
structure shown schematically in Fig. 1. The front plate (1) is used
for mounting the pump on the drive unit. The middle plate (2)
contains gear wheels, slide bearing housings and suction and
forcing holes for connecting to a hydraulic system. The whole
construction is closed with a rear plate.
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Fig. 1 Three-plate design of gear micropump with external meshing.
1 — front (mounting) plate, 2 — middle (rest) plate, 3— rear plate,
4- driving shaft

The tested prototype unit was designed in-house and manufactured
by the Hydraulic Pumps Manufacturing Company Ltd. in Wroctaw.
The pump was designed having in mind the technological capacities
of this company [10, 11]. The novelty of the prototype pump
consists in the modification of the involute profile in its upper part
through the so-called tooth root relief (undercut). The main meshing
parameters for the pump with unit delivery q = 40 cm? are listed in
the table below (Table 1).

Table 1: Meshing parameters

Symbol Unit Value

Number
of teeth z ) 9
Modulus my [mm] 4.5
]« E 2

Gear

wheel b [mm] 322

width

3. Measuring rig

The reverberation chamber (3) for acoustic testing meets
standard ANSI S1.21-1972 and standard PN-85/N-01334 and can
be used for the vibration and noise certification of machines and
equipment. The chamber’s sound insulating power against external
noise in a frequency range of 20-20 kHz amounts to 50 dB. This
insulating power ensures the elimination of disturbances originating
from the drive system and from the hydraulic system supplying the
tested pump. Figure 2 shows a schematic of the rig for the testing of
acoustic parameters. For measurements the tested pump together
with a microphone array was placed in a reverberation chamber.

The chamber is made from two similar irregular polyhedrons,
one of which is placed in the other. The walls of the chamber are
made of solid brick while its inner plasters are made of cement
mortar.



Fig. 2 Block diagram of gear pump noisiness measuring rig: KA-
calibrator, MC-eight free sound field microphones, MU-multiplexer, WP-
instrumentation amplifier, AF-two-channel frequency analyzer, PC-
computer, PZ-gear pump, KO-chamber

Reverberation chamber

The chamber is made from two similar irregular polyhedrons,
one of which is placed in the other. The walls of the chamber are
made of solid brick while its inner plasters are made of cement
mortar (Figures 3). Standing waves have been eliminated owing to
the different dihedral angles and the concrete plasters. The
uniformity of sound field distribution in the chamber is good, being
within acceptable limits starting with the octave midband frequency
of 125 Hz. Eight constant measuring points have been fixed in the
chamber on the basis of sound field distribution studies. In
conformance with the above standards, the microphones have been
fixed at a height of 1.3 m from the floor.
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Fig. 3 Reverberation chamber

The equipment setup for measuring the noise of the gear pump
placed in the diffusion sound chamber is shown in Fig. 4.
Measuring microphones were positioned in eight points. The sound
pressure level readings taken from them were averaged. For data
reading the measuring microphones were selected by means of the
multiplexer, and the sound pressure level with the spectrum was
stored in the two-channel analyzer memory. The data were edited
using a PC and the B&K type 5306 software.

Fig. 4 A gear pump in the acoustic chamber
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4. Acoustic research

Acoustic measurements of an experimental version of the pump
respectively for the value of discharge pressure p¢: 0, 2, 4, ..., 30
[MPa] and the frequency f: 25+20k [Hz] have been obtained in the
analysis. Table 2 shows exemplary acoustic measurements of a gear
pump after tooth root undercutting for p,= 12 MP. Figure 5 presents
the value of the acoustic pressure level L, corrected acoustic
pressure level L,, acoustic power level L, and corrected acoustic
power level L in the function of discharge pressure p; at a constant
rotational speed of a pump shaft n = 1500 rpm.

The nolse of the pump prototype for n=1500 rev/min
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Fig. 5 The noise of the gear pump after tooth root undercutting for
nominal rpm.
Figures 6 and 7 present a tertian and an octave spectrum of the gear
pump after tooth root undercutting for nominal discharge pressure
and nominal rotational speed.

‘Ihe tertian spectrum for pt= 28 MFa, n= 1500 rev/min
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Fig. 6 The tertian spectrum of an experimental unit for nominal
pressure and rotational

Cetave spoetrum of an experimantal unit for pt= 28 Mpa, n=1500
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Fig. 7 The octave spectrum of an experimental unit for nominal pressure
and rotational speed

The dominant level in the whole scope of discharge pressures is
present in case of an octave of the centre frequency equal to 2k Hz.
Table 2 compares data gathered for an experimental unit and the
pump PZ4-32 TKs 186.



Table 2: Meshing parameters.

Pt

PZ4-32
[MP | Pumptest | ics186 | AL
a Laq) g 2000

AQ)

6 74,7 [dB]_[7955 [dB] |48 [dB]
12 74,8 [dB] [79,5 [dB] |47 [dB]
18 78,2 [dB] [83,6 [dB] |5.4 [dB]
24 81,0 [dB] [83,0 [dB] [2.0 [dB]
28 82,9[dB] |83,6 [dB] [0.7 [dB]

Figure 8 compare a corrected level of the acoustic pressure La,
and the corrected level of the acoustic power L, of an
experimental unit and pump PZ4-32 TKs 186.

Octave spectrum pump noise PZ4-32TKs186 for p-=18MPa
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Fig. 8 The octave spectrum of an experimental unit and pump PZ4-
32 TKs 186

5. Discrete methods of identification and

classification of acoustic signal

The classification is an important stage in the analysis of
acoustic properties. In this stage, properties characteristic for signals
of particular microphones are compared with each other. On the
basis of obtained results a decision concerning the classification of
the signal properties to a given group is made [5] Among the most
often applied methods of recognising acoustic signals are: HMM (
Hidden Markov Models) , VQ (Vector Quantization), LVQ
(Learning Vector Quantization), SOM (Self- Organising Maps),
ANN (Artificial Neural Network), GMM (Gaussiab Mixture
Models) [14, 16], SVM (Support Vector Machines). In addition,
there are classifiers based on the induction of decision trees, ML-
HMM (Maximum Likelihood Hidden Markov Model ) [6, 7, 8]. Ina
general case, the classification includes two stages: creating of
patterns for recognition and identification.

Tree induction as classifiers of acoustic signals

A decision tree is a structure which has ordinary properties of
trees in the meaning assigned to the tree in the information
technology, so it is a structure composed of nodes from which
branches come to other nodes or leaves. It is convenient to define
tree structures in a recursive way. Assuming that a given branch X
on which attributes a;, a, ,..., a, and the set of notions C of the
category C are determined:

1. The leaf containing any category label d e C is a decision
tree.

2. If t: X— Ry is a test made on the values of attributes of
examples with a set of possible results R= { ry, 1y, ... I, } are
decision trees, then the node containing the test t , from which m
branches come out, given that for i== 1, 2, ..., m branch i
corresponds to the result r; and leads to the tree T;, is a decision tree.

For any node of n decision tree, by t, we mean a test connected
with it, and for each of its possible results r € R; by np4 node or
child leaf, to which the n branch related to the r result leads from
the node. The notation described above is presented in Figure 9.
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Fig. 9 A sample query ““query-by-example™ to the decision-making
system
Information included in the set of training examples is equal to:

< |E | |E |
I(E)=-) ——1 —
© =2 ] g2(|E|
where:
E - the set of training examples
IE I the number of examples which describe i object
|E.

the number of examples in the training set E
The expected value of information after the division of the set

E™ m=1..,V,|

of examples E into subsets , for which the

Vin , determined as [15]:

I(E)

attribute a has the value

E(m)

I(E,a)= —

m=LK N, [ E™=2 | E |
where:

| E™ | - the number of examples after the division of the set
E in relation to the value m of a given attribute,
| E | - the number of examples in the training set E.
Figure 10 presents preliminary signals processing without a
filter for 8 microphones in the whole range of values of discharge
pressure that is 2-30 MPa.

a) b)
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Fig. 10 Initial processing of the signals for the four microphones: a)1.
b)3

A method of analysing a frequency spectrum has been chosen
as a parametrisation method. The method using this rule is called
the Burg method, the implementation of which is included among
others in the range "Signal Processing Toolbox" of the Matlab
programme [9]. The figure 11 shows the spectrogram for 2
microphones.
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The classification by means of induction trees has been made
separately for acoustic pressure L, frequency kHz and discharge
pressure MPa, as output attributes (wy): L,(wy), kHz (wy), MPa
(wy). Input attributes (we) are the values of acoustic measurements
registered from 8 microphones: microphonesl(we),
microphones2(we), microphones3(we), microphones4(we),
microphones4(we), microphones5(we), microphones6(we),
microphones7(we), microphones8(we). As a result of the
analysis, induction trees have been generated for each parameter

Lumj, Pe [Mpa], f [Hz].
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Fig. 12 The induction tree for the acoustic pressure Ly — without
trimming
) .

Fig. 13 A simplified induction tree for the frequency f [Hz]- the number
of examples forming the tree graph- 4, tree trimming- 40%
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Fig. 14 A 5|mpI|f|ed induction tree for the discharge pressure p; [Mpa]-
the number of examples forming the tree graph-4, tree trimming-25%

The induction tree determines the degree of importance of the
attribute from the most important one placed in the root, through
classification of any example. The most important acoustic signal
generated by the value of the discharge pressure is present in the
microphone 4- in accordance with the tree from Figure 14 whilst the
most important acoustic signal influenced by the change of
frequency is generated on the microphone 6- in accordance with the
tree from Figure 13. In accordance with the tree from Figure 12, the
most important signal influencing the value of the acoustic pressure
is the signal registered on the microphone 7.

6. Conclusions

In a decision tree, nodes store tests checking values of example
attributes and leaves store categories assigned to them. For each of
possible test results, there is one branch coming from a node to a
subtree. In this way, it is possible to represent any attributes of the
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hypothesis admissible for a given set. All operations were made in
the real time during normal exploitation of the gear pump. On the
basis of the results received from the inference mechanism,
resulting from the correlation between acoustic signals measured in
a continuous manner and model signals placed in the data base,
there would be identification of the influence of particular signals
from microphones on the chosen parameters of the gear pump after
tooth undercutting
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Abstract: In this paper, we propose a physico- mathematical 3D model to study some of the basic features of the interaction of radiation
with solid materials ( metals, semiconductors , insulators ) under the action of femtosecond laser pulses. The constructed model is a
parametric model that, in particular, takes into account the dependence of the physical and chemical characteristics of the periodic nano-
surface structures controlled laser irradiation parameters the polarization, angle of incidence, the energy density, wavelength, etc. The
developed model is meant for the excitation of periodic nano-surface structures by electric waves which are in the process of irradiation and
periodically amplified and attenuated, i.e. it holds periodic interference.

Keywords: PERIODIC NANOSTRUCTURE, LASER PULSE, MATHEMATICAL MODEL, STABLE SOLUTION

1. Introduction

The synthesis of periodic nanostructures on various solid
surfaces together with femtosecond laser impulses is one of the
most perspective methods in the field of laser ablation on the metal
surfaces, metal-like materials and dielectrics. In particular, the use
of femtosecond lasers has several advantages. First of all, the effect
of these impulses on the target leads to ultra-fast heating, which
then reaches a very high quality of material processing. Second of
all, the next two very crucial aspects provide unique conditions for
the ablation of material together with the femtosecond laser
impulses (see, for instance, [1]-[3]). Now it is vital to observe that
the amount of time it takes after the laser impulse from the heated
zone is negligible so that the laser energy is absorbed in the targeted
and localized area that can be controlled.

Currently the laser synthesis of periodic nano-surface structures
is successfully applied in increasing the ultra-thin materials that are
often used in the microelectronics and aerospace materials, for
colour coding, for local chemical modification of surfaces, to excite
Raman light scattering, and to improve the strength of ultra-thin
materials (see, for instance, [4], [5] and the corresponding
references therein). Nevertheless, there are no adequate complex
physical and mathematical models that are based on rigorous
theoretical calculations; no strictly mathematically based concept
can make accurate predictions in the evolution of both the geometry
and characteristics of the synthesized periodic nano-surface
structures on surfaces of various metals and metal-like materials
under the influence of femtosecond laser impulses with different
physical and technological conditions.

For an accurate description of the mechanism of synthesis of
periodic nanostructures on the surface of semiconductors by the
femtosecond laser impulses, there appears different approaches that
mostly use the same method of studying the analysis of various
surface instabilities. Notice that such analysis is not able to fully
identify the particular nano-surface periodic structures (see, for
instance, [6], [7]), as the absorption of the femtosecond pulse
geometry of the surface of the material hardly changes. Thus, this is
considered as a problem of the non-uniform distribution of the laser
energy on the treated nano-surfaces; optical properties are instantly
changed in the course of photoexcitation and the melting of the
electronic subsystem.

Simultaneously, the developed methods for solving this
problem apply only to a perfectly flat or rough surface with very
low relief modulation amplitude ([9], [8]). In particular, when the
ratio between the relief modulation and the laser wavelength is
negligible, and in both cases, the following restrictions apply: the
number of laser impulses must not exceed 10 and the periodic
values of the nano-surface structures should be in the range 1+1.1
(see, for instance, [9], [10]).
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The authors of this work have built from scratch 1D-3D
mathematical models for the study of some of the main features of
the interaction of radiation with solid materials (taking as an
example copper) under the action of femtosecond laser pulses. The
models follow the parametric model, which incorporates the
dependence of physical and chemical characteristics of the periodic
nano-surface structures (periodic nanoscale particles) from the
controlled parameters of laser ablation: from polarization, the angle
of incidence, the energy density, of the wave length, etc. All the
new models are expressed in the form of linear and non-linear non-
stationary partial differential equations with linear and nonlinear
boundary conditions of mixed type (the Neumann-type and
Newton-Robin type).

Furthermore, the authors of this paper developed an analytical
and numerical algorithm for finding stable solutions in 1D
approximation for constructed 3D model. However, due to
restrictions on the presented volume of this work, we will skip the
output constructed 1D-3D physical and mathematical models and
give only the setting of the "ready-made" 3D model. Therefore, we
will present the developed analytical and numerical algorithm.

2. Mathematical Models

3D model for temperature distribution and electric field in
metallic materials

The proposed 3D mathematical model consists of determining
the temperature distribution T :T(x,t) and the electric field
E=E(xt)

— def

DE{X=(X1,X2,X3)ED31 x €[0,4], i=1,_3}

in the region

during any

moment of time t [0, t

7 "max

] with the following equations as well
as the initial and boundary conditions:

e  dual-temperature  heating dynamics for electron
(Te(x,t)) and lattice (T”(x,t)) subsystem of metal

materials (taking as an example copper) with femtosecond
laser pulse:

oaT [T :
{c\fg} +r-{¥} :dlv(;(v(x,t;T T')-vT )+

+F (X T°), (x,t) e Dx[0,t,,,];

@

e celectric field distribution on the periodically structured
surface of the metallic material:
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Furthermore, we assume compliance with the
consistency conditions of the initial and boundary conditions.
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In the formulated problem (1)-(14) the following definitions and

designations occur:

ev[dif e ‘.
* [A] =A—A,
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def 3. OA,
¢ divA= ) —;
; OX;

def(aA oA A JT _

¢ D denotes  the  interior  field D, i.e.
def

Dzint(E):{x=(xl,x2,x3)eu3: xe(0L), i:1,_3};

. cj and C\f are respectively the electron gas and heat
capacities per unit volume V;

¢ 70 land k (i =1,2) are positive constants;

¢ the function 4 (x,t;Te,Té) describes the electron thermal

conductivity, which plays a pivotal role in the metals,
semimetals, as well as certain semiconductors and
superconductors. The electron thermal conductivity
provides information on the carrier scattering mechanism,
on the peculiarities of the band structure of the material, as
well as information about the magnitude and temperature
dependence of the bandgap (energy gap) of the material. It
is important to note that the electron conductivity at low
temperatures is determined by the scattering of electrons by
impurities and defects and also increases with temperature.
However, at high temperatures the process is determined by
scattering on phonons and decreases with increasing
temperature and therefore, at a certain temperature the
electron thermal conductivity reaches a maximum, higher
than that of a perfect crystal. The conductors in electron
thermal conductivity are related to the conductivity of the
Wiedemann-Franz Law; in superconductors electrons are
combined into Cooper pairs, not involving in the transfer of
heat. Furthermore, when the temperature falls below the
transition temperature to the superconducting state, the
electron thermal conductivity is determined by the normal
(unpaired) electrons and decreases exponentially as it
approaches zero. In bipolar semiconductors and semimetals,
there is an additional mechanism called a bipolar
component, namely, electron-hole pairs generated at the hot
end of the target and diffusing towards the temperature
gradient and recombining at the cold end to produce heat;

+ the function F(x,t;TS), calculated by the Beer-Lambert-

Bouguer Law:

F(xtT*) = (1-(T%))-1 e o
70‘(14"““’ pulse )~17(Xv‘)dvx

%@ ' thaserpulse c [O tlaser pulse]

Y "max

describes the attenuation/absorption of laser radiation on the feeding
surface of the target "flow" of free electrons due to the inverse
scattering brake; in Equation (15) the function @, depending on the

temperature T°  the surface of the metal material at the initial
moment of time, is the reflectance of the target material; | denotes
the intensity of the incident laser beam on the target; B (i :1_3)

is the absorption coefficient of the target material in the direction of
the coordinate axis OX; 5() is the Dirac Delta Function; the

function )/(X,t) is the coefficient absorption in the resulting

plasma laser flare; tr']fsai'p“'se [t denotes the end of the laser
radiation;



the scalar function E (x,t) is the i-th (i:l,_S)

component (corresponding axis O—X.) of the electric vector
field E(x,t);
¢ and y mean respectively dielectric and magnetic

permeability of the metal material (in our situation copper);
o is a specific conductivity of the material;

C is the speed of light. Here it should be noted that for the
simulation of the femtosecond laser radiation, the nested
(embedded) laser energy distribution may exclude relief
modulation over time tr':;irp“'se, however, it is crucial to
consider that in the photoexcitation process, the copper
surface for heating ultrafast electronic subsystem of the

material to the temperature T° of the order of several
electron volts, can significantly affect the optical properties
of copper. It is easy to show at a specific wavelength (for
example, 4 =700 nm) the femtosecond laser pulse by

calculating the dependence Re(g) and Im(g) to T¢:
consequently from the Drude Model considering the

contribution of the lattice &' we can apply the following

formula to determine the dielectric constant ¢ :
2 .
a)plasma 'telectron collision . I a)'telectron collision +1
H

(ot 41 irot

g (16)

electron collision ) electron collision

where @ is the frequency of the femtosecond laser pulses;

2
_ Pelectron density © €
a)plasma - m
‘90 * Weffective mass

has a plasma frequency when the effective mass of the electron

3
~—-M
2

an

m and the electron density Pelectron density for

effective mass
copper;

t . is a collision of electrons within the random
electron collision

phase approximation (see, for instance, [11]), and it is
determined by the following formula:

1
t

~
~

X

=t o (T®
electron collision electron collision
electron-electron scattering

(18)

ho

. lve T
(7Z-Te)2 +(h-a))2 ,

with respect to K which for the investigation of

electron-electron scattering !
the material (in our situation copper) can be determined by tabular
dependence approximation g(a)) at T®=0.

Thus, under certain assumptions the foregoing non-linear 3D
model (1)-(18) describes the evolution of the temperature field and
the electric field distribution on the surface of metals (taking as an
example copper) under the action (irradiation) of femtosecond laser
pulses. Since dielectrics with a forbidden gap in the beginning of
laser radiation’s exposure there is no absorption of the radiation
pulse due to reverse brake dissipation; hence, most dielectrics with
relative moderate intensities of laser radiation can be considered as
transparent. It is important to observe that the mechanism of
interaction of femtosecond laser pulses with insulators is
significantly different from the above-described mechanism for
metals.

When the threshold of intensity, depending on the
characteristics of the particular dielectric surface structure, begins to
break down, the changing of the reflectance and absorbance of the
surface is followed by the melting and ablation of the dielectrics
(with a further increase in the intensity of radiation).
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Following the outline of monograph [1] below, the main
process leading to the synthesis of nano-sized particles is the
influence of femtosecond laser pulses in the dielectric materials. At
the initial stage of the action of a femtosecond laser pulse on a
dielectric surface (we neglect the presence of impurities and defects
in the original) the multiphoton absorption mechanism forms a free
primeval / seeding electrons, and these electrons efficiently absorb
laser energy by dissipating the reverse braking process, with energy

E°® beginning to increase rapidly and reaching the critical value,
while developing process of ionization by electron impact (the so-
called avalanche / cumulative ionization). For laser pulse durations
of the order of hundreds of femtoseconds with a capacity in the
range of 1010 W/cm?, the tunnel ionization mechanism can be
neglected. Then the dynamics of the electron density in the
conduction band can be described by the following simplified
equations:

%p: (™)1 () + 81 () " (19)
% Lt

where the superscripts e and h refer, respectively, to the electrons

and the holes; 9™ and 9°" mean respectively multiphoton
ionization rates (multiphoton ionization) and avalanche ionization
(cumulative ionization); I(t) indicates the intensity of the radiation

incident on the target; and n is the number of photons required for
the excitation of electrons at the transition from the valence band to
the conduction band.

The appearance of a large number of electrons in the conduction
band of the dielectric leads to metallization of the dielectric surface
layer. Therefore, it increases the absorption and reflection
coefficients. However, unlike the metals, the density of electrons in
the conduction band of dielectrics depends strongly on the time and
distance target depth. Furthermore, it is possible to describe the
electron- lattice relaxation dielectric process, by analogy with the
description of metals. In addition, at the end of femtosecond laser
pulses, with the passage of time, there are processes of
recombination of electrons and three-body recombination (Auger
recombination / three-body recombination), from which there is a
gradual return of the target dielectric properties. Typically, after the
irradiation in the process of recombination of electrons are formed
various defective state whose lifetime depending on the type of the
dielectric ranges from microseconds to days. Repeated action of
femtosecond laser pulses lead to a more efficient heating by priority
field defects with larger absorption cross section compared with the
electrons of the valence band.

1D model for metallic materials

In conclusion, this paper presents the basic equations in 1D
approximation describing the mechanism of action of femtosecond
laser pulses in the dielectric materials based on photoemission and
electric fields.

e The first equation is a modification (towards complexity — a

detailed description) of the simple equations (19):

e 2 e e

ap =€a€ +luE6i+_/1 .pe.[p]e‘h.i.

ot OX OX & (20)
+(19m.i. +V c.i.). n,f o - —9T —F ph.e.;

P +p

e The Poisson's equation:

OE |e| e,h
E__F e (21)
OX &€, L]



e The following is a formula for calculating the intensity of
femtosecond laser radiation onto a target Gaussian time

profile:
t 2
In2 2-f 2
I(t)=,/—(1-®(t))-—-e [t']; (22)
T t,
e The radiation intensity equation inside the dielectric

depending on the time and distance of the target depth
considering the multi-photon absorption and absorption by
free electrons:

al(x.t) P emhe

pn.a. +ph !

e The following formula calculates the absorption coefficient
of a free electron:

+a(xt)-1(x,t)=-9™"- (23)

4.7-k(x,t
a(x,t):w; (24)
A
e The Fresnel's formula for the estimation of the reflection
coefficient:
2
\/Re(s)+\/(Re(g))z+(Im(g))z .
=11 +
2 (25)
O(t)= T
Re \/ Re Im ?
J () +y(Re(e) ()] | .
2
e The Einstein's formula for the diffusion coefficient:
e
PELSLAY (26)
]
e Formula estimation for the photoemission:

2 pn.a.+ph )

In the equations (20)-(27) there are the following designations
(the designations that occurred earlier below are not listed):

¢ V™M =g™.].p° the acceleration/development of
cumulative ionization;
e
¢ 9o — P the recombination velocity electron capture of

2

the coupled state;
p™* the neutral atoms;

& ~1nm the characteristic depth of the target, which

photoemission depth (maximum photoemission takes
place on the surface of the dielectric material) decreases
exponentially.

3. Conclusions

In the present paper, 3D model (1)-(18) as well as 1D model
(only main equations without any initial or boundary conditions)
(20)-(27) are proposed. The model (1)-(18) describes evolution of
temperature field (scalar quantity) and electric field (vector
quantity) in the case when femtosecond laser pulses act on the
metallic materials; the model (20)-(27) contains the basic equations
describing the simplified mechanism of action of femtosecond laser
pulses on the dielectric materials.
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In the future, the authors of this paper intend to: firstly, to
develop an algorithm for finding a stable solution of the constructed
3D model (1)-(18); secondly, to complicate the model (1)-(18) by
adding other equations and conditions (which were not considered
in this model) that can be occurred in the mechanism of
femtosecond laser pulses action on the metallic materials; thirdly, to
analytically solve the proposed 1D model and to carry out the
deeply analyse of the obtained results.
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Abstract: Today, there is a significant interest in alternative energy sources for vehicles, as a result of continuous concern for the
environmental impact and for consumption of the primary energy sources, which are limited. Diesel engines present particularly significant
emission like nitrogen oxides, particulate matter, hydrocarbons and black smoke. This paper present a literature review on some alternative
fuels for diesel engines, as pure plant oil, biodiesel and compressed natural gas, and their impact on diesel engine emissions.
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1. Introduction

Compression ignition (CI) engines are the most popular prime-
movers for transportation sector as well as for stationary
applications [1]. Global increasing demands for energy, declining
fossil fuel reserves, environmental concerns, and rising prices have
resulted in a growing interest in the development of alternative
renewable energy source [2].

Petroleum reserves are rapidly and continuously depleting at an
alarming pace and there is an urgent need to find alternative energy
resources to control both, the global warming and the air pollution,
which is primarily attributed to combustion of fossil fuels [1].

In order to meet the energy requirements, there has been
growing interest in alternative fuels like vegetable oils, biodiesels,
biogas, LPG, CNG to provide a suitable diesel oil substitute for
internal combustion engine [3].

Biodiesel production is not something new, because the concept
of using vegetable oil as fuel dates back to 1895. Rudolf Diesel
developed the first diesel engine which has run with vegetable oil
in1900. The first engine has run using groundnut oil as fuel [4].

The promotion of biofuels as energy for transportation in the
industrialized countries is mainly driven by the perspective of oil
depletion, the concerns about energy security and global warming.
However due to sustainability constraints, biofuels will replace only
10 to 15% of fossil liquid fuels in the transport sector [5].

Fossil fuels are expected to continue supplying much of the
energy used worldwide. Although liquid fuels remain the largest
source of energy, their share of world marketed energy consumption
is projected to fall from 35% in 2007 to 30% in 2035 (Fig. 1). The
decline is due to projected high world oil prices that lead energy
users to switch away from liquid fuels when possible [6].

Altough diesel engines are more efficient than gasoline engines
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Fig. 1 World energy consumption by fuel, from
1990 to 2035 [6].
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of the same power, and this results in lower fuel consumption and
thus in lower carbon dioxide emissions [7], the problem associated
with the emissions of smoke, PM, sulfur oxide (SO,), PAHSs, and
odor from the exhaust of diesel engines has been widely been a
concern in many countries [8].

Diesel engine exhaust is a complex mixture of carbon dioxide,
oxygen, nitrogen, nitrogen compounds, carbon monoxide, water
vapor, sulfur compounds and numerous low and high molecular
weight hydrocarbons, and particulate matter [9].

Exhaust gas emissions of IC engines have been considered a
very serious issue regarding air quality and the environment [10]
and, therefore, developing and seeking alternative diesel fuels,
without modifying engines, has become an important issue [8].

To this context, this paper presents a review of some alternative
fuel, like pure plant oil, biodiesel and compressed natural gas, and
their impact on diesel engine emissions.

2. Pure plant oil as fuel for diesel engine

As an alternative fuel for compression ignition engines, plant
oils are in principle renewable and carbon neutral. However, their
use raises technical, economic and environmental issues. A
comprehensive and up-to-date technical review of using both edible
and non-edible plant oils (either pure or as blends with fossil diesel)
in Cl engines, based on comparisons with standard diesel fuel, has
been carried out [4].

Pure plant oil (PPO), also referred as PVO (Pure Vegetable Oil)
or SVO (Straight Vegetable Qil), is the use of plant and vegetable
oils without any modification to their chemical structure as a fuel to
be combusted inside a diesel engine. This method should not be
confused with biodiesel, which is a fuel derived from pure plant oils
through a transesterification process that splits fatty acids from
glycerin to reduce the viscosity of the pure plant oil similar to that
of mineral diesel [11].

Vegetable oils represent a ready, renewable and clean energy
source that has shown promise as a substitute to petroleum diesel
fuel for diesel engines. There are different ways of utilizing
vegetable oils as a substitute for petroleum diesel: (i) crude or
refined neat oil; (ii) mixture of oil with diesel fuel with appropriate
dilutions; and (iii) alkyl ester products from the transesterification
process [12].

Since the most of European biodiesel is made from vegetable
oil, this has led to a rapid increase in demand, with a significant
impact on European vegetable oil markets [13].

Because the population is constantly growing and also food
need is increasing, it is important to focus our attention on non-
edible crops. Non-edible oils are not suitable for human food due to
the presence of some toxic components in the oil [14].

As indicated by Table 1, numerous plant oils have been tried in
diesel engines at some time or other. Relatively few, however, have
been systematically evaluated and used [4].



Table 1: Potential edible and non-edible plant oils for use in Cl engines [4].
Edible oil Non-edible oil
Sunflower oil, Rapessed oil, Rice Jatropha oil, Karanji or
oil, Soybean oil, Coconut oil, Corn Pongamia oil, Neem oil, Jojoba
oil, Palm oil, Olive oil, Pistachia Ol, | oil, Cottonseed oil, Deccan hemp
Sesame seed oil, Peanut oil, Poppy oil, Kusum oil, Orange oil,
oil, Safflower oil Rubber seed oil

Advantages of non-edible crops are ready availability,
renewability, higher heat content, lower sulfur content, lower
aromatic content and biodegradability, adaptability of cultivating
non-edible oil feedstock in marginal land and non-agricultural areas
with low fertility and moisture demand, eliminate competition for
food and feed [14].

There are 350 species of oil-producing plants and thousands of
sub-species [15]. Table 2 gives the average annual oil yield for the
common oil plants cultivated in Europe.

Table 2: Oil producing crops in European Union [adapted from 13]

Oil producing crops in kg oil/

European Union hectare
Corn 145
Oat 183
Cotton 273
Hemp 305
Linseed 402
Pumpkin seed 449
Sunflower 800
Rapessed 1000
Olive tree 1019

Diesel engines are designed to burn diesel fuel, which has a
lower viscosity than vegetable oil. Therefore the direct usage of
pure plant oil in the engine leads to poor fuel atomisation and
incomplete combustion, which can rapidly damage the engine. Pure
vegetable oil thickness is the central problem for their use since it is
11-17 times thicker than conventional fuel [11].

In the process of converting an engine, adaptations may need to
be made to the fuel lines, combustion chamber and fuel injectors.
The engine modifications necessary to run a diesel engine with
vegetable oils can be divided into two categories: one tank systems
and two tank systems. The best way is to fit a professional kit to the
diesel engine which includes replacement injectors and glow plugs
optimised for vegetable oil, as well as fuel heating [16,8].

The major components of a professional kit are: electrical
switching unit (switching to the gas, rinse/ventilation) and an
integrated heater (Diesel-Therm), control electronics (diesel - quick
rinse, warning when off on vegetable oil), heat exchanger for water
/ oil circuit, fuel lines, fuel filter, cockpit panel for plant oil / diesel
with LED's all operating conditions signal and audible warning
when off mode in vegetable oil, complete manufactured cable set
with relay sockets, plugs and fuses, various small material (hose
clamps), detailed installation manual [17].

With two-tank PPO kits (Fig. 2), one tank holds the vegetable
oil and the other petro-diesel (or biodiesel). The engine is started on
the petro-diesel tank and runs on petro-diesel for the first few
minutes while the vegetable oil is heated to lower the viscosity [11].

Items “O” and “N” represent the two tanks, which are installed
inside a vehicle. Heating systems include “M” which is a heater
located inside in the vegetable oil tank and “E” which is normally a
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Fig. 2 lllustration of a two tank system, which
allows a vehicle to run on PPO [11].
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special type of heat exchanger. The operation of this system is that
upon shut down of the engine the mineral diesel or biodiesel from
the smaller tank “O” is feed into the engine until all the vegetable
oil is purged out [11].

Literature on using vegetable oils as fuel for diesel engine
shows that exhaust gas temperature and smoke intensity may either
increase or decrease in comparison to fossil diesel.

Wang et al. [18] carried out a series of experimental tests to
evaluate the performance and gaseous emission characteristics of a
diesel engine when fuelled with vegetable oil and its blends of 25%,
50%, and 75% of vegetable oil with ordinary diesel fuel separately.
The engine works at a fixed speed of 1500 rpm, but at different
loads respectively, i.e. 0%, 25%, 50%, 75% and 100% of engine
full loads. The experimental results show that power output and fuel
consumption are comparable to diesel when fueled with vegetable
oil and its blends. The emission of nitrogen oxides (NO,) from
vegetable oil and its blends are lower than that of pure diesel fuel.
This emission character found in the tests to some extent is of
significance for the practical application of vegetable oil to replace
ordinary diesel fuel.

A technical review and life-cycle analysis [4] revealed that
when the engine runs on plant oil, emissions of CO and HC may
either increase or decrease (Fig. 3). At low load operation using
plant oil, CO emission is almost the same as for fossil diesel.
Whereas at higher loads, the mixture becomes richer thus more CO
is produced due to the lower oxygen content of plant oil. Emissions
of NO, tend to increase with the nitrogen content of the oil. Most
literature reports a decrease in NO, emission with plant oil (or
blends) compared to fossil diesel (Fig. 3).
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Fig. 3 CO, NO, and smoke emission of Cl engines running
on plant oil (or blends with fossil diesel) as compared to
fossil diesel (Oil (1): unknown) [4].

One can observe that the CO emitted by all biodiesel blends of
various origins is lower than that by the corresponding neat Diesel
fuel case, with the reduction being higher the higher the percentage
of the biodiesel in the blend [19].

Emissions of NO, tend to increase with the nitrogen content of
the oil. The NO, emissions were slightly reduced with the use of
biodiesel or vegetable oil blends of various origins with respect to
that of the neat Diesel fuel, with this reduction being higher the
higher the percentage of biodiesel or vegetable oil in the blend
[4,19].

The smoke density was significantly reduced with the use of
biodiesel blends of various origins with respect to that of the neat
Diesel fuel, with this reduction being higher the higher the
percentage of biodiesel in the blend. On the contrary, it was
increased with the use of vegetable oil blends of various origins,
with this increase being higher the higher the percentage of
vegetable oil in the blend [19].



In other experiment [20], Rakopoulos et al. have evaluated the
use of sunflower, cottonseed, corn and olive straight vegetable oils
of Greek origin, in blends with diesel fuel at proportions of 10
vol.% and 20 vol.%, in a six-cylinder, turbocharged and after-
cooled, heavy duty, direct injection, Mercedes-Benz diesel engine.

Fig. 4 shows, for the speed of 1500 rpm, the emitted nitrogen
oxides (NO,) for the neat diesel fuel, and the 10% and 20% blends
of the four vegetable oils with diesel fuel, at the three loads. One
can observe that the NO, emitted by all vegetable oil blends are
equal or slightly higher than the ones for the corresponding diesel
fuel case, with this increase being higher the higher the percentage
of the vegetable oil in the blend [20].
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Fig. 4 Emissions of nitrogen oxides (NOy) for neat diesel fuel, and the 10%
and 20% blends of the four vegetable oil with diesel fuel [20].

For the same experiment [20], it can be observed that the soot
emitted by all vegetable oil blends is lower than the ones for the
corresponding neat diesel fuel case, with this reduction being higher
the higher the percentage of the vegetable oil in the blend. This is
attributed to the combustion being mixing controlled for these
vegetable oil blends, as it is also the case for the neat diesel fuel
case, which is however now assisted by the presence of the fuel
bound oxygen even in locally rich zones [20].
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Fig. 5 Emissions of smoke for neat diesel fuel, and the 10% and
20% blends of the four vegetable oil with diesel fuel [20].

3. Biodiesel

Crude vegetable oils are inferior as fuel in terms of viscosity,
heating value, freezing point, etc. [21]. In order to reduce viscosity,
vegetable oils are converted into esters by transesterification

I
CH,-0-C-R;

I

CH,-0-C-R;

|
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C|:H2-O-C-R2 +3CH3-OH —> CH;3-0-C-R;, + ?H-OH

I (I_I) (Catalyst) ? CH,-OH

CH,-0-C-R; CH3-0-C-R;

triglyceride  methanol mixture of glycerol
fatty esters

Fig. 6 Transesterification reaction [22].

reaction [1]. The result of transesterification reaction (Fig. 6) is
biodiesel, as a fuel comprised of mono-alkyl esters of long chain
fatty acids derived esters from vegetable oils or animal fats,
designated B100 [23].

Because the biodiesel viscosity is almost twice higher than the
diesel fuel viscosity (according to Standard EN 14214:2003, the
biodiesel viscosity at 40°C is 3.5-5.0 mm?/s [24]), biodiesel is
currently used in blends with diesel fuel.

Biodiesel can be produced from various vegetable oils, waste
cooking oils or animal fats. The fuel properties of biodiesel may be
changed when different feedstocks are used [25]. However,
biodiesel production is highly dependent on many local variables
such as feedstock and land availability, costs associated with
feedstock procurement, government subsidies and tax reductions as
well as interactions with the food industry [26].

The main stages of the fuel systems for biodiesel from
vegetable oil and waste cooking oil are shown in Figure 7.

WCO
Collectin

Rapeseed
Production

Rapeseed Oil
Extraction

Rapeseed Biodiesel
Production

Pretreatment

WCO Biodiesel
Production

Pretreatment

Biodiesel Production Biodiesel Production
Process Process

Petroleum Diesel
Production

Diesel Engines

Fig. 7 Fuel systems for biodiesel from vegetable oil (rapeseed
oil) and waste cooking oil (WCO) (adapted from [26]).

A survey on 27 literatures [27], to study the effect of pure
biodiesel on engine power, showed that 70.4% of them agreed that,
with biodiesel (especially with pure biodiesel), engine power will

Table 3: Statistics of effects of pure biodiesel on engine performances (adapted from [27])

Total number of Increase % Similar % Decrease %
references Number Number Number
Power performance 27 2 74 6 22.2 19 70.4
Economy performance 62 54 87.1 2 3.2 6 9.7

29



drop due to the loss of heating value of biodiesel (Table 3).
However, the results reported show some fluctuation. Some authors
found that the power loss was lower than expected (the loss of
heating value of biodiesel compared to diesel) because of power
recovery.

Due to the increasing interest in the use of biodiesel, the
Environmental Protection Agency (USA) has conducted a
comprehensive analysis of the emission impacts of biodiesel using
publicly available data [28]. This investigation made use of
statistical regression analysis to correlate the concentration of
biodiesel in conventional diesel fuel with changes in regulated and
unregulated pollutants. Since the majority of available data was
collected on heavy-duty highway engines, this data formed the basis
of the analysis. The average effects are shown in Figure 8. One may
observe that due to higher content of oxygen in biodiesel, CO, PM
and HC emission are reduced, but the NO, emission is higher than
that of diesel fossil fuel.
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Fig. 8 Average emission impacts of biodiesel for
heavy-duty highway engines [28].

The results of an experimental investigation [29], using two
different samples of B10 blend of eucalyptus biodiesel, showed that
smoke opacity improves for both samples, smoke is found to be
64.5% and 62.5% cleaner than that of diesel. Out of all blends B10
was found to be a suitable alternative to conventional diesel fuel to
control air pollution without much significant effect on engine
performance.

As for the vegetable oils as alternative fuel for diesel engines,
the literature on biodiesel emission is not uniform.

In this respect, some available results of Light-Duty diesel
vehicle test data for some rapeseed biodiesel blends (a minimum of
20 measurements of a particular blend were required to assess the
significance of the effect) allow one to explore the differences in the
effects on emissions of the different biodiesel feedstocks [30]. The
emission data are discussed as follows:

- HC lower for B20 and B100, but no correlation between biodiesel
content in the blend and level of HC emission;

- NOy higher than for diesel fuel for all blends, the higher content
of biodiesel, the higher NO, emission;

- CO emission is random, lower for B20, but higher for B30;

- Particulate matter (PM) emission is not significant versus diesel
fuel. However, a very slight increase of PM for biodiesel blends
is observed.

The heterogeneous and uncorrelated data from [27] could be
due to the use of biodiesel and biodiesel blends on diesel engines
tuned only for pure diesel fuel or for B5-B7 blends. Using higher
percentage biodiesel blends, or even B100 fuel, on existing
unmodified engines, could cause an inappropriate response of the
engine in respect of torque (power) and emission.
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4. CNG as fuel for diesel engine

International communities are seeking reliable and alternative
fuel sources and technologies to reduce environmental stresses, air
pollution, increase fuel availability, decrease the use of and
dependence on foreign oil, and optimize the performance of existing
fuel supply infrastructures [31].

Natural gas (NG) is one of the most important energy carriers
today because it is available in large quantities and its reserves are
of the same magnitude as the crude oil reserves [32]. The use of
natural gas as a fuel has garnered considerable interest since the
beginning of the 1990s.

Italy was the first country in which the use of natural gas as fuel
for the propulsion of road vehicles was successful [33]. In the last
decade the number of NG vehicles has risen to over a million in
several countries around the globe. One reason for this evolution is
economic: in many countries NG is considerably less expensive
than conventional fuels such as gasoline and diesel. The other
advantage is the fact that natural gas burns in a cleaner, less
polluting way. Natural gas sources are spread throughout the world,
which reduces the risk of an energy crisis [32].

CNGI/NG, is a mixture of hydrocarbons in gaseous form,
consists of approximately 80-90% of methane along with some
percentage of ethane, propane, nitrogen [34]. A gaseous form of
natural gas, clearly has some substantial benefits compare to petrol
and diesel.

According to [32], the main constituent of NG is methane (80—
98%, depending on the extraction source). Other (about 2%), butane
and pentane (less than constituents are ethane (1-8%), propane 1%).
NG also contains nitrogen and carbon dioxide (0.2-1.5%) and small
quantities of sulfur compounds (hydrogen sulphide and
mercaptans). Of all hydrocarbon compounds used as motor fuels,
methane has the highest knock resistance [32]. Its octane number is
ca. 130. NG is non-toxic, odourless and non-corrosive. It is lighter
than air and is slightly soluble in water.

Amrouche et al. [35] have found that CNG:

e |Is composed of 85 to 99% methane;

o Has the highest energy/carbon ratio of any fossil fuel, and has
a high octane (110/130) (against 95 and 98 for gasoline and
92/96 for the diesel). His feature helps the increase of the
compression ratio engines and thus the efficiency;

o |s safely: It is lighter than the air, in the case of gas leak, it
goes to the atmosphere;

e Auto-ignite above 540°C (450°C for LPG, 220°C for
unleaded gasoline and 225°C for diesel).

e Doesn't freeze until below -165°C, which makes it insensitive
with the climatic conditions.

One of the reasons to use NG as an alternative fuel was the
ecological consideration [32], NG having the potential to mitigate
CO, emissions due to its lower carbon content [36].

Natural gas is used as a fuel in two forms [32]:

1. In its gaseous form (at ambient temperature and under a high
pressure of 20 MPa) it is called compressed natural gas (CNG).

2. In its liquid form (cooled to a temperature of -161°C at
atmospheric pressure) it is called liquefied natural gas (LNG).

In the case of using CNG, vehicle engines should be modified
(dedicated/retrofitted) at the same time with changing fuels [36].
Dedicated vehicles are preferable but there are a few light-duty
CNG vehicles available. For applying to a specific type of vehicle,
retrofitting is an option. However, the efficiency of retrofitted
vehicles is questionable on reduction of CO, emissions [36].

In order to ensure smooth transportation life cycle and
sustainability, it is important to synchronize CNG fuel supply, CNG
refueling stations and CNG fuel vehicles [31]. Recent studies show
that the proper implementation with reasonable ratio of refueling
stations to alternative fuel vehicle is of great importance [31].



Many investigations were carried out in order to use of CNG as
an alternative fuel according to their fuel usage and they are [34]:

o Dual fuel: like the CNG buses the mixture of CNG and diesel
introduced in the engine. As natural gas will not ignite under
combustion chamber alone so diesel is required.

o Bi-fuel: like cars and light motor vehicle, convention petrol
engine where the fuel system has been modified to operate
either petrol gas.

o Mono-fuel: this is specialized engine type which has been
designed and optimized to operate only on natural gas.

The natural gas vehicle is currently one of least polluting
vehicles available on the market [35]. In fact, compared to others
vehicles powered with petroleum products, the CNG vehicles have
shown a very strong reduction of the polluting emissions (-100 % of
lead, the Non-Methane Hydrocarbons are reduced by approximately
50%, - (50-87%) of NO,, - (20-30%) of CO,, - (70-95%) of CO.
And the combustion of natural gas produces almost no fine
particulate matter). Natural gas vehicles have significantly low
noise levels and engine vibration, it reduce noise about -5 to -8
decibels by vehicle [35].

Introducing vehicles that run on CNG can significantly reduce
black carbon emissions from on-road vehicles [37].

The use of natural gas as a vehicle fuel is claimed to provide
several benefits to engine components and effectively reduce
maintenance requirements [34]. It does not mix with or dilute the
lubricating oil and will not cause deposits in combustion chambers
and on spark plugs to the extent that the use of petrol does, thereby
generally extending the piston ring and spark plug life. In diesel
dual-fuel operation evidence of reduced engine wear is reported,
leading to expected longer engine life [34].

Development of the CNG dual-fuel turbocharged CI engine was
described in reference [32]. NG was introduced into the engine
cylinder in the gaseous state through a honeycomb mixer. The pilot
ignition fuel was diesel fuel. The following results on emissions
were obtained (Fig. 9):

e An increase in pilot diesel fuel extends the lean burning limit
and decreases HC and CO emissions (while NO, emissions
increase), which is generally higher than for diesel fuelling.

o Smoke emission is considerably reduced for dual fuelling.

e NO, emission is also reduced.

5. Conclusions

To meet the energy requirements and environmental concerns,
there has been growing interest in alternative fuels like vegetable
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oils, biodiesel and CNG to provide a suitable diesel oil substitute for
internal combustion engine.

As an alternative fuel for compression ignition engines, plant
oils are in principle renewable and carbon neutral, but their use
raises technical, economic and environmental issues.

There are different ways of utilizing vegetable oils as a
substitute for petroleum diesel: (i) crude or refined neat oil; (ii)
mixture of oil with diesel fuel with appropriate dilutions; and (iii)
alkyl ester products from the transesterification process.

Since diesel engines are designed to burn diesel fuel, which has
a lower viscosity than vegetable oil, using only vegetable oil as fuel
needs to fit a professional kit to the diesel engine, which includes
replacement injectors and glow plugs optimised for vegetable oil, as
well as fuel heating.

Literature on using vegetable oils as fuel for diesel engine
shows that CO emission is decreasing, while emissions of NO, tend
to increase.

To reduce the viscosity of vegetable oils, vegetable oils are
converted into esters by transesterification reaction. Because the
biodiesel viscosity is almost twice higher than the diesel fuel
viscosity, biodiesel is currently used in blends with diesel fuel.

Using pure biodiesel, engine power drops due to the loss of
heating value of biodiesel. In some cases, the power loss was lower
than expected because of power recovery.

Due to higher content of oxygen in biodiesel, CO, PM and HC
emission are reduced, but the NO, emission is higher than that of
diesel fossil fuel.

One of the reasons to use natural gas as an alternative fuel was
the ecological consideration, NG having the potential to mitigate
CO, emissions due to its lower carbon content.

In the case of using CNG, vehicle engines should be modified at
the same time with changing fuels. Dual fuel, bi-fuel or mono-fuel
fuel systems have been designed and optimized to allow diesel and
spark ignition engines to operate only on natural gas.

Compared to others vehicles powered with petroleum products,
the CNG vehicles have shown a very strong reduction of the
polluting emissions.

The use of natural gas as a vehicle fuel is claimed to provide
several benefits to engine components and effectively reduce
maintenance requirements .
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Fig. 9 HC, CO, NO, and smoke emissions versus b.m.e.p. for dual and diesel fuelling of
a turbocharged engine at n=1600 r/min [32].
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DEVELOPMENT OF GEOMETRY OF CARVIDE MULTIFACE PLATES FOR
SUPERFINISH PROCESSING

PA3PABOTKA 'EOMETPUN MHOT'OTPAHHBIX TBEPJIOCIVIABHBIX JIJIA
CVYIIEPOMHUIITHOUN OBPABOTKIM

Rechenko D., Popov A., Titov Yu., Gritsenko B.
Omsk State Technical University - Omsk, Russia

Protective coatings are widely used for carbide tools
stabilization and functionality. Surface hardening of carbide tools
by coatings which are based on titanium nitride is allowed to
stabilize them for 3-5 times. But they are not available in cases of
affinity of chemical elements with composition of worked stock.
Multilayered coating provides sufficient toughness of the coating
and high durability by the front coating allows to process different
constructional materials efficiently [1].

Superfinish and finish edge cutting machining can be only
with usage of high-quality tools but with an ideal wedge which has
edge less than 1 pm affects to have optimum shapes during the
work. At start time of shake-down period this edge assumes the
rounding and its dimensions are depended on cut depth, approach,
tooling and worked material which assign intensity of production
process.

Generally accepted finish machining is characterized by
the production mode: approach S =0,1...0,3 mm/turn and cut depth
isa, =0,5...2,0 mm. Superfinish - § = 0,05...0,15 mm/turn and a. =
0,25...2,0 mm. Even with the lowest process rates, edge
(conditional inscribed radius of rounding edge) of standard metal-
cutting tool (p = 15...25 um) is enough for stable operation. With
process rates: approach S < 0,05 mm/turn and cut depth is a, < 0,1
mm, for example, S = 0,01 mm/turn and a, = 0,010 mm, the edge of
modern tool does not provide the stable operation (Fig. 1)

Cutting process will be accompanied with deformation
and hardening of surface layer of the work piece. It is necessary to
provide the correspondent edge and the application of a harden
negative chamfer is allowed to stabilize the tool for the normal
operation of the cutting tool. In Figure 2 there is a dependence of
kinematic chip thickness on lead angle ¢ and approach S. It is seen
from the dependence that with the decreasing of lead angle ¢ and
approach S kinematic chip thickness h,,, decreases.

The creation of edge (with short conventional inscribed
radius) strictly defined form of the cutting edge of the tool increases
the quality of finish, but the carbides do not bear the load increasing
and fail rather quickly and in the result the quality of processing
coating decreases and tools can be failed. Solving of this issue is to
apply a hardening coating but nowadays a lot of traditional coatings
are developed but not all of them are suitable. With the covering of
the coat the circle radius and as consequence the processing
accuracy and quality decreases. Moreover they are quite fragile.
With the cutting edge of 1 pum the coating thickness must have
commensurable dimensions (traditional coatings have optimal
thickness 5 um).

Consequently, the coatings which can bear a high load
and provide a long-term usage of tools at shallow thicknesses are
necessary. At inserted carbide cutting with the coatings should not
be seizure with the work materials. The last one is essential at hard-
to-cut materials processing on basis of titanium, nickel, aluminium
and etc. Coatings must possess a small friction ratio combined with
the work material, possess damping properties and not be subjected
to brittle failure.

For the purpose of finding out of influence of the light
coatings on the tool cutting characteristics the study of tool with
coating operation Al-Si-N and into the part of coatings are
additionally implemented ions Mo has been made.
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3.5 Mrkm

0)
Figure 1 — Edge of modern metal-cutting tool: ) cutting pattern; b)
picture of the edge in cross-section

From the tests of cutting edge tool made by the authors it
is stated that negative chamfer must have an angle y = -5°...-15°
and width chamfer is fixed by the forming width of cutting which
depends on depth of cut and approach. The realization of
superfinish processing with the light feed and depth of cutting is
possible only with high edge of the tool. From the tests it is stated
that the stable cutting is observed in the ratio of layer cut thickness
and the edge.
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Figure 2 — Graph of kinematic chip thickness from lead angle ¢ and
approach S

In operation research of the edge’s keenness influence on
the cutting process in processing heat-resistant alloy was carried
out. The high-quality edge was obtained through the high-speed
sharpening (grinding speed is 350...400 m/s).

On the basis of research results of the stable cutting were
obtained. Figure 3 shows recommended ratio of layer cut thickness
and the edge’s keenness.

p, MkM 20
L — //
0 %I/

0O 10 20 30 40 50

hm, MM

Figure 3 — Graph of recommended edge p from kinematic chip
thickness hy, in the area of the stable cutting

The graph makes possible to identify required edge’s
keenness of carbide tool in the ratio 5 < R., < 10, where R, is the
ratio of the cutting ability, which has a dependence, defined as R, ;=
hm / p. That is the ratio of the cutting ability depends on kinematic
chip thickness h,,and edge’s keenness p. From the above ratio of the
cutting ability it’s possibly to define the area of stable cutting.

Analysis of industrial experience and literary data allowed
to define that the usage of negative chamfer increases durability and
can have different dimensions and shape. Negative chamfer serves
as strengthening edge’s element.

For comparison of the cutting process the analysis of
existing microgeometry carbide tools was conducted. The analysis
showed that sharpening of high-quality carbide tool with the
formation of negative chamfer and additional chamfers (Fig. 4,a —
4,d) changes the mechanism of their wear and increases the life.

There are several types of chamfers [2]. The size of the
negative chamfer along the contour and on front surface depending
on specifications should be 30...50% of the kinematic chip
thickness hy,.

For approvement of the influence of the chamfer on the
cutting process of hardmachining materials geometry with negative
chamfer f = 3...5 um and an angle y = -10° (Fig. 4, a) and geometry
of edge tool free from edge’s defects with the sharpness p = 1...2
pum, while all plates were covered by Al-Si-N.
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a)
chamfer
f=(0,3...0,5) - hy,
y =-5°...-15°

Negative

b) Double
negative chamfer
f=(0,3...0,5) - hy,
fzz 05" f

y =-5°...-15°

y = -10°...-20°

c) Rounding
negative chamfer
£=(0,3...0,5) - hy,
R=(2...3) - hy

N

d)

chamfer
rounding
f=(0,3...0,5) - hy,

Negative
with

o

Figure 4 — Types of negative chamfers

Tests of different bars were conducted for comparison of
influence of abrasive material on production of the chamfer.
Meanwhile chamfer on the edge was produced experimentally with
the use of different abrasive materials (Fig. 5).



Grinding bar ACM 28\20 B2-01

Grinding bar 47 F2500 (mai-n'
(main fraction 23 um) (Russia)
b

fraction 8,4 um) Norton (Brazil)
a)

SAE
Grinding bar ACH 7/5 4 B2-01
(main fraction 5,5 pm) Inrost
(Uupocr) (Russia)
d)

Grinding bar on volcanite
bundle 35 32I'T (corresponds to
the mark of abrasive material
14A) (main fraction 348 pm)
Luga (Russia)
c)

Grinding bar with suspension of submicropowder
Masaper prep polishing suspension 0,05 um (USA)
e)

Figure 5 — Edge of carbide tool, produced after blunting by
different abrasive materials

Analysis of the results showed that the best result was
obtained using the grinding bar ACH 7/5 4 B2-01 (main fraction 5,
5 pum) Inrost (Mupoct) (Russia) (Fig. 5,d), chamfer in the range
3..5 um. Usage other abrasive materials doesn’t allow to get a
stable result. Grinding bar 47 F2500 (main fraction 8, 4 um) Norton
(Brazil) (Fig. 5,a) makes defects on the edge in form of microchips.
Grinding bars ACM 28/20 B2-01 (main fraction 23 um) (Russia)
(Fig. 5,b) and on volcanite bundle 25 32I'T (corresponds to the
mark of abrasive material 14A) (main fraction 348 pm) Luga
(Russia) (Fig. 5,c) make obstructions on the edge, and grinding bar
with suspension of submicropowder Masaper prep polishing
suspension 0,05 pum (USA) (Fig. 5,e) allows to make a chamfer and
to produce any processing at all. In the last case the result can be
supposedly explained by the fact that abrasive material has a low
hardness and it can’t make processing.
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Selected the best in terms of cutting geometries of the tool
were covered with Al-Si-N. Except various geometries coating Al-
Si-N was used in the work, the thickness of which amounted to 2,3
pum on the front side. The coating was formed with much worse
adhesion with a thickness 0,26 pm at the back side because of the

spraying (Fig. 6).

[Toror nosos

Nepennas

© rpass

Figure 6 — The scheme of coating

Small thickness and actually one-sided covering of
coatings preserve edge’s keenness. Because of the significant
difference in coating hardness and base the back side will wear
more quickly, which would lead to the realization of the self-
sharpening condition and longer tool operation.

Coatings, that is ~2...2,5 um thick, were settled on the
vacuum unit YBH-05M]T «kKBAHT» in argon-nitrogen gas mixture
at a total pressure 0,3 Pa and the ratio of partial pressures Ar: N =3
: 1 by the method of the bipolar impulsive magnetron sputtering of
mosaic target based on aluminum with silicon inserts. The discharge
power of the magnetron was 1,2 kW; frequency of current impulse
was 50 kHz. Heating sublayers and maintaining their constant
temperature in the settling process of coatings were carried out by
molybdenum resistive heater power of 10 kW. The chemical
composition of coatings Al-Si-N included: Al — 34 at.%, Si — 13
at.%, N — 53 at.%. Figure 7 shows a sketch of carbide plates which
used in the work. Also in the same way plates implanted with
molybdenum Mo in the coating Al-Si-N were tested.

Figure 8 presents edges of carbide sharp plates with the
chamfer which covered with hardening coating Al-Si-N and coating

implanted with molybdenum Mo.
Base 1%

Figure 7 — Sketch of carbide plates with the coat
Durability tests of carbide plates were carried out in
turning steel XH77TIOP on a lathe machine Okuma ES-L8II.
Cutting fluid BlasoCut 2000 was used. Processing condition in
turning: cutting speed V = 40 m/min, longitudinal feed S = 0,05
mm/Rev and depth of cutting on the diameter ty = 15 um.

Sharp edge, coat Al-Si-N
+ Mo

Sharp edge, coat Al-Si-

N

With the chamfer, coat With the chamfer, coat
Al-Si-N Al-Si-N + Mo
Figure 8 — Edges of carbide sharp plates and with the chamfer



The results of tests showed that plates had different wear References
(Fig. 9).
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Sharp edge, coat Al-Si-N +

Sharp edge, coat Al-Si-N
a) Mo
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With a chamfer, coat AI-Si-N  Witha chamfer, coat AI-Si-N
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Figure 9 — Edges of carbide sharp plates and with the chamfer

Sharp edge plate (Fig. 9,a) has strongly pronounced blaze
and classic wear on the back surface. Sharp edge plate with the coat
and implanted molybdenum Mo (Fig. 9,b) has classic wear on the
back surface. Plate with the chamfer and coat Al-Si-N (Puc. 9,c) has
residual trace of excrescence (stagnant zone), while preserved coat,
and the plate with the chamfer and implanted molybdenum Mo
(Puc. 9,d) has strongly pronounced wear on the front surface with
flaking coat and residual trace of excrescence. At the same time this
plate has chipping on the edge. The best result for durability and
quality of processing was showed by the plate with negative
chamfer and coat.

Tool durability was assessed by quality parameters of
details’ processing. Change of roughness was assessed visually, and
was measured by profilometer MarSurf PS1. Results for durability
compared to the original plate are shown in Table 1.

Table 1 — Durability carbide sharp plates and with a chamfer

Durability Passed Treated
Plate i way L, area S,
T, min 5
m cm
Sharp edge,
coat Al-Si-N 42,4 1696 847,8
Sharp edge,
coat Al-Si-N + Mo 59,5 2379 1189,7
With a chamfer,
coat Al-Si-N 169,6 6782 3391,2
With a chamfer,
coat Al-Si-N + Mo 43,5 1741 870,4
Original 313 1252 626,1

Conclusion: In processing of heat-resistant alloy
XHT77TIOP the best result for durability and quality of processing
was given by carbide plate, which has the edge p = 1...2 um free
from edge’s defects, original geometry with negative chamfer f =
3...5um, and an angle y =-10°, with coat Al-Si-N.
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Assist.Prof. Sahab A.R. PhD.!, M.Sc. Abazari M.!
Faculty of Engineering - Lahijan Branch Islamic Azad University, Iran '

sahab@liau.ac.ir

Abstract: In this paper, we study on chaos, one of the most important phenomenons based on complex nonlinear dynamics. We will focus
on T-system chaos and in continue, using three synchronization methods, Brain Emotional Learning Based Intelligent Controller (BELBIC),
Generalized Backstepping Method (GBM) and adaptive method, the chaotic system will be synchronized. To prove usability of the
controllers, the results will be compared with the results obtained by Active Control and Backstepping Controllers. According to the results,
proposed controllers synchronize chaotic systems with higher speed, lower setting time, lower overshoot and smaller control signal versus

active control and backstepping controllers.

Keywords: CHAOS, BELBIC, GENERALIZWD BACKSTEPPIG METHOD, ACTIVE CONTROL

1. Introduction

Chaos is an important phenomenon, happens vastly in both
natural and man-made systems. Lorenz [1] faced to the first chaotic
attractor in 1963. In continue, a lot of researches were achieved on
chaotic systems [2-11]. A new 3D chaotic system (T-system) from
the Lorenz system was derived in [12,13]. Over the last two
decades, chaos control and synchronization have been absorbed
increasingly attentions due to their wide applications in many fields
[14-25]. Active control [28], backstepping [28] and adaptive
control [28] are three different methods for synchronization of T
system. Active control [28] and backstepping [28] methods are
selected when system parameters are known, and adaptive control
[28] method is applied when system parameters are unknown. GBM
[26,27], a new method to optimize backstepping method, controls
chaos in nonlinear systems better than backstepping design.

A kind of BELBIC model was introduced to control nonlinear
systems [29] and aerospace launch vehicle control [30]. Another
model of BELBIC was proposed for control and tracking of
vehicles [31] and Intelligent autopilot control design [32]. This
paper proposes new controllers to control and Synchronize T
chaotic system according to three models, BELBIC [29,30], GBM
[26,27] and adaptive method, and Simulation results shows that
mentioned controllers synchronize this chaotic system more better
and faster than active control and backstepping controllers.

2. Generalized Backstepping Method (GBM)

GBM [26-27] will be applied to a certain class of autonomous
nonlinear systems which are expressed as

X =F(X)+G(X)p

ﬁzfo(Xvﬂ)+ go(Xvﬂ)”
In which 77 e Rand X = [xl,x2,,,,,xn]e R”". In order to obtain an

€3]

approach to control these systems, we may need to explain a new
theorem as follow.

Theorem. Suppose (2) is available, then ¢, (X) for the j, state
could be determined i a manner which by inserting the i, term for
7, V(X) would be a positive definite (3) with negative definite

derivative.

v(x):%ixf @)

Therefore, the control signal and also the general control
Lyapunov function of this system can be obtained by (4) and (5).

u =M{Zn:igfi[ﬁ(X)+gi(X)17]_Z"1:xigi(X)

=t j=1 OX;

“

—Zk,-[n—rpi(X)]—fo(X,n)}; k>0 3 i=0,12...,n

i=1

1L 1L g
V,(X,n)=52x?+52[ﬂ—¢,~(X)] ©)
i=1 i=1
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3. Genetic Algorithm

The genetic algorithms are used to search the optimal parameter
k (k_; ij= 1,2 s positive constant) in order to guarantee the stability

of systems by ensuring negativity of the Lyapunov function and
having a suitable time response [33-34]. The fitness function used is

1 1 2
Flye ©
n'ig
Table 1: Genetic Algorithm Parameters
Parameters Values
Size population 100
Maximum of generation 300
Prob.crossover 75
Prob.mutation 0.001
k]_ search interval de [0.1 10]
4. T-Chaotic System
State space of T system is expressed as
x=a(y-x)
y=(c—a)x—axz @)
Z=—bz+xy

Where g =2.1,b =0.6,c =30 are system constants. Fig./ displays
state trajectory of (7) and its xyz phase portrait diagram is displayed
in Fig.2 in t = 250 Sec with initial conditions (0, 1,—0.3,().2) .

5. Synchronization T-System using GBM

For synchronization, we consider master system as (8):
X =a(y, —x)
y, =(c—a)x, —ax,z, ®)
g = =bz; + Xy,
And slave system by adding control inputs 4, u, as (9).
X, =aly, —x,)
y, =(c—a)x, —ax,z, +u, €))
2, ==bz, +x,y, +u,
We define error between (8) and (9) as
ex = x2 _xl
€, =Yy =)
e, =272,-1,
Now, by putting (10) in (8) and (9)
e, = a(e)_ —e.)

(10)

an

é'v =(c—a)e, —a(x,z, —x,2,) + U,

€Z=

—be_ +x,y, —x,y, tu,



In order to find the best values for this controller, genetic
algorithm was utilized. Genetic algorithm minimizes fitness
function. Also this function is considered based on Total Square
Error. Comparing GBM controller with Active control [28] and
backstepping [28] controller, we could prove its better usefulness
and effectiveness.

25

====s Active Control

states trajectory variation

2 \‘ == == = Backstepping H
— GBM

20 L L L L
0

Fig. 1 State trajectory of (7)

2 L L L L L
0 1 2 3 4 5 6

Time (sec)

3
>
==m=s Active Control
== == = Backstepping
— GBM A
Z State -10 X State
Fig. 2 xyzphase-page diagram of (7) in t = 250 Sec
Now, based on GBM method, we consider virtual control
signals as |
Py =P =0y =@y, =0 (12)
55 1 2 B s 5 6
Finally, according to (3), control signals for synchronization Time (sec)
between these systems are obtained by
u, =—ce, + k“ey +kye, —a(x,z, —x,2,)]
u, = _[k2lev +(k22 —b)ez +x2y2 _.xlyl] (13) =n==x Active Control
: = w= = Backstepping []
— GBM
According to (4), Lyapunov function is expressed as
I, 2 2 2 2 1
V:E[ex+ey+ez+(e‘y—§0“) +(e, —9,) (14) |
2 2 |
+(e. —¢y) +(e.—95,)°]
Now, using genetic algorithm and according to fitness function _ hoiras
in (6), optimize GBM controller in (13). For this purpose, we |
consider gains k, ,k,,,k, ,k,, as genetic algorithm inputs. After ‘ ‘ ‘
.. . . . 3 4 5 6
optimization, the best values for these gains are obtained as Time (sec)

k, =8.7165,k,, =1.9697 k, =2.127,k,, = 7.0108 (15)

For master and slave systems, assume initial condition

(xl (0), B (0), 4 (0))=(0.1,-0.3,0.2) (16)
(1,(0). 5,(0).2,(0)) = (2.4.-3.3.14.5)
After applying GBM controller, we compare obtained results
with the results of active control and backstepping controllers [28].
. .. . . N -\‘\ 1
signals for synchronization of these chaotic systems using GBM ) N T N e o = e o i
and Backstepping controllers has been dispalyed in Fig.6-7 and l‘

The states e ,e ,e, are depicted in Fig.3-5 respectively. Control
three control signals using Active control [28] are shown in Fig.S. 5he ,

15 T T T T

A Backstepping
— GEM

Control Signal u

According to GBM method, a controller was designed for
synchronization. Designed controller has gains with positive values. h r 2 3 " s
GBM controller possesses different behaviors for each value of Time (sec)
these gains which probably conducts system to inconstancy. Fig. 6 Control signal y, for synchronization using GBM and BM [28]
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Fig. 7 Control signal u, for synchronization using GBM and BM [28]
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Fig. 8 Control signals for synchronization using active control

6. Synchronization T-System using Adaptive GBM

The parameters a,b,c in (11) are unknown and g ,b,c, are

respectively estimated values of them which are updated by

a, =—el - e,(x,2, —x,2)
b, =—e’ (17
¢, =ee
Now by using GBM , we consider virtual control signals as
Py =P =@y =@y =0 (18)
Finally, according to (3), control signals are
u, =—ce, + k“qv +kye, —a(x,z, —x,2,)]
u, :_[k21€y +(ky, —=b)e, +x,y, —x,y,] 19

Now, using genetic algorithm and according to fitness function
in (6), we optimize adaptive GBM controller in (19). For this
purpose, we consider gains k,k,,,k, ,k,, as genetic algorithm
inputs. After optimization, the best values for these gains are
obtained as:

k, =9.8584.k,, =1.6731,k, =7.9422 k,, =8.8094 (20)

We assume initial conditions as (16).

7. Brain Emotional Learning Based Intelligent
Controller (BELBIC)

According to this method, learning is based on emotional
factors such as excitement and anxiety [31-32]. In this paper, the
factors that designer has sensitivity on them, are considered as
stimuluses which make system disturbed and control system should
decrease system anxiety versus them. BELBIC possesses some
sensor inputs selected by designer. BELBIC has two states for each

sensor input; amygdala and orbitofrontal output as
A =5, @1
0, =sw,
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Where s is " sensor input. y, w are two states depended to sensor

input and calculated as follow

Av, = ors; max (O,rew - Z A,,)
Aw, = s, — (rew - ZA[ - ZOI,)— max (s,)

Where q, f are learning parameters. rew is reward signal selected

(22)

as a linear function of system error. Control signal y is obtained as

u=y A->0, 23)

8. Synchronization T-System using BELBIC

To synchronize, we consider master system as (24) and slave
system by adding three control inputs as (25).

X = a()’l _x1)

. 24
= (C_a)xl —axg, @
z=—bz, + xy,
X, = a()’z _xz)+”1
(25)

Yy = (C —a)x2 —ax,7, tu,

2, =—bz, + x,y, tu,

X state trajectory variation

Time (sec)

Y state trajectory variation

20 L L
0

Time (sec)

Fig. 10 Trajectory of state y
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Z state trajectory variation
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Fig. 11 Trajectory of state 7
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Fig. 12 Error trajectory between slave and master systems
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Fig. 13 Control signals for synchronization

We define error between (24) and (25) as

€, =X =X

26
€, =V, = N (26)
€. =2~

Now, Sensor input for BELBIC and reward signal for each
control signals Uiy, u, are selected as (27-28) and parameters

a, B are equal to 1 and 3 respectively and initial conditions as (16).
s, = e,ze,5e4] 27

rew, = [4e, + 4:4e, + 4;2¢, + 7] (28)

After using BELBIC, we compare the results with the results
obtained by Active control and Backstepping [28] controllers.
Fig.14-16 display error changes between master and slave systems
using BELBIC, backstepping [28] and active control [28]. Control

signals of BELBIC, backstepping [28] and active control [28] for
synchronization are indicated in Fig.17-19 respectively.

9. Conclusions

In this paper, T-chaotic system was studied. Then we addressed
the synchronization problem and proposed three methods for it;
BELBIC, GBM and adaptive method. By comparing these methods
versus active control and BM, we could prove their better
usefulness. The results obtained from simulations demonstrated that
BELBIC, GBM and adaptive methods synchronize system with
higher speed, lower settelling time, lower overshoot and lower
control cost against active control and BM.
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DEVELOPMENT, MANUFACTURING AND INTRODUCTION OF NEW
CONSTRUCTIVE SOLUTION OF TRANSMISSION MECHANISM
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INEPEJATOYHOI'O MEXAHU3MA.
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Abstract. It was developed, studied, manufactured and tested new designs of multistage gearboxes on the two shafts with cylindrical gears,
providing virtually unlimited value ratios. This reduces metal consumption, improved reliability and efficiency by the eliminating in the
mechanical system of the intermediate shafts and their support units, to provide a set of agreed most effective technical solutions and create

new machines and units at the level of the best world samples

KEYWORDS: TRANSMISSION MECHANISM, PACKET GEAR, SCHAFT SPEED

1. Introduction.

Gear reducers are widely used in machines and units in
almost all branches of modern engineering.

The use of low-power and high speed electric motor
drives, allowing to reduce energy consumption as a whole, and by
the extreme operating conditions of machines and units depends on
the number of stages and gear ratio value of gear reducers.

Therefore it is very important to finding the most efficient
kinematic scheme of multi-gear reducers, taking into account not
only the external (consumer) characteristics, but also its cost [1-3].

The department "Machine parts" of Azerbaijan Technical
University developed, studied, manufactured and tested new
designs of multistage gearboxes on the two shafts with cylindrical
gears, providing virtually unlimited value ratios, which originality
was confirmed by the Eurasian patent. This reduces metal
consumption, improved reliability and efficiency by the eliminating
in the mechanical system of the intermediate shafts and their
support units, to provide a set of agreed most effective technical
solutions and create new machines and units at the level of the best
world samples [4-7]

To confirm the theoretical assumptions were made
laboratory working model of a new constructive solution to single-
threaded five-step gearbox with a total transmission ratio Us=243

(Fig. 1)

Fig. 1. Laboratory sample of the new constructive solutions of
three-stage cylindrical gear reducer with a gear ratio U,=243

A distinctive feature of the proposed gear is that all the
intermediate shafts are eliminated in this mechanical system, in all
stages drive and driven gears are the same size, that it provides
increased reliability and manufacturability. The structure of the gear
working as a coaxial transmission mechanisms includes, freely
rotated on the driving and driven shafts, one three and two double
corona gears, mounted in the form of a “"packet". The rotation
direction of three and double corona gears wherein respectively
coincide with the rotation direction of the driving and driven shafts.
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Due to the specific useful direction of the friction force of
lubricating fluids on the cylindrical and side surfaces of the
structural pars of “packet” gear its efficiency is increased up to 8%,
and thus achieved a reduction of electricity consumption.

The proposed transmission gears in the future called
"packet reducers" that has been recognized in several international
conferences [8, 9].

Further, according to initial data of the drive rod pumps
and based on normative requirements for water wells depth of 40 m
and an oil well to a depth of 1,500 m (for sucker-rod pump SKD3-
1,5-710) have been designed, manufactured and successfully
industrially tested two double-flow three-stage cylindrical gear
reducers on two shafts, with the transmission ratio Us=64 (Fig. 2,
3).

Fig. 2. Mechanical drive rod pumps for water wells depth of 40
meters with a new constructive solution double-flow three-stage
cylindrical gear reducer with a gear ratio Us=64.

Fig.3. Mechanical drive rod pumps for oil well depth of 720 meters
in relation to the SKD 3-1,5-710 with the new double-flow
constructive three-stage cylindrical gear reducer Us=64.



2. Methods

For the using in mechanical drives of machines and units
of relatively high-speed and low power consumption electric motors
significant practical importance has the evaluation of critical
rotational speed of the drive shaft of the new constructive solutions
of three-stage double-flow “packet gear”.

We consider the drive shaft gear batch on two bearings
with a rotating speed n;". The drive shaft is represented as a stage
rotor with a fixed gear and symmetrically arranged double corona
gears rotating around its geometric axis and downloaded randomly
distributed masses and moments of inertia [10].

Approaching of the shaft rotation frequency to the critical
can be dangerous, so the rotation frequency from 0,7n,, to 1,3ny, not
recommended for the operating modes of packet gear. In this
connection, in all cases it is desirable to provide an operation of
packet gear with a rigid drive shaft and n<0,7ny,.

To check the reliability of the basic scientific statements
made numerical experiment — calculation of the drive shaft of two-
stage double-flow packet gear for the sucker-rod pumps SKR3 and
SKDR with the following input data:

- Nominal torque at the output shaft T"=7100Nm;

- Actual gear ratio of the reducer us=64, the gear ratio of one stage
of package reducer i,=4;

- Output shaft diameter d =90 mm;

- Based on design reasons the diameter of input shaft on its mid
taken d1=0,5d’=45 mm; thereafter d,=40 mm; d;=40 mm; d,=35
mm;

- Diameter of the initial circle of gear d,,;= 117 mm;

-Coefficient characterizing the ratio of the width of the respective
stages of the output shaft v=0,5;

- Torsion stress of the output shaft [t],=40 Mpa.

The first approximation for the critical speed of the drive
shaft is determined according to the formula

1
. -c[

= 1
> 1
y“”] :9,55(#%04 — 498318, rpm
Kyo ) | | 367,2773
2
Recommended rotation frequency of the drive shaft of
packet reducer
n<0,7n,,=3488,23 rpm

Where
M (x,) x &8 M(x,)
y()__i-”.EJ( ) 2 _I_([_([mdz 1
A(x) A(x)
”EJ(Z) 2 ”EJ( X,) by

M(x)- discrete mass, EJ(x)- stiffness of the shaft section in bending.

3. Conclusion and results

1. Compared with the existing multi-stage cylindrical
gears classical performance in the proposed new designs of multi-
stage packet gearboxes operational and technological parameters
(reliability level increased up to 8%, efficiency - up to 9%, metal
content reduced up to 30%) are improved.

2. A new analytical expression to determine of critical
rotational speed of the drive shaft of the new constructive solutions
of three-stage double-flow “packet gear” have been improved,
which has undoubted practical value by the using of low-power
motor with high rotational speed of the drive shaft n=3000 rpm.

3. Kinematic and design features of packet gear boxes
allow to obtain the minimum value of the output shaft speed (n=1
rev/day), which enabled their widespread use in the mechanical
drives of monitoring systems and radars.
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INCREASING THE RESISTANCE OF PRECISION INSTRUMENT-MAKING
ELEMENTS FROM OPTICAL GLASS TO EXTERNAL THERMO-INFLUENCES BY
PRELIMINARY ELECTRON-BEAM PROCESSING OF SURFACES
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Abstract: The results of experimental studies to improve the properties of the surface layers of the elements of optical glass (K8, K108,
K208, BK10, TF110) after their processing by mobile electron beam with density of heat exposure F, = 7.10°...8:10% W/m? and
displacement speed V = 5.10°...5:10%2 m / s (a reduction of residual microroughness height at the surface from 4 ... 6 nm (unprocessed
elements) to 0.5 ... 1 nm (processed elements), the occurrence of melted layers of thickness up to 250 ... 300 microns with a modified
structure, which is close to the quartz glass) are presented. It was found that the improvement of these properties increases the resistance of
elements to external-heat: an increase in 1.3 ... 1.7 times of the critical value of external heat fluxes and the time of their exposure, the excess
of which leads to the destruction of elements and damage to the test instrument turndown external pressure 10°...107 Pa; increasing the
maximum permissible values of thermal stress in the elements from 20 ... 40 MPa to 90...100 MPa heating temperatures 300 ... 1200 K;an
increase of the probability of failure-free operation in the 2 ... 2.5 times by increasing the speed of the external heating from 100 K / s to 400
K/s.

KEY WORDS: optical glass, electron beam, elements of precision instrument-making

1. Introduction 2. Results and discussion

Modern devices with elements of optical glass (K8, K108, BK As a result of experimental studies they established the
10 and so on) for measuring and thermal control of different following optimal ranges of electron beam parameters: F, =
physical nature objects (flat plates and discs as optical integrated ~ 7-10%...8-108 W / m? and V = 5-10°...5:102 m / s, within which
circuit substrates, aerophoto lenses and plates of double curvature there is the most significant improvement of the properties of the
for space mirrors and aerospace applications, the input protective surface layers of the optical elements (more than in a few times).
windows and lenses in sight for observation in the visible and The results of electron microscopic examination of the surface
infrared regions of the spectrum, optical fibers on optical of the optical glass elements made it possible to establish that on
monofilaments in laser medical devices for the diagnosis and their surfaces after machining there are such heterogeneity as
treatment and so on) in operating conditions are exposed to intense scratches, cracks and unevenness, the number of which is markedly
external-heat (higher heating temperature and external pressure, reduced after electronic processing. In addition, the surface of
shock thermal and mechanical stress in a shot and the flight, etc.) [1 elements has unevenness and defects which are a result after
- 3]. Under these conditions, a change in the properties of the mechanical polishing, and which are virtually absent after electron
surface layers of the optical elements up to their destruction beam processing. On the unprocessed by electron beam surface
(cracking and chipping, deep surface melting to form a sagging, portion of elements there are characteristic etch pits defect layer,
undulating surfaces, changing the geometrical shape and others  while on the processed part of the surface there are much less or
defects) takes place and leads to significant deterioration of the practically absent.
technical-operational characteristics of devices and their failure. In the study of fracture surfaces (fracturegramm) of optical

Therefore, the prevention of forced destruction of the optical glass elements before and after electronic processing they revealed
elements of the instrument gets a significant importance in terms of  that the nature of the fracture is different. It is found that a fine-

their operation, taking into account the impact of external-heat. grained fracture occurs in the processed layer. In he elements that
As shown by experimental studies of various authors [4 - 8], are exposed to the electron beam, there is a fine-grained fracture.
in order to prevent the destruction of optical elements the electron- The individual small crystals are found on the surface of the parent

beam methods of finishing processing their work surfaces have the element. Furthermore, the nature of electron diffraction on the
practical value at the manufacturing stage, and allow to improve the microdiffracturegraphs indicates crystal hexagonal structure of
properties of the surface layers of elements and thus make them inclusions.
more resistant to external-heat, improving basic technical and The analysis of transverse sections, chips, fractures of optical
operational characteristics of devices (reliability, service life and so glass elements after mechanical polishing and electronic processing
on). However, studies of thermal exposure of the electron beam to shows that: a clear boundary between the processed surface by
change the properties of the surface layers of optical glass elements electron beam and the very foundation of the element material is not
are currently insufficiently investigated. Therefore, the aim of this observed; there is a significant difference between sides of the
work is to prevent the destruction of optical glass elements of  element - processed and unprocessed; there is a modification of the
instruments for measuring and thermal control objects of different surface structure to the depth of 200 ... 220 microns with its most
physical nature by improving the properties of the surface layers of significant change in the sintered layer with the elements of
the elements and increasing their resistance to external-heat by "viscous" destruction.
electron-beam processing. The results of studies of optical glass elements surfaces by
electron microscopy scanning showed that on the surface after
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machining, the most characteristic there is a presence of various
microroughnesses - small cracks of the depth up to 0.1 ... 0.7
microns, thin scratches up to 2 ... 5 microns, as well as "tubercles"
bubbles etc., a size of which 103...10 microns. After electron-
beam processing bubble sizes (diameters) on the elements surface
are reduced in 2 ... 4 times, therefore " tubercles " and other
unevenness of less than 1 ... 2 microns are not observed, that is in
result of processing by electron beam the elements surface, as it
were "cleaned”, small defects are eliminated.

The analysis of electron-microscopic images of the surfaces
of optical glass elements, the study of surfaces of the polished
sections of chipped elements before and after electron beam
processing indicates that in the first case the microroughness height
is 30 ... 40 nm, and in the second one it is reduced to the level of 0,5
.. 6nm.

The study of fracturegramms of optical glass elements surface
layers before and after electronic processing showed that the depth
of main-heat zone or the thickness of the deposited layer can be up
to 250 ... 300 microns, and essentially depends on the magnitude F,
and the moving speed V of the electron flow (Fig. 1, 2). Thus, an
increase of F, from 7:10° W/m? to 8-10% W/m?, when used in
practice the electron flow moving speed V = 5-10° m/s leads to
increasing depth of fusion from 50 microns to 230 microns for
elements from optical glass K8; from 30 microns to 150 microns for
elements from optical glass K108; from 25 microns to 140 microns
for elements from optical glass K208; from 30 microns to 180
microns for elements from optical glass BK10; from 40 microns to
170 microns for elements from optical glass TF110. And an
increase in the electron beam moving speed from 10°m/s to 107
m/s, when used in practice of F,, values already leads to a reduction
of the melting depth: from 200 microns to 70 microns for elements
from optical glass K8; from 160 microns to 40 microns for elements
from optical glass K108; from 130 microns to 30 microns for
elements from optical glass K208; from 170 microns to 80 microns
for elements from optical glass BK10 and from 160 microns to 40
microns for elements from optical glass TF110.

A detailed study of scans of sections of the surface of optical
glass elements after electronic processing indicates a local
smoothing of irregularities, a significant dependence of the surface
shape of the processing modes. So, with a deep reflow (200 ... 250
microns) it is observed a well-defined wavy surfaces. This modified
melted layer has clearly oriented structure on melting depth.

The layers, formed by electron beam on the optical elements
surface are modified to different degrees in chemical composition.
Thus, the analysis of change in the elemental composition of the
surface of elements of optical glass K8, K108, K208, conducted
with the help of the wave dispersion spectrometer, showed a
decrease of Na and O concentration, an increase of Si concentration
and the constant K concentration. At the same time, by X-ray
analysis on the example of untreated and treated by electron beam
elements of the optical glasses BK10, TF110 it is shown that
significant quantitative changes in the chemical composition of its
surface are not observed, however, it is possible to make a
conclusion as for the improvement of the homogeneity of the
distribution of elements in micro-surface layer after electronic
processing .

In the result of conducted researches, it was found that after
electron beam pre-treatment of the optical elements an increase

comes in the critical values of the external heat flows g, and their
impact time t* in 1,5...2 times (Fig. 3).Ipu sToM yBenuuenue
BHCHIHCT'O JABJICHUA OO 107 Ila NPUBOAUT K YBCIIMYCHUIO 3HAYCHHUH
q, u t" tomsko B 1,4...1,5 pasa. The increase in external pressure

up to 107 Pa leads to reduction in the values q, and t"onlyin1.4 ...

1.5 times.

In addition, it was also shown that the limit values of
thermoelastic stresses o (T) at different temperatures for heating the
optical elements treated by electron beam in 1.7 ... 2.3 times higher
than for untreated elements (Fig. 4).
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Fig. 1. The dependence of the thickness of melted layers in the
elements of optical glass K8 (1), K108 (2) and K208 (3) on the
density of the thermal effects of the electron beam (V =5-10°m/
S): A, o, o - experimental data.
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Fig. 2. The dependence of the thickness of melted layers in the
elements of the optical glasses BK10 (1) and TF110 (2) on the
moving speed of the electron beam: -Fy, =510 W/ m%
F, =710°W/m% A, o, 0, A - experimental data.

The tests of the optical elements under conditions of
alternating external heating, which simulates actual operating
conditions of the optical devices with the influence of external-heat
showed that in the case of an electron beam-treated elements it is
observed in 2 ... 2,5 times less of their destruction and failure of
devices on their basis than for untreated elements (Table. 1).

The safety factor as a measure of efficiency of the optical
device at a predetermined heating rate V, (or time t, which is given
to the test at a controlled heating temperature) is determined by the

following formula [8]:

W(VH) = l'N(VH) / No, (1)
where W(V,) - probability of preservation of working capacity of
the device of sighting system under external thermal effects; N(V,))
- the number of devices that fail at a heating rate V,, (the destruction
of the optical element is taken as the failure of the device as a
whole); Nq - the total number of devices that are tested.
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Fig. 3. The dependence of the critical values of the external heat
flowsq, from the time of their exposure t* on the elements of
optical glass K8 (1), TF110 (2) and BK10 (3) for a variety of
external pressures (the thickness of the element H = 102 m): a) - P
= 10° Pa; b) - P = 107Pa; — elements which are not
processed by electron beam; — — — — processed items; ®, 0, A, A,
O, m - experimental data.
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Fig. 4. The dependence of the value of the maximum allowable
thermal stresses in the elements of the optical glass K8 (1), TF110
(2) and BK10 (3) on the heating temperature (P = 10° Pa, element
thickness H = 102 m, F, =1,5-10" W/m? V = 5102 m/s):
— elements that are not treated by electron beam; — — — — processed
items; A, o, 0, A, m, e - experimental data.

From the formula (1) it follows that with increasing heating
rate of the devices of the suggested devices (e.g., from 100 K/s to
400 KI/s) leads to decrease in the probability of trouble-free
operation under external-heat terms in 4.9 times; while in the case
of input windows which are pre-treated by electron beam, the
probability of trouble-free operation of devices increases in 2,3
times (Fig. 5).
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Fig. 5. The dependence of the probability of trouble-free operation
of sighting devices complexes under conditions of external-heat
from an external heat rate of their input protective windows:
— — the input windows that are not processed by electron beam; — —
— — the input windows, the outer sides of which are processed by
electron beam (beam parameters F,, = 5-10% W/m?, V = 5-10°m/s).
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Table 1
The influence of electron beam processing of working surfaces of
the elements in the form of plates of optical glass K8 on the
dependence of the relative amount of their damages (k) from the
heating rate *)

Input protective k, %
window unprocessed by processed by
External electron beam electron beam
heating rate, K/s
100...150 40...50 20...30
150...200 50...60 30...40
200...300 60...70 40...50

*) Note. k = k,/ko, where ko, k, - a total number of test elements and
the number of exposed to fracture respectively.

It is shown that the use of the results in the design and
manufacture of new instruments, as well as the modernization of
serial devices to considered optical elements for measuring and
thermal control of the objects of different physical nature (optical
integrated circuits substrates, aerophoto lenses, laser sights for
observation in the visible and infrared regions of the spectrum ,
laser medical devices etc.) allows to improve basic technical
characteristics (the reliability, service life and durability) when used
in accordance with the influence of external-heat, for example
during storage or transport under the conditions of occurrence of
high-temperature fire sites, as well as the design of products with
infrared devices in a shot and the flight (external thermal shock
effects and others).

3. Conclusions

1. It was found that after the pre-treatment of the working surfaces
of the elements of optical glass (K8, K108, K208, BK10, TF110)
by mobile electron beam for change ranges of its settings (density
of the heat effect F, = 7-10°...8-10% W/m? speed of its movement
V =5-103...5-10m/s) the basic properties of the surface layers are
improved:

after electron beam processing the surface of elements are
completely cleared of defects, which were obtained by the
mechanical polishing (fine cracks sized 0.1 ... 0.7 microns, long thin
scratches 2 ..5 microns and other defects in size 10°...107
microns); thus there is a smoothing of irregularities, substantial
dependence of the surface shape from the processing modes (with
deep reflow (up to 200 ... 250 microns) a well-defined wave-like
surface is observed, and the modified melted layer has clearly
oriented structure for melting depth);

the electron-beam processing of the elements of optical glass by
melting leads not only to homogenization of the surface, but also to
oriented restructure near the surface of the silicon-oxygen grid,
which is becoming close to the quartz glass structure, which
considerably increases the resistance of the elements to external-
heat;

the depth of the main-heat zone or the thickness of the melted
layer can reach 250 ... 300 microns and essentially depends on the
density of heat exposure of the beam F, and its moving speed V:
for example, increasing F, from 7-10° W/m? to 5-108 W/m? and
decreasing V from 5-10° m/c o 5-10"%s leads to an increase
in depth of melting from 20...60 microns to 130...220 microns.

2. It was found that improvement of the properties of the surface
layers of the optical elements after electron beam processing leads
to increase their resistance to external-heat:

increase in 1.5 ... 2 times the critical values of the external heat
flows and times of their effects that lead to destruction of elements;
thus increasing the external pressure from 10° Pa to 10 Pa reduces
the critical values of these parameters in 1,3 ... 1,4 times;

increase in 1.7 .. 2.3 times the value of the maximum
permissible thermal stress in the optical elements processed by



electron beam, to change the heating temperature range 300 ...
1200 K.

3. It was found that electron beam pre-treatment of plates of
optical glass used in the devices for measuring and thermal control
of objects of different physical nature, reduces the amount of
damage in the 2 ... 2.5 times and increases the probability of
failure-free operation in 1.9 ... 2.3 times under variable external
heating conditions.
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ON EXPERIENCE OF MODELING OF HYDRODYNAMIC PROBLEM
USING COMBINED NEURAL NETWORK AND
DYNAMIC MODEL
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Abstract: Solution of gas-dynamics problems containing different fine structures (shock waves, boundary layers, traces, jets, etc.) as well
as areas within which the flows are described by different models of turbulence by traditional grid methods is quiet difficult. These tasks are
encouraged to address, using neural network technology in the analysis and grid-analytical form by stochastic optimization. The proposed
method is demonstrated on the problems of mixing jets. Numerical experiments have shown several advantages of this approach: reducing
the cost of computer time, good accuracy, the connection of patchy pattern of flow in a single unit.

Keywords: turbulence model, random search, neural network interpolation, combining simulation and dynamic models, non-grid

methods for field tasks.

1. Introduction

The use of neural network technology can provide substantial
assistance in solving the problems of continuum mechanics,
containing different fine structures: boundary layers, shock
waves, traces, separation points, the coverage of different
turbulence models [1].

The essence of the proposed computing technology is
convenient to demonstrate on the problems of mixing of
supersonic streams. Such problems arise, for example, in
developing high-power gas lasers stirring [2]. On fig.1, 2 the
schemes are shown with the longitudinal and cross-reactive
blowing environments and their respective designs. Obviously,
the flow patterns are very complex. They include various fine
structures of shock waves, boundary layers and their interaction
fields. In addition, you can specify the subfields in which various
semi-empirical turbulence models are preferred.

/7 —
5 2
e
G [ //
dm 6 J/
gy o h
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— =] a)
CO2+He
N2 : ‘
b)

Fig.1. Cross blowing of the reacting environments: a — scheme; b —

constructive solution

1 — main jump; 2 — skew jump; 3 — closer jump; 4 — jump in place of
abrupt break; 5, 6 — barrel jump (inside flow); 7 — central jump (Mah’s
disk); 8 — jump, formed by the flow, gone around jet, inleaking on the
wall; I - length of the separation zone; h, — distance to the Mah’s disk
center; d,, — diameter of the barrel jump; d, — diameter of the injection
hole.
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Flow 1

Flow 2 |—=

CO2+He

b)
Fig. 2. Longitudinal blowing of the reacting environments: a —

scheme; b — constructive solution

X1, X2 - turbulent boundary layers; X3,X4 — flows, entering the mixing
chamber; X5 — boundary layer between the flows; X6, X8 — shock waves;
X7, X9 - fields of the shock-wave interaction with turbulent boundary
layers; X10 - field of the K-E turbulence model; X11 - field of A.N.
Sekundov’s model.

2. Hydrodynamic problem

As is well known, solution of the specified problems by
means of purely grid methods is difficult. Indeed, the turbulent
viscosity near the solid walls conveniently calculated using
formulas of Prandtl and Spalding (1). Hereinafter A. Einstein’s
record of the field differential equations generally accepted:

1) index after the decimal point indicates the derivative on
the corresponding coordinate.

2) the summation is performed according to the twice
repeated index, although the sign of the sum is not specified.

1) Ve = 12 (u12)? + (uz1)?,

where | — the length of the mixing path

l = k . Lmin!
k=0,41 — Karman constant, Lmin — the shortest distance to the
nearest hard surface.



It is also not difficult to find v, in the initial sections of flows.
But in the area of the mixing flows we have to use either the
K-E model (2):

0K v
E + U.iK,j = (;K,j )'j + SK!
OE v
(2 o TwE,= (J—EE.]‘)J*‘SE,
Sk =viD —E, Sg = (C,D — C,E) - E/K,
D = (uj(uyj +uj )2,
vV =Vt Vg,
Ve = C#KZ/E ,
here v,,, v¢, v - molecular, turbulent and full kinematic viscosity,

K, E — kinetic energy of fluctuations and their dissipation rate,
ok, 0g, C1, Cy, C,, - semi-empirical constants,

either model of G.N. Abramovich and A.N. Sekundov is applied
3):
v, Vi
a5 + ujve, = ((vm + MVt)Vt,j)J_ +ve- f <%> -D —
Y L;nzin(vm + Bv) v,

2z%2+1,472+0,2
©) f@) =02

un,y, B - empirical constants.

The most difficult area is the interaction of shock waves with
turbulent boundary layers. It is proposed to present such a motley
picture of flows in one piece with the following neural network
technology.

3. Neural network synthesis

Let us select the areas Xs; S = 1,2,...,N, each of which is
characterized by its apparent specificity (shock wave, turbulence
of a certain type, flow boundary layer, shock wave and boundary
layer interaction zone and so on). Each of the mentioned fields
Xs is fixed by the plurality of signal points X;;r =
1,2,...,Ns; Ng - the number of signal points in the field Xs. For
each field Xs the potential of Braverman is introduced (4):

@) 0s(®) = TNE |7 — Ko |

mg — positive value. mg > 1

If a random point ¥ falls in the field Xs or approaches it, then
the potential g increases or takes the greatest value. We need to
introduce some small constant protection from zero in the
denominator in (4). Its neural function is introduced for each area
Xs, for example, such (5):

?) = e ases(®)
(5) gs(x) = 1+exp(—as@s(X))

which refers to the number closest to the one in the field Xs and
tends to zero outside it.

The transition rapidity of gs(%) from one to zero is regulated
by constants my, a; .

Now turbulent viscosity can be calculated throughout the
study area as (6):

(6) Ve = ZISV:1 9s Vts-

Neural interpolation will fill v, value for those areas for
which there is currently no corresponding semi-empirical model.
A similar technique can easily be extended to determine the
position of the shock waves, satisfying the boundary conditions,
etc.

Since the solutions are presented in an analytical form, then
there is no need to split the grid steps in the field of sharp

49

transitions. This is achieved by using the properties of neural
functions gs. Let the equations of gas dynamics system be
presented (7):

) F(x,U®) =0,

F — some linear operators, U(X) - the required fields, ¥ - point of
the real space field Q, where the process is considered.
Equations (7) are joined by the boundary conditions (8):

(C)] fIr = fr(x)),
I'-boundary of Q, x/ € T, f— boundary operators.

We seek a solution in the form of constructions (9):
© U@ =0FA) =X /95 asm)UsEB),
here Us - special solutions for different subdomains X;, A =
(ag, mg, B) - free constant, from the selection of which depends
the approximation quality. Us can be both analytical and grid
approximations. Jenarensno npu xoucrpyuposanuu DP(X, A )
yIOBJIETBOPHUTH 'paHHuHbIe ycioBus. It is desirable to satisfy the
boundary conditions in the design of ®(X,A). This can be done
by means of already mentioned neural functions g,. In the region
Q the system of control nodes is selected. Each node represents a
basic point, surrounded by a system of additional. It is possible to
calculate the values of the fields Uy in each node at random, but
specific parameters A and find all the partial derivatives by
means of the difference method.

It should be noted that one should not equate such a
calculation of derivatives with the traditional grid method. The
control nodes may be spaced apart by a substantial distance, and
auxiliary points are concentrated near the main central, that
provides high accuracy and does not affect the stability of the
calculations. The discrepancies F for equations are calculated in
control nodes for any A (10):

(10) F(%,A)=F (%,®(;,A)),i=12,..,N.

Of these the proximity measure Q(A) of the approximate
solution to the exact is constructed. For example, in such
form(11):
(11) o) =3, T, wlF@a",

where p; > 0; N — the number of discrepancies; y; — their
weights; M — the number of control nodes, their number is
considerably smaller than the number of nodes in the grid
method.

Do other designs are possible to measure proximity. For
optimal values A such values of A4* are taken, which deliver a
minimum of the objective function Q(A). As a tool of
minimization the random search is used in the form, presented in
[3]. An important advantage of random search in the ability to get
out of local minimum and its insensitivity to non-smooth surface
Q(A).

Comment.

To determine the position of the shock waves and the zones
of their interaction with turbulent boundary layers is convenient
to take the continuity equation in the following form (12):

(12) p+(pudi=0-py,

here ¢ - constant, allowing to change the shock wave, increasing
its thickness. The resulting field p is then approximated by the
surface Y(x) with the appropriate neuro constructions. During the
iterations parameter ¢ decreases, and the shock wave sharpens.
With such an arrangement is possible to model the zone of the
shock wave interaction with a turbulent boundary layer. With



neuro approximation the boundary conditions are satisfied
automatically. If this fails, then the measure of closeness Q is
added by the penalty function.

4, Conclusion

The proposed method of solution of gas- and hydrodynamic
problems, the foundation of which was laid in the works of
Academician G.l. Petrov and his school, can be extended to a
wide range of applications, where traditional grid approaches
face major difficulties. Development of the system, consisting of
neural network and dynamic model looks promising.
Combination of dynamic model and neural network will allow to
study physical processes more fully and quickly, to determine the
unknown hidden parameters and initial conditions. These
capabilities allow to apply the proposed method in many
application areas.
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ENERGY TECHNOLOGY ACTIVATION COMPONENTS FUNCTIONAL
MATERIALS BASED ON POLYMERIC MATRIX
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Abstract: Investigated the mechanisms of interfacial interactions in composite materials based on thermoplastic matrices modified with
dispersed particles of silicon and carbon-containing compounds with high energy activity. It was found that the laser treatment of
particulate and fibrous particles occurs comprehensive modification of the surface layer, which consists in shaping the development of the
morphology of the surface layer and increase its energy. For the modification of thermoplastic matrix including high-viscosity (polyamides,
PTFE) prospectively the use of dispersed fragments of carbon fiber (CF) fraction 50-150 microns, subjected to the effects of a short pulse
laser, having developed the morphology of the surface layer and the presence of defects through thermal degradation. When using this
modifier in an amount of 5-30 wt.% for filling PA6, PA66, PTFE provides increased of parameters deformation and strength characteristics
due to the increased mechanical component adhesive interaction at the interface of "matrix-filler". An additional effect is realized in the
processing of the surface layer of CF fluoride compounds oligomeric or polymer-oligomeric structure. The modified fluorinated
hydrocarbon components fragments CF when laser pulse processing are exposed to the active low molecular weight products ablation, so
that the surface layers are formed with a high affinity to the matrix polytetrafluoroethylene. The complex method of modifying CF is effective
for highly filled fluoro composites containing 25-35 wt.% of carbon fillers due to the decrease in the probability of formation of cluster
structures of the filler particles. Dispersed particles silicate (clay, tripoli, talc) and carbon (graphite, carbon black, shungite) when exposed
to laser radiation susceptible to degradation with the formation of nanoscale fragments in a moving layer, thus increasing their activity in
the processes of the interfacial interaction in the formation of composites based on oligomeric and polymeric matrices.

KEYWORDS: COMPOSITES, MODIFIERS , INTERPHASE INTERACTION, MORPHOLOGY, ENERGY STATES

(PA6), polytetrafluoroethylene (PTFE), ultra
synthesis products (UPTFE).

Activation particles modifier carried the energy, thermal, laser,
mechanochemical effect. The assessment was carried out activities
in the parameter values of the thermally stimulated current (TSC) in

the temperature range (293-523) K.

1. Introduction thermodynamic

Among the promising areas of materials science is the creation
of composites based on thermoplastic matrices modified with nano-
sized components of different composition, structure and habit [1-
4]. The mechanism of action of modifying nanoparticles is to
implement a multi-level approach, which is possible to control the
processes of structural organization at the molecular,
intermolecular, supramolecular and interfacial levels. Nano sized
modifier, depending on their size and energy state (nano particles,
nano cluster, micro particle nano dimensional topography) may
form intramolecular or intermolecular physical bonds in place of the
functional groups, to promote the orientation of macromolecules or
their segments to form a quasi-crystalline structures, be the centers
of formation of crystalline structures spherulitic type, form

3. Results and discussion

The activity of the dispersed particles of fillers and modifiers
in the process of interaction of the matrix determines the
mechanisms and kinetics of formation of the structure of the
boundary layer, which is correlated with the parameters of strength,
tribological, thermal, adhesive and other service characteristics of
composite materials based on high molecular weight matrix

interfacial boundary layers increased strength. (Figure 1).

To realize the nano particle dispersion state of the effect e | pep— o ey | Ere—
modifier should be in the nano size range or have developed relief iretct-ceedlil | wenatl | Wi el i ||| ey
of the surface layer containing nano components of different habit - A LI

whisker, plate, spherical [1-4].
An analysis of the literature and our model representations [1,
2] show preference plate nano habit modifiers or fragments thereof

=

on micro particles, as in this case it achieved a significant effect of Buesgy st of compnens | | piommein | [ e
improving the parameters of strength and tribological characteristics materials and Metel-Polymer wl wnlpluess | (wha st
when doping content modifier is (0.1-1.0) wt.%. At the same time, Systemus s st dpearia)
there are different mechanisms of formation of this habit of the
partides_ / ‘ \

The purpose o_f this study_ was to use the _features of the Energ y of artivation The mechanism of The Kine tics flow of
morphology of the dispersed particles subjected to different types of prevalent interphase realization of the the prevailing process
ener impact process ™ prevailing process of " of the interfacial

ay pact. interfacial interaction interaction

2. Research methods ! ' |

For the research were chosen components used for the
production of composite materials based on polymeric and The optimm  speed  and Fomuation of the market and
oligomeric matrix — particles carbon containing (graphite, carbon, :m:znsﬂﬁy of the interfacial |— sex;smtio? toui lasverste with
UFD UFDG, carbon fiber), silicon-containing (clay, talc, mica, R AR

flint) and combined (shungite) products. In separate experiments the

particles dispersed lamellar thermo polymers - a polyamide 6 Fig. 1 The energy factor of materials science and technology of

composite materials and Metal-Polymer Systems
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The literature and our research suggests that the optimal
modifying action the particles, which realized the effect of nano
state, due to the size range or the particle itself or the individual
components of its surface layer [1]. Established the basic factors
determining the state of nano dispersed particles of condensed
matter that allow the selection of the method of its implementation
for the particular combination of the components and functionality
of the composite (Figure 2).

Factors determining nanostate
components  materials  and
Iletal-Polyraer Systems

N\ T

The geometrical The structurs at Structure of The morphology
pararmeters of the various levels of components materials of the surface layer
particles and the the orgamization and Metal Polymer components!

relief of the (the layered Systems (presence of The presence and

surface layer. structure of the delocalized rraber of

Dimensional particles, the cormponents including HANOCO HpOne nis
border nanostate cryetal stucture carriers, elemental of different habitns

_ - of the gram, composition)
L =230.8 defocts)

N/

Mechanics of contact inferaction components
materials  and Mewl Polymer Systerns
(dispersion technology actmation, combining,
parameters of the adhesve and fhictional

interac ion)

Energ wand techrological conformity
componenis

Fig. 2 Factors nanostate components material systems

To make informed choices activation technology modifiers
dispersed particles of different composition, crystal-chemical
structure and nature should be used L, parameter which determines
the maximum size at which manifest the characteristics of
nanostate. Parameter L, is determined from the analytical

expression | = 230.6»';%, where 6, — temperature Debye.

The experimental results indicate that the provision of high-
activity modifying particles may be in the micron size range with
advanced morphology of the surface layer formed nanoscale
components whisker, plate and spherical habit. To form such
morphology a surface layer of the most promising effect on the
dispersed particles of energy flows that cause the process of thermal
degradation, pyrolysis, degidroksilatsii, dispersing with formation
nanocomponents.

Analysis of the morphology of the surface layer of particles of
different composition and structure subjected to thermal, laser and
mechanochemical action, indicates the presence of the general laws
of manifestation nanostate (Figure 3).

For the carbonaceous particles detonation synthesis products
UFDG and colloidal graphite, obtained by flotation, increased
sophistication of the surface layer is observed with the formation of
nanoscale components. The effect is most pronounced when the
modification of the particulate laser semifinished (Figure 3, c, f).
Similar processes of dispersion of the surface layer is characterized
for particle silicates (mica, clay, talc), and shungite. The particular
morphology characteristic of hydrocarbon fragments, in which
along with the development surface, observed through the
formation of defects (cracks) by laser radiation. The close nature of
the morphology of the surface layer characteristic of dispersed
particles subjected to mechanical stress during acceleration
(2+20) g.
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lad BT = 1000 WY

Fig. 3 A typical morphology of the dispersed particles of the charge
detonation synthesis UFDG (a, b, c) and colloidal graphite C-1 (d,
e, f) of the original (a, d), thermally treated(b, e) and treated with
laser light (c, f). These SEM

4. Conclusions

Analysis of the energy state of the dispersed particles after
different types of activation indicates an increase in the intensity of
thermally stimulated currents temperature range (303-523) K.
Comparison of the calculated parameter data L, and results TST —
analysis suggests the manifestation of the dispersed particles in the
micron range, subjected to various types of activation, the
characteristic features nanostate. With the introduction of such
particles into the polymer matrix — polyolefins (HDPE, PP),
polyamides (PA6, PA6.6), polytetrafluoroethylene (PTFE) in an
amount of (0.01 + 1.0) wt.% is observed the effect of increasing
strength and wear parameters, indicating that manifestation
technically significant effect modification as a result of increased
activity.
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