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ZYMEJIMAI IR SUTRUMPINIMALI

m - darbinio ktino masé [kg];

t - laikas [s];

x, xy — darbinio kiino poslinkis [m];
xx — korpuso poslinkis [m];

rg; — 1-tosios kameros spindulys [m];
Iy - 1-tosios kameros ilgis [m];

Ski — i-tosios kameros skerspjiivio
plotas [m?];

rqi — 1-tosios kameros iSorinis
spindulys [m];

rs — strypo spindulys [m];

ri — plySio dujy iStekéjimui i§ i-tosios
kameros spindulys [m];

pxi - dujy tankis i-toje kameroje
[kg/m’];

P; —] i-tajg kamera paduodamas slégis
[Pa];

Py - slégis i-toje kameroje [Pa];

P, - atmosferos slégis [Pa];

P* - bedimensiné slégio iSraiska;

x* - bedimensiné poslinkio iSraiska;
a; — bedimensinis jtempimas i-toje
kameroje;

Hz — pradinis tampriai pakabintos
masés m jverzimas [m];

C;, C>— tamprios pakabos standumo
koeficientai [N/m];

K;, K - tamprios pakabos
pasipriesinimo koeficientai [kg/s];
Wi - dujy, jtekanéiy j pirmaja kamerg
debitas [kg/s];

W31 - dujy, jtekanciy | antraja kamera
debitas [kg/s];

W, - dujy, iStekanciy i§ pirmosios
kameros debitas [kg/s];

W3, - dujy, iStekanciy iS antrosios
kameros debitas[kg/s];

G - dujy debitas aerodinaminio rysio
kanale [kg/s];

a — adaty tvirtinimo kampas [rad];

T — mechaninés sistemos kinetiné
energija [J];

IT — mechaninés sistemos potenciné
energija [J];

F —jega [NI;

Fi - trinties jéga [N];

fir — trinties koeficientas [const.];
Qk — dujy masé kameroje [kg];

T — temperatiira [K];

Tki - absoliuti temperatiira i-je
kameroje [K];

Toi - absoliuti temperatiira i-je
kameroje pusiausvyros padétyje [K];
M — molio masé [kg/mol];

Ro — universalioji dujy konstanta
[J/mol K];

A - kritinis slégiy santykis [const.];
- konstanta [const.];

i — dujy dinaminés klampos
koeficientai [const.];

D(t,X) — diferencialiniy lyg¢iy
matrica;

Ai — darbinio kiino svyravimy i-toje
kameroje amplitudé [m];

fi — darbinio ktino svyravimy i-toje
kameroje daznis [Hz];

Ap — pulsuojancio slégio amplitudé
[Pa];

® — pulsuojancio slégio funkcijos
kampinis daznis [rad/s];

@ — pulsuojancio slégio funkcijos fazeé
[rad];

ai, %, i, fi, g — pagalbiniai kintamieji.



IVADAS

Temos aktualumas

Vibraciniai jrengimai placiai taikomi jvairiose pramonés, statybos, transporto,
zemes tkio Sakose. Svarbig vieta Sioje srityje uzima pneumatiniai vibromechanizmai.
Jie ypatingi tuo, kad yra saugis nuo elektros, nesprogis, todél nepakeiiami
jrengimuose, naudojamuose kalnakasyboje, poZeminiame transporte, chemijos
pramong¢je. Pneumatiniai vibraciniai jrengimai placiai pritaikyti ir statybose (betono
sutankinimo aparatai), konvejerinése surinkimo linijose (surenkamy elementy
padavimas j surinkimo vietg ir pozicionavimas), metalurgijos gamyklose (presformy
gamyba), chemijos pramong¢je (maiSymo ar separavimo linijos), statybiniy medziagy
gamybos jmonése, (surenkamo gelzbetonio gamyba, statybiniy medziagy — skaldos,
zvyro — risiavimo linijos), keliy statyboje (grunto sutankinimo masinos ir aparatai).

Panaudojimo sri¢iy plétra, sparc¢iai besivystan¢iy mokslo ir technikos sri¢iy
keliami reikalavimai vercia tobulinti esamg vibracing jrangg, o naujausi moksliniai
laiméjimai jgalina kurti naujo tipo daugiaafunkcinius vibrosuzadintuvus. Dujy
tekéjimo specifika ir naujy vibrosuzadintuvy konstrukciniai sprendimai atskleidzia
nemazai charakteringy jy darbo ypatybiy. Autoriai D. Tomchin, O. Tomchina, A.
Fradkov, Zhao Zhi-li, Chen Hung-Yi, S. Eremeykin, H. Kaliji, A. Messina, N.
Giannoccaro ir kiti mokslininkai periodiskai skelbia dinaminiy sistemy, sudaryty i$
vieno ir keliy vibrosuzadintuvy, teoriniy ir eksperimentiniy tyrimy rezultatus,
nagringja keliy vibrosuzadintuvy darbo rezimus ir faziy valdymo galimybes bei
modeliavimo metodus [1-10].

Siame darbe tiriama galimybé pritaikyti daugiafunkciniy vibrosuzadintuvy
konstrukcijose netradicinius sprendimus: jvesti adaptyviagsias grandis (medziagas su
formos atmintimi). Autoriy A.Galinsko, K.Ragulskio, R.Bansevi¢iaus, E.Kibirks¢io
ir K.Vaitasiaus [11-24] pasitlyti naujo tipo pneumatiniai vibrosuZadintuvai ant oro
pagalvés pasizymi daugiafunkcinémis galimybémis: harmoniniu ir neharmoniniu
darbo kiino judéjimo désniu, Suolisku virpesiy parametry keitimu, smaginiu darbo
kiino rezimu. Tokiy vibrosuzadintuvy darbo kiinas gali turéti iki SeSiy judrumo
laipsniy. Sukurty mechanizmy charakteringa savybé — trys darbo rezimai, t.y.
kontakto, oro pagalvés ir virpesiy rezimas, kas leidzia tokius vibrosuzadintuvus
pritaikyti roboty griebtuose, orientuojant ir surenkant velenélio-jvorés tipo detales.
Siuos vibrosuzadintuvus galima panaudoti projektuojant roboty tiesialinijinio judesio
antgalius-sliauziklius, taip pat preciziniy sukimosi ir transportavimo pavary
konstrukcijose.

Panaudojant aerodinaminio rysio kanalus arba pulsuojantj slégj, galima pasiekti,
kad sukurti vibrosuzadintuvai dirbty sinchroniniu daZniu ir tam tikra valdoma
svyravimy faze.

Moksliniy tyrimy tikslas ir uZdaviniai

Efektingam  sukurty  daugiafunkciniy  pneumatiniy  vibrosuzadintuvy
panaudojimui reikia iStirti bendrus jy elgsenos désningumus ir sukurti jy teorines bei
eksperimentines tyrimo metodikas.



Disertacijos pagrindinis tyrimy tikslas — istirti vibrosuzadintuvy, dirbanciy ant
oro pagalvés autovirpesiy rezimu, dinamikg bei dviejy vibrosuzadintuvy
sinchronizacijos galimybes.

Tikslui pasiekti numatoma iSspresti Suos uzdavinius:
1. Atlikti vibrosuzadintuvy ant oro pagalvés virpesiy charakteristiky
eksperimentinius ir teorinius tyrimus bei pateikti jy mechaniniy parametry
skaiciavimo metodikas.
2. Nustatyti vibrosuzZadintuvo, dirbancio ant oro pagalvés, autovirpesiy
egzistavimo srit.
3. Sukurti dviejy pneumatiniy vibrosuZadintuvy ant oro pagalvés
sinchronizacijos ir faziy valdymo metodikq.
4. Sukurti  pneumating Zengianciq roboto vibropavarq ir iStirti jos
pereinamuosius procesus bei stabiliuosius judesio rezimus.
5. Sudaryti vibrosuzadintuvy ant oro pagalvés adaptyviyjy grandziy su
formos atmintimi matematinius modelius ir paskaiciuoti galimas Siy grandziy
mechanines charakteristikas.
6. Pateikti  sukurty  daugiafunkciniy  vibrosuZadintuvy,  dirbanciy
sinchroniniu autovirpesiy rezimu, projektavimo rekomendacijas.

Tyrimo metodai ir priemonés

Rasant darba naudotasi monografijomis, moksliniais straipsniais ir internete
rasta medZiaga, taip pat katedros mokslo grupés pateikta moksline informacija.
Teoriniai tyrimai atlikti bendrosios masiny teorijos, dujy dinamikos ir virpesiy teorijos
pagrindu, tiesiogiai naudojant analitinius ir skaitmeninius metodus. Skaiciavimai
pagal sukurtus matematinius modelius atlikti MathCad bazéje. Eksperimentiniams
tyrimams buvo naudojama Siuolaikiné preciziné matavimo aparatiira. Tyrimuose
panaudotas originalus mokslo grupés sukurtas virpesiy ant oro pagalvés formavimo-
registravimo jrenginys.

Mokslinis naujumas

1. Sukurti  pneumatiniy vibrosuzadintuvy ant oro pagalvés matematiniai
modeliai, nustatyta autovirpesiy egzistavimo sritis ir pateikti skaitmeninio bei
eksperimentinio tyrimo rezultatai. Sukurta dviejy pneumatiniy vibrosuZadintuvy
sinchronizacijos ir faziy valdymo teorija, panaudojant tamprig grandj, aecrodinaminj
rysj ir i$ iSorés paduodama pulsuojant] slégj.

2. Sukurta pneumatiné roboto tiesialinijinio Zengimo vibropavara ir istirti jos
tiesialinijinio judesio ir stabiliyjy rezimy parametrai. Pasiiilytos vibrosuzadintuvy ant
oro pagalvés adaptyvios grandys su FA ir §iy grandziy skai¢iavimo metodika.

3. Sukurta dviejy vibrosuzadintuvy ant oro pagalvés mechaninés sistemos,
dirban¢ios sinchroniniu rezimu ir su valdoma virpesiy faze, projektavimo
rekomendacijos.

Praktiné verteé

Sukurtos daugiafunkciniy vibrosuzadintuvy, dirbanciy ant oro pagalvés
autovirpesiy rezimu teorinés prielaidos, nustatytos autovirpesiy egzistavimo sritys
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leidzia paskaiciuoti tokiy vienos ir dviejy kamery vibrosuzadintuvy virpesiy
parametrus, taip pat atlikti ir jy konstrukcinj projektavima.

Sukurtos dviejy vibrosuzadintuvy ant oro pagalvés virpesiy sinchronizacijos ir
faziy valdymo teorinés ir eksperimentinés prielaidos.

Istirti  daugiafunkciniai  vibrosuzadintuvai ant oro pagalvés, sukurti
sinchronizacijy metodai leidzia juos panaudoti paciy jvairiausiy technologiniy
procesy intensyvinimui.

Pasiiilyta pneumatiné Zengianti roboto vibropavara gali biiti pritaikoma jvairiy
vamzdyny diagnostikos pavarai.

Gynimui teikiami darbo rezultatai

1. Vibrosuzadintuvy ant oro pagalvés dinamikos matematiniai modeliai ir jy
skaitmeninio ir eksperimentinio darbo rezimy tyrimo metodikos bei gauty tyrimy
rezultatai.

2. Pneumatiniy vibrosuzadintuvy ant oro pagalvés sinchronizacijos ir faziy
valdymo metodai, matematinis modelis ir skaitmeninio tyrimo rezultatai.

3. Pneumatinés tiesialinijinio judesio roboto vibropavaros matematinis
modelis, jo skaitmeninio tyrimo metodika ir gauty tyrimy rezultatai.

4. Pneumatiniy vibrosuzadintuvy ant oro pagalvés adaptyviyjy grandziy su
formos atmintimi teorinio tyrimo rezultatai.

5. Dviejy vibrosuzadintuvy, dirbanéiy ant oro pagalvés sinchroniniu ir
valdomos fazés autovirpesiy rezimu, projektavimo rekomendacijos.

Darbo aprobavimas

Tiriamojo darbo tema paskelbta 10 publikacijy; i$ jy 2 straipsniai publikuoti
tarptautiniuose mokslo Zurnaluose, turinfiuose cituojamumo rodiklj Clarivate
Analytics Web of Science (,CA WoS*“) duomeny bazéje: 2 straipsniai su 1,128
citavimo indeksu (2017, 2018). Darbo rezultatai pristatyti 11-oje tarptautiniy
konferencijy. Moksliniy publikacijy Sgrasas pateikiamas disertacijos pabaigoje.

Disertacijos struktara ir apimtis

Disertacijg sudaro jvadas, 5 dalys, svarbiausios apibendrintos darbo i$vados,
literatiiros saraSas i§ 81 Saltinio, autoriaus moksliniy publikacijy disertacijos tema
sgrasas, santrauka ir priedai. Disertacijos apimtis — 155 puslapiai, 106 iliustracijos, 17
lenteliy ir priedai.
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1. LITERATUROS ANALIZE IR DARBO UZDAVINIU FORMULAVIMAS.
1.1 Ivadas.

Siame skyriuje atlikta pneumatiniy vibrosuzadintuvy moksliniy tyrimy
apzvalga. Pateikta jvairiy tipy vibratoriy, taip pat ir vibrosuzadintuvy ant oro
pagalvés, dirbanciy autovirpesiy rezimu konstrukcijy analitiné apzvalga, atlikta
eksperimentiniy ir teoriniy Sios srities tyrimy analize. ISnagrinétos vibrosuzadintojy
ant oro pagalvés funkcinés galimybés, kuriant jvairios paskirties roboty griebtus,
sukimosi ar transportavimo, detaliy orientavimo-surinkimo pavaras, vibrosmiigines
sistemas. Atlikta i$skirtines savybes turin¢iy medziagy (medziagy, turinéiy formos
atmintj) fizikiniy-mechaniniy savybiy analizé¢, jy tinkamumas pneumatiniy
vibrosuzadintuvy konstrukciniams elementams. Nagrinéta keliy vibrosuzadintuvy
daznio ir fazés sinchronizavimo problema. Pateiktos literattiros analizés iSvados,
problemos pagrindimas, suformuluoti disertacinio darbo tikslai ir uzdaviniai.

1.2 Vibrosuzadintuvy konstrukceiju ir tyrimy apZvalga.

Siuolaikingje pramonéje galima isskirti atskirg jrengimy grupe, kur
technologinés operacijos realizuotos virpancio darbinio kino pagrindu. Paprastai tai
tamprios sistemos, sukurtos tokiu baidu, kad uZztikrinti reikalingg vibrosuzadintuvo
darbinio kiino judéjima.

Vibrosuzadintuvai gali biiti taikomi vibraciniuose transportavimo ir biriy
medziagy paskirstymo, detaliy orientavimo jrenginiuose, vibraciniuose siurbliuose,
geologinio grezimo jrankiuose, giluminio grunto ar betono lyginimo ir sutankinimo
jrenginiuose, detaliy surinkimo ar iSkirtimo linijose, smiiginése-vibracinése masinose,
fizikiniy procesy ir cheminiy reakcijy suintensyvinimui, medicininiuose ir buitiniuose
vibraciniuose prietaisuose, bandomuosiuose vibraciniuose stenduose ir t.t.
Vibrosuzadintuvy panaudojimas maiSymo jrenginiuose turi jtakos mai§ymo jrenginiy
naSumui, mazina energijos kastus ir didina galutinio produkto kokybe. Vibracijos ¢ia
gali suintensyvinti maiSymo procesa arba sukelti specifinius efektus maiSomai
medziagai. Vibrosuzadintuvai naudojami biriy medziagy tiekimo jrenginiuose [25] ir
transporteriuose.

Vibrosuzadintuvai privercia svyruoti darbinj kiing pagal tam tikra désnj. Keli
charakteringi amplitudés pokyc¢io laiko atZvilgiu rezimai pavaizduoti 1 priede.

Pagal suzadinimo budg vibrosuzadintuvus galima isskirti j atskirus tipus (Zr.
lentele 2 priede). Egzistuoja kombinuoti keliy tipy vibrosuzadintuvai: magneto-
mechaniniai, elektrohidrauliniai, hidropneumatiniai ir t.t.

Vibrosuzadintuvus galima klasifikuoti ir pagal kitus poZymius:

e pagal judéjimo laisvés laipsniy skai¢iy: su vienu judéjimo laisvés
laipsniu ir daugiau;

e pagal darbinio kiino svyravimo désnj: harmoniniai, biharmoniniai,
chaotiniai virpesiai ir t.t.

e pagal vibrosuzadintuvo pavaros darbinés aplinkos tipa: pneumatiniai,
hidrauliniai, vaakuminiai, gariniai ir t.t.
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Vibrosuzadintuvy savybés taikomos jvairiuose technologiniuose procesuose. 3
priede, lenteléje, pateikiami atskiry tipy vibrosuzadintuvy privalumai ir trikumai.

Atlikus vibrosuzadintuvy konstrukcijy tipy analize¢ [18, 26-30], galima
pastebéti, kad pagal konstrukcijos paprastuma, geresnes eksploatavimo savybes,
darbinio kiino virpesiy jvairove ir pagrindiniy parametry valdymo galimybes
pirmumas teikiamas pneumatiniams vibrosuzadintuvams. Suspausto oro energija j
mechaning energija verciantys vibrosuzadintuvai priklauso vienai i§ labiausiai
praktikoje naudojamy vibrosuzadintuvy grupei. Pritaikymo sritys vis pleciasi.
Pneumatiniai jrenginiai naudojami medicinoje (reabilitacijos ir priezitiros
jrenginiuose), robotikoje (vaiks$Ciojantys robotai [31]), naudojant specialias
medziagas - elastomerus - kuriami specializuotos paskirties naujos kartos pneumati-
niai jrenginiai - minkstos pneumatinés pavaros (SPA - soft pneumatic actuators) [32,
33]. Mikro-pneumatiniai vibrosuzadintuvai gali buti naudojami minksty ir lankséiy
roboty konstrukcijose, kur suspaustas oras generuoja jvairiy roboto judesiy spektra:
plétimasi bei susitraukima, sukimasi, lenkimg ir pan. [34]

Praktikoje dazniausiai naudojami linijinio stimoklio (pneumatinio cilindro) tipo
pneumatiniai vibrosuzadintuvai [30, 35]. Jie sukuria tiesialinijinj sttmoklio judesj,
kuris gali biiti pritaikomas ribotai, besikartojanciai operacijai, pavyzdziui,
uzspaudimui, Stampavimui, pernesimui, Sakojimui, paskirstymui, i$Smetimui,
matavimui, pakreipimui, lenkimui, tekinimui ir pan. Linijinio judesio pneumatiniai
vibrosuzadintuvai pagal konstrukcija dar skirtomi j vienpusio ir dvipusio veikimo. Kai
kurie cilindry pavyzdziai, jy sutartinis Zyméjimas ir praktinio panaudojimo galimybés
pateiktos lenteléje 4 priede. Ivairioms automatizavimo ir robotikos operacijoms
naudojami pneumatiniai cilindro tipo vibrosuzadintuvai, sickiant sumazinti trinties
jéga, kuri turi jtakos jrenginio tikslumui ir sukuriamai jégai, gali biti integruojami su
kity tipy pavaromis, pvz., pjezopavaromis [36].

Pagal iSgaunamy svyravimy parametrus pneumatiniai vibrosuzadintuvai
skirstomi j grupes, kurios apraSytos 1.1 lenteléje.

1.1 lentelé. Pneumatiniy vibrosuzadintuvy klasifikacija [27].

Pneumatinio vibrosuzadintuvo tipas Savybés
Pulsavimo - Zemi dazniai (iki 15 Hz)
- amplitudé (20-30 mm)
- sukuriama pakankamai didelé jéga

Zemo daznio autovirpesiy - dazniy inervalas 15-60 Hz

- didelés amplitudés ir iSvystoma jéga
IScentrinis - dazniai 20-400 Hz
Auksto daznio autovirpesiy - dazniai iki 2000 Hz

- amplitudés iki 0,2 mm
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1.1 pav. Vienpusio veikimo vibrosuzadintuvas su spyruokle.

Autovirpesiy rezimu dirbanéio vienpusio veikimo vieno laisvés laipsnio
pneumatinio vibrosuzadintuvo su spyruokle pavyzdys pateiktas 1.1 pav. Korpuse 1
patalpintas stimoklis (darbo kiinas) 2. Per kiauryme, kurios spindulys r, j kamera 3
patenka suspaustas oras, kurio slégis Pi. Suspaustas oras stumia stimoklj 2,
nugalédamas spyruoklés pasipriesinima. Priklausomai nuo kameroje 3 susidariusio
slégio Pk ir spyruoklés pasiprieSinimo, oras patenka j kamera 4, dalis oro isteka lauk.

1.2 pav. [27] pateiktas sudétingesnés konstrukcijos vibrosuzadintuvas.

1.2 pav. Vienpusio veikimo vibrosuzadintuvas, veikiantis suspausto oro
autovirpesiy rezimu [27] .

Konstrukcijoje su vienu korpusu 1 (1.2 pav.), stimoklj 2 reikia spausti prie
korpuso spyruoklés pagalba. Stumoklis 2 turi viding kamera, reikalinga oro slégio
iSlyginimui. | kamerg paduodamas suspaustas oras, kuris per droseliuojancias
kiaurymes 5 patenka j erdve tarp stimoklio ir korpuso. Stamoklyje yra kiaurymé 6.
Dangtelis 3, judédamas iSilgai aSies, suformuoja ertme tarp stimoklio ir korpuso, j
kurig patekes suspaustas oras sukuria papildoma tiirj, atliekantj akumuliuojamo oro
vaidmenj. Tarp korpuso vidinio pavirsiaus a ir stimoklio galinés plok§tumos susidaro
oro pagalvé. Oras per plySj 8 tarp korpuso ir stimoklio iSteka lauk. Slégio poky¢iai
del netolygaus oro srauto tekéjimo per jrenginj sukuria stimoklio vibravimg korpuso
atzvilgiu.
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Keletas vibrosuzadintojy, dirbanciy ant oro pagalvés autovirpesiy rezimu,
konstrukcijy ir jy taikymo sritys pateiktos lenteléje 5 priede.

Pneumatiniy vibrojrenginiy pavaros pagrindiniy judéjimo parametry skaitiniam
radimui reikalinga diferencialiniy lygciy sistema, apjungianti mechaninés dalies
judéjimo désnius bei oro srauto lygtis [27]. 1.3 pav. pateikta schema, kur nagriné¢jamas
bendrasis oro jtekéjimo ir iStekéjimo kintamo tirio ertméje atvejis, jvertinus
Siluminius mainus su aplinka ir nuostolius.

Pp=const
Ty =const

]
o

fe

x

fac r_/U:;';

j aplinkg Pyly

LTI

pg=const
Tq =const

1.3 pav. Pavaros skerspjavio bendroji schema [27]

IS tam tikro tiirio Saltinio j kintamo tiirio V kamera paduodamas pastovios
temperattiros Tw ir pastovaus slégio pm suspausto oro kiekis éu. I ta pacig kamera i$
riboto tirio kameros patenka tam tikras oro kiekis éh, Kurio temperatiira yra Tn, O
suspausto oro slégis pnyra kintamas. Tai gali biiti kitos pneumatinio vibrosuzadintuvo
kameros jtaka arba papildoma kamera su didesnio slégio oro srauto zona. I§ kameros,
kurios tiiris V, dalis suspausto oro 6, isteka j atmosferg, kurios slégis ir temperatira
yra pastovis ir atitinkamai lygis pa ir Ta, 0 0ro dalis &, patenka j tam tikro tario kamerg
su kintamu slégiu py ir temperatira Ty. Pneumatinése sistemose tai gali bati tiek
suspausto oro iStekéjimo j aplinka sistema, tiek kamera su mazesnio slégio zona.

Nepaisant oro iStekéjimo dél suspausto oro jtakos V turio kameroje slégis p
pakyla ir stumia stimoklj. Stimoklio ir viso darbinio kiino masé yra m, o i$ kitos pusés
ji veikia jéga P(t). Tokios pneumatinés pavaros termodinaminiy procesy pokytis
nusistovéjus iStekéjimo rezimams gali buti uzraSomas lygéiy sistema, sudaryta i$
lygéiy (1.1-1.3):

mxX = pF —P(t) (1.1)
Ty, Kf, Py oY) + 4T, Kf, 0(Y,) = VTKf, po(Z,) -

d
—JTKf, po(Z,)- atk - t (12

V dp—kpdV =kvR o .
TR (F+Dx)(T-T,)
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prM ¢)(Y)+ Kpy ——— co(Y)

dT _dx dp JRT,, it

T X Fxp T
P pr/T 0(Z,) - pr/ ~0(2,)

Siose lygtyse dujy masé apskai¢iuojama, atsizvelgiant j §iluminius mainus tarp
kameros ir sieneliy Tc, esant $ilumos atidavimo koeficientui ca. F, D, x — atitinkamai
stimoklio plotas, skersmuo ir postiimis; t — laikas; fo = u f — efektyvus jeinanéio oro
srauto kiaurymés plotas. Slégiy santykiai pazymeti:

v=Lz Pz Py 20k
Pu p P k-1

kur g — laisvo kritimo pagreitis, k — adiabatés rodiklis; A — terminis darbo ekvivalentas,
R = 287,04 J/(kgK) — pastovi dujy (oro) konstanta.

o(Y)=, v 2 Y K I: 1 kai 05282 <Y <1 (ikikritinis slegis) ir (1.5)

@(Y)=0,2588, kai 0 <Y <0,5282 (virskritinis slegis) (1.6)

(1.3)

(1.4)

Trijose lygtyse duotam P(t) apibrézti trys kintamieji: T, p ir V. Dydis X susietas
su parametru — tariu V. Nagringjant konkrecius vibrosuzadintuvus, vietoje pirmosios
lygties (1.1) jstatoma diferencialiniy lygciy sistema, aprasanti vibropavaros judéjima.
Jeigu stimoklis turi savo ertmes oro jtekéjimui ir iStekéjimui, lygtys (1.2) ir (1.3)
tampa dar sudétingesnés. Taigi matematiné vibrosuzadintuvo darbinio kiino judéjimo
ir visa dinaminé sitema aprasoma pakankamai sudétingai.

AukscCiau apraSyta pneumatinés pavaros konstrukcija apjungia kelias kameras,
suspaustos skirtingo slégio dujos j pagrinding kamerg paduodamos i$ keliy saltiniy.
Pats modelis apima jvairius termodinaminius procesus, tafiau yra sudétingas
matematinio modeliavimo atzvilgiu. [ vibrosuzadintuvy, tirty A.Galinsko,
K.Ragulskio, A.Sermuksnio, R.Bansevi¢iaus, E.Kibirk§¢io, K.Vaitasiaus darbuose
[14, 18, 21-24], kamera suspaustas oras patenka i§ vieno $altinio, dujos iSteka j
atmosferg, o ne } mazesnio slégio kameras. Ankstesniuose jy darbuose atlikti vienos
kameros vibrosuzadintuvo, dirbancio autovirpesiy rezimu, teoriniai tyrimai ir
eksperimentai.

Ivairiy pneumatiniy pavary dinamikos klausimai yra nagrinéjami ir vélesniuose
autoriy darbuose. Darbe [2] autoriai suformulavo virpesiy valdymo ir fazés
reguliavimo désnius pneumatinés pavaros lanks¢iy manipuliatoriy sistemai. Darbe [3]
iStirta ir pristatyta dviejy grandziy PD (proporciné ir diferencijuojanti grandis)
valdiklio jtaka pneumatinés ir hibridinés (pneumatinés ir pjezoelektrinés)
vibropavaros valdymui. Netiesiniy ir laiko atzvilgiu kintan¢iy pneumatiniy sistemy
virpesiy charakteristiky valdymo budai tiriami darbe [4]. Dviejy kamery pneumatinio
vibrosuZadintuvo su reguliuojamu sklendés mechanizmu teorinis ir eksperimentinis
tyrimas pristatytas darbe [5].
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Technologiniuose  kompleksuose, kuriuos sudaro keli pneumatiniai
vibrosuzadintuvai, svarbig vieta uzima tokiy vibrosuzadintuvy virpesiy sinchroniza-
cija. Vibratoriy sinchronizcijos klausimus sprendé zinomi mokslininkai. I.I.
Blekhman sukiiré metodika, leidzian¢ia iSaiSkinti salygas savarankiskai
sinchronizuoty nesubalansuoty rotoriy judesiy egzistavimui ir stabilumui
mechaninése sistemose [37]. Panaudojus savaime susiZadinanéiy autovirpesiy oro
pagalvése efekta, yra sukurti pneumatiniai vibrosuzadintuvai, dirbantys autovirpesiy
rezimu. Tokio tipo vibrosuzadintuvus kuré ir tyré A.Galinskas, K.Ragulskis,
A.Sermuksnis, E.Kibirkstis, K.Vaitasius [14-18, 38-40]. Kuriant technologine jranga,
susidedancig i$ keliy vibrosuzadintuvy, skirtg technologiniy procesy intensyvinimui,
daugeliu atvejy svarbu, kad Sie vibrosuzadintuvai dirbty sinchroniskai. Dirbant
keliems, vienas nuo kito nutolusiems tokio tipo vibrosuzadintuvams, svarbu nustatyti
ju sinchroninio darbo ar darbo su sinchronine faze rezimus. Kombinuoto savaiminio
sinchronizavimo metodg yra pasitiles K. Ragulskis, kuris ir iSvysté §ios srities teorijg
[41-43].

Keliy vibrosuzadintuvy sinchronizavimo uzduotims spresti gali btti naudojami
keli sinchronizacijos ir faziy valdymo biuidai. Vibrosuzadintuvy sinchronizavimas
naudojant bendrg standZig platformg yra seniai zinomas ir iStirtas biidas [44, 45].
Papildomos vibracijos jrangos kiirimo galimybés, ypaC vibraciniam medziagy
transportavimui, gali biti pasiekiamos naudojant sinchroninius vibropavary darbo
rezimus. Keliy pneumatinio cilindro tipo pavary sinchroninio darbo badai
analizuojami darbe [46]. Sinchronizacijai naudojamos elastingos atramos standumo ir
slopinimo koeficienty jtaka sinchronizuojamy elementy virpesiams tiria autoriai darbe
[47]. Darbuose [48, 49] pasiiilytas dviejy rotoriy vibracijos bloko daugiafunkcinio
sinchronizavimo algoritmas. Sitloma sistema, kurig sudaro du rotoriai ir tvirta
platforma, sumontuota ant nejudamojo pagrindo, analizuojama gradienty metodu.
Dviejy suzadintuvy sinchronizavimas dél bendros jungties sukimo momento
analizuojamas darbe [50]. Mechaninés sistemos, kurig sudaro keli vibrosuzadintuvai,
sukimo momenty jtaka suzadintuvy sinchronizacijai tirta darbe [6]. Dviejy
suzadintuvy ant netiesinés vibracinés sistemos teorinj tyrima atliko autoriai darbe
[51]. Dviejy vibropavary sukurty virpesiy sinchornizacija vibruojancio cilindrinio
veleno mechaninéje sistemoje nagrinéta darbe [52]. Vibracinés sistemos su dviem
virpanCiomis masémis dinaminiy charakteristiky kiekybiné analize, pasitelkiant
Lagranzo lygtis atlikta darbe [53]. Dviejy nesubalansuoty rotoriy, patalpinty ant
dviejy tampriomis jungtimis susiety virpanciy kiny, sinchronizavimo biidas bei
teoriniai tyrimai pristatyti darbe [54]. Trijy rotoriy 6 laisvés laipsniy sistemos
sinchronizavimo salygy skaitmeninj tyrima atliko mokslininkai [7].

Pneumatiniy vibrosuzadintuvy tyrimy apzvalga jrodo, kad aptinkamos Vis
naujos vibraciniy jrengimy taikymo sritys, ieSkomi nauji keliy vibrosuzadintuvy
sinchroninio darbo ir valdomos fazés buidai, atlickami teoriniai bei eksperimentiniai
tyrimai. Mechaninés sistemos su vienu ar keliais pneumatiniais vibrosuzadintuvais
skaitmeniniam tyrimui reikia sukurti matematinj modelj ir jj iSspresti skaitiniais
metodais. Kitame skyrelyje atlikta matematinio modeliavimo buidy apzvalga.
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1.3 Matematinio ir skaitmeninio modeliavmo metody apzvalga.

Statiniy ir dinaminiy sistemy matematinio modeliavimo procesas apima
matematinio modelio kiirimg, simuliacijg ir pradiniy duomeny parinkimg. Kuriant
mechaninés sistemos modelj, jvertinamas tiriamy grandziy judéjimo laisvés laipsniy
skaiCius, veikiancios jégos ir jégy Saltiniai, sistemos veikimo ribinés sglygos.

Matematiniy modeliy kiirimui ir sprendimui paprastai naudojami:

+ fizikiniy principy, apibtudinanéiy kiny judéjima, jégas ir reiskinius,
veikiancius sistemose, apibrézimas (pvz., Niutono, energijos tvermés désniai ir pan.);

* metody, pagristy dirbtinio intelekto algoritmais (pvz., genetiniais algoritmais,
dirbtiniy neurony tinklais), taikymas [30].

Dirbtinio intelekto metodai pakei¢ia ,Standartinius” skaitinius analizés
metodus, kai leidZia efektyviau iSspresti uzdavinius arba yra vienintelés teorijos,
kurias galima pritaikyti.

1.3.1 Matematinio modelio kiirimo metodai.

Mechaninés sistemos, kurios pagrindg sudaro masé-spyruoklé-slopintuvas,
priklauso testinio laiko (CT - continuous-time) sistemoms, ir jy matematiniai modeliai
paprastai aprasomi diferiancialinémis lygtimis, kurios gaunamos pritaikius antrajj
Niutono désnj arba Lagranzo (Lagrange) lygtis. Gautos antros eilés diferencialinés
lygtys sprendziamos jvairiais metodais. Aukstesnés eilés diferencialinés lygtys
verciamos j mazesnés eilés difrenecialiniy lyg€iy sistema.

Klasikiniai metodai gali biiti kombinuojami su Laplaso (Laplace) ar Furje
(Fourier) transformacijomis.

Sudétingose sistemose, kai yra daug judanciy kiiny arba atsiranda saveikos tarp
jvairiy elementy ar kity tipy sistemy, lygtis sudaryti padeda rysiy grafy (bond graph)
metodas [30]. Taikant energijos metodus, naudojamasi Lagranzo lygtimis, kurios
apraso energijos virsmy ir perdavimo santykius.

1.3.2 Skaitmeninio modeliavimo ir sprendimo metodai.

Skaitmeninis dinaminiy sistemy modeliavimas (simuliacija) LabVIEW Control
Design and Simulation Module, The Math Works Inc. Simulink jrankiais yra
jgyvendinamas blokiniy diagramy formose, ir gali bati taikomas tiesinéms bei
netiesinéms sistemoms.

Be to, jvairaus sudétingumo inzineriniams projektams analizuoti, spresti ir
vizualizuoti gali buti naudojama inzinerinés matematikos programiné jranga. Tali
simbolinio ir skaitmeninio sprendimo priemonés: PTC Mathcad, Mathematica,
MATLAB arba ANSYS (zinoma kaip baigtiniy elementy modeliavimo) programiné
jranga. Kai kuriuose i§ $iy pakety yra integruoti blokiniy diagramy modeliavimo
jrankiai (pvz., MATLAB ir Simulink, ANSYS ir MemsPro) arba jie patys gali buti
integruoti j CAD programing jranga (Mathcad ir SolidWorks).

Testinio laiko (CT) sistemoms naudojami diferencialiniy lygéiy (ODE)
sprendimo algoritmai, besiremiantys fiksuoto ir kintamo laiko intervalo (zingsnio)
metodais. Sprendimui su fiksuotu laiko intervalu gali baiti taikomi Rungés-Kuto
(Runge-Kutta), Eulerio (Euler) metodai. Tuo tarpu kintamo Zingsnio atveju — Rungés-
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Kuto, BDF (atvirkstinio diferenciavimo - Backward differentiation formula),
Adamso-Moultono (Adams-Moulton) ir kiti metodai.

Diferencialiniy lyg€iy, apraSanciy vibruojancias sistemas, sprendimas daznai
btina problematiskas dél sudétingy iSvestiniy iSraiSky. Egzistuoja apytikslio
sprendimo metodai: baigtiniy skirtumy (skirtuminis) metodas, kintamy iteracijy
metodas ir kt. Darbe [8] autoriai jrodo, kad netiesinés virpancios sistemos sprendimui
naudojant minimy-maksimy (Min-Max) metoda, kurj pasitlé senovés kiny
matematikai, esant tam tikroms sglygoms (nedidelei svyravimy amplitudei) skiriasi
nuo Rungés-Kutto 4 metodo 2-3 proc. Dviejy laisvés laipsniy virpanciai dinaminei
sistemai spresti autoriai [55] naudoja Bogacki-Sampine (Bogacki-Shampine) metoda,
kuris yra Rungés-Kuto metodas su kintamu zingsniu ir skirtas antros eilés
diferenencialinéms lygtims spresti. Trijy laisvés laipsniy voztuvo pavaros
matematinis modelis i$sprestas, naudojant Rungés-Kuto 4 algortimg ir palygintas su
rezultatais, gautais sprendziant baigtiniy skirtumy metodu. Abiem metodais gauty
virpesiy amplitudés ir dazniai sutampa [9]. Skaitmeniniuose tyrimuose darbe [56]
keturiy laisvés laipsniy vibraciné sistema tirta baigtiniy elementy metodu. Sistema
reikalauja sudétingo analitinio tyrimo, todél sprendZiama masiy matricg optimizavus
genetiniu algoritmu. Pnematiniy pavary sistemos matematinis modelis, sudarytas i$
antros eilés diferencialiniy lygciy, suvestas | pirmos eilés diferencialiniy lygéiy
sistemgq ir iSsprestas Rungés-Kuto 4 metodu [10]. Teorinio ir eksperimentiniy tyrimy
rezultaty palyginimas parodé, kad matematinis modelis $iai sistemai yra tinkamas, o
jo sprendimas tikslus.

Pneumatiniy vibrosuzadintuvy konstrukcijoje galima panaudoti medziagas su
formos atmintimi (FA). Todél Kitame skyrelyje atlikta FA turinCiy medziagy
moksliniy tyrimy analizeé.

1.4 Medziagos su formos atmintimi.

Formos atmintj turin¢ios medziagos - tai ypatingos cheminés sudéties lydiniai,
pasizymintys adaptyviomis funkcinémis savybémis. Tai:

o laisvas pirminés formos atstatymas, kurj pritaikant FA elementas
suzadina judesj arba jtempimus;

o priverstinis pirminés formos atstatymas, kurio elementas su FA priesinasi
formos pokyciui ir tokiu biidu suzadina jtempimus;

o pavaros darbo rezutaty pritaikymas, kurio metu judesys prieSpastatomas
jtempimams, ir jy déka elementas, turintis formos atmintj, atlicka darba;

o superelastiSkumo (pseudoelastiSkumo) pritaikymas remiasi §io proceso

izotermiSkumu ir potencinés energijos kaupimu.

Medziagos su FA — metaly lydiniai, pasizymintys labai unikaliomis savybémis.
Visy pirma, tai — superelastiskumas ir formos atminties efektas. Siy savybiy déka,
keiCiant temperatirg (kai kuriuose lydiniuose uztenka tik 10 laipsniy), pasikeicia
molekuliy iSsidéstymas. Deformuojasi kristaliné gardelé, ir medziaga keicia forma,
nors iSlieka kietos busenos. Lydiniams su FA svarbi martensitiné ir austenitiné
transformacijos.
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Martensitiné deformacija palyginti lengvai pasireiskia prie zemos temperatiiros.
Molekuliné medziagos struktiira Sioje fazéje yra susipynusi (zr. 1.4 pav.). Austenito
deformacija atsiranda prie aukStos temperatiiros. Austenito struktiira yra kubo formos,
o molekuliy iSsidéstymas matyti 1.5 pav. Nedeformuoto martensito fazéje medziaga
yra tokios pat formos ir dydzio kaip austenito fazéje [57].

xet,

Temperatara

Austenitas

!

& —4

Dvigubas martensitas Deformuotas martensitas

Deformacija

1.4 pav. Lydiniy su FA makroskopinis ir mikroskopinis dviejy faziy atvaizdavimas [57].

Lydiniy su FA biisenai yra svarbiis Sie temperatiiriniai rezimai: Ms, M —
tiesioginio martensitinio virsmo pradzios ir pabaigos temperatiiros; As, As— atgalinio
martensitinio (austenito) virsmo prazios ir pabaigos temperatiiros; Tq — deformavimo
temperatura.

Formos atminties efekto mechanizmas lydiniuose paaiskinamas galingomis
tarpatominémis jégomis. Supaprastinta FA efekto schema parodyta 1.5 pav.

1.5 pav. FA efekto mechanizmas metaluose: 1 — Ti-Ni gardelés vaizdas jprastinémis
salygomis, 2- vaizdas atSaldzius, 3 — vaizdas deformavus [58, 59].

FA efektas pasireiskia, kai temperatira medziagoje nukrinta Zemiau My, ir
lydinys yra lengvai deformuojamas. Jprasta forma sugrjzta, kaitinant medziagg ir
virsijus temperatiirg As .

Iprastinémis salygomis lydinio kristalingje gardeléje atomai iSsidésto
taisyklingai (1.5 pav. - 1). Atsaldzius, gardelé transformuojasi (2) — tai atitinka biiseng
su zemesniu energetiniu lygiu. Deformavus lydinj, atsiranda jtempimai ir kristaliné
gardel¢ dar labiau deformuojasi. Nutraukus deformuojamos jégos veikima,
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deformacija liks, nes abi biisenos energetiskai ekvivalencios (3). Sildant kristaliné
gardelé vél jgauna taisyklingg formg — pradiné lydinio forma pilnai atsistato (1).
Formos pasikeitimas vyksta labai greitai. SchematiSkai $is procesas pavaizduotas 1.6
pav.

Deformacija, panaikinanti - Atsaldymas
forma, kuri buvo jgauta prie |
temperatiiros Ty

Deformacija, kuri suteikia
ruoSiniui norimg formg

Kaitinimas Formos, kuri buvo jgauta

—

pric 7y, atsistatymas

|| L | o

Mi’ As M, Af T4 T

1.6 pav. Schematiskas formos atminties efekto interpretavimas: Ms, M¢ — tiesioginio
martensitinio virsmo pradzios ir pabaigos temperatiros, As, As— atgalinio martensitinio
virsmo pradzios ir pabaigos temperatiiros, Tq — deformavimo temeratiira [60].

Lydiniy su FA formos pokyciy iSlaikymas yra susijes su martensitine
transformacija, paprastai vykstan¢ia tam tikroje lydinio biisenoje. Si transformacija
charakterizuojama jos pradzios ir pabaigos temperatiromis (t.y. As, As ir Ms, My).
Martensitiné transformacija egzistuoja daugelyje lydiniy, taciau tik tam tikruose (pvz.,
Ti-Ni, Cu-Zn-Al) ji yra reikSminga ir pritaikoma.

Vienas i§ pavary, pagaminty i§ medziagy su FA, privalumy yra didelis
galios/masés koeficientas, esant mazoms masiy reikSméms (zr. 1.7 pav.).

— , = 3

Galia/ mase (W/kg)

10° 107 10" 110" 107 10" 10°
Pavaros mase (kg)

1.7 pav. Pavary su FA padétis bendroje galios/masés diagramoje [60].

1.2 lentelé. FA lydiniy (NiTi ir CuZnAl) mechaninés savybés [60].

Savybés NiTi lydiniai CuZnAl lydiniai
Deformacija maks. 8 proc. maks. 4 proc.
Itempimai maks. 400 MPa maks. 200 MPa.
Ciklinis ilgaamziSkumas: .

2 proc. lydiniui 1800880083(2;‘](1 100 cikly

0,5 proc. lydiniui 4 100 000 cikly
Atsparumas korozijai geras problematiskas
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Lydiniy su FA taikymas

FA lydiniy rinkoje populiariausi NiTi ir CuZnAl lydiniai. Jy mechaninés bei
ilgaamziSkumo savybés pateiktos 1.2 lenteléje.

Maksimaliis jtempimai elementuose su FA pasirenkami pagal reikiamy cikly
skaiCiy. Pasirinkimas gali biiti atlickamas pagal Stokelo lentele [61], kurios
fragmentas pateiktas 1.3 lenteléje:

1.3 lentelé. Stokelo lentelé NiTi lydiniams [61].

Ciklai Maks. suspaudimas Maks. jtempimai
1 8 proc. 500 MPa

100 4 proc. 275 MPa

10 000 2 proc. 140 MPa

100 000 ir daugiau 1 proc. 70 MPa

FeNiCoTi lydiniai zinomi kaip feromagnetinés medziagos su FA. Tai termiskai
stabilios ir puikias amortizacines savybes turin¢ios medziagos, galinCios iSgauti iki
700 MPa jéga. Lydiniai, kuriy sudétyje yra daugiau gelezies, turi 20-30 proc. NiTi
lydiniy griztamumo ir jy FA atminties savybés yra prastesnés. FeNiCo lydiniai irgi
pasizymi grjztamosiomis fisikinémis savybémis. Lydiniai Fe(25-33)Ni(10-25)Co(2-
6)Ti turi ir feromagnetiniy savybiy.

Efektyviausi ir placiausiai naudojami lydiniai NiTi, CuZnAl ir CuAINi. Tokiy
lydiniy pritaikymo spektras labai platus.

Lydiniai su FA turi nejprastas savybes, taCiau jy modeliavimas yra labiau
komplikuotas nei grandziy i§ jprasty medziagy.

Atsizvelgiant | jvairias teorijas, galima i$skirti 5 bandiniy su FA modeliavimo
kategorijas: feroelektriniai (ferroelectrics) modeliai; vidiniy kintamyjy (internal
variable) modeliai; plastiSkumo (platicity) modeliai; hysterezés (hysteresis) modeliai
ir neizoterminiai (nonisothermal) modeliai [62].

Visi iSvardinti koncepciniai modeliai numato jtempimy-deformacijy
priklausomybes, superelastiSkumo efekta, energijos iSsklaidyma superelastiSkumo
efekto metu, tempimo-gniuzdymo efektus, taip pat vienos krypties ir dviejy krypc¢iy
formos atminties efektus medziagose su FA, esant izoterminiam apkrovimui.

Vidiniy kintamyjy modeliy kategorijai priklauso Brinsono (L.C. Brinson)
iSvystyta teorija, kai martensitinés frakcijos kintamasis skaidomas j du komponentus,
priklausan¢ius nuo jtempimo ir nuo temperattros. Vienos dimensijos supaprastintas
vidiniy kintamyjy modelis, pasitilytas Brinsono [63], iSsamiau panagrinétas 5
skyriuje.

Taigi, FA efekta turin¢iy medziagy pranasuma lemia:

e  greiti ir grieztai pastoviis judesiai;
pavaros su FA yra kompaktiskos ir lengvos;
begarsis veikimas;
energijos perdavimas;
bio-suderinamumas;
e atsparumas Korozijai.

Konstruojant vibrosuzadintuvus, grandys su FA gali buti naudojamos, norint

iSgauti:
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didelg jéga (100 kN ar daugiau);
greitj (nuo 5 mm/s ir daugiau)
ilga postimj (200 mm ir daugiau).

Mokslinés literatiiros analitinés apzvalgos i§vados pateiktos 1.5 skyrelyje.

1.5 Literatiiros analizés iSvados ir tyrimy tematikos pagrindimas.

Atlikus jvairiy literattros Saltiniy analiting apzvalga, galima padaryti Sias
iSvadas:

nepakanka darby apie vibrosuzadintuvy ant oro pagalvés eksperimentinius
ir teorinius darbo kano virpesiy charakteristiky tyrimus, susijusius su
valdomo désnio virpesiy formavimu;

nepakanka virpesiy charakteristiky tyrimy, panaudojant dvi zadinimo
kameras;

néra istirta galimybé, panaudojant savaiminio susizadinimo efekta
(autovirpesius), suformuoti roboto griebto tiesialinijinj judesj;

néra sukurta vibrosuzadintuvy, dirban¢iy autovirpesiy rezimu, daznio
sinchronizavimo ir faziy valdymo teorija vieno laisvés laipsnio
vibrosuzadintuvy sinchronizacijai;

pneumatinio vibrosuzadintuvo matematinio modelio kiirimui naudojama
diferencialiniy lygciy sistema, kuri gali buti sprendziama Rungés-Kuto
metodais;

neiStirta  galimybé pneumatiniy  Vibrosuzadintuvy  konstrukcijy
elementams pritaikyti iSmanigsias medziagas.

Kitame skyriuje i8déstoma vibrosuzadintuvy ant oro pagalvés eksperimentinio

ir teorinio tyrimo metodika.
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2. VIBROSUZADINTUVU ANT ORO PAGALVES EKSPERIMENTINIO IR
TEORINIO TYRIMO METODIKOS.

2.1 Ivadas.

Siame skyriuje yra pateikta vibrosuzadintuvy ant oro pagalvés, kuriuos sudaro
viena ir dvi kameros, eksperimentinio tyrimo jranga ir teorinio tyrimo metodikos.
Pasitlyta dviejy vibrosuzadintuvy sinchronizavimo tyrimo metodika, naudojant
tampry elementa, aerodinaminio rySio kanalg arba paduodama pulsuojantj slég;.
Kituose skyriuose sukurtas roboto griebtas, pateikiama tiesialinijinio Zengimo roboto
pavaros teorinio tyrimo metodika.

2.2 Pneumatinio vibrosuzadintuvo ant oro pagalvés veikimo principas.

Ankstesniais tyrimais [17-19] nustatyta, kad tokio tipo savaime susizadinantys
ir dirbantys autovirpesiy rezimu pneumatiniai  vibrosuzadintuvai susideda i$
suspausto oro Saltinio, tampriai pakabintos masés, kuri atlieka ir reguliuojancio
jrenginio funkcijas, ir i§ energijos kaupiamojo elemento (kiSenés) (2.1 pav.).

Kaupiamasis elementas (kiSené)

Epergups Relgullu.OJanns V|rpar_1t|
Saltinis [renginys masé
A
Atgalinis rySys

2.1 pav. Autovirpesiy rezimu dirbancios sistemos schema.

Sie vibrosuzadintuvai, priklausomai nuo paduodamo slégio dydzio, gali turéti
keturis darbo rezimus: kontakto, du oro pagalvés ir autovirpesiy rezimus (2.2 pav.). Visi
jie pagal gamybinés sistemos technologinio rezimo poreikj gali biti panaudoti.

h | Kontakto Orlo . Autovirpesiy zona
zona pagalvés
Oro
pagalvés
zona
I II III 1A%
Po P P2 Pz Pa

2.2 pav. Pneumatiniy vibrosuzadintuvy darbinio kiino darbo rezimai. Po..P4 — paduodamo
slégio reik§més.
Kontakto rezime slégio kameroje nepakanka, kad jveikti tamprios pakabos
jverzima. Dujy nuotékis per zZiedinj darbinj ply$j nedidelis ir gali atsirasti tik dél
pavirsiuje esan¢iy mikronelygumy, t.y. dujy nuotékio praktiskai néra.
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CH,> P (t)S, ,kai P, <P (1)< P, (2.2)

Cia C — pakabos tamprumo koeficientas, Hz — pradinis pakabos jverzimas, Sk —
ziedinio plysio plotas, Pk(t) — slégis kameroje.

Oro pagalvés zonoje (II zonoje) vibrosuzadintuvo pakaba pakyla i$ pusiausvyros
padéties, taciau dél per mazos paduodamo slégio jégos, kuri yra mazesné uz tampria
pakabg veikiancig spyruoklés jéga, virpesiy néra. Oro pagalvés IV zonoje paduodamas
slégis yra per didelis — pakaba pakyla ir lieka maksimalaus atsilenkimo padéyje.

Oro pagalvés Il zonoje galioja (2.2) iSraiska, o IV zonoje — (2.3) iSraiska:

P (08, +27 [[P(t,)—P,]rdr>C(H, +h,) , kai P, <P (1) <P, (22)
P (t)S, +2ﬂj[P(t,r)— P,]rdr>C(H, +h,") , kai P, <P, (t) <P, (2.3)

Cia rq — kameros kiSenés spindulys, ra — iSorinis kameros spindulys, Pa —
atmosferos slégimas, hg ir ho’ — pakabos pusiausvyros padétis.

Darbinio kiino autovirpesiy suzadinimui gali biiti naudojamas tik 111 zonoje esantis
slégis, kuris sukelia pneumatinés pavaros autovirpesiy rezima, t.y. P2< Px<Ps.

Autovirpesiy zonoje darbinis kiinas cikliSkai juda. Jo poslinkj laiko atzvilgiu
atspindi narys h(t) formulgje (2.4).

P (S, + ZﬂT[P(t, r)—P,]rdr>C[H, +h(t)], kaiP, <P (t) <P, (2.4)

Tokiy vibrosuzadintuvy veikimo principas yra §is: padavus tam tikro slégio P;
suspaustg ora (dujas) per kiauryme (drosel;j), jos papuola j kiSene 3 (2.3 pav.).

2.3 pav. Vibrosuzadintuvo, dirbancio autovirpesiy rezimu, principiné schema: 1 — virpanti
masé, 2 — spyruoklé, 3 — vibrosuzadintuvo kamera, 4 — slopintuvas, P; — paduodamas slégis,
Pk — slégis kameroje, h - virpan¢ios masés atsilenkimai, r; — kiaurymés, per kuria
paduodamas slégis, spindulys, rk — vibrosuzadintuvo kameros spindulys.

Per ziedo formos plysj tarp pakabintos masés 1 ir vibrosuzadintuvo pavir§iaus
dalis dujy i$teka laukan. Susidariusiame plySelyje susiformuoja dujy statiné pagalvé.
Tolesnis | kiSene patenkanciy dujy slégio didinimas sukelia slégj kiSenéje ir
darbiniame plysyje. Slégis didéja tol, kol nugaléjus spyruoklés 2 tampruma C, tampri
pakaba 1 pradeda judéti darbinio ply$io didéjimo link. Dél masés m inercijos pakaba
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praeina pusiausvyros taska ir plysys pasiekia ribine reik§me hmax. Sioje padétyje slégis
kiSenéje per aukstas, todél pro kiauryme dujy patenka maziau, nei jy isteka per plysj.
To pasekmé — krinta slégis Pk kiSenéje 3. Sumazéjus Pk, masé m ima judéti darbinio
plySio h mazéjimo kryptimi. Vél i§ inercijos pereinamas pusiausvyros taskas ir plySys
pasiekia maziausig reikSme hmin. Sumazéjus plySiui h, dujos kiSenéje kaupiasi
greiCiau, nei iSeina per plySj, kas veél sukelia slégj kiSenéje. Padidéjes slégis Pk
kiSenéje priveréia mase¢ m judéti plySio didéjimo kryptimi. Procesas ciklisSkai
kartojasi.

2.3 Vienos kameros vibrosuzadintuvo ant oro pagalvés eksperimentinio tyrimo
metodika ir jranga.

Pneumatiniy vibropavary su viena kamera eksperimentiniams tyrimams atlikti
buvo sumontuotas eksperimentinio tyrimo stendas, kurio konstrukcijos bendras
vaizdas, struktiriné ir matavimo jrangos blokiné schemos pateiktos 2.4 ir 2.5 pav.

Sumontuotas stendas (zr. 2.5 pav.) su regulivojamu ploks¢iy spyruokliy 4
jverzimu, kas leidzia keisti virpancios sistemos parametrus (amplitude ir daznj).
Virpancios mases 7 virpesiy amplitude bei daznj galima keisti ir pakeiiant masés m
verte, taip pat virpesiy suzadintuvo 8 kameros K geometrinius parametrus. Tiriama
virpanti sistema yra daugiaparametriné, todél masés ir virpesiy parametrai priklauso
ir nuo droselio 11 skersmens bei per droselj 11 paduodamo slégio P; vertés.

Paduodamas suspaustas oras praeina pro drégmés ir dulkiy surinkimo jrenginj
(2.4 pav.)

W N -

2.4 pav. Suspausto oro valymo nuo drégmeés ir dulkiy jranga: 1 — suspausto oro padavimas, 2
— drégmeés surinktuvas, 3 — slégio reguliatorius, 4 — dulkiy filtras, 5 — slégio manometras.
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b) —
2.5 pav. Dviejy vibrosuzadintuvy ant oro pagalvés tyrimo stendo bendras vaizdas (a),
vibrosuzadintuvo tyrimo stendo bendras vaizdas (b) ir stendo konstrukcijos struktiiring ir
matavimo jrangos blokiné schema (C) : 1 - pagrindas, 2 — stovas, 3 — laikiklis, 4 — ploks¢ios
spyruoklés (pakaba), 5 — kreipianciosios, 6 — sraigtas, 7 — kei¢iama mas¢, 8 — virpesiy
suzadintuvas su kamera K, 9 — auks¢io fiksatorius, 10 — suspausto oro sistema, 11 — droselis,
12 — manometras, 13 — jutiklis (akcelerometras KD35a 70292), 14 - matavimo jranga
(vibrometras PicoScope 3423), 15 — personalinis kompiuteris.

Pagaminty VBKI1 tipo vibrosuzadintuvy gama leidZzia nustatyti virpesiy
zadintuvo 8 geometriniy parametry ri, ly, r« jtaka virpancios masés my virpesiy
charakteristikoms. Eksperimenty metu tirty masiy ir suzadintuvo kamery pavydziai
pateikti 2.6 pav.

2.6 pav. Eksperimenty metu naudoty masiy (a) ir kamery (b) pavyzdziai.

Tiriamy pneumatiniy vibrosuzadintuvy virpesiy parametrai buvo iSmatuoti ir
uzraSyti naudojant matavimo jrangg: inercinio jutiklio KD35a 70292 fiksuoti
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duomenys vibrometru PicoScope verc¢iami j signala, kuris atvaizduojamas PicoSope
programine jranga personaliniame kompiuteryje (zr. 2.5 pav.).

Prie vibrosuzadintuvo pakabos specialiu sraigtu, kurio masé my=15 g, tvirtinama
masé ms. Kartu su mase vibruoja ir jutiklis 13 (is 2.5 pav.), kurio mas¢ m;= 30 g.
Bendra virpanti mas¢ m=my+ms+m; . Eksperimento metu tirty pneumatinio
vibrosuzadintuvo VBKI1 geometriniy parametry skaitinés vertés pateiktos 2.1
lenteléje, o geometriniy parametry zyméjimai — 2.7 pav.

2.1 lentelé. Vibrosuzadintuvo VBK 1 daliy geometriniai parametrai

Masés Vibrosuzadintuvo kameros
Eil. | ms, m, kg Eil. | 2r, I, 2r, 2r,, VK,
Nr. | kg Nr. | x10%m | x10%m | x10%m | x10%m | x10%m®
1 0,921 | 0,966 1 20,0 19,0 3,0 30,0 11,932
2 0,684 | 0,729 2 20,0 30,0 3,0 30,0 18,840
3 0,497 | 0,542 3 22,0 19,0 3,0 30,0 14,437
4 20,0 18,0 6,0 30,0 11,304

Vibrosuzadintuvo VBK1 kameros schema pavaizduota 2.7 pav.
Ta

x
p—

/3

Ty

2.7 pav. Vibrosuzadintuvo VBK1 kameros schema

2.4 Vibrosuzadintuvy ant oro pagalvés sinchronizacijos ir faziy formavimo
tyrimo metodika bei jranga.

Dirbant keliems, vienas nuo kito nutolusiems vibrosuzadintuvams, svarbu
nustatyti jy sinchroninio darbo ar darbo su sinchronine faze rezimus. Tokioms
uzduotims spresti gali buti naudojami keli vibrosuzadintuvy sinchronizacijos ir faziy
derinimo budai.

Pasitilytas  vibrosuzadintuvy sinchronizacijos ir faziy derinimo biidas
naudojant aerodinaminio ry3io kanalus (2.8 pav. b). Siuo atveju galima atlikti
dviejy ar keliy vibrosuzadintuvy su nusistovéjusiu rezimu ar dirbané¢iy sinchronine
faze sinchronizacijg. Tam naudojamas pulsuojancio slégio ir tekéjimo greic¢io oro
srautas, atsirandantis dirbanc¢iy vibrosuzadintuvy kanaluose.
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2.8 pav. Keliy vibrosuzadintuvy ant oro pagalvés sinchronizacijos ir faziy formavimo tyrimo
stendo, naudojant sinchronizuojanéius kanalus, bendras vaizdas (a), §io bido struktiiriné
schema (b): I, 11... n - vibrosuzadintuvai; 1 — virpanti masé, 2 — spyruoklé, 3 —
vibrosuzadintuvo kamera, 4 — sinchronizuojantis kanalas, | , d — sinchronizuojancio kanalo
ilgis ir skersmuo, Pi, Py, ... Pn — slégis paduodamas j atitinkamus vibrosuzadintuvus.

Paduodant suspaustg org P1, P, ... Pn | vibrosuzadintuvus (Zr. 2.8 pav.), masés
1 pradeda virpéti autovirpesiy daZniais, esant tam tikriems vibrosuzadintuvy
parametrams (masei, spyruokliy 2 tamprumui, droseliy skerspjuvio plotui, kameros
tariui ir paduodamo slégio dydziui). Esant sinchronizuojantiems kanalams 4 su
atitinkamu aerodinaminiu pasiprieSinimu, atsiranda papildomos priklausomybés tarp
slégio pokyciy gretimose kamerose, t.y. pasikeites slégis vienoje kameroje jtakoja
kitos kameros kintamos slégio dedamosios pokyti. Dél §iy papildomy rySiy
pereinamuoju proceso momentu, kuris trunka keleta svyravimo periody, nusistovi
vienodas kintamy slégio dedamyjy daznis atskirose kamerose, t.y. svyravimy daznis
kamerose tampa vienodas. Priklausomai nuo aerodinaminio rys$io parametry, bendra
svyravimy fazé gali keistis nuo 0 iki 27. Masés svyravimo daznis priklauso nuo dujy
aerodinaminio pasiprie§inimo kanaluose 4, kanaly ilgio, skersmens, formos ir
vibrosuzadintuvy kamery geometriniy parametry. Grafinés priklausomybés
nustatomos eksperimento metu arba skaitmeniniu budu, tiriant sudétinga
diferencialing lyg€iy sistemg su dideliu kintamy parametry skai¢iumi.

Kitas sinchronizacijos ir faziy derinimo biuidas gali biti, kai j vibrosuZadintuvy
kameras i$ iSorés yra paduodamas pulsuojantis slégis (2.9 pav.), kuris kinta laiko t
atzvilgiu pagal désnj:

P.(t) =P’ +A,sin(@ t+¢,) (2.5)
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Cia Pj — j kameras paduodamo suspausto oro slégiai Pi(t) ir P(t), apie
pusiausvyros padétj P;° pulsuojantys su pulsavimo amplitude Agj, kampiniu dazniu

ir pradine faze ¢.
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2.9 pav. Dviejy vibrosuzadintuvy ant oro pagalvés, naudojant sinchronizuojantj kanala,
principiné schema: I, I ‘— virpanti masé, 2, 2 ‘ — vibrosuzadintuvo kamera, 3 —
sinchronizacijos kanalas, Py, P2 — paduodamas slégis, r1, > — j kameras paduodamo slégio
droseliy spindulys, k1, re — kamery spindulys, k1, le — kamery aukstis, ra1 , ra2 — iSorinis
spindulys, Iy — sinchronizuojancio kanalo ilgis, ry — sinchronizuojancio kanalo spindulys.

Darbe pasitilytas ir iStirtas dar vienas vibrosuzadintuvy sinchronizavimo biidas
— panaudojant tampria grandj (2.10 pav.).
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2.10 pav. Dviejy vibrosuzadintuvy sinchronizacij;)s schema, esant tampriai grandziai tarp
vibrosuzadintuvy: 1 — korpusas, 2 — darbo kainus jungianti tampri grandis, 3, 4 —
vibrosuzadintuvy kameros, 5 — darbo kiinai.

2.10 pav. pavaizduotg pavarg sudaro korpusas 1, kuriame sumontuoti du
vibrosuZadintuvai. ] vibrosuzadintuvus paduodamas suspaustas oras (dujos) Py ir Pa.
Kamerose 3 ir 4 susidaro slégiai Pk1 ir Pk2. Darbo kanai sujungti tampria grandimi 2.

Sinchronizacijos ir bendros fazés radimo sprendimas yra sudétingas, ypac
skaitmeniniu keliu, bet yra svarbus pneumatiniy vibrosuzadintuvy pritaikymo
galimybéms.

Dviejy vibrosuzadintuvy virpesiy charakteristikos sinchronizacijos laikas,
pereinamy procesy charakteristikos, virpesiy fazés buvo nustatytos sprendziant
sudétingas diferencialiniy lygciy sistemas.
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2.5 Vienos kameros vibrosuzadintuvo ant oro pagalvés dinaminiy parametry
nustatymo metodika.

Eksperimentiniy tyrimy metu vibrosuzadintojui VBK1 su viena kamera buvo
nustatytos tamprios pakabos standumo koeficiento C [N/m] ir pasiprieSinimo
koeficiento K [kg/s] reik§més.

2.5.1 Tamprios pakabos pasipriesinimo koeficiento nustatymas.

Standumo koeficiento nustatymui atliktas tamprios pakabos savyjy virpesiy testas —
bump testas (2.11 pav.).
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2.11 pav. Tamprios pakabos savyjy virpesiy testas PicoScope signalo rezultaty lange: 7—
virpesiy periodas.

Pneumatinio vibrosuzadintuvo tamprios pakabos judéjimas (laisvieji virpesiai)
aprasomi lygtimi:
d’x dx
—+K,—+Cx=0 2.6
> tdt (26)
Lygtis yra homogeniné tiesiné antros eilés diferencialiné lygtis su pastoviais
koeficientais, kurios sprendinys yra [64]:

m

X = Acosat + Bsin @t (2.7)
Isdiferencijave sprendinj (2.7) gauname:

d’x ) .

F:_Aw cosat —Ba@’sinat (2.8)
Arba:

d?x

F = —w’ZX (29)

Pagal technines inercinio pagrei¢io matavimo jutiklio 70292 jautrio charakteristikas,
65 mVe.p atitinka 9,3 m/s?. Todél, jeigu iSmatuotas signalas Zymimas u(t) [V],
gauname:
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d?x 9,3 (2.10)
=Zu(t

dt? 65u()

__93u(®) (2.11)
65 @?

Atsizvelgiant | iSraiska (2.11), suradus daznj @ pagal laisvyjy virpesiy perioda 7 =
6,851 ms (i$ 2.11 pav.) ir apskaiciuotg daznj f=145,96 Hz, gauname pakabos savyjy
virpesiy slopinimo diagramg (2.12 pav.):
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2.12 pav. Pneumatinio vibrosuzadintuvo VBK1 tamprios pakabos savyjy virpesiy diagrama.

Ivede sistemos slopinimo koeficienta ¢ ir sistemos tikrinj kampinj daznj ax,
(2.6) lygtj galima perrasyti:

d?x dx

— 4+ 25— 4@, x=0 2.12),
dt? a7 (212)
kur slopinimo koeficientas:
_K (2.13),
2m

Suradus laisvyjy virpesiy logaritminj slopinimo dekrementa A, Kkuris
iSreiSkiamas [64]:

i XO
=In x(t+r)'A_5T (2.14),

Pagal lygtis (2.14) apskai¢iavus logaritminj slopinimo dekrementg A (A=0,13)
ir slopinimo koeficientg &( 5=18,98s™) bei jvertinus vibrosuzadintuvo tirtos
pakabos mas¢ m;, randamas tamprios pakabos pasiprieSinimo koeficientas K.
Apskaiciuotas pasipriesinimo koeficientas K = 36,67 kg/s.
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2.5.2 Tamprios pakabos standumo koeficiento nustatymas.

Standumo koeficiento nustatymui tempimo-gniuzdymo-lenkimo masina Tinius
Olsen H10KT atliktas pneumatinio vibrosuzadintuvo VBK1 tamprios pakabos -
membranos (2.13 pav. a,b) — gniuzdymo testas. Testo rezultatai pateikti 2.13 pav. c.

. i
. /
7

a) - : I/
: /
; W
1 /
Mﬂ,!
b) C) y 0 0.05 01y‘ e o126 0,15 0.2

2.13 pav. Pneumatinio vibrosuzadintuvo VBK1 tamprios pakabos mazgo bendras vaizdas ir
standumo testo diagrama: a), b) pakabos bendras vaizdas, kur 1- membrana; c¢), pakabos
membranos gniuzdymo jégos ir deformacijos priklausomybé.

Membranos standumo koeficienta galima nustatyti i§ gniuzdymo jégos ir
deformacijos priklausomybés (2.13 pav. c) pagal iSraiska (2.13):
F
C=— (2.15),
y

Apskai¢iuotas pneumatinio vibrosuzadintuvo VBK1 tamprios pakabos
standumo koeficientas zonoje nuo 2 iki 20 N yra lygus C = 82539 N/m.

2.6 Skaitmeniniy matematinio modelio sprendimo metody parinkimas.

Auksciau minéty uzdaviniy sprendimas grindziamas keliy kamery pneumatinio
autovirpesiy vibrosuzadintuvo ir keliy pneumatiniy sinchroniskai veikianciy
vibropavary matematiniy modeliy sudarymu, skaitiniu dinamings sistemos sprendimu
ir gauty rezultaty palyginimu su praktinio tyrimo rezultatais. Siems tyrimams atlikti
numatoma sudaryti dinaminiy sistemy sprendimo algoritmus, kurie bus realizuoti
MathCad aplinkoje. Dinaminiy modeliy pagrinda sudarys keliy netiesiniy
diferencialiniy lyg¢iy sistemos, kur dujy tekéjimas bus aprasytas Sen-Venano ir
Vanselio (De Saint Venant, Vantzel) arba Prandtlio (Prandtl) lygtimis. Adaptuotas
matematinis dinaminis modelis, kaip netiesiniy lyg¢iy sistema su kiekviename
zingsnyje kintamais tam tikrais parametrais, sprendziamas jvairiais metodais,
integruotais MathCad aplinkoje.

Analizuojant rezultatus bus sukurtos rekomendacijos pneumatiniy
vibrosuzadintuvy, veikianc¢iy autovirpesiy rezimu, darbinio kiino pagrindiniy
paramtery (daznio ir amplitudés) optimizavimuli.
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Analizuojant ir modeliuojant dinamines sistemas jvairioms fizikinéms ir
mokslinéms techninéms uzduotims nagrinéti, jos grindziamos diferencialiniy lygciy
sudarymu ir sprendimu. Netiesinés diferencialinés lygtys ir jy sistemos daznai neturi
analitiniy skai¢iavimo metody, todél svarbu jas iSspresti skaitmeniskai.

MathCad aplinkoje diferencialiniy lygéiy sistema, sudaryta i§ pirmos eilés
diferencialiniy lygciy ir pateiktg vektoringje Kosi (Cauchy) formoje galima spresti
Rungés-Kuto (Runge-Kutta) kintamo ir fiksuoto zingsnio metodais. Automatiskai
besikeiciancio zingsnio metodas kartais duoda tikslesnj rezultata, taciau daznai
praloSiama skaiCiavimo laike. Fiksuoto zingsniy skaiCiaus metodas, parinkus
pakankamg zingsniy skai¢iy duotajame intervale, duoda taip pat tikslius rezultatus ir
veikia Zymiai greiiau.

Darbe sukurti matematiniai modeliai, susidedantys i§ antros ir pirmos eilés
diferencialiniy lygciy, buvo suvedami j pirmos eilés diferencialiniy lyg€iy sistema.
Skai¢iavimams buvo naudojami abu skaitmeninio sprendimo metodai.

Darbo eigoje, atlickant atskiras uzduotis, taip pat buvo pasinaudota Mathcad
aplinkoje jdiegtais lyg¢iy su n-ojo laipsnio daugianariais sprendimo metodais.

ISvados:

Vibrosuzadintuvy ant oro pagalvés dinamikos eksperimentiniams tyrimams
atlikti panaudoti stendai su skirtingomis tamprios pakabos masémis ir skirtingais
zadinimo kamery geometriniais parametrais.

Dviejy vibrosuzadintuvy galimos sinchronizacijos tyrimams atlikti sukurti
stendai, kuriy zadinimo kameros sujungtos aerodinaminio rysio kanalu.

Vibrosuzadintuvo autovirpesiy egzistavimo srities nustatymui, autovirpesiy
charakteristiky jvertinimui, sinchronizacijos parametry nustatymui sukurti
matematiniai modeliai, susidedantys i§ antros ir pirmos eilés diferencialiniy lygciy.
Jie sprendziami Rungés-Kuto metodais, naudojant Mathcad programing jranga.

Susipazinus su pneumatiniy vibrosuzadintuvy ant oro pagalvés Vveikimo
principu, galimais keliy vibrosuzadintuvy sinchronizavimo ir faziy formavimo
metodais bei matematinio modelio sprendimo budais, kituose skyriuose bus
analizuojami dinaminiy sistemy su vienu ir dviem vibrosuzadintuvais skaitmeniniai
bei eksperimentiniai tyrimai.
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3. PNEUMATINIO VIBROSUZADINTUVO DINAMIKOS TEORINIAI
TYRIMAI, SINCHRONIZACIJOS IR FAZIU FORMAVIMO BUDALI

3.1 Ivadas.

Siame skyriuje skaitmeniniu badu istirta: pneumatinis vienos kameros
vibrosuzadintuvas, dirbantis autovirpesiy rezime, siekiant nustatyti darbo kiino
virpesiy egzistavimo sritj; dviejy kamery pneumatinis vibrosuzadintuvas, kai slégis
kamerose veikia vieng bendra darbo kiing; mechaniné sistema su dviem pneumatiniais
vieno laisvés laipsnio vibrosuzadintuvais, j kameras paduodant pastovy arba
pulsuojantj slégj, kai vibrosuzadintuvai sujungti aerodinaminiu rySiu arba jy
sinchronizacijai panaudotas tamprus elementas; nustatyta vibrosuzadintuvy
geometriniy ir dinaminiy parametry jtaka virpesiy parametrams bei vibrosuzadintuvy
sinchronizacijos sglygoms. Kiekvieno poskyrio, aprasancio tyrima, pabaigoje
suformuluotos teorinio tyrimo i§vados.

3.2 Pneumatinio vibrosuzadintuvo darbo kiino autovirpesiy egzistavimo srities
nustatymas.

Siame poskyryje istirtas pneumatinis vienos kameros vibrosuzadintuvas,
dirbantis autovirpesiy rezimu.

Tyrimo tikslas yra nustatyti mechaninés sistemos, susidedancios i§ vienos
kameros pneumatinio vibrosuzadintuvo, darbo kiino virpesiy egzistavimo sritj, esant
tam tikriems sistemos geometriniams ir dinaminiams parametrams.

3.2.1 Vibrosuzadintuvo darbo kiino dinamikos lygtys.

Pneumatinio vibrosuzadintuvo darbo kiino judéjimas aprasomas lygtimi:

d?x dx

F+Kla+clx=mrK2(F>k -P) (3.1)
Dujy debito pokytis kameroje apskai¢iuojamas, panaudojant Sen-Venano ir
Vanselio (De Saint Venant, Vantzel) lygtis [16, 65, 66]:

m

d| (R )’
at p(é] (L +arix) | =W, =W, (3:2)
1

Cia W1 — j kamera paduodamo oro kiekis, W, — oro kiekis, istekantis i§ kameros
darbinio kano kryptimi, Lx — vibrosuzadintuvo kameros aukstis, ry — kameros vidinis
spindulys, Py —slégis kameroje, P1 — paduodamas slégis.

Bedimensinéje formoje, naudojant supaprastintas Sen-Venano ir Vanselio (De
Saint Venant, Vantzel) lygtis, kurias pasitlé Prandtlis (Prandtl) [67, 68] mechaninés
sistemos dinamika gali buti apraSoma diferencialiniy lygéiy sistema, kurig sudaro

(3.3) ir (3.4) lygtys:
a’(<), Kl( M Jm a), S ()_pr (33)

d(t") ‘m (P, dt” P,
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2 P 1/2
Oid%g%ﬁh?J(ixwp@ﬁa+pq£4xﬁ:wa) (3.4
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l+a+P| 2 -1-a-P |- |—| L -1-a|l@a+P"
P, 1ta(P
P, a \ P,

2N Vb P kai PR g
wit)=] & 2R, (3.5)
l&—LE\/ P2t CLX Va+ P,
2P, 2Ja P, K2
kai P*<li—1—a
2P

a

kur

Cia bedimensinei formai gauti panaudoti Zyméjimai:

1/2
L . P . «
a:(%kj Kexiap B (3.6)
P, a

3.2.2 Vibrosuzadintuvo darbo kiino autovirpesiy egzistavimo srities nustatymas.

Pneumatinés pavaros darbo kiinas turi oro pagalvés ir autovirpesiy rezimg (2.2
pav.). Norint uZtikrinti pavaros virpantj judesj, gali bati naudojamas tik
vibrosuzadintojo autovirpesiy rezimas. Todél vibrosuzadintojo darbas gali biuti
uztikrintas tik tam tikrame paduodamo slégio diapazone, uztikrinan¢iame virpancios
sistemos autovirpesiy rezimg, ir esant tik tam tikroms pavaros geometriniams bei
dinaminiams parametrams.

Siekiant surasti sistemos autovirpesiy egzistavimo sritj, buvo naudojami du
bidai.

Pirmasis biidas. Pagal sistemos judéjimo dinamika aprasancias supaprastintas
lygtis (3.3) ir (3.4) Mathcad bazéje sukurta programa. Esant pastoviems sistemos
dinaminiams ir geometriniams parametrams (3.1 lentelé), buvo fiksuojamas
jtempimas « ir pamazu kei¢iama paduodamojo slégio P: reikSmé. Atliekant
skai¢iavimus stebéta, prie kokios P, reik§més nagrinéjamoje mechaninéje sistemoje
atsiranda ir prie kokios baigiasi pneumatinio vibrosuzadintuvo darbo kiino
autovirpesiai. Tokiu buidu skaitmeniniu keliu buvo gauta autovirpesiy egzistavimo
sritis, apribota kreiviy 1 (3.1 pav.).

3.1 lentelé. Pneumatinio vibrosuzadintuvo dinaminiai ir geometriniai parametrai.
m, kg M, 103 m | 1, 10%m | I, 103 m | Ky, kg/s Ci, N/m
0,248 10 15 15 60 3480

Antrasis budas. Analizuojama istiesinta diferencialiné lygtis (3.7), gauta i§
diferencialinés lygciy sistemos (3.3) ir (3.4) isreiskus P* (pgl. literatiirg [19]).
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o), 2kl Je),

+
dit’;} L, rZ |0.76-ma,nr? dit) a7
L.C K,a,nr; : 2 . '
“tlta+ 1afnrl z d(x*)+M 2\/Z+Cl$z (x")=0
ar’ P, ar, P, dt r, ar, P,

m L 1/2 a_;r_l(F)l_l]
kur}/I(lTPkJ , Z = d Pa ,X*:Ll.
k
2\/(1+a)(§—1—a]

Ivedus koeficientus K1-K6, gauname lygti:

m+ . +zm+ + o+ -zd(x*)+
T K1-[K2 ]d(t*)2 [K3 K4.z]—=

dt (3.8)
K5- [2\/;+ K6-zkx*):0

Trecios eilés diferencialing lygtj atitinka polinomas:

L(4)=2* + A2 +BA+C (3.9)

kur A= K1.[K2+ 2], B=[K8+a+Ka-z], C=K5 o +K6-2].
Kai AB=C, polinomo (3.9) $aknys bus 4, = -A/ A, = i\/§;23 =—i\/B.
Vietoje AB=C galime parasyti :

K1.[K2+2)-[K3++ Ka-2)= K5 ]2 + K6 1] (3.10)

Tokiu biidu gavome nauja lygtj, kurios nezinomieji yra z ir o.

Fiksuodami o reikS8me, sprendziame kvadrating lygtj (3.10) ir gauname du
sprendinius. Reikalinga tik teigiama z reikSmé.

IS z iSraiskos dabar galima bus i$skaiciuoti Pa:

7 = (3.11)

I (3.11) lygt; jstate reikalingg z reikSmg ir atlike pazyméjima & = % -l-a,

gausime naujg kvadrating lygtj:
£ -2z -al+a -E+all+a)=0, (3.12)

kurig iSsprendus, galésime i$skai¢iuoti P1 reik§mes, kurios ir bus kritiniai taskai,
apsprendZziantys autovirpesiy egzistavimo srities ribas.
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(3.10)-(3.12) lygciy sprendimams Mathcad bazéje sukurta programa, o
skai¢iavimy rezultatai, esant pradiniams sistemos parametrams, nurodytiems 3.1
lenteléje, pateikti 3.1 pav. Antruoju biidu gauta sistemos autovirpesiy rezimo sritis
ribojama kreiviy 2.

9 4
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3.1 pav. Pneumatinio vibrosuzadintuvo darbo kiino autovirpesiy egzistavimo sritys: 1 —
kreivé, gauta tiriant pirmuoju biidu, 2 — kreivé, gauta tiriant antruoju buidu.

ISvados.

Sukurta pneumatinio vibrosuzadintuvo autovirpesiy egzistavimo srities
nustatymo metodika.

Gauti abiejy tyrimy rezultatai rodo, kad sprendziant lyg¢iy sistema (3.3) —
(3.4), fiksavus jtempimo « ir kei¢iant paduodamojo slégio P1 reik§mes, gauname
tikslesng autovirpesiy egzistavimo sritj.

Sprendziant pagal istiesintg lygtj (3.7) gauname sritj, kuri yra artima pirmuoju
budu gautai sriciai. Apatinés sri¢iy ribos beveik sutampa, o skirtumai dél virSutiniy
kreiviy padéties atsiranda todél, kad lygtis (3.7), pritaikyta ikikritinio slégio atveju,
ir, esant dideléms P reik§méms, duoda paklaida.

3.3 Pneumatinio vibrosuzadintuvo su dviem kameromis tyrimas.

Siame poskyryje tiriamas dviejy kamery pneumatinis vibrosuzadintuvas, kai
slégis kamerose veikia vieng bendrg darbo kiing. Nuo ankstesniuose darbuose atlikty
tyrimy $is skiriasi tuo, kad tiriamas pneumatinis vibrosuzadintuvas turi dvi kameras.

Sio poskyrio tikslas yra skaitmeniniu biidu istirti tokio vibrokeitiklio darbo
rezimus, nustatyti antrosios kameros jtakg bendro darbo kiino virpesiams, istirti
mechaninés sistemos pereinamuosius procesus ir stabiliuosius rezimus.

3.3.1 Vibrosuzadintuvo schema ir veikimo principo aprasymas.

Ankstesniuose darbuose tirtam vibrosuzadintuvui pasitelkiama papildoma
kamera, kurioje susidarantis slégis veikia tg patj darbinj kiing. Tokio vibrosuzadintuvo
simbolis (pagal simboliy lentele¢ 4 priede) ir schema pateikta 3.2 pav.

37



W, W.,
EE 1 t 2
. A E———
Simbolis i i
Tk P i i ko P
LA il (I T e e ] Dt e e LT
5 i
W, L C I C
3 S 4
4
X W, p[f5 W,
Xy W,

3.2 pav. Pneumatinio vibrosuzadintuvo su dviem kameromis schema: : 1 — korpusas, 2
— darbo kiinas, 3,4 — vibrosuzadintuvy kameros. P1, P> — paduodamas slégis, r1, r — i
kameras paduodamo slégio droseliy spindulys, i1, rk2 — kamery spindulys, ki, lko — kamery
aukstis.
I vibrosuzadintuvo kameras atitinkamai paduodamas slégis P, ir P,. Kamerose
susidares slégis veikia tg patj darbo kiing.

3.3.2 Vibrosuzadintuvo su dviem kameromis matematinis modelis.

Analizuojant pneumatinio dviejy kamery vibrosuzadintuvo dinamika, galima
teigti, kad yra patenkintos Sios salygos.
¢ Dujos yra idealios, t.y. saveikg tarp molekuliy galima ignoruoti.
¢ Energijos nuostoliai dél klampios trinties yra mazi, palyginus su tekanciy dujy
bendra energija ir todél galioja Bernuli (Bernoulli) désnis.
¢ Dujy iStekéjimas yra adiabatinis, t.y. be Silumos mainy su iSorine aplinka.
¢ Dujy masé kameroje yra didesné uz dujy masg, iStekanciy per vieng sekundg
per ziedinj plysj.

Atliekant teorinius tyrimus, buvo pasinaudota artutinémis formulémis,
nusakanciomis dujy iStekéjima i§ rezervuaro | kamera. Formules pasiiilé Prandtlis
(Prandtl) [67, 68]. Todél, sudarydami matematinij modelj, taip pat jomis
pasinaudosime.

Pneumatinio vibrosuZadintuvo darbo kiino virpesiai nusakomi antros eilés
diferencialine lygtimi:

d’x  dx ' '
e +KE+CX:SK1PKl +S,,P 5 (3.13)
kur

Samme Sq=el -6 -
PKl = PKl + PKl ) PKZ = PK2 +P

K2
CHZ:SKJRQW—Q)+SKJRQ°—R) (3.15)
Darbo kiino virpesiy lygtj (3.13) reikia papildyti lygtimis, nusakanc¢iomis dujy
masés tvermeés désnj:
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do.
% =W, —W,,, (3.16)
Cia i=1,2, o dujy debito pokytis kamerose isreiskiamas lygtimis (3.17), (3.19),

(3.20):

M '
Qi = RT PKi [SKiIKi + SKi (ho + X)] (3-17)
Ki
Cia R - dujy konstanta, M — molio masé, Tii - absoliuti temperatiira i-oje kameroje.
S}Vu = 7Z'f'2K1,S}’<2 = 7Z(I"2K2 - I’zs),
J kg (3.18)

R=831——— , M =2897-10°°
mol.K mol

0'768i (Pi_PKi)PKl kai P >1P
, Ki 2i

)9 Toi (3.19)
" lo38s, P . 1 ’ '
——t—L kai P,<=P,
N 2
0,76-2z 1, (h, +x) (P, —P, P. i P 1 P
g T 2
(3.20)

i2 ,
0,38- 271, (h, +x) Py kai P < 1 P
g o 2

Darbe [16] nustatyta, kad, kai tiekiamy dujy slégis P; | i-3ja kamera yra artimas
slégiui kameroje Py;, teoriniai rezultatai sutampa su eksperimentiniais. Teigsime, kad
§i salyga yra patenkinta. Antra vertus, pagal prielaida procesas yra adiabatinis. Be to,

pagal dujy buisenos lygtj [65, 66, 67, 69],
p-1
T, :(ij "1 (3.21)
P

Toi = T - absoliuti temperatiira i-0je kameroje, kai masé m yra pusiausvyros

padétyje ho, 0 =1,405.
Tokiu budu (3.17) lygti galima uzrasyti tokia forma:

, dx_076-RyT

! dP’i 5 [
[SKiIKi +SKi(h0 +X)]d_:+(POK‘ + P Kia_ Mg
= = = (3.22)
x [Si\/(Pi —P° — P JP°u + Py ) — 271, (hy + X (P°w + Py — P )P, }
kur
(3.23)

50 0 /o 0
P'vi=P,, Px2=P,
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Ivedus naujus kintamuosius (3.24),

ot f = Py r / m
f=—, Xx="x, P =K g=—L | — V°=S | +S’'h. 3.24
q rlz Ki Pa q rKl rKlPa Ki Ki " Ki Ki''0 ( )
tiriama mechaning sistemag aprasSanti lygCiy sistema, susidedanti i$ lygéiy (3.13) ir
(3.22), linearizuojama ir suvedama j bemate forma. Gaunama nauja lygéiy sistema:
d’x gKdXx g°C_ = r’ve —r2 =
— - —+——X=aP,+7——>P,, ,
di2 m di m ki T 7 erl K2 (3.25)
0P, , PluSr’ 0% 076-RaVT' || (2P - RS,
dt PV, dt MV9 2\/(P| ~P% )50Ki
(3.26)
’ 12 50 .
ol Jp 2t (PK'—J-X -0
P% Nt P,
Pa
Teigdami, kad
P% =(L+a;, )P, (3.27)
kur ai — bedimensinis jtempimas i-0je kameroje, ir jvede kintamuosius:
(3.28)

_ dx = —
X, =X, X2=Ev 3=PKl’ X4=PK2’

lygciy sistema (3.25)-(3.26) galime perrasyti ekvivalen¢ioje normalingje formoje:

X
= 12X 7% = VX — 74X, =0,
(3.29)

dt
dx,
E + Bkt PuX, + Pk = 0,

dx
d_t4 + BonXs + P, + BouX, =0.

kur koeficientai:
2
(3.30)

g’C gK
= y =, :7[, =T
71 m V2 m V3 Va 2

40



_152-Rary, i’y T e, S+ e)

i B , kai i=12 331
T e T Ve -
P
20+ a,)- '}S.
0,76 RayTy { N g
g, =078 RATL I Y R TR ¥ (3.32)
MVii9 P \/;.
2| 2 -1-¢q, 1+ a)
Pa
Lygciy sistema (3.29) atitiks charakteringoji lygtis:
Fral+al+al+a, =0, (3.33)
Kur:

a =7, + Pyt Pu

L=nt 7/2(,313 +ﬂz4)+ V3B + VB + BiaPoss

a; = 71(/813 + ﬂ24)+ V2P + (3.34)
+75(Bu + BB+ 72 (Bos + BisPa)

&, = 11L0uPos + V3 LriPos T ValPis

Pagal Gurvico (Routh-Hurwitz) teorema (3.33) lygties visy Sakny realiosios
dalys tada ir tik tada yra neigiamos, kai jos koeficientai patenkina sglygas [70]:

a, >0, aa,-a,>0, (aa,-a,)a,—a’a, >0, a,>0. (3.35)

Siuo atveju, pagal pirmaja Liapunovo teorema, sistemos pusiausvyros padétis
yra asimptoniSkai stabili [71] ir autovirpesiy procesas nevyksta. I$ (3.30)-(3.32) ir
(3.34) formuliy matyti, kad visi (3.33) lygties koeficientai yra teigiami, jeigu

(aa,-a,)a,-a’a, >0, tai ir aa,-a,>0 (3.36)
Todél (3.35) salygos gali biiti nepatenkintos tik tuo atveju, kai
(a,a, - a, )a, —a’a, <0 (3.37)

Si nelygybé ir apibrézia parametry, dél kuriy gali egzistuoti negestantys
virpesiai, sritj. Siena, skirianti $ias sritis, apibréziama lygtimi

(8,8, -, )a; —ala, =0 (3.38)

Kadangi visi (3.33) lygties koeficientai yra teigiami, ji turi turéti poromis
sujungtines kompleksines Saknis. Tarkime, Sios lygties kompleksiniy Sakny A=A;1+i4>
realiosios dalys 4:=0. Istate j $ig lygti A=iA> ir prilyging nuliui realigsias ir menamas
dalis, gauname lyg¢iy sistema
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{z;‘ —a,A,’+a,=0 339

al,’ —a,=0
(3.39) lygciy sistemos sprendinio modulis yra artimas lygties (3.33)
kompleksiniy sprendiniy menamos dalies moduliui. Sie sprendiniai gali bati
panaudoti virpesiy, kuriuos nusako (3.29) lygéiy sistema, apytiksliam daznio
apskaiciavimui:
_1 W
27 q

f (3.40)

Skaitmeninis lyg€iy sistemos normalingje formoje (3.29), lygc¢iy (3.33) ir (3.39)
sprendimas bei apytikslés daznio reik§més radimo formulés (3.40) patikrinimas
pateiktas 3.3.3 skyrelyje.

3.3.3 Vibrosuzadintuvo su dviem kameromis skaitmeninio tyrimo rezultatai.
Antrosios kameros jtakos vibrosuzadintuvo darbo kiino judéjimui tyrimas.

Pneumatinio dviejy kamery vibrosuzadintuvo su vienu darbo kiinu
skaitmeniniam tyrimui buvo naudojamas ank$¢iau apraSytas matematinis modelis.
Pagal lygtis (3.13)-(3.20) MathCad bazéje buvo sukurta programiné jranga tirti dviejy
kamery pneumatinio vibrosuzadintuvo darbinio kiino judéjimo désnius. Programoje
diferencialiniy lyg¢iy sprendimui panaudotas Rungés-Kuto algoritmas, leidziantis
spresti lygtj kintamo zingsnio metodu [72-75].

Diferencialinés lygtys apraSomos matricoje (3.41), kur laiko t atzvilgiu
kintantys nariai kiekvienu laiko momentu perskai¢iuojami atskirose procediirose.

_%_
dt
d’x, Xy
f (X, X,,X,, X
D(t, X) = dt? _ (X, X1, X5, X5) (341)

dP | | F (X0 X1, X,)

dt f3(x0’x1’x3)
dr,,
L dt |

Cia funkcijos f; i$raiska randama atitinkamai i§ (3.13) lygties, o funcijos f ir f (slégio
vibrosuzadintuvy kamerose pokytis per laiko t vieneta) iSvedamos is (3.16), (3.17),
(3.19), (3.20) lygciy.

dei _ Wi1_Wi2 ' dx IB
T— m =S KiEPKi X 17 (342)

Tox (Sl +5' (x+ H, ))[?]ﬂ
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Naudojant pradinius duomenis, pateiktus 3.2 lenteléje, buvo tirta mechaniné
sistema. Tyrimo metu kai kurie parametrai nesikeité: K=20 kg/s, C=3900 N/m.

I$ pradziy aktyvi buvo tik pirmoji kamera, t.y. paduodamas slégis tik j pirmaja
kamerg: P1>P,, P,=P.. Buvo rastas parametry rinkinys (3.2 lentelé Nr.1), kada
egzistuoja autovirpesiai (3.3 pav.). Padavus slégj ir j antrajg kamerg (3.2 lentelé Nr.2),
virpesiai, pasiek¢ didesng amplitude, émé slopti — autovirpesius pakeité oro pagalvés
rezimas (3.4 pav.).

3.2 lentelé. Pneumatinio vibrosuzadintuvo pradiniai parametrai ir gauty autovirpesiy vertés.

Nr. m M1, Fa1, L, Me, la2, lo, A, f,
kgi 10° | 10% | 103 | 10% | 10% | 10® | P4/Pa | Po/Pa | 10°m | Hz
m m m m m m
1|10 25 30 40 25 30 40 | 1,92 1 18 | 16,51
2 |10 25 30 40 25 30 40 | 192 | 1.2 - -
3 128 25 30 40 25 30 40 | 195|195 | 152 | 10,39
4 |1 28| 25 30 40 25 30 20 | 1,95 | 1,95 - 16,09
5 128 25 30 40 25 30 40 16 | 16 11,6 | 10,01
6 | 28| 25 30 40 25 30 40 1,7 | kint. 123% 9,42
7 128 25 30 40 25 30 40 1,7 | kint. | 3,36 9,2

107

Xt

3.3 pav. Vibrosuzadintuvo darbo ktino autovirpesiai 1 s intervale (a), j kameras paduodamy
slégiy fukcijos (b) ir fazinis vaizdas (c) pagal duomenis Nr.1 i§ 3.2 lentelés.

Nekeiciant kamery geometriniy parametry, didinant j kameras paduodamy
slégiy reikSmes (3.2 lentelé Nr.3), pastebéta, kad autovirpesiy rezimas pasiekiamas ir
padidinus darbinio kiino mase (3.5 pav.). Siuo atveju, j abi kameras paduodant tokj
slégij, kuris buvo tiekiamas tik j pirmg kamera, galima priversti autovirpesiy rezimu
judéti sunkesnj darbo kiing ir pasiekti didesnés amplitudés virpesius: A=15,2x10°m.
Sumazinus j abi kameras paduodama slégj (3.2 lentelés Nr.5 duomenys) gaunami
autovirpesiai su mazesne amplitude A=11,6x10m ir maZesniu dazniu f=10,01.
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3.4 pav. Vibrosuzadintuvo darbo kiino virpesiai 1 s intervale (a) ir j kameras paduodamy
slégiy fukcijos (b) pagal duomenis Nr.2 i§ 3.2 lentelés.

2 ‘l \ “ \ \ \ “ ‘
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f

3.5 pav. Vibrosuzadintuvo darbo kiino virpesiai 1 s intervale (a) ir fazinis virpesiy vaizdas
(b) pagal duomenis Nr.3 i§ 3.2 lentelés.

2 kartus sumazinus antrosios kameros ilgj (3.2 lentelés Nr.4 duomenys)
mechaninés sistemos darbo kiinas virpa didesniu dazniu, ta¢iau virpesiai pamazu ima

gesti (3.6 pav.).

o e

<)
(50%),

X1

ts

3.6 pav. Vibrosuzadintuvo darbo kiino virpesiai 2 s intervale (a) ir fazinis virpesiy vaizdas
(b) pagal duomenis Nr.4 i§ 3.2 lentelés.
Buvo tiriama, kaip kei¢iasi darbo kiino virpesiai, kai | antraja kamera
paduodamas (3.2 lentelé Nr.6) slégis, kuris kinta laiko t atzvilgiu pagal désnj [64]:

P,(t)=P,'+A sin(@t+¢ ) (3.43)
¢ia P, j antrgja kamera paduodamo suspausto oro slégis P(t), svyruojantis apie
pusiausvyros padéti Po*, su pulsavimo amplitude Ap, kampiniu dazniu @ ir pradine
faze ¢. Slégis, paduodamas j pirmaja kamera, isliko pastovus P1/P,=1,7.

Pulsuojancio slégio jtakai jvertinti buvo pertvarkytas matematinis modelis.
Diferencialiniy lyg¢iy sistemoje (3.41) panaudotos papildomos lygtys (3.44),
nusakancios paduodamo slégio kitima, taip pat pakeista slégio antrojoje kameroje
iSvestinés laiko atzvilgiu israiska.
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[dx,
dt
d’x,
dt?

D(t,x)=| 9t

dt
dp,
dt
dp,
L dt

dP,,

dP,,

X,
f1(Xos X10 X2, Xo)
f,(Xg, X1, X))
fo (X, Xy, X5.X5)
0
,fs(Pz)

(3.44)

Kai pusiausvyros padétis Po’= 1,6x10°Pa, pulsavimo amplitudé Ap=0,3x10°Pa,
kampinis daznis @=60, 0 pradiné fazé ¢=0, esant pradiniams duomenims 3.2 lentelé
Nr.5, gaunami kintamos amplitudés darbo kiino virpesiai pavaizduoti 3.7 pav. Taciau,
vien tik pakeitus j antragjg kamerg paduodamo slégio prading faze ¢p=n= (lyginant 3.7-

b pav. su 3.8-b pav.), gaunami visai kitokio charakterio virpesiai —

po 1.67 s nusistovi

autovirpesiai su amplitude A=3,36x10°m ir dazniu f=9,2 (3.8 pav).
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3.7 pav. Vibrosuzadintuvo darbo ktino virpesiai 2 s intervale (a) ir j kameras
paduodamy slégiy fukcijos (b) pagal duomenis Nr.6 i§ 3.2 lentelés.
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3.8 pav. Vibrosuzadintuvo darbo kiino virpesiai 3 s intervale (a), j kameras
paduodamy slégiy fukcijos (b) ir fazinis vaizdas (c) pagal duomenis Nr.7 i§ 3.2 lentelés.
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Dviejy kamery vibrosuzadintuvo lygciy normalinéje formoje tyrimas.

Bedimensiniy lyg€iy, apraSanciy pneumatinio dviejy kamery vibrosuzadintuvo
su vienu darbo kiinu dinamika, skaitmeninis tyrimas atliktas MathCad bazéje
panaudojant diferencialiniy lygciy sistema (3.29).

Skaitmeniniam tyrimui naudoti mechaninés sistemos duomenys apraSyti 3.3
lenteléje, o vibrosuzadintuvo darbo kiino svyravimai apie pusiausvyros padétj pateikti
3.9 pav.

3.3 lentelé. Pneumatinio vibrosuzadintuvo pradiniai parametrai.

Nr. m M1, (FYR la, M2, la2, leo,
k, 103 103 103 103 103 102 | Py/Ps | PofPa o o
g m m m m m m

1110 25 35 40 25 35 80 1,9 16 | 0,775| 0,6

L HH‘H J I - :
;g‘“”M, g I & | A TAAR
AN ,\\/,w»m T |i MHH I

3.9 pav. Vibrosuzadintuvo darbo kiino virpesiai (a) ir slégiy kamerose bedimensinéje
iSraiskoje pokytis (b) apie pusiausvyros padétj per 1 s pagal duomenis i§ 3.3 lentelés.

024

Analizuojant rezultatus, pateiktus 3.9 pav., nustatyta, kad darbinis kiinas apie
pusiausvyros padétj virpa su amplitude 4,=1,8x10m ir dazniu £;=30,95.

Siekiant patikrinti aukSCiau iSdéstytus samprotavimus ir lygtis (3.33)-(3.40),
MathCad bazéje buvo issprestos lygtys (3.33) ir (3.39). Sprendimo rezultatai pateikti
3.10 pav.

—~8.0018368496473369712 3
—4.454687818227800097
~0.0037376660624314658699 + 0.92800012568327939957i
| ~0.0037376660624314638699 — 0.92800012568327939957i

3.10 pav. Lygties (5.21) sprendinys.

Analizuojant (3.33) lygties kompleksines Saknis (A=A1+id2) matyti, kad
realiosios dalys 11~0, o menamuyjy daliy koeficientas |12]~0,928. Si reik§mé praktiskai
atitinka ir lygc¢iy sistemos (3.39) Saknis. PerskaiCiavus daznj pagal (3.40) formule,
gaunama daznio reik§mé ,=30.973, kuri beveik sutampa su reikSme f;, kuri gauta
analizuojant rezultatus, i§sprendus diferencialiniy lyg¢iy sistemg (3.29).
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Amplitudeés ir daznio priklausomybiy tyrimas.

Panaudojant auk$¢iau apraSyta matematinj modelj skaitmeniniu bidu buvo
atliekamas darbinio kiino virpesiy amplitudés ir daznio priklausomybiy tyrimas.

ZO0EDE

i
E 150503 5 @
g p HEE
E 1oosas L
s . i
E soosou & 1
OOOE=0D = | 0
1 T : iz 1 12 14 18 12 z 22
FifFa PP
|—5-=r=r.1 ——— Zeriesz Ea— | |—5¢r=1 —— gaesz E—

a) b)

3.11 pav. Darbinio kiino amplitudés (a) ir daznio (b) priklausomybiy nuo j pirmajg kamera
paduodamo slégio P1 grafikai (seriesl - a7=0,15, series2 - «=0,2, series3 - &=0,1).

3.11 pav. iliustruoja, kaip kinta darbinio kiino amplitudé (3.11 a pav.) ir daznis
(3.11 b pav.) priklausomai nuo slégiy santykio P,/P, ir pirmosios tamprios grandies
jverzimo, kai antrosios grandies bedimensinis jverZimas yra pastovus: «>=0,05.
Amplitudés beveik tiesiskai didéja, didinant slégj P, , o skaitinés amplitudés reikSmés
mazgja, didéjant o1 Daznio grafikai rodo, kad didéjant parametrui a; kreiviy
ekstremumai pasiekiami prie didesniy slégio P; reikSmiy.

1 ADEE
_ 1mEes “
B qp0s03 P ]
§ sooEos . I s =
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=
E soos E 10

ZO0EQ += .

LO0E00 . - - i -

1 1z 14 18 12 z 22 1 2 14 18 12 B =
—— P
|—5eru-1 E— Eeru-:-.l |—5cn-_-s1 [ -

a) b)
3.12 pav. Darbinio kiino amplitudés (a) ir daznio (b) priklausomybiy nuo j pirmgja kamera
paduodamo slégio P; grafikai (series! - ¢2=0,05, series2 - «a2=0,1, series3 - :=0,19).

3.12 pav. iliustruoja kaip kinta darbinio kiino amplitudé (3.12a pav.) ir daznis
(3.12b pav.), priklausomi nuo slégiy santykio P;/P,, keiiant antros tamprios grandies
bedimensinj jverzima (pirmosios grandies bedimensinis jverzimas yra pastovus:
=0,15). Cia, skirtingai nuo 3.11 pav. grafiky, didéjant oz , daznio kreivés ekstremumus
pasiekia prie ty paciy slégio P, reikSmiy, tik auga daznio skaitiné reikSmé.

Tyrimo rezultatai, pateikti 3.13 pav. (a,b,c,d), rodo kaip kinta virpesiy amplitudé
ir daznis, esant fiksuotam pirmos kameros ilgiui (/k;=0,055 m) ir keiciant antrosios
kameros ilgius: /k>=0,025 m (kreivé - series-1), k-=0,055 m (kreivé - series-2),
1k;=0,0125 m (kreivé - series-3). Mazgéjant antrosios kameros tiiriui, mazéja darbinio
kiino virpesiy amplitudé ir didéja daznis.

47



S00E03 BO0EDG
5 0ECE - 5 0BG },/h N
B LO0EDS fﬁ k! £ 400EG
. P ' " !
ERET = I soosas |
E & E /X
i zooE0s 7 i zooso /J,
1 00EDE 1. 00E-0E l,_,'
DO0E-00 OOOE=00
@ 1 2 3 4 5 & 7T % o 05 1 13 z 25
PP FaiFa
[——s=emest ——zeem Series3 | |—5'=f'=1 —— Seriesz Seriesl
a) b)
5 35
30 30
= \\ 2 = \“
i.:: \.E P o
B 1= E = [ — ]
-1
10 10
5 5
0 o
1 4 3 4 s -] 7T H 1 12 14 16 1z 2 22 24
FiiFa PHFa
|—5en-_'.1 JE—— E— |—5en-_'..1 JE—— E—
) d)

3.13 pav. Amplitudés (a, b) ir daznio (c,d) priklausomybé nuo i kameras paduodamy
slégiy P; ir P, santykio su atmosferos slégiu P,. (1=0,15; a»=0,05; lk;=0,055; lk»=0,025;
0,055; 0,0125)

3.14 pav. pateikti grafikai, iliustruojantys amplitudés ir daznio priklausomybes
nuo slégiy santykio. Jie gauti modeliuojant sglygas, kai buvo kei¢iamas antrosios
tamprios grandies jverzimas (o= 0,05 (seriesl), a=0.1 (series2), a=0,15 (series3).
Kiti parametrai buvo pastovis: o=0,15, k/=0,055 m, [k»=0,025 m. Didéjant
parametro o reikSmei, maz¢ja darbinio kiino virpesiy amplitudé ir didéja daznis.
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3.14 pav. Amplitudés (a, b) ir daznio (c,d) priklausomybé nuo j kameras paduodamy
slégiy P; ir P, santykio su atmosferos slégiu P, prie skirtingy o (a2 = 0,05; 0,1; 0,15)

3.3.4 Vibrosuzadintuvo ant oro pagalvés su dviem kameromis pereinamuyjy
procesu ir stabiliy rezZimy tyrimas.

Tiriamo pneumatinio dviejy kamery vibrosuzadintuvo darbo kiino virpesiy
rezimus iliustruoja 3.15-3.18 pav., kur pateikti charakteringi darbo kiino judéjimo
virpesiai per 1 s ir faziniai virpesiy vaizdai. Rezultatams, pateiktiems 3.15-3.18 pav.,
panaudoti pradiniai duomenys nurodyti 3.4 lenteléje. Skaitmeninio tyrimo naudojant
matematinj modelj, pagrindg sudaro Prandtlio (Prandtl) formulés (lygtys (3.13)-
(3.20)). Rezultatai rodo, kad pneumatinio dviejy kamery vibrosuzadintuvo darbo
kiinas, kaip ir vienos kameros atveju, gali papulti j jvairias virpesiy zonas. | vieng i$
kamery paduodant pulsuojantj slégj, galima gauti dar jvairesniy darbo kiino
svyravimy.

Skirtingai nuo vienos kameros vibrosuzadintuvo, esant papildomai antrajai
kamerai, atsiranda daugiau galimybiy keisti virpesiy parametrus. Tai
daugiaparametriné sistema, kur darbinio kiino virpesiai priklauso nuo sistemos
geometriniy parametry, paduodamo slégio ir kity charakteristiky. Paduodamo slégio
jtaka visai sistemai stipriai lemia ne tik slégio reikSmés, bet ir tampriy grandziy
pradiniai jverzimai bei tamprios pakabos standumas.

3.4 lentelé. Pneumatinio vibrosuzadintuvo pirmosios kameros parametrai.

NI, | e 10° [ re1, 10° [ ha, 107 | rig, 10° [ 1, 10% [ e, 10° [ o o |
g m m m m m m

1 1,0 25 35 40 25 35 80 1,5 1,6

2 1,0 25 35 40 25 35 80 189 | 1,6

3|05 | 25 30 40 25 30 40 | 1,95 | 30

4|10 | 25 30 40 25 30 40 | 1,95 | 30
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3.15 pav. Vibrosuzadintuvo darbo kiino virpesiai 1 s intervale (a) ir fazinis virpesiy vaizdas
(b) pagal duomenis Nr.1 i§ 3.4 lentelés.
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3.16 pav. Vibrosuzadintuvo darbo kiino virpesiai 1 s intervale (a) ir fazinis virpesiy
vaizdas (b) pagal duomenis Nr.2 i§ 3.4 lentelés.

a) b) o

3.17 pav. Vibrosuzadintuvo darbo kiino virpesiai 1 s intervale (a) ir fazinis virpesiy
vaizdas (b) pagal duomenis Nr.3 i§ 3.4 lentelés.

a) . b) 1
3.18 pav. Vibrosuzadintuvo darbo kiino virpesiai 1 s intervale (a) ir fazinis virpesiy
vaizdas (b) pagal duomenis Nr.4 i§ 3.4 lentelés.

Skaitmeninio tyrimo rezultatai rodo, kad fiksuojant geometrinius mechaninés
sistemos parametrus ir tik kei¢iant paduodamo slégio ar masés reikSmes, galima keisti
pneumatinio vibrosuzadintuvo darbo kiino virpesiy rezimus.

ISvados.
Dviejy kamery virbrosuzadintuvas — tai daugiaparametriné sistema, kurios
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atskiry parametry priklausomybéms nustatyti reikalingas sudétingas matematinis
modelis.

Remiantis Prandtlio (Prandtl) pasitlytomis formulémis, sudarytas dviejy
kamery pneumatinio vibrosuzadintuvo su vienu darbo kiinu matematinis modelis.
Modelis adaptuotas ir sistemai, kurioje paduodamas slégis pulsuoja.

Prandtlio formulémis pagristo modelio pavertimas bedimensine forma ir tolesné
gauty lygciy analizé rodo, kad galima skaitmeniskai rasti mechaninés sistemos darbo
kiino virpesiy daznj. [Svesta formulé patikrinta skaitmeniniu budu.

Modeliavimo rezultatai rodo, kad pagrindinés vibrosuzadintuvo virpesiy
charakteristikos kinta, keic¢iant geometrinius kamery ir dinaminius visos sistemos
parametrus.

Antrosios kameros, veikianCios ta patj darbo kiing, panaudojimas leidzia
nedidinant slégio reikSmiy gauti didesnés amplitudés autovirpesius ir veikti didesnés
masés darbo kiing.

Skaitmeniniai tyrimai, rodo, kad keifiant antrosios tamprios grandies
bedimensinj jverzimg ir j antrgja kamerg paduodama slégj P,, galima reguliuoti
pagrindines bendro darbo kiino virpesiy charakteristikas: amplitude ir daznj.
Padidinius pradinj jverzima, Zymiai iSauga virpesiy daznis, sumazéja amplitudé.

Gauta charakteringoji lygtis, kurios iStyrimas leidZia nustatyti pneumatinio
vibrosuzadintuvo parametry sritj, nusakancia vibrosuzadintuvo darbo rezimus.

3.4 Keliy pneumatiniy vibrosuzadintuvy, dirbanciy autovirpesiy rezimu,
sinchronizacijos ir faziy formavimo biuidai.

Poskyryje tiriama mechaniné sistema su dviem pneumatiniais vieno laisvés
laipsnio vibrosuzadintuvais, dirbanciais autovirpesiy rezimu. Dirbant keliems, vienas
nuo kito nutolusiems tokio tipo vibrosuzadintuvams, svarbu nustatyti jy sinchroninio
darbo rezimus. Siame poskyryje yra pasiiilytas vibrosuzadintuvy sinchronizacijos
budas, naudojant sinchronizuojancius, kameras jungiancius aerodinaminius rysius.
Taip pat ¢ia tiriama vibropavaros mechaniné sistema su dviem pneumatiniais vieno
laisvés laipsnio vibrosuzadintuvais, sujungiant juos sinchronizuojanéia tampria
grandimi.

Sio poskyrio tikslas yra apzvelgti galimas keliy vibrosuzadintuvy sinchronizacijos
schemas, skaitmeniniu btidu istirti dviejy vibrosuzadintuvy darbo rezimus, | kameras
paduodant pastovy arba pulsuojantj slégj, kai vibrosuzadintuvai sujungti
aerodinaminiu ryS$iu arba jy sinchronizacijai panaudotas tamprus elementas, nustatyti
vibrosuzadintuvy geometriniy ir dinaminiy parametry jtaka virpesiy parametrams bei
vibrosuzadintuvy sinchronizacijos salygoms.

Keliy vibrosuzadintuvy sinchronizacija yra reikalinga jvairiy technologiniy
procesy metu, kai vibratoriai vienas nuo kito yra nutole tam tikru atstumu. Tokiy
technologiniy procesy intensyvinimui bitina jy sinchronizacija skirtinga faze,
skirtingu dazniu, ta pacia faze ar tuo paciu dazniu. Kai kuriais atvejais vibratoriy
virpesiy charakteristikos ir fazé turi bati valdomi cikliSkai, pagal tam parengtg
kompiutering valdymo programa.
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3.4.1 Galimos Kkeliy vibrosuzadintuvy sinchronizacijos ir faziy formavimo
schemos.

Dirbant keliems, vienas nuo kito nutolusiems vibrosuzadintuvams, svarbu
nustatyti jy sinchroninio darbo ar darbo su sinchronine faze rezimus. Tokioms
uzduotims spresti gali biiti naudojami keli vibrosuzadintuvy sinchronizacijos ir faziy
derinimo btdai.
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3.19 pav. Pneumatiniy vibrosuzadintuvy sinchronizacijos ir faziy formavimo budas,
naudojant bendrg virpané¢ig mase: |, Il... n - vibrosuZadintuvai; 1 — virpanti mase, 2 —
spyruoklé, 3 — vibrosuzadintuvo kamera, P1, Py, ... Pn — slégis paduodamas j atitinkamus
vibrosuzadintuvus.

n

Vieno i§ pneumatiniy vibrosuzadintuvy sinchronizacijos varianty schema
pateikta 3.19 pav. Siuo atveju sinchronizacija pasiekiama, kai n vibrokeitikliy,
virpan¢iy artimais autovirpesiy dazniais ir esant tam tikriems vibrosuzadintuvy
parametrams (masei, spyruokliy 2 tamprumui, droseliy skerspjtvio plotui, kamery 3
tariui ir paduodamo slégio P; (i=1..n) dydziui), veikia bendra virpanéia mase. Sis
bidas tirtas darbuose [42, 43].

Galimo pneumatiniy vibrosuzadintuvy sinchronizacijos ir faziy formavimo
btdo, panaudojant aerodinaminio rySio kanala, strukttriné schema pateikta 2.8 pav.,
0 jos veikimas aprasytas 2.4 skyriuje.

Zemiau pateikiama mechaninés sistemos, susidedan¢ios i§ dviejy pneumatiniy
vibrosuzadintuvy, dirbanciy autovirpesiy rezimu, sinchronizacijos proceso tyrimas.

3.4.2 Dviejy vibrosuzadintuvy sinchronizacijos ir faziy formavimo tyrimas, kai
paduodamas slégis pastovus.

3.4.2.1 Matematinis modelis.

Atliktas dviejy vibrosuzadintuvy, sujungty aerodinaminiu sinchronizavimo
ry$iu — vamzdelio formos (spindulys ry, ilgis Iv) kanalu — tyrimas.

Sudarant matematinj modelj, naudojamas supaprastintas dujy tekéjimo modelis,
neatsizvelgiama j smiigines dujy srauto bangas, ezektoriaus efekta.
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3.20 pav. Dviejy pneumatiniy vibrosuzadintuvy, naudojant sinchronizuojantj kanala,
principiné schema: 1, 1€ — virpanti mas¢, 2, 2¢ — vibrosuZadintuvo kamera, 3 —
sinchronizacijos kanalas, P1, P, — paduodamas slégis, r1, . — j kameras paduodamo slégio
droseliy spindulys, ri, ke — kamery spindulys, Ik, ko — kamery aukstis, ra1 , raz — iSorinis
spindulys, Iy — sinchronizuojancio kanalo ilgis, ry — sinchronizuojancio kanalo spindulys.

Visa sistema apraSoma dviem antros eilés diferencialinémis lygtimis,
nusakanc¢iomis kiekvieno vibrosuzadintuvo darbinio kiino (masés my ir my) judéjima:

d?x, dx, 2
m 2 K1 + Cl(xl + Hzl) =Ty (Pkl - Pa)’ (3-45)
dt dt
2
m, _dd::z +K, —ddxtz +C,(x, +H,,)=m,°(P,—P.) (3.46)

Hz ir Hzp, — pradinis virpanéiy masiy ms ir my jverZimas, turintis jtakos visos
sistemos standumui, Py ir Py2 — suspausto oro slégis kamerose, Pa— atmosferos slégis
(Pa=10° Pa), K1, K, — pasipriesinimo koeficientas, C1, C, — standumo koeficientas, x;
ir X2 kamery darbinio kiino poslinkis.

Dujy debitas kamerose aprasomas lygtimis pagal dujy masés pusiausvyros
désnj:

d _ .
g[kl =W11 —le +G (kur G=G, kai Pxi<Py2, G=- G, kai P> sz) (3.47)
‘“j_tkz _W,,~W,, G (kur G=G, kai Pu<Pe, G= - G, kai Pu> Po) (3.48)

Cia Qu ir Qx2— dujy masé kamerose, Wiz ir Wa, — j kameras paduodamy dujy
debitas, W12 ir W2, — i§ kameros darbinio kaino kryptimi istekanéiy dujy debitas, G —
dujy kiekis, iStekantis (jtekantis) i§ kameros per sinchronizacijos kanalg per 1 s.
Bendruoju atveju dujy debitas kamerose apskaiéiuojamas:

1
dQ, d P. )
R oo

Pritaikius Sen-Venano ir Vanselio (De Saint Venant, Vantzel) formules [65]
nagrinéjamai sistemai, dujy srauta Wiji, patenkantj j kameras j (j=1, 2) ir srauta W,
iStekantj i§ kamery, galima apraSyti lygtimis:
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j1
Jpa 12
ﬂlﬂr‘?[ﬁ] {ﬂﬁl JP} , kai P/P, <4,
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%
(ﬁzﬁlpkjpkjj (Pa/ij)“ﬂ[l—(Pa/ij)H//}]llz

W, =<kai 1<P,/P,; <1, (3.52)

Yo 28 12
H, kf[ﬂ 1) |:,3+1 kjpk]:| . kai P, /By <4

Cia u— dujy pasiprieSinimg jvertinantys koeficientai: 1 — oro jtekéjimo j
kamerg pasiprieSinimo koeficientas; i» — oro tekéjimo i§ kameros pasiprieSinimo
koeficientas; pj- paduodamo oro tankis; A - kritinis slégiy santykis (1 = 0,528); g =
Cp /Cy = 1,405. C, — oro savitoji Siluma prie pastovaus slégo; Cy — oro savitoji Siluma
prie pastovaus tario.

Priimame, kad esant nedideliam sinchronizacijos kanalo ilgiui, dujos kanale
nespéja pasikeisti Siluma su sienelémis. Slégio nuostoliai dél trinties iSilgai vamzdelio
iSreiskiami pagal Darsi (Darcy) formule [66]:

dy pv*
d 3.52
P=A T (3.52)

Cia A« — koeficientas trinties ir kitiems techniniams nuostoliams jvertinti, v - dujy
tekéjimo greitis, D — vamzdelio skersmuo.

Naudojantis energijos lygtimi, galima sudaryti diferencialing kinetinés ir
potencinés energijos balanso lygtj, jvertinant nuostolius dy intervale:

vi) dp dy v*
d — + A =0
[2] D (3.53)

Pagal srauto vientisumo lygtj G = pFv = const., tuomet pratekanciy dujy greitis
v bus lygus:

G _GRT

TOF P
Cia G — jtekan¢iy ir iStekanciy dujy debitas vamzdelyje, F — vamzdelio skerspjivio
plotas. Istate (6.10) i (6.9) gauname:

(3.54)

2
,dp_2F

dy

Jeigu slégis pradiniame vamzdelio skerspjiivyje lygus pi, 0 galiniame — py, ir
vamzdelio ilgis v, gausime lygti:
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2

I
j,tr_["):2|n&+ (p” - p,°) (3.56)

p, RTG?

ISreiskus i§ (3.56) lygties G, gauname dujy debito formulg, esant izoterminiam
tekéjimui vamzdelyje:
2 2

G-F P — P

RT(/l"IV +2In plj (3.57)
D P2

Pagal Zyméjimus i§ 3.20 pav., dujy masés pokytis per Is pneumatiniy
vibrosuzadintuvy sinchronizacijos vamzdelyje gali biiti uzrasytas:

P’ — P’ .
)} k ~ Tz kai P, >R,
Pm(m +2.an]
P\ 21, P
G= (3.58)
P, —P’ _
ar,? k2 Tkl kai P, > P,
sz(wv +2'“P“j
Pz \ 21, Pa

Taigi, bendra dviejy vibrosuzadintuvy, sujungty aerodinaminio rysSio
sinchronizacijos kanalu, dinamika galima apraSyti lygciy (3.45-3.48) sistema, kur
naudojamos iSraiskos (3.49), (3.50), (3.51), (3.58).

Sprendimo metu pirmos ir antros eilés diferencialiniy lygéiy sistema pertvarkoma
i Sesiy pirmos eilés lygéiy sistema. Sioms lygtims i§spresti naudojami Rungés-Kuto
(Runge-Kutta) metodu pagrjsti biidai su kintamu (uZsidavus sprendimo tikslumg) ir
fiksuotu integravimo zingsniy skai¢iumi. Sprendimas realizuotas MathCad bazéje.

Diferencialinés lygtys apraSsomos matricoje (3.59), kur laiko t atzvilgiu
Kintantys nariai kiekvienu laiko momentu perskaic¢iuojami atskirose procediirose.

fax, ]
dt
d?x, | i}
dt? X
dx, f1(Xo, X1, X3)
dt X3
peX)= d?x, - f, (X5, X3, Xs) (3.59)
dt? f3(Xo, X4, Xs)
dPey | | fa (X5, Xy, X5) ]

dt
dPy,
L dt |

¢ia funkcijy f1 ir fo i8raiSkos randamos atitinkamai i§ (3.45) ir (3.46) lygciy, o
funkcijos f3 ir fa (slégio vibrosuzadintuvy kamerose pokytis per laiko t vieneta)
iSvedamos i$ (3.47-3.49), (3.50), (3.51) ir (3.58) lygciy:
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By _|Wa W26 o 0| PR MY (3.60)
dt R, )’ dt (Skjlki+saj(xi_HZJ)) dt P,
Pj ?J

3.4.2.2 Skaitmeninio tyrimo rezultatai ir juy analizé.

Skaitmeninio tyrimo metu buvo kei¢iami kamery geometriniai parametrai (riy, lxi,
I, M, le, 12), pradinio jverzimo Hz, j kameras paduodamo slégio P ir P2, darbiniy kiiny
masiy m; ir m; reikSmeés.

Pradzioje buvo tiriami vibrosuzadintuvy darbo kiiny virpesiai be aerodinaminio
rySio, t.y. vibrosuzadintuvai dirbo nepriklausomai (be sinchronizavimo kanalo). Po to
stebima, kokig jtaka virpesiy rezimui turi sinchronizuojantis kanalas tarp
vibrosuzadintuvy. Sinchronizavimo kanalo duomenys testuose Nr.1-4 (kiti duomenys
3.5 lenteléje) pastoviis: ilgis Iy = 100 x 10 m, kanalo spindulys r, = 2,5x10° m. Testuose
Nr. 5, 6 buvo naudojami testo Nr.1 pradiniai duomenys ir kei¢iami sinchronizavimo
kanalo parametrai: bandinyje Nr.5: kanalo ilgis I, = 500x10°m, kanalo spindulys r, =
2,5x10° m, o bandinyje Nr.6: kanalo ilgis I, = 100x10-m, kanalo spindulys r, = 5,0x10-
3 m. Teste Nr.7 buvo naudojami testo Nr.3 pradiniai duomenys ir padidintas
sinchronizavimo kanalo spindulys r, = 5,0x10% m. Visuose testuose vibrosuzadintuvy
geometriniai parametrai buvo pastoviis: I'a = e = 2,5%102 m, ra1 = I, = 3,5x102m, ry
=1, =2,0x10° m.

3.5 lentelé. Pradiniai duomenys ir rezultatai.

Te " | Hz Be sinchronizacijos | Su sinchronizacijos
st || m, Xlk0"3 xklo Pi/ | 1o kanalo kanalu
0 kg m 3m Pa im Ai, m fi, Hz Ai*, m fi*, Hz
Nr
112 3 4 5 7 8 9 10 11 12
1 1110 2,5 40 | 1,6 2,0 | 3,79x10° | 22,86 | 2,67x10° | 23,06
2115 2,5 20 | 2,0 20 | - 21,78 1,35x10° | 23,06
’ 1110 2,5 40 | 1,6 2,0 | 3,79x10° | 22,86 | 0,64x10° | 30,00
2105 2,5 40 | 1,8 2,0 | 1,48x10° | 34,05 | 1,42x10° | 29,96
3 1105 2,5 30 | 2,0 1,0 | - 34,75 1,22x10° | 15,55
2118 2,5 60 | 1,8 2,0 | 6,03x10° | 1526 | 4,89x10° | 1554
4 1105 2,0 65 | 2,15 1,0 | 2,40x10° 28,27 3,06x10° | 26,49
2109 2,5 45 | 1,6 2,0 | 2,80x10° 24,29 1,95x10° | 26,50
5 1110 2,5 40 [ 1,6 2,0 | 3,79x103 22,86 2,48x10° | 23,10
2115 2,5 20 | 2,0 20 | - 21,78 1,24x10° | 23,12
6 1110 2,5 40 | 1,6 2,0 | 3,79x10° | 22,86 | 2,04x10°® | 23,50
2115 2,5 20 | 2,0 20 | - 21,78 1,12x10° | 23,50
7 1105 2,5 30 | 2,0 1,0 | - 34,75 3,561x10% | 27,42
2118 2,5 60 | 1,8 2,0 | 6,03x10° | 1526 | 0,64x10° | 27,38
8 1]05 2,5 30 | kint. | 1,0 | - - kint. kint.
2118 2,5 60 | 2,33 20 | - - kint. kint.
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Pateiktuose rezultatuose panaudoti pradiniai duomenys pateikti 3.5 lenteléje. 1-
oje grafoje nurodomas bandinio numeris, 2 — vibrosuzadintuvo numeris, 3-8 —
pradiniai vibrosuzadintuvy nustatymai, 9-10 virpesiy amplitudés ir daznio reikSmeés,
be sinchronizavimo kanalo, 11-12 virpesiy amplitudés ir daZnio reik§més, esant
sinchronizavimo kanalui. Kintamos reik§més pazymétos kaip Kint.
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3.21 pav. Abiejy vibrosuzadintuvy darbo kiiny virpesiai be aerodinaminio sinchronizacijos
rySio (pradiniai duomenys i§ 3.5 lentelés Nr.1: i=1 (x1) pilka linja, i=2 (X2) juoda punktyriné
linija) a) — virpesiai 1 s laiko intervale, b) — padidintas a) dalies fragmentas.
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3.22 pav. Abiejy vibrosuzadintuvy darbo kiiny virpesiai su aerodinaminiu
sinchronizacijos ry$iu (pradiniai duomenys i§ 3.5 lentelés Nr.1: i=1 (x1) pilka linja, i=2 (X2)
juoda punktyriné linija) a) — virpesiai 1 s laiko intervale, b) — fazinis virpesiy vaizdas.

1 testas. ISanalizavus rezultatus pagal sistemos duomenis i§ 3.5 lentelés (Nr.1)
galima pastebéti, kad vibrosuzadintuvams dirbant savarankiskai, viename jy buvo
generuojami nusistovéje autovirpesiai, o kitame virpesiai buvo gestantys (3.21 pav.).
Virpesiy fazés skyrési. Jvedus sinchronizavimo aerodinaminj rysj, esant tiems
patiems parametrams antrasis vibrokeitiklis tai pat i$€jo | autovirpesiy rezimg ir abu
vibrosuzadintuvai émé dirbti vienu dazniu f"1=f",=23,06 Hz (3.22 pav.).

2 testas. Kai abu vibrosuzadintuvai savarankiskai dirba autovirpesiy rezimu, bet
ju amplitudés skiriasi daugiau negu 2 kartus, o dazniai — 1.5 karto (3.23 pav.) su
pradiniais duomenimis i§ 3.5 lenteles (Nr.2), esant aerodinaminiam
sinchronizuojanéiam rysiui, po laiko t = 0,3 s abejose kamerose nusistovi autovirpesiai
su vienodu dazniu f'1=Ff,=29,98 Hz (3.24 pav.).
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3.23 pav. Abiejy vibrosuzadintuvy darbo kiiny virpesiai be aerodinaminio sinchronizacijos
rySio (pradiniai duomenys i§ 3.5 lentelés Nr.2: i=1 (x1) pilka linja, i=2 (X2) juoda punktyriné
linija) a) — virpesiai 1 s laiko intervale, b) — padidintas a) dalies fragmentas.
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3.24 pav. Abiejy vibrosuzadintuvy darbo kiiny virpesiai su aerodinaminiu sinchronizacijos
rySiu (pradiniai duomenys i§ 3.5 lentelés Nr.2: i=1 (x1) pilka linja, i=2 (X2) juoda punktyriné
linija) a) — virpesiai 1 s laiko intervale, b) — fazinis virpesiy vaizdas.
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3.25 pav. Abiejy vibrosuzadintuvy darbo kiiny virpesiai be aerodinaminio sinchronizacijos
ry$io (pradiniai duomenys i§ 3.5 lentelés Nr.3: i=1 (x1) pilka linja, i=2 (X2) juoda punktyriné
linija) a) — virpesiai 1 s laiko intervale, b) — padidintas a) dalies fragmentas.
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3.26 pav. Abiejy vibrosuzadintuvy darbo kiiny virpesiai su aerodinaminiu sinchronizacijos
ry$iu (pradiniai duomenys i§ 3.5 lentelés Nr.3: i=1 (x1) pilka linja, i=2 (X2) juoda punktyriné
linija) a) — virpesiai 1 s laiko intervale, b) — padidintas a) dalies fragmentas.
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3 testas. Su pradiniais duomenimis pagal 3.5 lentele (Nr.3) savarankiskai
dirbanc¢iy vibrosuZadintuvy virpesiy charakteris pavaizduotas 3.25 pav. Pirmasis
vibrokeitiklis (virpesiai x1) neiSeina j autovirpesiy rezimg. Virpesiy dazniai skiriasi
beveik dvigubai (34,75 Hz ir 15,26 Hz). Panaudojus sinchronizacijos kanala, virpesiai
igyja charakterj, pavaizduota 3.26 pav. Antros kameros virpesiai X, islieka
autovirpesiy rezime, taciau amplitudé sumazéja nuo 6,03x10°3 m iki 4,89x10° m
Pirmojoje kameroje po t; (t1=0,12 s) nusistovi neharmoniniai svyravimai.
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3.27 pav. Abiejy vibrosuzadintuvy darbo kiiny virpesiai 1 s laiko intervale su aerodinaminiu
sinchronizacijos ry$iu (pradiniai duomenys i§ 3.5 lentelés Nr.4: i=1 (x1) pilka linja, i=2 (X2)
juoda punktyriné linija).

4  testas. Kai savarankiSkai  autovirpesiy rezimu  dirbantiems
vibrosuzadintuvams su pradiniais duomenimis pagal 3.5 lentele (Nr.4) panaudojamas
sinchronizacijos kanalas, pirmojoje kameroje virpesiy amplitudé padidéja (nuo 2,40
x10° m iki 3,60x10° m), o antroje sumazéja (nuo 2,80x103 m iki 1,95x10° m).
Taciau abiejuose vibrosuzadintuvuose po t» (t2=0,16 s) nusistovi autovirpesiai su
bendru dazniu f*1=f,=26,50 Hz (3.27 pav.).

5 testas. Naudojant 1 testo duomeny rinkinj pagal 3.5 lentele (Nr.1), buvo 5
kartus padidintas sinchronizacijos kanalo ilgis. IS gauty rezultaty 3.5 lent. (Nr.5)
matyti, kad didéjant kanalo ilgiui nezymiai didéja svyravimy daznis, ta¢iau mazéja
svyravimy amplitudés.
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3.28 pav. Abiejy vibrosuzadintuvy darbo kiiny virpesiai su aerodinaminiu sinchronizacijos
rySiu (pradiniai duomenys i§ 3.5 lentelés Nr.6: i=1 (x1) pilka linja, i=2 (X2) juoda punktyriné
linija).

6 testas. Naudojant duomeny rinkinj pagal 3.5 lentelg (Nr.1), 2 kartus padidinus
sinchronizacijos kanalo spindulj, pasikeicia antrosios kameros i§¢jimo j autovirpesiy
rezimg pobudis (3.28 pav.), palyginus su rezultatais pateiktais 3.22 pav. Taip pat
pastebéta, kad 1.2-1.3 karto sumazéja svyravimy amplitudés ir padidéja daznis
(lyginant 3.5 lentelg lent. (Nr.1) ir (Nr.6) bandymo rezultatus).
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7 testas. Naudojant 3 testo pradiniy duomeny rinkinj pagal 3.5 lent. (Nr.3) ir 2
kartus padidinus sinchronizacijos kanalo spindulj, gaunamas visiSkai kitoks virpesiy
désnis (3.29 pav.), palyginus su rezultatais pateiktais 6.10 pav. Pirmojo
vibrosuzadintuvo darbo kiino virpesiai turi rySkig jtaka antrojo vibrosuzadintuvo
darbo kiino dinamikai, visiskai sumaZindami pastarojo amplitude ir vos
,neismusdami® jo i§ autovirpesiy rezimo bei palikdami labai maza amplitude. Fazés
susilygina po t; = 0,17 s, autovirpesiai nusistovi po ts = 0,57 s. Daznis padidéja 1,76
karto.
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3.29 pav. Abiejy vibrosuzadintuvy darbo kiiny virpesiai su aerodinaminiu sinchronizacijos

ry$iu (pradiniai duomenys i§ 3.5 lentelés Nr.7: i=1 (x1) pilka linja, i=2 (X2) juoda punktyriné
linija).

8 testas. Naudojant 8 testo pradiniy duomeny rinkinj pagal 3.5 lent. (Nr.8), buvo
pamazu kei¢iamas | pirmajj vibrokeitiklj paduodamas slégis P;. Stebima, kokie
svyravimy daZniai nusistovi vibrosuzadintuvy kamerose, kai vibrosuzadintuvai
sujungti sinchronizuojanc¢iu kanalu, kurio ilgis l, = 100x10°m, o spindulys r, = 5,0
%107 m. Rezultatuose, kurie pateikti 6.13 pav., atvaizduotos svyravimy dazniy fy ir f;

priklausomybés nuo P ir P, santykio.

I RS

Py/Py P1/P4

——fl - =12 a)

3.30 pav. Abiejy Vlbrosuzadlntuvq darbo kiiny virpesiy dazniy pokyns kintant j pirmajj
vibrokeitiklj paduodamam slégiui: a) P1 kinta nuo 1,25%P, iki 5,00%P,, b) padidintas a)
fragmentas, kur slégis P1 kinta nuo 1,40%P, iki 1,65%P.

Pradiniu momentu (P./Pa =1,25) abejose kamerose buvo slopstantys virpesiai
(3.31 a pav.), taciau svyravimy daznis pirmoje kameroje buvo 1,85 karto didesnis.
Didéjant slégiui P1, didéja virpesiy pirmajame vibrosuzadintuve amplitudé, ir pamazu
auga abiejy darbo kiiny virpesiy daznis. Egzistuoja sritis (3.31 b pav), kurioje
mazesniu dazniu virpanti masé bando ,,uzgriebti“ kitos kameros virpesiy daznj, o
vibrosuzadintuvai po kurio laiko ima dirbti autovirpesiy rezimu, nors dazniai néra
vienodi (3.31 b pav.). Dar didinant slégj P1, nusistovi vienodo daznio virpesiai.
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3.31 pav. Abiejy vibrosuzadintuvy darbo kiiny virpesiai su aerodinaminiu sinchronizacijos
rySiu (pradiniai duomenys i§ 3.5 lentelés Nr.8: i=1 (x1) pilka linja, i=2 (x7) juoda punktyriné
linija) a) — virpesiai , kai P1/P, =1,25, b) — virpesiai , kai P1/P, =1,525.

3.4.3 Dviejy vibrosuzadintuvy sinchronizacijos ir faziy formavimo tyrimas, kai
paduodamas slégis pulsuoja.

3.4.3.1 Matematinis modelis.

Kuriant matematinj modelj, apraSantj dviejy pneumatiniy vibrosuzadintuvy su
sinchronizuojanéiu kanalu mechaninés sistemos (jos strukttriné schema pateikta 3.20
pav.) dinamika, kai j kameras paduodamas pulsuojantis slégis, naudojamos tos pacios
pagrindinés lygtys: (3.45)-(3.49), (3.50), (3.51) bei (3.58), ir i jy sudaroma lygciy
sistema. Taciau skaiCiuojant dujy mas¢ kamerose (pagal lygti (3.49) ir jtekanciy dujy
srauto mase (pagal lygti (3.50), reikia jvertinti, kad paduodamas slégis kinta laiko t
atzvilgiu pagal désnj:

0 .
P()=P, +A,sin(@t+g,) (3.61)
¢ia Pj— | kameras paduodamo suspausto oro slégiai P1(t) ir Pa(t), apie pusiausvyros
padétj P° pulsuojantys su pulsavimo amplitude Apj, kampiniu dazniu g ir pradine faze
o
Atsizvelgiant | (3.47-3.49) bei (3.50), (3.51), (3.58) ir (3.61) lygtis, slégio
vibrosuzadintuvy kamerose pokytis per laiko t vienetg $iuo atveju bus iSreiSkiamas:

1
de W, -W,+G p, P \s " dP, dx
J: —— - 1" (Skjlk,-+3aj(xj—sz)) | —t-BSy;—*
P P, dt dt

(3.62)

R dPR
(skjlkj+s( sz)) dt P,

Mechaninés sistemos matematinj modelj sudaro pirmos ir antros eilés
diferencialiniy lygciy sistema, kuri suvedama j lygciy sistema i§ aStuoniy pirmos eilés
lygciy, o joms iSspresti naudojami biidai, pagristi Rungés-Kuto (Runge-Kutta) metodu
[72-75]. Sprendimas realizuotas MathCad bazgje.
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Diferencialinés lygtys aprasomos matricoje (3.63), kur laiko t atzvilgiu
kintantys nariai kiekvienu laiko momentu perskaic¢iuojami atskirose procediirose.

o ]
dt
d’x,
dt? - -
dx, X,
E fl(x01X1YX4)
d’x, Xy
b x)=| 4 || (XaXa Xs) (3.63)
% f3(XO’X4’X5’X6)
dt f,(X,, X, X, X))
dPe | [ X,
dt X,
P | - y
dt
dP,
L dt ]

3.4.3.2 Skaitmeninio tyrimo rezultatai ir jy analizé.

Skaitmeninio tyrimo metu, parinkus tam tikrus vibrosuzadintuvy kamery
geometrinius parametrus (I, lks, r1, fee, lke, r2), pradinio jverzimo Hz, darbiniy kiiny
masiy mp ir my reikSmes, buvo kei¢iamos paduodamo pulsuojamo slégio
charakteristikos: amplitudés Az, Az, kampiniai dazniai @i, @»ir pradinés fazés @1, ¢».

Visuose testuose vibrosuzadintuvy geometriniai parametrai buvo pastovis: fiq =
e = 2,5%102 M, ra = ra =3,5x102 m, r1 = r, =2,0x10° m, sinchronizavimo kanalo
spindulys ir ilgis taip pat buvo pastovus: I, = 100x10°m, kanalo spindulys r, =2,5x10®
m.

3.6 lentelé. Pradiniai duomenys.

Paduodamo slégio parametrai
Testo i m, Iké st, 5 v
Nr kg | x10°m | x10°m ><10I5’Pa ><10‘F"|Pa o radls i rad
1 2 3 5 7 8 9 10 11
1 1 |04 60 1,0 1,6 3,04 60 0
2 1,0 40 1,0 1,6 3,04 60 0
) 1 |04 60 1,0 1,6 3,04 60 0
2 1,0 40 1,0 1,6 3,04 30 0
3 1 |04 60 1,0 1,6 3,04 60 0
2 1,0 40 1,0 1,6 3,04 60 T
4 1 [02 20 2,0 2,2 6,08 120 0
2 |08 60 2,0 1,6 3,04 30 0
5 1 |02 20 2,0 2,2 6,08 120 /2
2 108 60 2,0 1,6 3,04 30 0
6 1 0,2 40 2,0 2,43 7,09 var. var.
2 0,4 60 2,0 1,82 4,05 var. var.
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I§ pradziy buvo tiriami vibrosuzadintuvy darbo kiiny autovirpesiai be
aerodinaminio rySio, t.y. vibrosuZadintuvai dirbo savarankiskai (be sinchronizavimo
kanalo). Po to stebima, kaip autovirpesiy forma veikia sinchronizuojancio kanalo tarp
vibrosuzadintuvy egzistavimas, nustatomas i$¢jimo j sinchroninj autovirpesiy rezimg
laikas tsinch..

1 testas. Atliekant pirmg testg, buvo parinkti dinaminés sistemos pradiniai
duomenys, atitinkantys reik§mes i§ 3.6 lentelés Nr.l1. ] kameras paduodamas
pulsuojantis slégis kito pagal ta patj désnj (3.64). Tokiu buidu paduodami slégiai
svyruoja nuo 1,3x10° Pa iki 1,9x10° Pa.

P,(t) =P, (t) =1.6x10° +3.04 10" sin(60t) (3.64)

Neaktyvavus sinchronizacijos rySio dél skirtingy kamery geometriniy parametry
nusistovi skirtingos formos autovirpesiai (zr. 3.32 pav.). Isé¢jimo j autovirpesiy rezima
charakteris yra pakankamai sudétingas, taciau po laiko ti= 0,4 s autovirpesiai
,nusistovi” pirmojoje kameroje, o po laiko t,= 0,5 s — ir antrojoje. Susiformuoja
autovirpesiai, kuriy periodai praktiskai sutampa. Tai galima paaiskinti vienodu
paduodamy dazniy pulsavimu. Pirmoje kameroje virpesiy amplitudé A; Sokinéja nuo
0,5x10°m iki 1,47x10°m, o0 antrojoje yra apie A,= 1,2x10°m.
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3.32 pav. Abiejy vibrosuzadintuvy darbo kiiny virpesiai be aerodinaminio sinchronizacijos
rySio (pradiniai duomenys i§ 3.6 lentelés Nr.1: i=1 (x1) pilka linija, i=2 (X2) juoda punktyriné
linija)
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3.33 pav. Abiejy vibrosuzadintuvy darbo kiiny virpesiai su aerodinaminiu sinchronizacijos
ry$iu (pradiniai duomenys i$ 3.6 lentelés Nr.1: i=1 (x1) pilka linija, i=2 (X2) juoda punktyriné
linija).
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Aktyvavus sinchronizacijos kanala, vibrosuzadintuvy darbo kiiny autovirpesiy
charakteris po laiko tsincn=0,29 s akivaizdziai tampa paprastesnis (3.33 pav.),
skirtumas tarp amplitudziy sumazéja (A"1=1,1x10°m, A"= 1,4x10°m), o daznio
skaitinés vertés tampa vienodos f'1=f=10,2 Hz. Po laiko tsinch NUSistovi harmoniniai
darbo kiino, kurio masé ms, virpesiai, 0 masés m; judéjimo désnis - neharmoninis.

2 testas. Pakeitus j antrajg kamera paduodamo slégio kampinio daznio reikSmes
(pradiniai duomenys pagal 3.6 lentelés Nr.2), | kameras paduodmi slégiai kinta pagal
désnius (3.65) ir (3.66). Paduodami slégiai svyruoja nuo 1,3x10° Pa iki 1,9 x10° Pa
(3.34-b pav.).

P,(t) =1.6x10° +3.04 x 10" sin(60t) (3.65)
P, (t) =1.6x10° +3.04 x10* sin(30t) (3.66)

Neaktyvavus sinchronizacijos ry$io, gaunami masiy my ir mp autovirpesiai,
iliustruojami 3.34-a pav. Pastebima, kad masiy autovirpesiy formos skiriasi, o dazniai
nevienodi. Masé m; virpa pagal neharmoninj désnj, o antrojo vibrosuzadintuvo masés
m; virpesiai pereina j harmoninius.
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3.34 pav. a) - abiejy vibrosuzadintuvy darbo kiny virpesiai be aerodinaminio
sinchronizacijos rysio (pradiniai duomenys i$ 3.6 lentelés Nr.2: i=1 (x1) pilka linija, i=2 (x2)
juoda punktyriné linija) b) — paduodamo slégio P; ir P2 pulsavimo funkcijos.

Aktyvavus sinchronizacijos kanala, vibrosuzadintuvy darbo kiiny autovirpesiy
charakteris po laiko tsinch.=0,41 s supanaséja, o vidutinés amplitudés ir daznio skaitinés
vertés praktiSkai tampa vienodos (3.35 pav.). Masiy m: ir m; neharmoniniai
autovirpesiai tampa panasios formos.

leO_;' H :
“ I Lonen x, - neharmoninis désnis
6x107 ‘[F\H
X T IRTH|
e 1 )
KBS, Ie < N g
= AR N A 2N Yoo, £ 2
E S & DAL YA RN WA E
= 4x10 ‘ [T haf AVAS NP \or~ L~ N S\
" \f" { H\f\\ Vo VTN TSN i
| 1 d
Sy
2x10 ‘ : X, - neharmoninis désnis
0 0.2 04 0.6 0.8

t(s)

3.35 pav. Abiejy vibrosuzadintuvy darbo kiiny virpesiai su sinchronizacijos rysiu (pradiniai
duomenys i$ 3.6 lentelés Nr.2: i=1 (x1) pilka linija, i=2 (x2) juoda punktyriné linija).
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3 testas. Kai pakeiciama j antraja kamera paduodamo slégio fazé (pradiniai
duomenys pagal 3.6 lentelés Nr.3), j kameras paduodmi slégiai kinta pagal désnius
(3.67) ir (3.68) ir svyruoja nuo 1,3x10° Pa iki 1,9 x10° Pa (3.36-b pav.).

P,(t) =1.6x10° +3.04 x10* sin(60t) (3.67)
P, (t) =1.6x10° +3.04x10" sin( 60t + 7) (3.68)

Neaktyvavus sinchronizacijos ry$io, nusistovi autovirpesiai, iliustruojami 3.36-
a pav. Vibrosuzadintuvy masés mz ir my virpa skirtingais dazniais, masé m; - pagal
neharmoninj désnj.
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3.36 pav. a) - abiejy vibrosuzadintuvy darbo kiiny virpesiai be aerodinaminio
sinchronizacijos rysio (pradiniai duomenys i§ 3.6 lentelés Nr.3: i=1 (x1) pilka linija, i=2 (x2)
juoda punktyriné linija) b) — paduodamo slégio P ir P, pulsavimo funkcijos.

Ivedus sinchronizacijos rysj, vibrosuzadintuvy darbo kiinai po laiko tsincn.=0,38
s ima dirbti priesfaze su pulsuojancia amplitude, autovirpesiy amplitudés sumazéja 3-
4 Kartus (3.37 pav.).
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3.37 pav. Abiejy vibrosuzadintoiy darbo kiiny autovirpesiai su aecrodinaminiu
sinchronizacijos rysiu (pradiniai duomenys i§ 3.6 lentelés Nr.3: i=1 (x1) pilka linija, i=2 (x2)
juoda punktyriné linija) a) — laiko intervale iki 1 s, b) — padidintas fragmentas

4 testas. Pakei¢iami mechaninés sistemos pradiniai duomenys: darbo kiny
masés, kamery geometriniai parametrai (duomenys pagal 3.6 lentelés Nr.4) bei |
kameras paduodamo slégio kitimo désniai (3.69) ir (3.70). | pirma kamera
paduodamas slégis dabar kinta nuo 1,59 x10° Pa iki 2,81 x10° Pa,  antrg - Svyruoja
nuo 1,3x10° Pa iki 1,9 x10° Pa (3.38-b pav.).

P, (t) = 2.2x10° +6.08x10* sin(120t) (3.69)
P, (t) =1.6x10° +3.04x10" sin(60t) (3.70)
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Neaktyvavus sinchronizacijos rysSio, gaunami virpesiai, iliustruojami 3.38-a
pav.). Rezultatai rodo, kad pirmoje kameroje nusistovi harmoniniai virpesiai, kuriy
amplitudé A;=1,5x10° m, o daznis f;= 18,9 Hz. Tuo tarpu antroje kameroje
svyravimai pulsuoja - amplitudé A, kinta nuo 2,2x10° m iki 5,7x10° m, jgydama
minimalias reikSmes tais laiko momentais, kai paduodamo pulsuojanéio slégio
reik§mé yra minimali, o daznis f,= 20,4 Hz.
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3.38 pav. a) - abiejy vibrosuzadintuvy darbo kiiny virpesiai be aerodinaminio
sinchronizacijos ry$io (pradiniai duomenys i§ 3.6 lentelés Nr.4: i=1 (x1) pilka linija, i=2 (x2)
juoda punktyriné linija) b) — paduodamo slégio P ir P2 pulsavimo funkcijos.

Esant sinchronizacijos rySiui, vibrosuzadintuvy darbo kiiny virpesiai jgyja
pana$ig formg (3.39 pav.). Abiejy vibrosuzadintuvy masés m; ir my virpa pagal
harmoninj désnj su pulsuojan¢ia amplitude. Pirmos kameros darbo kiino virpesiy
amplitudé padidéja A"1=1,7x10° m, o antroje kameroje amplitudé sumazéja
A,=1,4x10"° m. Svyravimy daznis tampa vienodas f1=f,=18,9 Hz, ta¢iau susidaro
faziy skirtumas A¢.
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3.39 pav. Abiejy vibrosuzadintuvy darbo kiiny virpesiai su aerodinaminiu sinchronizacijos
rySiu (pradiniai duomenys i§ 3.6 lentelés Nr.4: i=1 (x1) pilka linija, i=2 (X2) juoda punktyriné
linija).

5 testas. Pakeitus j pirmaja kamera paduodamo slégio prading faze (duomenys

pagal 3.6 lentelés Nr.5), | kameras paduodamy slégiy désniai bus apraSomi
formulémis (3.71) ir (3.72).

P,(t) = 2.2x10° +6.08x10* sin(120t +7/2) (3.71)
P, (t) =1.6x10° +3.04x10* sin(60t) (3.72)
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Vien tik pradinés fazés suteikimas 1-0jo vibrosuzadintuvo paduodamam
pulsuojanciam slégiui P1(t), neaktyvavus sinchronizacijos rysio, priverté kitaip virpéti
1-0jo vibrosuzadintuvo darbo kiing (zr. 3.40 pav.). Dabar pirmoje kameroje nusistovi
neharmoniniai virpesiai, kuriy amplitudé A; kinta nuo 0,6x10° m iki 2,1x10° m, o
virpesiy daznis, randamas pagal didziausius funkcijos ekstremumus arba pritaikius
funkcijos glotninima, artimas reik§mei f;= 19,5 Hz.
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3.40 pav. Abiejy vibrosuzadintuvy darbo kiiny virpesiai be aerodinaminio sinchronizacijos
rySio (pradiniai duomenys i§ 3.6 lentelés Nr.5: i=1 (x1) pilka linija, i=2 (X2) juoda punktyriné
linija).

Ivedus sinchronizacijos rysj, vibrosuzadintuvy darbo kiinai virpa pagal désnius

su pulsuojanciomis amplitudémis (pavaizduotus 3.41 pav.), o pirmos ir antros kamery
amplitudés priartéjo prie vienos reik§més: A"1=1,7x10° m, A",=1,4x10°m
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3.41 pav. Abiejy vibrosuzadintuvy darbo kiiny virpesiai su aerodinaminiu sinchronizacijos
rySiu (pradiniai duomenys i§ 3.6 lentelés Nr.5: i=1 (x1) pilka linija, i=2 (X2) juoda punktyriné
linija).

6 testas. Toliau buvo atlikta nemazai tyrimy pagal geometrinius sistemos
duomenis, pateiktus 3.6 lentelé¢je Nr.6 ir keiCiant j vibrosuzadintuvy kameras
paduodamy slégiy désnius bei parametrus (3.61) lygc¢iai. Charakteringiausi rezultatai

su vibrosuzadintuvy darbo kiiny virpesiais su aerodinaminiu rySiu per laikg t = 1,55
pateikti 3.7 lenteléje.
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3.7 lentelé. | zadinimo kameras paduodamo slégio Kitimo désniai ir vibrosuzadintuvy darbo
kiiny autovirpesiy, esant aerodinaminiam sinchronizacijos kanalui, formos.

I kameras Slégiy pulsacijos, kur Darbo kiiny (masiy mz1 ir mz) autovirpesiy
Res | paduodam P1°=2.43x10° Pa, formos, esant geometriniams parametrams:
Nr. o slégio Ap1=7.09%10* Pa, m;=0.2 kg, lq=40x10"°*m, Hz;=Hz=2x10"°m,
parametrai | P:°=1.82x10°Pa, Ap,;=4.05x10* Pa Ma= Ne=2.5x10°m, m,=0.4 kg, 1,,=60%10"m
1 2 3 4
1 =60 " -
8107Y - X
rad/s Al dnalh A /.A Moi Gk B
=0 rad. i 2 ﬂ W \»’!Nu'\/’f\j\ /"/\/ \VAVAV
a2=0 rad/s : - | Y ¥
- e
@2=0 rad. g 2
0 05
P1(t)=P1° + Al;l'Sin(GOt), .Nysistovi ab_ieju, _darbo kﬁnl_.} yi_eno da?nio,_ )
Pa(t)= P2 skirtingy amplitudziy harmoniniai autovirpesiai
2 @1=60 o = -
rad/s T4 A A A A A A
=0 rad «f AN ‘!\\ //\ AAAN
= : = & 2 "’Ih (TRVARY, \/ L/'I VAR AR \L B
=60 w e \
rad/s »a07h X,
=0 rad. , g
—p,0 <i . . .
F;(g)_PPl Oiﬁpl::zgggg’ Nusistovi abiejy darbo kiiny vieno daznio
AL harmoniniai autovirpesiai
3 =60 w107y | - X,
rad/s TR A A R (A .
=0 rad e l’ﬁ&‘f\c/mzsva\' }'V' Vi L/ poeloelel
=60 T AT KX /TR
- 3
rad/s <oy X,
=T “0 05 1 15
t(s)
t(s) - - - . .
. Nusistovi autovirpesiai su priesfaze. X1- masés
— 0 .
PP1t(tz—PPO1 +;AP.1 S méf(i)Oi), mz harmoninis judéjimo désnis, X2- masés mz
2()= P2 P2Sin(60t-+) neharmoninis judéjimo désnis.
4 =60 i 2
rad/s - ‘1 e
=0 rad. I VAR 5
=30 oan
rad/s 2407 X,
(02:0 rad. :] 05 1 15
t(s)
b Nusistovi abiejy darbo kiiny vieno daznio
Pa(t)= P1° +Ap1-sin(601), neharmoniniai autovirpesiai su pulsuojan¢iomis
P2(t)= P2° +Ap2-sin(30t) amplitudémis.
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P2(t)= P2 +Ap-sin(60t)

2 3
=60 - <
rad/s . '
_0 6x10° |P \ia /\ § /N Wi/ W, ["H
@=0rad. z W W v\r\'“ A/ uliA/ A/ f‘/)/\z\_\ :
@=30 . o ‘ A R | N
rad/s wry 2
= 0,57 0 05 1 15
1(s)
. Abiejy darbo kiiny masés virpa pagal
P(t)1= P10 +Ap1-sin(601) sudétingus judéjimo désnius su periodiskai
Pa(t)= P20 +Apz-sin(30t+ ,/2 ) kintan€iomis amplitudémis ir dazniais.
MEIGO 8x10 ) .\/ r‘
rad/s Mk A AN A A
@:0 rad. s * 3|tl_ﬁ;¥! \L'Y"\j/ \«J\ / /\‘\/ ﬂ-\\//(\/\“//\w; s
a2=30 = o w0 ]* A g
rad/s i
;=T o 05 1 15
1(s)
@ Nusistovi abiejy darbo kiiny vieno daznio
Pi(t)= P1° +Ap1-sin(601), neharmoniniai autovirpesiai su pulsuojan¢iomis
Pa(t)= P2° +Ap2:sin(30t+x) amplitudémis.
=120 5 =X,
rad/s 'Y l
=0 rad. s ‘ M, Mw V\} e
@2=60 = > z 7]
rad/s
([72:0 rad. ] 05 1 15
1(s)
t© Nusistovi abiejy darbo kiiny vieno daznio
P1(t)= P10 +Ap1-sin(1201), neharmoniniai autovirpesiai su pulsuojanciomis
Pa(t)= P2 +Ap2-sin(60%) amplitudémis.
@=120 ; , Ty %
wt T RV PO
oo JW WA a \ AU
@»=0 rad/s = o T a0 | ! y | \ ]
=0 rad. i . P
0 05 1 15
1(s)
o Nusistovi abiejy darbo kiiny vieno daznio,
. Kirti litudés harmoniniai virpesiai
Pi(t)= P,0 +Apysin(1201), skirtingos amplitudés harmo al autovirpesia
Pa(t)= P2°
an=0 rad/s s 5 .
¢=0 rad. oty AN A ol oA ‘ % A
=60 210 \HHMH\\“IHH ) 6107 :FLJLUMV \\/ 7\\‘7/\;’//\/V\/\/\/ .
rad/s . TRV TR VAR, ‘\/_ . L e JI B
m=Orad, | ™ . | =
n 05 1 15
1(s)
g e s Nusistovi abiejy darbo kiiny vieno daznio,
Ee skirtingos amplitudés harmoniniai autovirpesiai
Pi(t)= P1°
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£

P1(t)= P1° +Ap1-sin(60t),
B P, when t<0.3s
P, + A,,sin(60t + ), t>0.3s

1 2 3 4
10 | @=0rad/s e _—
=0 rad T Ff‘ /
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@:0 rad 1x10 bm.si A
0 05 1 15
0 02 0.4 06 1)
@ Nusistovi abiejy darbo kiiny vieno daznio,
P1(t)= P1° skirtingos amplitudés harmoniniai autovirpesiai
[P, when  t<0.3s
P+ A,sin(60t), t>0.3s
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ar);d?so . ey 22
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‘© Nusistovi abiejy darbo kiiny vieno daznio,
P1(t)= P1° +Apy1-sin(60t), panasios amplitudés harmoniniai autovirpesiai
. P’, when t<0.3s
P+ A,sin(60t), t>0.3s
12 @1=60 i .
oM A A A A A AT
rad/s ‘I\JI\ 11“ f“ﬁﬂ” f’/;\ /‘ r[ MM R
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rad/s
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Nusistovi neharmoniniai skirtingos periodiskai
kintan¢ios amplitudés autovirpesiai su priesfaze

Sio testo metu buvo atlikti skaitmeniniai tyrimai, kai vibrosuzadintuvy,

sujungty aerodinaminiu rySiu, geometriniai parametrai buvo skirtingi, o paduodamo
slégio parametrai keisti pagal duomenis 3.7 lenteléje.

Rezultatai parodé, kad naudojant sinchronizuojantj kanala, vibrosuzadintuvuose

po tam tikro i$¢jimo | sinchroninj autovirpesiy rezimg laiko tsinch. NUSIStOVi
harmoniniai arba neharmoniniais darbo kiiny autovirpesiai.

3.44 Dviejy kamery pneumatinés vibropavaros su tampria grandimi
sinchronizacijos ir faziy valdymo tyrimas, kai paduodamas slégis pastovus.

Toliau sprendziama vibropavaros mechaninés sistemos su viename korpuse

jmontuotais dviem pneumatiniais vieno laisvés laipsnio vibrosuzadintuvais,
sinchronizacijos uzduotis. Pasiiilytas vibrosuzadintuvy darbo kiiny sinchronizacijos
kai jie sujungiami sinchronizuojancia tampria grandimi — spyruokle,

biuidas,
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skaitmeniniu budu istirti vibrosuzadintuvy darbo rezimai, | kameras paduodant
pastovy slégi.
3.4.4.1 Pneumatinés vibropavaros schema ir veikimo principo aprasymas.

3.42 pav. pavaizduota pneumatinés dviejy kameros vibropavaros schema, kai
darbo kiinai sujungti sinchronizauojancia spyruokle.

RE 5. e
T \ NN \\\\\ T 2
T N I P N
“Eer k/ %M/\/\/\/W\A{:% B L T
N "“\ NN TN
3\ NI \ ANTINNN A

y H P Y
xj W, 2 x2 W,
[ N VR W, b

3.42 pav. Dviejy kamery pneumatinés vibropavaros schema: 1 — korpusas, 2 — darbo kiinus
jungianti grandis, 3,4 — vibrosuzadintuvy kameros, 5 — darbo kiinai.

Pavara sudaro korpusas 1, kuriame sumontuoti du vibrosuzadintuvai. |
vibrosuzadintuvus paduodamas suspaustas oras (dujos) Pi ir P,. Kiti darbo kiiny
judéjima lemiantys parametrai: atitinkamai - my ir m - masé¢, Ki, Ko — pasiprie$inimo
koeficientas, C;, C, — standumo koeficientas, x; ir xo kamery darbinio kiino poslinkis.
Kamerose 3 ir 4 susidaro slégiai Px1 ir Pko. Darbo kiinai sujungti spyruokle, kurios
charakteristikas nusako spyruoklés standumo koeficientas Cs ir pasipriesinimo
koeficientas K.

3.4.4.2 Matematinis modelis.

Kuriant matematinj modelj buvo pasinaudota Sen-Venano ir Vanselio (De Saint
Venant, Vantzel) formulémis, adaptuotomis dviems, vienoje mechaningje sistemoje
veikiantiems, vibrosuzadintuvams.

Visa sistema apraSoma dviem antros eilés diferiancialinémis lygtimis,
nusakanciomis kiekvieno vibrosuzadintuvo darbinio kiino (masés mz ir my) judéjima,
jvertinus sinchronizuojanéiq grandj:

dx d

-K, +C+C X, )—-C.(x,—H,,) =
( (X —H,) ( ) (373)
m (Pkl_Pa)
d?x dx dx
—2 _K,—2+(K, +K,)—2%— -H —-H,)=
m2 dt2 3 dt +( 2+ 3) dt CS(Xi zz)+(C2+C3)(X2 22) (374)

”rkzz(sz - Pa)

Cia Hu ir Hy, — pradinis virpanéiy masiy my ir m jverzimas, Py ir Pio — Suspausto
oro slégis kamerose, Pa— atmosferos slégis (Pa =10° Pa), K3, K, Ks — pasipriesinimo
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koeficientai, C1, C,, Cs — standumo koeficientai, x; ir Xo kamery darbinio kiino
poslinkiai.

Dujy debitas kamerose apraSomas lygtimis pagal dujy masés pusiausvyros
désnj:

4Qq

ot =W, -W, (3.75)
dQ,, _ _
dt =W,, —W,, (376)

Cia Qu ir Qu2— dujy kiekis kamerose, Wi ir Wa1 — j kameras paduodamy dujy
debitas, W1, ir Wo, — i§ kameros darbinio kiino kryptimi istekan¢iy dujy debitas.
Bendruoju atveju dujy debitas kamerose apskai¢iuojamas:

dt dt P

]

1
dQ, P, )’
QkJ :i p(Lj (ﬂ-rkﬂkj +7z;ra§xj) (377)

Pritaikius Sen-Venano ir Vanselio (De Saint Venant, Vantzel) lygtis
nagrinéjamai sistemai, dujy srautg Wj1, patenkantj | kameras j (j=1, 2) ir srautg Wi,
iStekantj i§ kamery, galima aprasyti lygtimis (3.50) ir (3.51).

Taigi, bendrg dviejy vibrosuzadintuvy, sujungty aerodinaminio rySio
sinchronizacijos kanalu, dinamika galima aprasyti lygciy (3.73-3.76) sistema, kur
naudojamos iSrai§kos (3.77), (3.50), (3.51).

Sprendimo metu pirmos ir antros eilés diferencialiniy lyg€iy sistema suvedama j
Sesiy pirmos eilés lygciy sistemg. Lygtims i$spresti naudojami Rungés-Kuto (Runge-
Kutta) metodu pagrijsti bidai su kintamu ir fiksuotu integravimo zingsniy skai¢iumi.
Sprendimas realizuotas MathCad bazéje.

Diferencialinés lygtys apraSomos matricoje (3.78), kur laiko t atzvilgiu
kintantys nariai kiekvienu laiko momentu perskai¢iuojami atskirose procedirose.

_Xm _
dt
d’x, | -
dt? X,
(jx2 f1(X07x17x2vx3|X4) ,
b x)—| 4t || % (3.78)

dzxz f,(Xg, Xy, X5, X4, Xg)
dt? fo (X, X,)

dPa | | (X, X,)
dt
dr,,

L dt |

¢ia funkcijy f1 ir f, iSraiSkos randamos atitinkamai i (3.73) ir (3.74) lygéiy, o
funkcijos f3 ir fs (slégio vibrosuzadintuvy kamerose pokytis per laiko t vieneta)
i§vedamos i8 (3.75-3.77), (3.50) ir (3.51) lygéiy:
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—W. —S.% X ,Bij
Tt (S, +S,0x - HL,)

(3.79)

3.4.4.3 Skaitmeninio tyrimo rezultatai ir jy analize.

Skaitmeninio tyrimo metu buvo kei¢iami kamery geometriniai parametrai (i, Ik,
r1, e, lie, I2), pradinio jverzimo Hz, j kameras paduodamo slégio P1 ir P2, darbiniy kiiny
masiy m; ir m; reik§més. Siekiant jsitikinti, jog sinchronizuoajnti spyruoklé daro jtaka
darbo kiiny virpesiams, pradzioje buvo tiriamas teorinis modelis nevertinant darbo kiinus
jungiancios spyruoklés, t.y. vibrosuzadintuvai dirbo be sinchronizavimo rysio. Po to
stebima, kaip virpesiy charakterj lemia esanti tampri grandis vibrosuZadintuvy.

1. Esant duomeny rinkiniui, kai pirmojo vibrokeitiklio pradiniai duomenys yra
Ma = 25%10°m, ra = 30x10°m, la = 40x10°m, ry = 2x10°m, P4/P,= 1.6, m;=1,0
kg, 30x10°m, lio=40%x10°m, r,=2x10°m, Po/P,= 1.8, m;= 1,5 kg, H,= 0,2x107
m, vibrosuzadintuvuose susidaro skirtingo daznio autovirpesiai (3.43 pav.) su
skirtinga amplitude: A;=4,48x10° m, f;= 19,29 Hz, A,=8,81x10° m, f,= 15,59 Hz.
Aktyvavus sinchronizuojancig grandj, kurios parametrai: Cz; = 5900 N/m,
pasipriesinimo (slopinimo) konstanta K; = 30 kg/s, nusistovi vienodos fazés ir daznio
virpesiai: f'1=1f,=16,74 Hz (3.44 pav.).

%1 (m)
%2 (m)

t(s)

3.43 pav. Skirtingo daznio ir skirtingos amplitudés abiejy vibrosuzadintuvy darbo kiiny
virpesiai x; dirbant nepriklausomai 1 s: i=1 (x1) pilka linija, i=2 (X2) juoda punktyriné linija.
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3.44 pav. Sinchronizuojanéia spyruokle sujungty vibrosuzadintuvy vienos fazés ir daznio
darbo kiiny virpesiai X; : i=1 (X1) pilka linija, i=2 (X2) juoda punktyriné linija.
I§ skaitmeninio tyrimo rezultaty matyti, kad, sujungus atskiry vibrosuzadintuvy
darbo kiinus spyruokle, galima sinchronizuoti jy virpesius.
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3.8 lentelé. Pradiniai duomenys ir rezultatai.

Te e I Hz Be sinchronizacijos | Su sinchronizacijos
st i m, Xlo‘,g xl’o Pi/ xlo’_ kanalo kanalu
0 kg m 3m Pa im Ai, m fi, Hz Ai*, m fi*, Hz
Nr
1|2 3 4 5 7 8 9 10 11 12
1 1110 |25 40 | 16 2,0 | 448x10° | 19,29 | 6,18 x10° | 16,74
2115 |25 40 | 2,0 2,0 | 881x10° | 1559 | 8,25x10% | 16,74
) 1112 |25 40 | 2,0 2,0 | 8,95x10° | 17,50 | 8,21x10° | 18,67
2110 |25 40 | 1,8 10 | - 20,02 | 8,21x10° | 18,67
3 1110 |25 40 |16 2,0 | 448x10° | 19,29 | - 16,63
2120 |25 20 | 25 10 | - 14,9 - 16,63
4 1110 |25 40 | 16 2,0 | 4,73x10° | 19,70 | 2,51x10° | 1181
2130 |25 100 | 1,5 2,0 | 6,89x10° | 9,68 5,90x10° | 11,79
5 1105 |25 40 | 16 00 |- 30,70 | 1,93x10° | 10,11
2140 |25 80 | 15 2,0 | 6,94x10° | 8,51 5,81x10° | 10,12
6 105 |25 40 | 16 0,0 |- 30,70 | 1,99x10° | 9,92
2140 |25 80 |15 2,0 | 6,94x10° | 8,51 6,39x10° | 9,95

2. Esant duomeny rinkiniui i$ 3.8 lentelés Nr.2, kai kiti pirmojo virbokeitiklio
pradiniai duomenys: jverzimas H,= 0,2x10° m , antrojo vibrosuzadintuvo jverzimas
H,=0,1x10"m, vibrosuzadintuvuose dirbant nepriklausomu rezimu susidaro skirtingo
charakterio virpesiai. Pirmoje kameroje stebimi autovirpesiai su amplitude
A;=8,92x10° m, fi= 17,50 Hz, o antroje virpesiai su pradiniu dazniu f;= 20,02 Hz po
0.8 s uzgesta (3.45 pav.). Aktyvavus sinchronizuojancig grandj, kurios parametrai:
Cs = 5900 N/m, pasipriesinimo (slopinimo) konstanta Kz = 30 kg/s, nusistovi

vienodos amplitudés ir tokio pat daznio virpesiai abiejose kamerose (3.46 pav.).
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3.45 pav. Abiejy vibrosuzadintuvy darbo kiiny virpesiai X; dirbant nepriklausomai 1 s: i=1

(x2) pilka linija, i=2 (x2) juoda punktyriné linija.
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3.46 pav. Sinchronizuojancia spyruokle sujungty vienos fazés ir daznio vibrosuzadintuvy

darbo kiiny virpesiai X; : i=1 (x1) pilka linija, i=2 (X2) juoda punktyriné linija.
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3. Esant duomeny rinkiniui i$ 3.8 lentelés Nr.3 ir palikus tg patj pradinj jverzima
H;, dirbant nepriklausomu rezimu pirmoje kameroje stebimi autovirpesiai su
amplitude A;=4,48x103 m, f;= 19,29 Hz, o antroje — gestantys virpesiai su didesne
negu pirmos kameros amplitude ir dazniu f,= 14,9 Hz (3.47 pav.). Aktyvavus
sinchronizuojan¢ig grandj, stebimi vienodo daznio ir panas¢janCios amplitudés
gestantys virpesiai abejose kamerose (3.48 pav.). Svyravimy pirmoje kameroje
amplitudé padidéjo, o daznis sumazéjo. Tuo tarpu antroje kameroje svyravimy daznis
padidéjo.
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3.47 pav. Abiejy vibrosuzadintuvy darbo kiiny virpesiai X; () ir faziniai vaizdai (b) dirbant
nepriklausomai 1 s: i=1 (x1) pilka linija, i=2 (X2) juoda punktyriné linija.
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3.48 pav. Sinchronizuojancia spyruokle sujungty vibrosuzadintuvy darbo kiiny vieno daznio
gestantys virpesiai Xi : i=1 (X1) pilka linija, i=2 (X2) juoda punktyriné linija.

4. Esant duomeny rinkiniui i§ 3.8 lentelés Nr.4, iki 2 karty padidinamas
nepriklausomu rezimu dirbanc¢iy darbo kiiny virpesiy dazniy skirtumas (3.49 pav.).
Aktyvavus sinchronizuojancia grandj, abejose kamerose po laiko tarpo t=0,08 s
nusistovi vieno dazno autovirpesiai, taiau pirmoje kameroje darbo organas juda pagal
neharmoninj désnj (3.50 pav.).
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3.49 pav. Abiejy vibrosuzadintuvy darbo kiiny virpesiai X, dirbant nepriklausomai 1 s: i=1
(x1) pilka linija, i=2 (X2) juoda punktyriné linija.
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3.50 pav. Sinchronizuojanéia spyruokle sujungty vibrosuzadintuvy darbo kiiny virpesiai X; :
i=1 (X1) pilka linija, i=2 (x2) juoda punktyriné linija.

5-6. Esant duomeny rinkiniui i§ 3.8 lentelées Nr.5 ir Nr.6, tiriama
sinchronizuojancios grandies jtaka abiejy kamery virpesiams. Nepriklausomu rezimu
dirban¢iy darbo kiiny virpesiai buvo skirtingo charakterio: pirmojoje kameroje
virpesiai geso, antrojoje buvo harmoniniai (3.51 pav.). Aktyvavus sinchronizuojancig
spyruokle, kurios pasiprieSinimo (slopinimo) konstanta K = 30 kg/s, po laiko tarpo
t=0.057 s nusistovi vienodo daznio autovirpesiai abejose kamerose (3.52 pav.).
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3.51 pav. Abiejy vibrosuzadintuvy darbo kiiny virpesiai x;, dirbant nepriklausomai 1 s: i=1
(x1) pilka linija, i=2 (X2) juoda punktyriné linija.
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3.52 pav. Sinchronizuojanéia spyruokle sujungty vibrosuzadintuvy darbo kiiny virpesiai X;
i=1 (x1) pilka linija, i=2 (x2) juoda punktyriné linija.

Kai sinchronizuojancios spyruoklés pasipriesinimo (slopinimo) konstanta K =
10 kg/s, vieno daznio autovirpesiai nusistovéjo po didesnio laiko tarpo t=0,13 s (3.53
pav.), ir paciy virpesiy amplitudés padidéjo, o dazniai sumazgjo.
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3.53 pav. Sinchronizuojanéia spyruokle sujungty vibrosuzadintuvy darbo kiiny virpesiai X;
i=1 (x1) pilka linija, i=2 (X2) juoda punktyriné linija.

Skaitmeniniy tyrimy i§vados.

Panaudojant Sen-Venano ir Vanselio (De Saint Venant, Vantzel) lygtis sukurtas
matematinis modelis, apraSantis dviejy pneumatiniy vibrosuZadintuvy su
sinchronizuojanciu kanalu mechaninés sistemos dinamika. Modelis susideda i$ keliy
pirmos ir antros eilés diferencialiniy lyg€iy sistemos, kuri, suvedus j $esiy pirmos eilés
lygéiy sistema, i$spresta Rungés-Kuto (Runge-Kutta) metodu.

ISvados pagal skaitmeninius tyrimus, kai vibrosuZadintuvai sujungti
sinchronizuojanciu aerodinaminiu rysiu, o paduodamas slégis pastovus.

Nustatyta, kad sinchronizavimo aerodinaminio rysio jvedimas padeda ne tik
mechaninés sistemos savaiminei sinchronizacijai, bet turi didel¢ jtaka autovirpesiy
parametrams: daZniausiai sumazéja virpesiy amplitudés abejose kamerose, taCiau
stebimi atvejai (P1/Pa > 2,15, P./P, =1,6) kai vieno vibrosuzadintuvo amplitudé
iSauga, o kito sumazéja.

Skaitmeniniai tyrimai parodé, kad vienam vibrosuzadintuvui savarankiskai
dirbant autovirpesiy rezimu, o kitam - su gestanciais virpesiais, kuriy daznis yra
mazesnis, esant sinchronizacijai, galima pasiekti, kad abiejuose vibrosuzadintuvuose

biity iSgaunami harmoniniai virpesiai (P1/Pa=1,6, P2/Pa > 2,0).
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Skaiciavimy rezultatai rodo, kad i$¢jimo | autovirpesiy rezimg darbo kiino
judéjimo désnis priklauso nuo geometriniy vibrosuzadintuvy parametry bei pradiniy
salygy ir gali buti jvairus: sinchroninio daznio harmoniniai autovirpesiai gali
nusistovéti tik po kurio laiko (P1/Pa > 1,6, P2/Pa >1,6). Nusistovéjimo laikas
atvirks¢iai proporcingas santykiui Pi/Pa.

Nustatyta, kad kai atskirai dirban¢iuose vibrosuzadintuvuose susidaro virpesiai,
kuriy daznis skiriasi daugiau negu 1,8 Karto, esant sinchronizavimo rysiuli,
vibrokeitiklyje, kurio virpesiy daznis buvo didesnis, bet amplitudé mazesné,
susiformuoja neharmoninis darbo kiino judéjimo désnis (P1/Pa> 2,0, P2/Pa < 1,8).

Sinchronizacijos kanalo ilgis turi Zymesnés jtakos virpesiy amplitudei ir
nedidelés jtakos — dazniui, taciau kanalo skerspjiivis gali pakeisti virpancios masés
judéjimo désnj: priversti abu vibrosuzadintuvus dirbti autovirpesiy rezimu arba
suformuoti gestancius virpesius. Didé€jant sinchronizacijos kanalo skerspjtvio ir
kanalo ilgio santykiui 2r./l,, mazéja autovirpesiy amplitudés, bet padidéja abiejy
vibrosuzadintuvy sinchroninis daznis.

Pamazu kei¢iant j vieng vibrosuzadintuva paduodama slégj, rasta sritis, kurioje
abu vibrosuzadintuvai pereina j sinchroninius vienodo daznio virpesius. Nustatyta,
kad dazniy reikSméms priartéjus, galimi nedideli dazniy nesutapimai Sioje zonoje, kol
paduodamo slégio tolygus didéjimas suformuoja vienoda abiejy vibrosuzadintuvy
sinchroninj daznj.

ISvados pagal skaitmeninius tyrimus, kai vibrosuZadintuvai sujungti
sinchronizuojanciu aerodinaminiu rysiu, o paduodamas slégis pulsuoja.

Panaudojant Sen-Venano ir Vanselio (De Saint Venant, Vantzel) lygtis sukurtas
matematinis modelis, kuris apraso dviejy pneumatiniy vibrosuZadintuvy su
sinchronizuojanc¢iu kanalu mechaninés sistemos dinamika, pritaikytas paduodamo
pulsuojanéio slégio atvejui. Patobulintas modelis susideda i$§ keliy pirmos ir antros
eilés diferencialiniy lyg¢iy sistemos, kuri, suvedus j astuoniy pirmos eilés lygciy
sistema, buvo sprendZziama Rungés-Kuto (Runge-Kutta) metodu.

Nustatyta, kad pulsuojancio slégio padavimas j vieng i§ kamery, sujungty
aerodinaminiu ry$iu, gali priversti abiejy vibrosuzadintuvy darbo kiinus dirbti
sinchroni$kai su vienodu virpesiy dazniu ir faze. Sinchroniniai autovirpesiai nusistovi
po tam tikro laiko, kuris priklauso nuo dinaminés sistemos geometriniy parametry ir
paduodamo slégio reikimiy. Sis laikas yra atvirk$¢iai proporcingas paduodamy slégiy
skirtumui  |P1(t)-P2(t)]. Sinchronizuoty autovirpesiy amplitudé didesné tame
vibrokeitiklyje, j kurj paduodamas slégis pulsuoja. Sis désningumas egzistuoja ir prie
skirtingy, ir prie vienody geometriniy vibrosuzadintuvy parametry, bet nepriklauso,
ar paduodamo pastovaus slégio reikSmé mazesné ar didesné uz paduodamo
pulsuojancio slégio maksimalias reikSmes.

Skaitmeniniai tyrimai parod¢, kad esant visiSkai vienodiems vibrosuzadintuvy
geometriniams bei dinaminiams parametrams ir paduodant slégj pagal ta patj
pulsuojantj désnj, bendroje dviejy vibrosuzadintuvy sistemoje nusistovi sinchroniniai
vienody parametry autovirpesiai. Tik po tam tikro is¢jimo j autovirpesiy rezima laiko
tsinch., Kuris priklausomai nuo paduodamy slégiy parametry (pulsuojanéiy slégiy
pusiausvyros padéties P, pulsavimo amplitudés Api, dazniy wi) prie tiriamy
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geometriniy parametry svyruoja intervale [0,02; 0,25] s. Taigi, sinchronizuojantis
kanalas daro jtaka autovirpesiy parametrams. Nustatyta, kad sinchronizuojancio
kanalo ilgis taip pat turi jtakos i$¢jimo | autovirpesiy rezimg laikui tsinch. bei
sinchronizuoty virpesiy amplitudéms.

Nustatyta, kad j abi kameras paduodant slégius, kuriy pulsavimo daznis ir fazé
vienodi  (w1=w2, ¢i=¢»), nusistovi vienodo daznio, vienos fazés harmoniniai
autovirpesiai, o skirtumas tarp virpesiy amplitudziy labiau priklauso nuo
vibrosuzadintuvy darbo kiino masés ir geometriniy parametry. | kameras paduodamy
pulsuojanciy slégiy amplitudziy skirtumas taip pat veikia darbo kiiny virpesiy
amplitudes: prie tiriamy sistemos geometriniy parametry esant pulsuojanciy slégiy
amplitudziy skirtumui |Ap1-Ap2|=0,05%10° Pa, virpan¢iy masiy amplitudés skiriasi per
0,15x10°m, o kai |Ap1-Ap2|=0,85x10° Pa, skirtumas tarp darbo kiiny virpesiy
amplitudziy iSauga iki 0,5x10°m.

Matematinio modelio skaitmeninis tyrimas parodé: kuomet paduodamy
pulsuojanéiy slégiy dazniai skiriasi wi#w», 0 skirtumas tarp faziy mazesnis uz 7k
(keN), gaunami sudétingos formos neharmoniniai virpesiai, kuriy forma labai
priklauso nuo dydZio |@2-@i|. Priklausomai nuo paduodamo pulsuojanéio slégio
parametry, i$¢jimo j sinchroniniy autovirpesiy rezimg laikas Svyruoja intervale
[0.15s;0.4s], nusistovéjusiy darbo kiiny virpesiy amplitudé kinta intervale [0,01x10-
®m; 0,2x10°m]. Kai pulsuojanciy slégiy faziy skirtumas tampa artimas dydziui 7k
(keN), autovirpesiy forma tampa paprastesné. Kai j vibrosuzadintuvus paduodamy
pulsuojanéiy slégiy fazés sutampa ¢i=¢, arba skiriasi per 7k (keZ), gaunami
neharmoniniai autovirpesiai su pulsuojanc¢ia amplitude.

Kai pulsuojanéiy slégiy dazniai vienodi w1=w>, o faziy skirtumas lygus dydziui 7k
(keN), nusistovi virpesiai su prieS$faze. Skai¢iavimai parodé, kad i$¢jimo |
autovirpesiy rezimg laikas tsincn. atvirk$ciai proporcingas pulsuojancio slégio dazniy
dydziui: tyrimo metu, kei¢iant pulsuojanéio slégio daznj w1=w»=15, 30, 60, 120 rad./s,
gautos atitinkamos tsinch. reik§més: 0.44, 0.29, 0.22, 0.16 s.

Atskiru atveju, ] vibrosuzadintuvus paduodamy pulsuojanciy slégiy faziy skirtuma
galima pasiekti ir uzlaikant vieno i§ slégiy pulsavima, t.y. i§ pradZziy paduodant
pastovy slégi, o po tam tikro laiko momento priversti jj pulsuoti. Tokiu budu, kei¢iant
pulsavimo pradzios momenta, galima imituoti skirtingos pulsavimo pradinés fazés
jvedima ir iSgauti jvairios formos vibrosuzadintuvy darbo kiiny autovirpesius.

Teorinis tyrimas parodé, kad sinchronizacijos kanalo geometriniai parametry
keitimas duoda tuos pacius désningumus, kurie nustatyti ankstesniame darbe, |
kameras paduodant pastovy slégj.

I matematinj modelj jvedus pulsuojantj slégj, gauta daugiaparametriné dinaminé
sistema, kurios veikimo désningumams nustatyti reikia atlikti daug tyrimy, taciau
sistemos valdymas tampa lankstesnis, o vibrosuzadintuvuose susidaranéiy darbo kiiny
autovirpesiy  désniai  jvairesni. Nors pulsuojanCio slégio padavimas |
vibrosuzadintuvus reikalauja sudétingesniy techniniy sprendimy,  naudojant
pulsuojantj slégj atsiranda daugiau sistemos valdymo priemoniy. Norint parinkti
technologiniam procesui reikalingg autovirpesiy charakterj — uztenka parinkti
tinkamus paduodamo pulsuojancio slégio parametrus. | vibrosuzadintuvus paduodant
pastovy slégj (pagal ankstesnio teorinio tyrimo rezultatus), jvairesniam
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sinchronizuoty autovirpesiy pobudziui gauti reikéjo keisti sistemos geometrinius
parametrus arba suderinti paduodamo slégio reikSmes.

Sio tyrimo rezultatai gali bati panaudoti projektuojant autovirpesiy ant oro
pagalvés tipo virpancias valdomo désnio sistemas.

ISvados pagal skaitmeninius tyrimus, kai dviejy kamery pneumatino
vibrosuZadintuvo sinchronizacijai naudojama tampri grandis.

Skaitmeninio tyrimo rezultatai rodo, kad sinchronizuojanti tampri grandis
privercia svyruoti abu darbo kiinus pagal désnj, kuris buvo biidingas nepriklausomai
dirbantiems darbo kiino virpesiams kameroje, kur formavosi virpesiai su didesne
amplitude.

Esant sinchronizuojanciai spyruoklei, ji visada privercia judéti darbo kiinus
vienodu dazniu ir viena faze.

Skaitmeninio tyrimo rezultatai rodo, kad i§éjimo j sinchroninj darbo rezima
laikas, po kurio nusistovi vieno daznio virpesiai, esant sinchronizuojanciai grandziai,
didéja. Siuo atveju nepriklausomu rezimu dirbanéiy darbo kiino virpesiy dazniy
skirtumas taip pat didéja. Kol $is dazniy skirtumas mazesnis negu 1,5 karto, virpesiy
sinchronizacija jvyksta pirmojo virpesiy ciklo metu. Skaiciavimai parod¢, kad, kai
dazniy skirtumas tampa lygus ir didesnis nei 2 kartai, vienoje i§ kamery nusistovi
neharmoninio tipo autovirpesiai.

Nustatyta, kad sinchronizuojanti grandis gali priversti darbo organus svyruoti
vieno daznio autovirpesiy rezimu, net ir tais atvejais, kai nepriklausomai dirbant darbo
kiinams vienoje i§ kamery virpesiai buvo gestantys. Taciau kitoje kameroje darbo
kiinas turi svyruoti autovirpesiy rezimu, o jo autovirpesiy amplitudé turi biti
nemazesné uz prading gestanciy virpesiy amplitudg.

Skaiciavimai jrodo, kad sinchronizuojancios tamprios grandies fizikiniai
parametrai turi jtakos sinchronizavimo laikui bei nusistovéjusiy virpesiy
charakteristikoms. Mazéjant sinchronizuojancios grandies slopinimo konstantai K,
darbo kiinai ima virpéti didesne amplitude ir mazesniu dazniu, o vieno daznio
autovirpesiai nusistovi po didesnio laiko tarpo.
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4, PNEUMATINIO VIBROSUZADINTUVO ANT ORO PAGALVES
EKSPERIMENTINIAI TYRIMAI

4.1 Ivadas.

Skyriuje pateikiami vienos kameros pneumatinio vibrosuzadintuvo ant oro
pagalvés ir dviejy vibrosuZadintuvy, sujungty sinchronizuojanéiu kanalu,
eksperimentiniai darbo rezimy ir pereinamyjy procesy tyrimai, kai paduodamas slégis
yra pastovus. Kiekvieno eksperimentinio tyrimo, kuris apraSytas atskiruose
poskyriuose, pabaigoje pateiktos iSvados.

4.2 Vienos kameros pneumatinio vibrosuZadintuvo eksperimentinis tyrimas.

Siame poskyryje pateikiami vienos kameros pneumatinio vibrosuzadintuvo
eksperimentiniai darbo rezimy ir pereinamyjy procesy tyrimai.

Sio poskyrio tikslas yra nustatyti mechaninés sistemos, susidedanéios i§ vienos
kameros pneumatinio vibrosuzadintuvo, darbo kiino autovirpesiy charakteristikas,
esant tam tikriems sistemos geometriniams ir dinaminiams parametrams.

4.2.1 VibrosuZadintuvo darbo Kkiino autovirpesiy eksperimentiniy tyrimy
rezultaty analizé.

Vienos kameros pneumatinio vibrosuzadintuvo eksperimentinis tyrimas buvo
atliktas naudojant jrangg ir metodika, aprasyta 2.3 skyriuje. Eksperimento metu atlikti
matavimai, siekiant nustatyti:

e kaip skirtingi paduodamo suspausto oro slégiai lemia virpesiy
charakteristikas, esant tam tikriems sistemos geometriniams ir
dinaminiams parametrams;

e kaip virpanti masé keicia darbo kiino virpesiy charakteristikas.

Pradiniai mechaninés sistemos duomenys ir gauty autovirpesiy charakteristikos
pateikiamos 4.1 lenteléje.

4.1 lentelé. Pneumatinio vibrosuzadintuvo VBK1 pradiniai duomenys ir tyrimo
rezultatai

Eil. | Eksperimento Masé Kamera Slégis Daznis
Nr. | kodas Nr. | m, kg Nr. | Vk, x10%m3 | Py, x10°Pa | f;. Hz
1 M3K1-10 3 0,542 1 11,932 0,0-1,0 167
2 M1K1-01 1 0,966 1 11,932 1,0 1847
3 M1K1-02 1 0,966 1 11,932 2,0 1944
4 M1K2-01 1 0,966 2 18,840 2,0 1689
5 M1K2-01 1 0,966 2 18,840 2,7 1739
6 M1K3-01 1 0,966 |3 14,437 2,0 1055
7 M1K3-02 1 0,966 |3 14,437 3,0 1693
8 M2K1-01 2 0,729 1 11,932 1,0 1923
9 M2K1-02 2 0,729 1 11,932 2,0 1980
10 M3K1-01 3 0,542 1 11,932 1,0 2074
11 M3K1-02 3 0,542 1 11,932 2,0 2463
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Pneumatinio vibrosuzadintuvo, kurio parametrai 4.1 lenteléje, tyrimo metu buvo
pamazu didinamas slégis P: ir fiksuojamas i$€jimo ] autovirpesius momentas.
Nustayta, kad laiko momentu t; = 192 ms fiksuojamas i$¢jimas j autovirpesiy rezima,
0 nuo t; = 672 ms, kai paduodamo suspausto oro slégis P; pasiekia 1,0x10° Pa,
virpesiy ampiltudé ima pulsuoti. Gauty jutiklio signaly diagrama pateikta 4.1 pav., 0
pneumatinio vibrosuzadintuvo darbo kiino virpesiy amplitudziy pokytis — 4.2 pav.
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4.2 pav. Pnematinio vibrosuzadintuvo darbo kiino virpesiy amplitudziy pokyciy
diagrama laiko intervale nuo 0 iki 1,2 s.

IS 4.2 pav. matyti, kad didinant slégj, auga virpesiy amplitudé, o kai slégis P
pasiekia 1,0x10° Pa, darbo kiinas ima virpéti autovirpesiy reZimu su pulsuojancia
amplitude. Ji kinta nuo -5,0x10° m iki 5,0x10° m
4.2.1.1 Slégio jtaka vibrosuzadintuvo darbo kiino virpesiams.

Eksperimentiniy tyrimy M1K1, M1K2 ir M1K3 (tyrimai Eil.Nr.: 2, 3, 8, 9, 10,
118 4.1 lentelés) metu prie tam tikry vibrosuzadintuvo VBK1 geometriniy parametry
buvo kei¢iamas paduodamas slégis.
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Tyrimo M1K1-01 metu (duomenys tyrimui Eil.Nr. 2, 3 i§ 4.1 lentelés) |
vibrokamerg buvo paduodamas slégis P1=1,0x10° Pa, o tyrimo M1K1-02 atveju -
P;=2,0x10° Pa. Kaip parodé tyrimas, padidinus slégj, autovirpesiy zonoje apie 5-7
proc. padidéja darbo kiino virpesiy daznis (nuo 1847 Hz iki 1944 Hz), ir arti 3 karty
iSauga virpesiy amplitudziy pokytis (nuo -4,05x10° m-1,45x10° m iki -2,15x10°
m-3,32x10° m). Rezultatai - 4.3 pav.

Eksperimentai M1K1

4.3 pav. Eksperimentinio tyrimo M1K1 rezultatai: pnematinio vibrosuzadintuvo darbo
kiino virpesiy amplitudZiy poky¢iy diagramos laiko intervale nuo 0 iki 20 ms.

Esant vibrosuzadintuvo kamerai Nr.2, kurios tiiris Vk=18,840%10°¢ m?, buvo
atlikti eksperimentai M1K2-01 ir M1K2-02 (duomenys tyrimui Eil.Nr. 4, 5 i§ 4.1
lentelés). Kol paduodamas slégis P1<2,0x10° Pa, autovirpesiy pasiekti nepavyksta.
Tyrimui parinktos slégio reik§més: P1=2,0x10° Pa ir P;=2,7x10° Pa. Padidinus slégj,
autovirpesiy zonoje apie 3-5 proc. padidéja darbo kiino virpesiy daznis (nuo 1689 Hz
iki 1739 Hz), ir arti 2,1 karto iSauga virpesiy amplitudziy pokytis (nuo -4,14x10%-
7,13x10° m iki -1,46x10%-2,23x10° m). Rezultatai - 4.4 pav.

4,20E-05

t, ms

——M1K2-01 ——MIK2-02

4.4 pav. Eksperimentinio tyrimo M1K2 rezultatai: pnematinio vibrosuZadintuvo darbo
kiino virpesiy amplitudziy poky¢iy diagramos laiko intervale nuo 0 iki 20 ms.
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Esant vibrosuzadintuvo kamerai Nr.3, kurios tiiris Vk=14,437x10° m?, buvo
atlikti eksperimentai M1K3-01 ir M1K3-02 (duomenys tyrimui Eil.Nr. 6, 7 i§ 4.1
lentelés). Kol paduodamas slégis P1<1,8x10° Pa, autovirpesiy pasiekti nepavyksta.
Tyrimui parinktos slégio reikSmés: P;=2,0x10° Pa ir P1=3,0x10° Pa. Kaip parodé
tyrimas, padidinus slégj, autovirpesiy zonoje apie 50-60 proc. padidéja darbo kiino
virpesiy daznis (nuo 1055 Hz iki 1693 Hz), ir apie 2,6 Kkartus iSauga virpesiy
amplitudziy pokytis (nuo -2,05x10°-8,36x10° m iki -5,87x10°-21,77x10° m).
Rezultatai 4.5 pav.

Eksperimentai M1K3
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4.5 pav. Eksperimentinio tyrimo M1K3 rezultatai: pnematinio vibrosuZadintuvo darbo
kiino virpesiy amplitudziy poky¢iy diagramos laiko intervale nuo 0 iki 20 ms.

Pagal gautus eksperimentinius tyrimus galima padaryti tokias i§vadas:

- peréjimo | autovirpesiy rezima metu stipriai padidéja (arti 10 karty) virpesiy
daznis (jvyksta tamprios pakabos ir virpanCios masés rezonansas), kuris esant
paduodamo slégio reiksméms P1<3,0x10° Pa, siekia iki 2500 Hz;

- didinant paduodamo slégio reik§mg autovirpesiy zonoje, palyginti nezymiai
didéja (iki 5 proc.) autovirpesiy daznis, ta¢iau virpesiy amplitudé iSauga iki 3 karty;

- did¢jant vibrosuzadintuvo zadinimo kameros tiiriui, mazéja darbo kiino
autovirpesiy daznis.

4.2.1.2 Masés jtaka vibrosuzadintuvo darbo kiino virpesiams.

Eksperimenty M1K1, M2K1 ir M3K1 metu, esant vibrosuzadintuvo VBK1
zadinio kamerai Nr.1, buvo kei¢iama darbo kiino masé ir fiksuojami virpesiai prie
dviejy paduodamo slégio reikSmiy.

Tyrimuose M1K1-01, M2K1-01 ir M3K1-01 (duomenys tyrimui Eil.Nr. 2, 8,
10 i§ 4.1 lentelés), esant skirtingoms darbo kiino masés reik§méms, j vibrokamera
paduodamas slégis P;=1,0x10° Pa. Kaip parodé tyrimy rezultatai, 1,78 karto
Sumazg&jus virpanciai masei, beveik 1,12 karto padidéja darbo kiino virpesiy daznis ir
iSauga virpesiy amplitudziy pokytis. Rezultatai 4.6 pav.
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4.6 pav. Eksperimenty M1K1-01 (mélyna kreive), M1K2-01 (raudona kreivé) , M1K3-
01 (Zalia kreivé) rezultatai: pnematinio vibrosuzadintuvo darbo kiino virpesiy amplitudziy
poky¢iy diagramos laiko intervale nuo 0 iki 25 ms.

Tyrimuose M1K1-02, M2K1-02 ir M3K1-02 (duomenys tyrimui Eil.Nr. 3,9, 11
i§ 4.1 lentelés) esant skirtingoms darbo kiino masés reikSméms, j vibrokamera
paduodamas slégis P1=2,0x10° Pa. Pagal rezultatus, 1,78 karto sumazéjus virpanciai
masei, apie 1,27 karto padidéja darbo kuno virpesiy daznis, iSauga virpesiy
amplitudZiy pokytis ir tamprios pakabos savyjy virpesiy jtaka. Rezultatai 4.7 pav.

Eksperimentai K1-02

y M«,,‘,‘i&\{ li\ pw\l \‘*\A W w Q, M\ "'
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—M1.02 ——M2.02 M3.02

4.7 pav. Eksperimenty M1K1-02(mélyna kreive), M1K2-02 (raudona kreivé) , M1K3-
02 (Zalia kreivé) rezultatai: pneumatinio vibrosuzadintuvo darbo kiino virpesiy amplitudziy
pokyc¢iy diagramos laiko intervale nuo 0 iki 25 ms.

Pagal gautus eksperimentinius tyrimus galima padaryti tokias iSvadas:

- darbo kiino virpesiy diagramose stebimi vibrosuzadintuvo ir pakabos savieji
virpesiai;

- mazéjant virpancial masei, didéja autovirpesiy amplitudé ir daznis;

- did¢jant paduodamam slégiui, didéja autovirpesiy amplitudé ir daznis.
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Vienos kameros pneumatinio vibrosuzadintuvo eksperimentiniy tyrimy
iSvados.

Atlikus pneumatinio vibrosuzadintuvo VBK1 eksperimentinius tyrimus, galima
padaryti $ias iSvadas:

e darbo kiino autovirpesiy diagramose galima stebéti ir vibrosuzadintuvo
pakabos savyjy virpesiy jtaka;

e prie tirty geometriniy vibrosuzadintuvo parametry ir esant paduodamo
suspausto oro slégio reikSméms iki 3,0x10° Pa, gaunami autovirpesiai,
kuriy daznis siekia 2500 Hz;

e didinant paduodamo slégio reikSme¢ autovirpesiy zonoje, palyginti
nezymiai didéja (iki 5 proc.) autovirpesiy daznis, taciau virpesiy amplitudé
gali iSaugti 3 Kartus;

o didinant Zadinimo kameros tiirj, mazéja darbo kiino autovirpesiy daznis;

e i8¢jimo | autovirpesiy rezimg laikas trumpéja, didéjant paduodamam
slégiui;

e didéjant autovirpesiy dazniui, mechaninés sistemos autovirpesiai artéja
prie rezonanso.

Eksperimentinio ir teorinio tyrimo rezultatai rodo kokybinj sutapima: didinant
paduodamo slégio reik§me¢ didéja autovirpesiy daznis ir amplitudé, o didinant
kameros tiirj, autovirpesiy daznis mazeja.

4.3 Dviejy pneumatiniy vibrosuZadintuvy sinchronizacijos eksperimentinis
tyrimas.

Skyriuje pateikiami dviejy vibrosuzadintuvy, sujungty sinchronizuojanéiu
kanalu, eksperimentiniai darbo rezimy ir pereinamyjy procesy tyrimai, Kkai
paduodamas slégis yra pastovus.

Sio skyriaus tikslas yra nustatyti mechaninés sistemos, susidedan¢ios i§ dviejy
vibrosuzadintuvy, darbo kiino autovirpesiy charakteristikas, esant tam tikriems
sistemos geometriniams ir dinaminiams parametrams.

4.3.1 Vibrosuzadintuvy sinchronizacijos eksperimentiniy tyrimy rezultaty
analizé.

Dviejy pneumatiniy vibrosuZadintuvy sinchronizacijos eksperimentinio tyrimo
metodika apraSyta skyriuje 2.4. Dviejy vibrosuzadintuvy virpesiy charakteristiky
sinchronizacijos laikas, virpesiy amplitudés ir fazés buvo matuojamos ir uzrasomos
aparatiira, kuri parodyta 4.8 a pav., o principiné tokios mechaninés sistemos schema
pateikta 4.8 b pav.

Eksperimento metu atlikti matavimai, siekiant nustatyti, kaip sinchronizuojantis
kanalas lemia virpesiy charakteristikas, esant tam tikriems sistemos geometriniams ir
dinaminiams parametrams.
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b) '
4.8 pav. Dviejy vibrosuzadintuvy ant oro pagalvés tyrimo stendas: a) - bendras vaizdas,
b) - stendo konstrukcijos strukttiriné ir matavimo jrangos blokiné schema: 1 - pagrindas,

2 —stovas, 3 — laikiklis, 4 — ploks¢ios spyruoklés (pakaba), 5 — kreipianciosios, 6 — sraigtas,

7 — keic¢iama mase, 8 — virpesiy suzadintuvas su kamera K, SK — sinchronizacijos kanalas,
9 — aukscio fiksatorius, 10 — suspausto oro sistema, 11 — droselis, 12 — manometras,
13 — jutiklis (akcelerometras KD35a 70292), 14 - matavimo jranga (vibrometras PicoScope
3423), 15 — personalinis kompiuteris.

Pradiniai mechaninés sistemos duomenys ir gauty autovirpesiy charakteristikos
pateikiamos 4.2 lenteléje.

4.2 lentelé. Pneumatinio vibrosuzadintuvy VBK1 pradiniai duomenys ir tyrimo
rezultatai

Eil. | Vibrosuzadintuvo Masé Kamera Slégis Daznis
Nr. | kodas Nr. | m/kg | Nr. | Vg, x10®| P, x10°Pa | f. Hz
m3
1 VBK1 1 0,966 |1 11,932 2,5 964
VBK?2 2 0,729 |3 14,437 6,0 979
2 VBK1 3 0542 |1 11,932 2,5 993
VBK?2 2 0,729 |3 14,437 6,0 1028

Pagal skyriuje 2.5 pateikta metodikg eksperimentiniy tyrimy metu
vibrosuZadintojui VBK2 nustatytos pakabos standumo koeficiento C ir pasiprie$inimo

87



koeficiento K reiksmes: C = 60606 N/m, K = 27,82 kg/s. Sinchronizacijos kanalo ilgis
0,28 m, skersmuo 0,005 m.

Pneumatiniy vibrosuzadintuvy, kuriy parametrai 4.2 lenteléje Eil.Nr.1, tyrimo
metu j kameras vienu metu buvo paduodamas slégis P1 = 2,5 x10° Pa ir P, = 6,0 x10°
Pa. Nustatyta, kad laiko momentu to =2,5 s vibrosuzadintuvas VBK1 pradeda dirbti
autovirpesiy rezimu, o Kai t1 = 2,92 s, jis priver¢ia ir antrojo vibrosuzadintuvo VBK2
darbo kiing dirbti autovirpesiy rezimu. Abu darbo kiinai virpa sinchroniskai, viena
faze, amplitudés autovirpesiy zonoje svyruoja intervale nuo -5,82x107 m iki
10,48x107 m. Gauty jutiklio signaly diagrama pateikta 4.9 pav., 0 pneumatiniy
vibrosuzadintuvy darbo kiino virpesiy amplitudziy pokytis — 4.10 ir 4.11 pav.
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4.9 pav. Eksperimentinio tyrimo Nr.1 jutiklio signaly diagrama.
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4.10 pav. Eksperimentinio tyrimo Nr.1 rezultatai: pnematiniy vibrosuzadintuvy VBK1
ir VBK2 darbo kino virpesiy amplitudziy poky¢iy (X1 ir X2) diagramos laiko intervale nuo
2,7iki 3,7 s.
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4.11 pav. Eksperimentinio tyrimo Nr.1 rezultatai (padidintas 6.17 pav. fragmentas):
pnematiniy vibrosuzadintuvy VBK1 ir VBK2 darbo kiino virpesiy amplitudziy poky¢iy (xa ir
X2) diagramos laiko intervale nuo 2,9 iki 3,0 s.
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4.12 pav. Eksperimentinio tyrimo Nr.2 rezultatai: pnematiniy vibrosuzadintuvy VBK1
ir VBK2 darbo kiino virpesiy amplitudziy poky¢iy (X1 ir X2) diagramos laiko intervale nuo
0,8iki1,1s.

Eksperimentinio tyrimo metu, kai naudojami pneumatiniy vibrosuzadintuvy

parametrai,

nurodyti 4.2 lenteléje Eil. Nr.2, buvo sumazinta virpanti masé

vibrosuzadintuvui VBK1. Paduodant tg patj slégj, abu darbo kiinai virpa autovirpesiy
rezimu, taCiau didesniais dazniais ir priesfaze. Amplitudés autovirpesiy zonoje
svyruoja nuo -3,32x10° m iki 3,77x10° m (VBKL) ir nuo -1,95x10° m iki 4,05x10° m
(VBK?2). Pneumatinio vibrosuzadintuvo darbo kiino virpesiy amplitudziy pokytis laiko
intrevale nuo 0,8 s iki 1,1 s pateiktas 4.12 pav.
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Dviejy vibrosuzadintuvy sinchronizacijos eksperimentiniy tyrimy iSvados.

Eksperimeniniai tyrimai, kai vibrosuZadintuvai sujungti sinchronizuojanéiu
acrodinaminiu ryS$iu ir paduodamas slégis pastovus, parodé, kad vienas
vibrosuzadintuvas, dirbdamas autovirpesiy rezimu, esant sinchronizavimo kanalui,
privercia autovirpesiy rezimu dirbti kitg vibrosuzadintuva.

Aktyvavus sinchronizavimo kanalg, vibrosuzadintuvai dirba sinchroniskai ir
artimu dazniu. Nustatyta, kad autovirpesiy fazé sutampa, kitais atvejais yra priesinga
arba susidaro faziy skirtumas.

Siuos désningumus patvirtina ir teorinis tyrimas.

Kitame skyriuje pateikiami pneumatiniy vibropavary ir jy elementy taikymo
pavyzdziai: sukurto roboto griebto su zengimo pavara, kurig sudaro pneumatinis
autovirpesiy rezimu dirbantis vibrosuzadintuvas, teorinis tyrimas; medziagy su
formos atmintimi pritaikymo vibrosuzadintuvy konstrukcijoms tyrimas.
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5. PNEUMATINIU VIBROSUZADINTUVU TAIKYMAS
5.1. Roboto pneumatinés vibropavaros dinamikos tyrimas.

Siame poskyryje tiriamas roboto griebtas su pneumatine vieno laisvés laipsnio
vibropavara, dirbancia autovirpesiy rezimu. Sudaryta netiesiné, pneumatinio
vibrosuzadintuvo pavaros dinamika aprasanti diferencialiniy lyg¢iy sistema, atlikti
darbo rezimy tyrimai, rastos darbo kino judéjimo priklausomybés nuo
vibrosuzadintuvo geometriniy ir mechaninés sistemos dinaminiy parametry, nustatyta
trinties jégos jtaka ir priklausomybé nuo stabdanciy adaty padéties, pagal duotus
mechaninés sistemos parametus rasta virpesiy egzistavimo ir roboto veikimo sritis.

5.1.1 Vibropavaros schemos ir veikimo principo apraSymas.

Tiriama roboto pneumatiné pavara, galinti judéti tiesialinijiniu judesiu. Esming
Sios pavaros dalj sudaro pneumatinis autovirpesiy rezimu veikiantis vibrokeitiklis.
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5.1 pav. Pneumatinés roboto pavaros fragmentai: 1 — korpusas, 2 — vibrosuzadintuvo
cilindriné stikling, 3 — spyruoklé, 4, 4° — adata, 5 — atrama, 6 — kiaurymés orui paduoti, 7, 9 —
kiaurymés orui iStekéti, 8 — darbo kiinas (griebtas), 10 — kisené, 11 — oro tarpelis, P1 —
paduodamas slégis, o - adatos tvirtinimo kampas.

Pavarg (zitr. 5.1 pav.) sudaro cilindrinis roboto korpusas 1, kuriame yra
patalpintas pneumatinis vibrokeitiklis. Vibrokeitiklj sudaro cilindriné stikliné¢ 2,
kurioje jmontuota spyruoklé 3. Spyruoklés virSutinés dalies galas yra nejudamai
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pritvirtintas prie stiklinés 2 dugno, o apatinis — prie atramos 5. Atramoje 5 yra keturios
kiaurymés 6 suspaustam orui P; paduoti. Sioje atramoje 5 suspausto oro isleidimui
yra i$pjautos Sesios kiaurymés 7. Prie atramos 5 yra pritvirtinta grandis 8, kuri atlieka
roboto darbo kiino vaidmenj. Prie iSorinio stiklinés 2 cilindro pavir§iaus simetriskai
yra pritvirtintos keturios eilés adaty 4, kurios apatine dalimi remiasi j viding
cilindrinio korpuso 1 dalj (8iy adaty reguliavimo ir tvirtinimo mechanizmas brézinyje
néra parodytas), taip pat keturios eilés adaty 4°, kuriy jtvirtinimo kryptis leidzia
pavaros darbo kiino (griebto) grandziai 8 judéti prieSinga kryptimi. Kad grandis 8
galéty judéti zemyn, Siuo atveju yra jtraukiamos adatos 4. Brézinyje adaty jtraukimo
mechanizmas néra parodytas.

Pavaros veikimo principas yra toks (kai m>>m; ir adatos 4 yra prispaustos tam
tikra jéga F): suspaustas oras P, per kanalus 6 yra paduodamas j stiklinés 2 kiSeng 10,
kurioje slégis didéja tol, kol nugali spyruoklés 3 tempimo jéga. Padidéjusio slégio
jégos veikiama stikliné 2 pakyla, patraukdama ir strypa 8, ir per susidariusj oro tarpelj
11 ir kiaurymes 7, 9 suspaustas oras iSteka j atmosferg. Slégis kiSenéje krenta ir
stiklinés 2 spyruoklé 3, patraukdama atramg 5, uzdaro oro tarpelj 11. Véliau ciklas
kartojasi. Tokiy autovirpesiy susidarymo mechanizmas smulkiau yra aprasytas
darbuose [15-20, 24].

Susidare autovirpesiai adatas 4 veikia taip, kad jos stumia stikling 2, 0 kartu ir
griebta 8 aukstyn (arba zemyn). Tiesialinijinio judesio kryptis priklauso nuo adaty
orientavimo krypties.

Griebto 8 judéjimo greitis yra reguliuojamas paduodamu slégiu P;, taip pat
adaty 4 polinkio kampu o

5.1.2 Roboto pneumatinés vibropavaros dinamikos lygtys.

Sudarant matematinj modelj, naudojamas supaprastintas mechaninés sitemos
judéjimo modelis (5.2 pav.), neatsizvelgiama j kryptiniy adaty deformacijas, inercija,
sunkio ir trinties jégas. Prie iSorinio cilindro 2 pavirSiaus simetriskai yra stacionariai
pritvirtintos kelios eilés adaty 4, kurios apatine dalimi remiasi | vidinj vamzdzio
korpuso 1 pavirsiy, sudarydamos su juo kampa o.. Teigiama, kad cilindro korpusas 2
juda tik paduodamo slégio P: kryptimi, o atgal judéti jam neleidzia adatos 4.

Antros riSies (antrojo laipsnio) Lagranzo (Lagrange) lygtys [76, 77] tiriamai
mechaninei sistemai gali biiti aprasytos tokia forma:

d or oT
a(axv)—a—va (5.1)
d oT oT
a(éxK)_R_QXK (5.2)

Cia T — mechaninés sisemos kinetiné energija, Mk — korpuso masé, Xk — Korpuso
poslinkis, my — vibruojanti masé, Xy — bendras vibruojanc¢ios masés poslinkis
(vamzdzio atzvilgiu).

92



\/\T—\/‘?‘
my []
‘) O
/‘/ ;
A
e e
[
L~
; F—— T'H
Y ; 1 :
+ T 11
X Xy
\Pl KAy
o~

5.2 pav. Pneumatiné roboto pavara: 1 — vamzdis, kuriuo juda roboto korpusas 2, 4 — adatos,
mk — korpuso masé, Xk — korpuso poslinkis, my — vibruojanti masé, Xy — bendras
vibruojancios masés poslinkis, P1 — paduodamas slégis, |y — vibropavaros kameros aukstis, ri
— kameros spindulys, H; - pradinis virpan¢ios masés my jverzimas.

Tiriamos mechaninés sistemos kinetiné energija T turi iSraiska:

T=£m,<>'<§+imv>'<v2 (5.3)
2 2
o lygtims (5.1) ir (5.2) reikalingos iSvestinés bus:
d or
a(a) _(mvxv) m, X, (5.4)
d ot
5(67)_ (M Xy ) =m, Xy (5.5)
or . o7
OX, " OX (56)

Vibruojancios masés poslinkis u korpuso atzvilgiu isreiskiamas lygtimi:
X, =X, +U (5.7)

Jei spyruoklés standumo koeficientas C, mechaninés sistemos potenciné
energija ir jos iSvestinés bus isreiSkiamos:

1‘[=1C(xv - X, )’ (5.8)
oIl

2 _C(x, —
ox, (X, —X) (5.9)
Tl
ox —=-C(x, —X) (5.10)

Kai pasipriesinimo koeficientas K, disipatyvinés mechaninés sistemos funkcijos
atitinkamai turés iSraiskas:
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od

%=K(>'<V - %) (5.11)
SX;‘::_K(XV %) (5.12)

Jvertinus (5.9)-(5.12) lygtis, suminés jégos Qv ir Qx aprasomos formulémis:

o1 o0® ; .
va =K (P)- ox, _a =F, (P)-C(x, —x¢) —K(X, = %) (5.13)
Q. =F (P -0k (pysC(x, —x)+K(X, ~%,) (5.14)
OX,  OX

Istate (5.4-5.6) ir (5.13) bei (5.14) iSraiskas j antros rusies Lagranzo lygtis (5.1),

(5.2) gauname dviejy diferencialiniy lyg¢iy sistema, aprasancia tiriamos mechaninés
sistemos judéjima:

{mvxv + K(Xv - XK) + C(Xv - XK) =F, (P)

m X, + K%, —%,)+C(x, —%,)=F,(P) (5.15)

5.2 pav. pavaizduotai mechaninei sistemai pagal priimtas salygas galioja:
F(P)=-F, (P) (5.16)

Adatos neleidzia korpusui judéti atgal, t.y. atskirais atvejais korpusas nejuda
% =0,0

X =Kx, =C(x, —=x,) - F,(P) (5.17)
Ivertinus auk$¢iau paminétas formules ir tai, kad
F, (P)zﬂrkz(Pk -PR), (5.18)

tiriamos mechaninés sistemos judéjima, aprasya (5.15) lygtimi, galima perraSyti j
tokig lygciy sistema:

{m&+memu+ua—m+Hn=m%a—a)

} o ) (5.19)
My X + K(XK _Xv)_c(xv —X¢ + Hz):_ﬂrk (Pk - Pa)

H, — pradinis virpan¢ios masés m, jverzimas, jtakojantis visos sistemos
standumg, Px— suspausto oro slégis kameroje, P, — atmosferos slégis (Pa =10° Pa), K
— pasipriesinimo koeficientas, C — standumo koeficientas, xyv— xx kameros darbinio
kiino poslinkis.

Dujy debitas kameroje aprasomas lygtimis [65] pagal dujy masés pusiausvyros
désnj:

@,

el

i (5.20)
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Cia Qx— dujy kiekis kameroje, W1 — j kamera paduodamy dujy debitas, W, — i§
kameros darbinio kiino kryptimi istekanciy dujy debitas. Bendruoju atveju dujy masé
kamerose apskai¢iuojama:

1
ko d Pk E 2 2
—~=— p| = | (&l +7r
&t dr p(PlJ (a1, +ar,x) (5.21)

Apibréziant dujy tekéjimg kameros viduje, priimta, kad procesas yra adiabatinis,
o dujy tankis ir slégis Py nepriklauso nuo koordinatés. Pagal termodinamikos teorija
pagrindiniai dujy buisenos parametrai — slégis p, tankis p ir temperatara T susieti dujy
biisenos lygtimi:

pvV =R Tm/m,, , (5.22)
kur V — dujy taris, m — dujy masé, Mmor — dujy moliné masé, Ro — univiesralioji dujy

konstanta (Ro = 8,314 J/mol K). Ivertinus tai, kad m/V = p, 0 Ro/Mmot = R (J/kg K) —
dujy konstanta, priklausanti nuo dujy tipo, (5.22) lygtj galima uzrasyti:

p=pRT (5.23)
Adiabatinio proceso metu slégis ir tankis susieti formule:
B
% =const. t.y. P [ﬁJ (5.24)
P Po  \Po

Mazgéjant santykio p/po reikSmei, dujy tekéjimo greitis didéja iki kritinio garso
greidio lygio. Kritinis slégiy santykis i$ energijos lygties gali bati iSreikStas [65, 66]:

s
P[P (2 ), (5.25)
Po Po )i, \B+1

Cia A - kritinis slégiy santykis (4 = 0,528); = C, /C, = 1,405. C, — $ilumos specifinio
laidumo koeficientas esant pastoviam slégiui; Cy — Silumos specifinio laidumo
koeficientas esant pastoviam tiiriui.

Ivertinus (5.23-5.25) lygtis ir pritaikius Sen-Venano ir Vanselio (De Saint
Venant, Vantzel) lygtis nagrinéjamai sistemai, dujy srautg Wi, patenkantj j kamera ir
srautg Wo, iStekantj i§ kameros, galima aprasSyti lygtimis:

%
ey - NG SCa §

W, =1 kai A<P, /P <1, (5.26)

%,71 1/2
wa?| =21 2Ly | | kai RIP <4,
p+1 L+1
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%
o 2 1/ 1-1/ 4 /2
Hp 7, (ﬁ€1pkpkj (Pa/Pk) ﬂ[l_(Pa/Pk) ﬁ]l

W, =<kai A<P,/P, <1, (5.27)

}/ﬂ—l 1/2
7% oe 2 ﬁPkpk , kai P/P <2
p+1 p+1

Cia u— dujy pasipriesinima jvertinantys koeficientai: 1 — oro jtekéjimo j
kamerg pasiprieSinimo koeficientas; t» — oro tekéjimo i§ kameros pasiprieSinimo
koeficientas; p1 - paduodamo oro tankis.

Taigi, bendra tiriamos mechaninés sistemos dinamika galima aprasyti lygciy
(5.19-5.20) sistema, kur naudojamos israiskos (5.21), (5.26), (5.27).

Sprendimo metu pirmos ir antros eilés diferencialiniy lygéiy sistema suvedama j
penkiy pirmos eilés lygéiy sistemg. Lygtims iSspresti naudojami Rungés-Kuto
(Runge-Kutta) metodu pagrijsti biidai su kintamu arba fiksuotu integravimo Zingsniy
skai¢iumi. Sprendimas realizuotas MathCad bazéje.

Diferencialinés lygtys apraSomos matricoje (5.28), kur laiko t atzvilgiu
kintantys nariai kiekvienu laiko momentu perskaiciuojami atskirose procedirose.

[ dx,
dt
% | Tx,
dt?
dX fl(XO'Xl’XZ'X3’X4)
D(t,X) = dtK =1 X, (5.28)
dZXK fZ(XO’Xl’XZ’X3’X4)
gt f3(Xo, X5, Xy)
dpP,
[ dt ]

Cia funkcijy fy ir f2 iSraiSkos randamos i§ (5.19), krastiniy saglygy matrica: (0,0,0,0,P2),
o funkcija f; (slégio vibropavaros kameroje pokytis per laiko t vienetg) iSvedama i§
(5.20), (5.21), (5.26) ir (5.27) lyg¢iy:

aR _ V\G;Wzl_sadﬂ x BB (5.29)
dt (Pk Jﬂ dt | (S I +Salx, —x¢ +H, ))
P1

P

5.1.3 Teorinio tyrimo rezultatai.

Skaitmeninio tyrimo metu buvo kei¢iami kameros geometriniai parametrai (r,
I, r1), i kamera paduodamo slégio Pi, virpan¢ios masés my ir korpuso masés mg
reikSmés. Buvo priimta, kad spyruoklés standumo koeficientas (konstanta) C=300
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N/m, pasipriesinimo (slopinimo) konstanta K = 10 Ns/m, pradinis jverzimas H,=
0,1x10°m, korpuso neveikia sunkio jéga ir jis juda tik viena kryptimi. Kitos pradinés
salygos keiCiasi, priklausomai nuo parinkty sistemos geometriniy ir dinaminiy
parametry.

1. Esant duomeny rinkiniui rc= 25x10°m, ra=30x10°3m, lx=60x10°m, r; =
2x10°% m, Pi/Pa= 1,3, my = 0,5 kg, mk = 1,0 kg, vibrokeitiklyje nesusidaro
autovirpesiai (5.3 b pav.), o ir roboto poslinkis néra pastovus (5.4 pav.). Impulsa
pasislinkti vamzdyje duoda didZiausi virpancios masés poslinkio maksimumai, ta¢iau
virpanc¢ios masés virpesiams gestant, robotas sustoja.

Virpantios masés poslinkis kerpuso atZvilgiu

Virpancios masés poslinkis vamzdzZio at2vilgiu 0.015

T T T T
\W ool

4 s

L L L L L 1 L 1
0 02 04 06 0.8 o 02 04 0.6 08

5.3 pav. Pneumatinés roboto pavaros virpancios masés poslinkis per laika t = 1s: a -
bendrasis poslinkis xv , b — poslinkis korpuso atzvilgiu (Xv - Xk+Hy)

Korpuso poslinkis vamzdZio at2vilgiu

0.01 T

8107

P~ e
‘.Sol<">".l

21077

2107°

(50”).
i

5.4 pav. Roboto poslinkis xk per laikg t = 1s

Nekeiciant kity parametry ir tik didinant slégj, kol virpanti masé neiSeina j
autovirpesiy rezima, didéja jos svyravimy amplitudé ir atitinkamai padidéja roboto
korpuso pirmieji zingsniai.

2. Nekeigiant vibropavaros kameros geometriniy parametry: r¢=25x10°m, I
= 60x10°m, ry = 2x10°3 m ir vibruojan¢ios masés bei korpuso masés: my = 0,5 kg,
mk = 1,5 kg, padidintas paduodamas slégis (P1/Pa= 2,0), kad vibrokeitiklyje susidaro
autovirpesiai (5.5 pav.). Roboto slinkimo charakteris pateiktas 5.6 pav.

Virpancios masés poslinkis korpuso atZvilgiu

1 1 1 L
o0 0 0.2 04 0.6 0.8

5.5 pav. Pneumatinés roboto pavaros virpancios masés poslinkis korpuso atzvilgiu per laika t
=1s
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Korpuso poslinkis vamzdZio atZvilgiu

0.1 T T T T

1 1 1 1
0 02 04 0.6 0.3

5.6 pav. Roboto poslinkis xk per laika t = 1s
3. Palikus tg patj paduodama slégj (P1/Pa= 2,0) ir didinant vibruojan¢ios masés
bei korpuso masés reikSmes: my = 1,0 kg, mx = 2,5 kg, matyti, kad tai didina
virpan¢ios masés svyravimy perioda (5.7 pav.) bei turi jtakos per tg patj laika
padarytam roboto poslinkiui (5.8 pav.), kuris nuo 96x10* m sumazéja iki 60x10°m.

Virpancios masés poslinkis korpuso atZvilgiu

(5oi®).
1

5.7 pav. Pneumatinés roboto pavaros virpancios masés poslinkis korpuso atzvilgiu per laika t

=1s
0.08 T T T T
0.06
(50} .04
0.02
i} 1 1 1 1
0 02 04 0.6 08
(50f®).
1

5.8 pav. Roboto poslinkis xk per laika t = 1s

4. Didinant skirtuma tarp vibruojan¢ios masés bei korpuso masés reikSmiy: my
= 0,5 kg, mk = 10 kg, matyti, kad didéja virpan¢ios masés daznis (5.9 pav.), ta¢iau dél
iSaugusios korpuso masés iki 12x10° m sumazéja roboto nueitas kelias (5.10 pav.).
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Virpan€ios masés poslinkis korpuso atZvilgiu
0.03 T T T T

0.02

1 0.01

—0.01 1 1 1 1
(50},
5.9 pav. Pneumatinés roboto pavaros virpancios masés poslinkis korpuso atzvilgiu per laikg t
=1s

Karpuso poslinkis vamzdZio atZvilgiu

0.015 T T T T

0.01

(50 .l

1077

(50i®)
: i

5.10 pav. Roboto poslinkis xk per laikag t = 1s

Nekeic¢iant mechaninés sistemos geometriniy parametry ir tik didinant j
vibrokeitiklj paduodamg slégj, nustatyta roboto poslinkio per laika t=1 s ir slégiy
santykio Pi1/Pa priklausomybé (5.11 pav.). Skai¢iavimai atlikti, kai vibruojancios
masés bei korpuso masés reikSmés atitinkamai yra: 1-oji kreivé - my = 0,5 kg, mg =
10 kg, 2-0ji kreivé - my = 0,5 kg, mk = 2 kg.

0.1 . ; —

> 0.05]

P1/Pa

5.11 pav. Roboto poslinkio Xk per laikg t = 1s priklausomybé nuo kintamo paduodamo
slégio P
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Mechaninés sistemos virpanti mas¢ iSeina j autovirpesius, kai Pi~/.85P,. Kai
paduodamo slégio P; reik§més mazesnés (sritis A), kazkiek pasislinkes robotas po
tam tikro laiko sustoja — fiksuojami atvejai, panasus kaip 5.4 pav.

5.1.4 Trinties jégy jvertinimas.

Tiriant pavaros griebto judéjimg (5.1 pav.), reikia jvertinti trinties jégas,
atsirandancias tarp adaty 4 ir korpuso 1 vidinio paviriaus. Siuo atveju tai sausoji
slydimo trintis, atsirandanti tarp kiety netepamy pavirSiy. 5.12 pav. pavaizduota
supaprastinta adatos 4 lietimosi su vidiniu cilindro pavirSiumi 1 schema.

5.12 pav. Adatos lietimosi su vidiniu cilindro pavir§iumi fragmentas: 1 — vidinis vamzdzio
korpusas, 4 — adata, o - adatos tvirtinimo kampas, p - trinties kampas, R — pavirSiaus
reakcija, pakrypusi trinties kampu nuo normalés Fy.

Veikiant adatg jégai F, kuri su kiiny 1 ir 4 susilietimo plok§tuma sudaro kampa
a, atsiranda trinties jéga Fr, nukreipta prieSinga kiino 4 slydimo kryp¢iai v. Trinties
jéga Fr apskai¢iuojama pagal apytiksle Kulono formule:

Fo=fFo (5.30)

kur Fy yra slydimo pavir$iaus normalé, fy — slydimo trinties koeficientas. Kampas p
yra trinties kampas, kurio didumas bus lygus:

Ff
tgp:—: ftr (5.31)
I:N
Jéga F, sudarancig (90°-a) kampa su slydimo pavirSiaus normale Fy, iSskaidome
j normalinj F1 ir tangentinj F> komponentus, kaip parodyta 5.13 pav. Jéga F» stengiasi
paslinkti kiing, o trinties jéga Fr — judéjimg sulaikyti.

5.13 pav. Adata veikiancios jégos F i$skaidymas j dedamasias F1 ir F,. o - adatos tvirtinimo
kampas.
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Kadangi jégy Fn ir F1 vektoriy ilgiai vienodi, t.y Fn=F1, pagal jégy iSdéstyma
5.13 pav. galima slydimo trinties jéga Fr (5.30) isreiksti tokiu badu:

F = f,Fsina (5.32)

Tiriamu atveju, adatg veikianti jéga sukuria pavirSiaus reakcijg R, kuri pakrypusi
trinties kampu p nuo pavir$iaus normalés, o varancioji jéga yra Fy(P,t) (5.14 pav.).

5.14 pav. Adatg veikiancios prispaudimo jégos F ir varanciosios jégos Fy porinis
sprendimas. « - adatos tvirtinimo kampas, R, R1 — pavirSiaus reakcija, pakrypusi trinties
kampu p nuo pavirsiaus normalés.

Jeigu kiinas slenka i§ kairés j deSing (varancios jégos kryptimi), tai pavirSiaus
reakcija R nuo normalés yra pakrypusi j kair¢. Kadangi jégy kryptys Zinomos, tai
zinant varanéiosios jégos Fv dydj, lengvai nustatomi ir kity dviejy jégy dydZiali,
panaudojant grafine pusiausvyros salyga:

va+|f+§=0 (5.33)

90—p Fy

90°—a+p

5.15 pav. Jégy trikampis kiinui slenkant i§ kairés j desing.
I8 jégy trikampio (5.15 pav.) analiti$kai galima rasti dyd;j F.
Pagal sinusy teorema:

F _ sin(90°-p) _ cosp

— - 5.34
F, sin(90°-a+p) cos(a—p) .34)
I§ ¢ia seka:
cosp
F=F — £ _
e o (5.35)
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sin @ cos p
"V cos(a - p)

r= (5.36)

Ivertinant trinties jégas, atsirandancias tarp adaty ir vamzdzio korpuso vidinio
pavir$iaus, tiriamos mechaninés sistemos judéjimg, aprasyta (5.19) lygtimi, galima
perrasyti j tokig lygciy sistema:

m, %, + K(X, — %) +C(x, =X« + H,) = (P, —P,) - F,
{mKXK + K (X —%,)—C(X, —X¢ +H,)=—a2(P, —P,) + F, (5.37)
arba
m, %, +K(X, =% )+C(x, =X, +H,) = (P, _Pa)(l_ . mj
. (5.38)
M X, + K (% =%,)=C(%, — X +H,) =1, (P, _pa)(l_ . mJ

Taigi, dabar bendrg tiriamos mechaninés sistemos dinamikg galima apraSyti
lyg€iy (5.38) ir (5.20) sistema, kur naudojamos israiskos (5.21), (5.26), (5.27), (5.31).

Skaitmeninio lyg¢iy sistemos sprendimo metu buvo atliktos korekcijos fi ir f,
iSraiskose (5.28) ir MathCad bazéje nustatyta roboto poslinkio xk priklausomybé nuo
adaty pasvyrimo kampo o.

Tyrimo metu paimti pradiniai duomenys: paduodamas slégis (P1/Pa = 2.0),
vibruojanc¢ios masés bei korpuso masés reik§meés my = 1,0 kg, mk = 2,5 kg, slydimo
trinties koeficientas pavirS§iams metalas su metalu f,=0,1 [78]. 5.16 pav. pavaizduotas
roboto poslinkis, esant skirtingoms adaty pasvyrimo kampo o reiksméms.

F,=0

0.06|

) a=1I12
—

L o=T/4
~o.=T/3
= T0/2.5

To=m2.1

(s0f”)
i

5.16 pav. Roboto poslinkis xk per laika t = 1s esant jvairioms adaty pasvyrimo kampo
a reik§meéms.

Skaiciavmo rezultatai parode¢, kad nejvertinus trinties jégy tarp adaty ir vidinio
vamzdZio korpuso pavirsiaus, per 1s buvo xk=60 x10°m, o jvertinus trintj, maz¢jo,
priklausomai nuo adaty pasvyrimo kampo o . Teigiame, kad kai a. > 90°, korpusas
nejuda. Skaiciavimy rezultatai pateikti 5.1 lenteléje.
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5.1 lentelé. Korpuso poslinkio priklausomybé nuo adaty pasvyrimo kampo.
o, rad /12 /6 /4 /3 /2,5 /2,1 /2
a,° 15 30 45 60 72 85,71 90
Xk, X10°m 57,91 54,25 53,85 52,81 51,10 36,02 -

Roboto judéjimo apribojimg pagal adaty pasvyrimo kampa galima dar
sugrieztinti. Atsizvelgiant j jégy iSskaidymg, pateikta 5.12 pav., matyti, kad kiinas
slinks tuomet, kai

F,>F,, (5.39)
Cia
F,=Fsin(90° —a) =F cosa (5.40)
Atsizvelgiant j iSraiska (5.32) ir
Fcosa > f, Fsina (5.41)
ctga =tgp, (5.42)

tad grieztesné slydimo salyga bus:
a<90° -p (5.43)

Cia trinties kampa p , Zinant trinties koeficiento dyd], galima rasti i§ israiskos
(5.31). Kai trinties koeficientas fi = 0,1, trinties kampas p =5,71°.

Roboto pneumatinés vibropavaros teoriniy tyrimy iSvados.

1. Roboto darbo kiino pneumatiné pavara turi oro pagalvés ir autovirpesiy
rezimg. Norint uztikrinti pavaros judéjimg, gali buti naudojamas tik pavaros
autovirpesiy rezimas. Todél Sios pavaros darbas gali biiti uztikrintas tik tam tikrame
paduodamo slégio diapazone lemianc¢iame virpancios sistemos autovirpesiy rezima,
ir esant tik tam tikroms pavaros geometriniams ir dinaminiams parametrams.

2. Skaitmeniniai skaic¢iavimai rodo, kad geometriniai ir dinaminiai sistemos
parametrai turi reikSmingos jtakos visos mechaninés sistemos charakteristikoms.

3. Pavaros darbo kiino tiesialinijinio judéjimo greitis ir nueitas kelias priklauso
nuo paduodamo slégio, sistemos dinaminiy ir geometriniy parametry.

4. Teorinio tyrimo rezultatai rodo, kad skaitmeniSkai sumodeliuotas robotas
teisingai reaguoja j pradiniy duomeny pakeitimus.

5. Matematiniame modelyje, jvertinus trinties jéga, tarp adaty ir vidinio
vamzdzio korpuso pavirSiaus rasta roboto griebto poslinkio priklausomybé nuo adaty
pasvyrimo kampo.

6. Nustatyta adaty pasvyrimo salyga, prie kurios robotas gali judéti vamzdziu.

7. Roboto griebto judéjimo kinematiniai parametrai gali biiti reguliuojami ir
keiciant adaty pasvyrimo (tvirtinimo) kampa bei jy prispaudimo prie vidinés sienelés
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jéga. Roboto darbo kiino judéjimo ypatumas tas, kad judéjimo greitis yra pulsuojantis,
o pulsacijy parametrus lemia vibrosuZzadintuvo autovirpesiy charakteristikos
(amplitudé ir daznis). Sis pulsavimas kai kuriose technologijose gali bati ypad
naudingas.

5.2 poskyryje atliekamas reguliuojamy droseliy ir zadinimo kamery, sudaryty
i§ formos atmintj (FA) turin¢iy medZziagy, skirty vibrosuzadintuvy konstrukcijy
elementams, tyrimas.

5.2 ISmaniyjy grandZiy taikymas pneumatiniy vibrosuZadintuvy
konstrukcijoms.

Pneumatiniy pavary konstrukcijoje galima panaudoti adaptyvigsias medziagas,
pvz., medziagas su formos atminitmi. Dél ypatingy tokiy medziagy savybiy galima
supaprastinti sudétingas pavary konstrukcijas, padidinti visos sistemos efektyvuma.
Parinkus atitinkamas medziagas su FA, galima sukurti adaptyvias sistemas, kuriose
pagrindines virpesiy charakteristikas jmanoma reguliuoti, kei¢iant geometrinius
parametrus. Siame darbe tiriama pavara sudaryta i§ adaptyvaus kintamo skerspjivio
droselio ir kintamo tiirio kameros, kuriy grandys pagamintos i§ formos atmintj
turin¢iy medziagy. Gauti fiksuoto dydzio daznj ar amplitude galima pakeitus kameros
tirj arba droselio skerspjivj. Siame darbe istirta daugiafunkciné vibropavara su
adaptyviosiomis grandimis, atlikti tyrimai, siekiant praplésti pneumatiniy
vibropavary, dirbanéiy autovirpesiy rezimu, taikymo sritj, sudaryti jy parametry
skai¢iavimo rekomendacijas.

5.2.1 ISmaniyjy medZiagy galimo taikymo pneumatiniy vibrosuZadintuvy
konstrukciniams elementams metodika.

Toliau pateiktos kelios vibrosuzadintuvy konstrukcijos su FA turinciais
elementais, kurie gali baiti panaudoti kaip droseliavimo elementai (5.17 pav.) arba
kei¢iamo tario kameros. Tokius Kkeitiklius galima bity naudoti vibraciniuose
jrengimuose, pneumatiniy amortizatoriy konstrukcijose, mikrokompresoriuose,
reguliavimo, valdymo, pozicionavimo prietaisuose.

Tokio tipo vibrosuzadintuvo konstrukciniai elementai parodyti 5.18 pav., kur
zadinimo kameroje jtvirtintas pavaros elementas 2 su formos atmintimi. Antras
elemento galas pritvirtintas prie korpuso 3. Pavara 2 kontaktuoja su ausinimo 6 ir
kaitinimo 7 elementais. Lanko 2 medziagai pasiekus atvirk$¢io martensitinio virsmo
temperatiirg, jis pradeda linkti j prieSingg puse (veidrodinio atspindzio link - bréZinyje
pavaizduota punktyrine linija). Kai lankas pereina j prieSingg padétj, vyksta jo
ausinimas. Lanko medziagai pasiekus temperatiira, Zemesn¢ uz fazinio virsmo
temperatiirg, lankas verziasi grizti atgal.

Pneumatinio vibrosuzadintuvo Zadinimo kamerg sudaro droseliuojanti
plokstelé, sumontuota pavara - keitiklis i§ formos atmintj turinCios medziagos,
susidedantis i§ stimoklio, lanko formos elemento i§ FA ir auSinimo bei kaitinimo
elementy.
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5.17 pav.: Pneumatinio vibrosuzadintuvo droseliavimo kiaurymés konstrukcija: a) -
konstrukcijos vaizdas iki droselio formos pasikeitimo, b) — vaizdas po droselio formos
pasikeitimo, c) — konstrukcijos vaizdas i$ virsaus. 1- droseliavimo kiaurymé, 2- elementas i§
medziagos, turin¢ios formos atmintj.
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5.18 pav.: Pneumatinio vibrosuzadintuvo konstrukciniy elementy su FA turin¢iomis

medziagomis schema (a,b): 1 - stimoklis, 2 - plokstelé i§ medZiagos, turincios FA, 4 -
zadinimo kamera, 5 - lanko formos elementas i§ FA, 6,7 - au$inimo ir kaitinimo elementai.

Siame poskyryje pasiiilyta pneumatiné vibraciné sistema, kurios konstrukcinis
elementas sudarytas i$ adaptyvios kintamo ttrio Zadinimo kameros. Jos grandis 2 (Zr.
5.18 pav.) pagaminta i§ formos atmintj (FA) turin¢ios medziagos. Panaudoj¢ tokig
grandj i§ medziagos su FA, galime atsisakyti sudétingos, aktyviai valdomos
griztamojo ry$io mechaninés sistemos. FA turin¢ig medZiaga galima panaudoti ir
vibrosuzadintuvo adaptyviam droseliui, per kurj j Zadinimo kamerg yra paduodamas
slégis Py (zr. 5.18 b) pav.). Tokioje sistemoje, esant tam tikriems slégio parametrams,
droseliuojanti kiaurymé, paduodant per ja slégi Pi, kaista. Nustatyta, kad
temperatlrinis intervalas, kurio ribose vyksta medziagos su FA tiesioginis ir
atvirk§tinis martensitinis virsmas, turi svyruoti 10-15 °C ribose [60]. Tai apsprendzia
efektyvy droseliuojancios kiaurymés adaptyvuma sistemos Zadinimo parametry
poky¢iams realizuoti. Parinkus atitinkamas medziagas su FA ir jy fizikinius
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parametrus, galima sukurti adaptyvias pneumatines virpancias sistemas, kurias lengva
pritaikyti prie besikeic¢ianciy funkciniy reikalavimy.

Zinoma, tokios sistemos pritaikymo galimybés yra ribotos — reikalinga
izoterming aplinka. Jei darbo aplinkos temperatiira bus zZymiai didesné ar mazesné, uz
plokstelés martensitinio virsmo temperatiirg, arba aplinkos temperatiira svyruos
plac¢iame diapazone, teks naudoti priverstinio kaitinimo ir auSinimo sistemas.

Medziagas su FA galima panaudoti kameros geometriniams parametrams keisti.
Zinoma, tada sistema bus brangesné, nes jos korpusas turés biiti pagamintas i$ lydinio
su FA, todél ekonominiu pozitiriu tokig konstrukcija tikslinga naudoti mazy matmeny
prietaisuose. Tokios konstrukcijos pavyzdys pateiktas 5.19 pav.
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5.19 pav.: Pneumatinio vibrosuzadintuvo korpusas i§ FA turin¢ios medziagos: 1 —

droseliavimo kiaurymé, Vi — kameros taris iki martensitinio virsmo; V1’ — kameros tiiris po
martensitinio virsmo.

Norint aprasyti formos atmintj turin¢ios medziagos dinamika, reikalinga
jvertinti:

- pakabos mechaning struktiira;

- histerezines priklausomybes tarp temperatiros ir deformacijy keitikliuose su
FA,;

- mechaniniy jtempimy poveikj, kintant temperatiirai ir deformacijoms,
keitikliuose su FA;

- Silumos perdavima ir Siluming talpa keitikliuose su FA.

5.2.2 Medziagy su formos atmintimi pritaikymo vibrosuZadintuvui teorinis
tyrimas.

FA turin¢ioms medziagoms biidingos dvi labai savitos charakteristikos,
priklausancios nuo formuluotés: martensitinés FA medziagos turi formos atminties
efekta, o austenitinés FA medziagos yra superelastiskos.

Pirmiausia, norint suprasti deformacijy energijos absorbavimg superelastiSkose
FA medziagose ir pilnai panaudoti energijos absorbavimo galimybes, reikia nustatyti
ryS$ius ir atlikti teorinius skai¢iavimus.

Daugelj FA turin¢iy gaminiy galima nagrinéti kaip vienos dimensijos forma,
pvz., juosta, strypas, plokstelé. Sukurti modeliai kiekybiskai jvertina deformacijos
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energijos absorbcijg ir leidzia numatyti ribinj apkrovimg, reikalingg pradéti ir pabaigti
itempimy indukuota martensitinés fazés transformacija [40].

Tarkime, turime sta¢iakampio formos plokstele, kurios ilgis L, plotis b ir storis
h, kur (b<<L, h<<L). Vienos dimensijos vidiniy kintamyjy sudétinj matematinj
modelj pasitlé Brinsonas [63].

Pagal jtempimy priklausomybes nuo deformacijy [40] jtempimus galima
uzrasyti tokia forma:

o,=Ee¢, kai 0<e<g, (5.45)

oy =0,+E,(6-¢,), kai &y <e<ep, , (5.46)

kur oo ir & yra atitinkamai jtempimas ir deformacija, prie kuriy prasideda martensitiné
transformacija. &max yra maksimali atsistatancioji deformacija su atitinkanc¢iu
jtempimu omax , 0 E1 ir E2 yra Jungo moduliai, atitinkamai pries§ ir po jtempimy-
indukuotos martensitinés fazés transformacijos.

Deformacijy pasiskirstymas ploksteléje néra visiskai tiesinis. Supaprastintame
modelyje medziagos savybés kinta nuo martensitiniy iki austenitiniy virsmy iSilgai
plokstelés storio. Apkrovimo procesa lenkimo metu galima suskirstyti j tris stadijas.
Pirmojoje FA bandinys yra austenito buklés iSilgai viso savo storio, kol jtempimai
iSoriniuose sluoksniuose pasickia ov (jtempimy pasiskirstymas pavaizduotas 5.20
pav. a) dalyje). Antroji stadija — kai didinant krtivj, iSoriniuose sluoksniuose prasideda
jtempimy indukuota martensitinés fazés transformacija (5.20 pav. b). Itempimy
sukelta martensitiné sritis pleCiasi, kol visa bandinio iSoré tampa martensintinés
biuklés, kai tuo tarpu vidus vis dar austenitinis. Antroji stadija baigiasi, kai jtempimai
ir deformacijos plokstelés iSoriniuose sluoksniuose pasiekia atitinkamai omax i &max
(5.20 pav. ¢). Nuo $io tasko prasideda plastinés deformacijos. Tai trecioji apkrovimo
stadija. Plastinés deformacijos nejtraukiamos j energijos absorbcijos skai¢iavimy
modelj, tik atsizvelgiama, kad tai medziagy su FA elastiné deformacija [40].
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5.20 pav. [tempimy pasiskirstymas ploksteléje su FA: a) pirmoji stadija — 100% austenitas;
b) antroji stadija — austenitas viduje, martensitas bandinio iSoréje; c) antrosios stadijos
pabaiga [40].

107



Kadangi plokstelés apkrovimas turi tris atskiras stadijas, deformacijy energijos
absorbavimo mechanizmai jose irgi skiriasi.

Pirmojoje apkrovimo stadijoje, deformacijos energija yra elastiSkai kaupiama
austenite (O<e < &), antrojoje stadijoje — elastiskai austenite ir jtempimy idukuotame
martensite (& <& < &max), 0 treCiojoje — elastiskai austenite ir jtempimy idukuotame
martensite bei plastiSkai martensite ( &> &max). PlokStelés deformacijos energija,
sukaupta iki tasko, kuriame iSoriniai bandinio sluoksniai pasiekia gmax it omax, yra
vadinama deformacijos energijos absorbavimo talpa (galia).

Pirmojoje apkrovimo stadijoje deformacijy energija, kurig absorbuoja FA
plokstelé, paprastai randama integruojant isilgai bandinio ilgio:

L/2
u=2f

0 1

MZ

- x (5.47)

kur | = bh*12, M — yra taikomas momentas, 0 y — distancija iki neutralios aSies.
Momento M;, reikalingo pradéti martensitinés fazés transformacija, maksimali
deformacijos energija, kuri gali buti absorbuota iki jtempimy-indukuotos
martensitinés fazes, yra:

6L o

i :W i (5.48)

Antrojoje apkrovimo stadijoje taikomas momentas kinta nuo martensiting
transformacijg sukelian¢io momento M; ir momento My , uzbaigianc¢io martensiting
transformacija ( Mi < M < M;). Plokstelés absorbuojama deformacijy energija yra
randama:

h E E.Yh2=h? E. h®=-h®
U =bL —+(h-h 2 _1|4]1-=2 e 2 e
G“%[6+( e{za J+( aJ 2h, +E1 6h? } (5:49)

Ir pagaliau jtempimy indukuota martensitiné frakcija pagal Brinsong uzrasoma:

1 T E,(2y 1
“Zoosl—F o 12| Y q|||-0v —c, T-M )b+
= =3 {af -of [60[ E, [he ]H i@ S)} 2 (5:50)

Pagal sukurta modelj buvo atlikti energijos absorbavimo galios (talpos)
skai¢iavimai. Jiems buvo imama plokstelé, kurio ilgis L = 100x10 m, storis h =
2x10° m ir plotis b = 2x10® m. Naudotos FA medziagos savybés pateiktos 5.2
lenteléje.

Parametrai, naudojami supaprastintame Brinsono modelyje absorbuotos
energijos skaiiavimams, pateikiami 5.3 lenteléje.
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5.2 lentelé. FA medziagos savybés [40].

Martensitinio virsmo startiné temperatiira, Ms 18,4°C
Martensito pabaigos temperatiira, Mg 9°C
Austenitinio virsmo startiné temperatiira, As 34,5°C
Austenito pabaigos temperatiira, At 49°C
Transformacijos konstanta, Cwu 0,008 GPa/°C
Transformacijos konstanta, Ca 0,0138 GPa/°C
Transformacijos konstanta, o:* 0,1 GPa
Transformacijos konstanta, o 0,17 GPa

5.3 lentelé. Parametrai supaprastintam Brinsono modeliui [40].

Superelastiskas FA Martensitinis FA
Savybés ) )
lydinys lydinys
Jungo modulis, E1 67193 MPa 67000 MPa
Jungo modulis, E» 907 MPa 678 MPa
Transformacijos pradiné
B 0,647% 0,185%
deformacija, &
Transformacijos pradinis
434,8 MPa 112,8 MPa
itempimas, oo
Transformacijos galutiné
B 8,18% 8,8%
deformacija, &max
Transformacijos galutinis
503 MPa 182 MPa
itempimas, Omax

Pagal gautas lygtis (5.49), (5.50) bei parametrus i§ 5.3 lentelés skaitmeniskai
jvertintas deformacijos energijos absorbavimas FA lydinyje tiek superelastiSkumo,

tiek martensitinéje biisenoje.

Remiantis darbais [79-81], plokstelé i§ medZiagos su FA tiriama kaip vientisa,
neskaidant jos j skirtingas deformacines savybes turinéia $erdj ir iSoring sritj. Siuose
darbuose pasiilyta supaprastina plokstelés i§ medziagos su FA deformacijy
skai¢iavimo metodika. Tarkime, plokstelé yra ant horizontalios aSies, ir vienas arba
abu jo galai jtvirtinti. Centre ji veikiama jégos, kuri nukreipta isilgai vertikalios asies.
Ignoruodami skersiniy jégy, atsirandan¢iy deformacijos metu, veikima ir remdamiesi
L.Oilerio (L.Euler) pasitlyta lygtimi vienalycio strypo, Sarnyriskai jtvirtinto galuose,

i§silenkimui Y aSies kryptimi, galime uZrasyti:
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3
2
e19Y  py 1+(dy) -0 (5.51)
dx? dx

kur E — Jungo modulis, J — inercijos momentas, P — jéga, veikianti plokstelés centra.
Jei bandinio abu galai jtvirtinti, turésime tokias lygties (5.51) krastines sglygas:

y(0)=y()=0 (5.52)

kur | — bandinio ilgis.
o, MPa|—
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5.21 pav. Nikelio-titano lydinio mechaniniy jtempimy priklausomybé nuo temperatiiros: oy —
reakcijos jtempimai, oT— martensitinio virsmo jtempimai, Mo ir Mz — pradiné ir galiné,
atitinkamai, tiesioginés martensitinés transformacijos (A->M) temperatiiros, A ir A; —

pradiné ir galing, atitinkamai, atvirk§tinés martensitinés transformacijos (M->A)
temperatiiros [79].

Eksperimenty biidu gauta plokstelés i§ nikelio-titano lydinio (NiTi) jtempimy
priklausomybés nuo temperatiros kreivé (zr. 5.21 pav.). Pagal teorinius
samprotavimus, nurodomus darbuose [79], skai¢iavimus galime pritaikyti ir grandims
su FA. Turédami titano — nikelio lydinio plokstele, kurios ilgis | = 3x102 m, aukstis h
=1,5x10% mir plotis b = 2x10® m, $ildydami jg iki austenito temperatiiros, gausime
iSlinkimg pagal sinusoidés forma.

Atsizvelgiant | lygtj (5.51) galime rasti artutinj galuose jtvirtinto bandinio
iSlinkimo Y asies kryptimi sprendinj:

3
2 _
y(e)=21 [9=0 g 7S (5.53)
7 o, I
Kur S = bh yra plokstelés skerspjtivio plotas, E — titano-nikelio lydinio elastiskumo

modulis (apytiksliai E = 15,65x10%° Pa), o1 - maziausias kritinis jtempimas,
apraSomas formule:
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7’EJ
o, =—— 5.54
R (554
Eksperimentiniais duomenimis kritinis jtempimas ox= 321 MPa. Kai
jtempimai virsija kritinj jtempima (temperattira kinta tarp Ao ir A1), bandinys jgauna
sinusoidés pavidalo formg. Tai atsitinka, kai jtempimai virsija kritine riba:

242
o> [1+ %JO‘K (5.55)

Kai temperatiira priartéja prie kritinés ribos tk °C, o jtempimai atitinkamai prie
kritinio jtempimo ok , bandinio islinkimas mazéja ir jgyja tiesés forma.

Apskaiciuota, kad esant jtempimui o1= 337,8 MPa, strypo vidurinysis taSkas
turéty pasislinkti per 6,033x10°3 m Y asies kryptimi, o kai jtempimas o= 450,2 MPa,
— net per 1,7x102 m.

Remiantis [80] plonai plévelei taikytais deformacijy skai¢iavimo metodais,
galima juos panaudoti plokstelés deformacijoms rasti. Minétame darbe deformacijos
skai¢iuojamos, surandant i§linkusios plokstelés suformuotos elipsés pavirsiaus plots.

Plokstelés islinkimy reik8§més imamos i§ programos, sukurtos remiantis
literattiroje [79] pateiktais teiginiais, rezultaty.

Remiantis darbe [78] pateikta metodika, kai droseliavimo elemento su FA
vienas plokstelés galas yra laisvas, viename gale jtvirtinto bandinio islinkimo Y asies
kryptimi issilenkimg apytiksliai galima nusakyti formule:

2
yo(&) =2t |9=00 in 75 (5.56)
Vs o, 2|

Cia kritinis jtempimas aprasomas:

7°EJ

Sukurta programa apskaiciuota, kad esant Kritiniam jtempimui co= 80,45 MPa,
plokstelés nejtvirtintas galas maksimaliai turéty pasislinkti per 2,5x10° m.,

Pagal formules (5.53) ir (5.56) galima rasti plokstelés su FA medZiaga
(jtvirtintos atitinkamai abiejuose galuose ir viename gale) maksimaliy atsilenkimy
reikSmes, esant zinomiems kritiniams jtempimams, taip pat numatyti plokstelés
i8silenkimo formg, o pagal formulg (5.58) ir maksimalig jéga, kurig gali iSvystyti
plokstelé:

Frax = 0,8 (5.58)

Gaunama, kad maksimaliis jtempimai nagrinéjamam atvejui negali virsyti ribos
o= 500 MPa.

Toliau ieskomas rysys tarp bandinio maksimalaus atsilenkimo ir jj veikiancios
jégos kaitinimo bei $aldymo fazéje.
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Remiantis darbu [81], tiriama plokstelé, kurios vienas galas jtvirtintas, o kitas
laisvas. Skai¢iuojama kintamos temperatiiros jtaka bandinio deformacijai. Pradinéje
padétyje bandinys yra iSlenktas. Veikiant jégai F, jis tiesinamas.

Galutinés i$linkimo iSraiskos Sildymo ir §aldymo procesams uzraSomos:

3a,° 41° .. .
5=, +#(T —A)+ ceraF Gildymui) (5.59)
3a, 2 1) 4L .
O0=0,+—2"|T-M?—— |+ F  (saldymui 5.60
: Zh( fazjbEha (saldymui) (5.:60)

¢ia @, — konstanta (matavimo vienetas K), Aly — temperatiira, prie kurios baigiasi
austenito fazé, M% — temperatiira, prie kurios baigiasi martensito faze, 5, — pradinis
iSlinkimas, & — iSlinkimas, paveikus jégai F.

I$ (5.59-5.60) israiskos aisku, kad yra tiesinis rySys tarp plokstelés islinkimo ir
temperatiiros, kas apibiidina jos termini bei mechaninj elges;j.

Pagal formules (5.59-5.60) nustatyta, kad jéga, reikalinga priesintis plokstelés
iSlinkimui (ji lygi jégai, kurig aktyvuoja plokstelé), temperatirai kintant nuo 80 iki
100°C, kinta nuo 370 iki 135 N.

Naudojant fomules (5.59) ir (5.60) pagal bandinio su FA fizikinius parametrus
galima apskaiciuoti plokstelés atsilenkimg bei jvertinti minimalig jéga, reikalinga
fiksuoti tam tikrg plokstelés forma.

ISvados.

Projektuojant  vibrosuzadintuvus galimas elementy su iSmaniosiomis
medziagomis pritaikymas.

Panaudotas teorinis modelis leidzia rasti kiekybinj ry$j tarp FA lydiniy
martensito frakcijos, taikomo kriivio ir absorbuojamos deformacijy energijos. Reikia
pabrézti, kad Sis modelis tinka tik elastiSkumo ruoze — iki martensitinés transformacijy
fazés pabaigos, kur véliau prasideda plastinés deformacijos.

Skaitmeniniu budu i$tyrus kintamo skersmens droselio su plokstele, turincia
formos atmintj, matematinj modelj, nustatyta galima pasirinktos plokstelés
deformacija, kritiné jéga ir galima islinkimo forma.

Pagal literatiroje nurodytus matematinius modelius, skaitmeniSkai jvertintas
rySys tarp bandinio maksimalaus atsilenkimo ir jj veikiancios jégos kaitinimo beli
Saldymo fazéje.

Kitame poskyryje pateikiamos parengtos dviejy pneumatiniy vibrosuzadintuvy,

dirban¢iy sinchroniniu ir valdomos fazés autovirpesiy rezimu, projektavimo
rekomendacijos.
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5.3 Dvieju pneumatiniu vibrosuzZadintuvy, dirban¢iy sinchroniniu ir valdomos
fazés autovirpesiy rezimu, projektavimo rekomendacijos.

Rekomendacijos pagal dvieju vibrosuzadintuvy, sujungty
sinchronizuojanc¢iu kanalu, skaitmeninj ir eksperimentinj tyrima

Analizuojant eksperimentinio ir skaitmeninio vibrosuzadintuvy, dirbanciy
autovirpesiy rezimu ir sujungty aerodinaminiu ry$iu, tyrimy rezultatus, nustatytos
darbo kiiny autovirpesiy formy priklausomybés nuo paduodamo slégio désniy

kai paduodamas slégis pastovus:

harmoniniai vieno daznio darbo kiiny autovirpesiai nusistovi, kai
paduodamas slégis parinktas taip, kad bent vienas i§ vibrosuzadintuvy, prie$
jvedant aerodinaminj ry$j (savarankiskai), dirba autovirpesiy reZimu su
didesniu dazniu f;>f, , bet tenkina salyga f1/f.<1,8;

neharmoniniai skirtingos amplitudés autovirpesiai su priesfaze
nusistovi, kai savarankiskai dirbanc¢iy vibrosuzadintuvy virpesiy dazniai
skiriasi f;>f, , bet tenkina salyga fi/f>>1,8;

i$éjimo | sinchroniniy autovirpesiy rezimg laikas atvirk§¢iai proporcingas
santykiui Pi/Pa.

kai paduodamas slégis pulsuoja:

harmoniniai vieno daznio darbo kiiny autovirpesiai nusistovi, kai

vienas i§ paduodamy slégiy pulsuoja (3.7 lentelés Rez.Nr.: 1, 8, 9) arba
pradeda pulsuoti po tam tikro laiko (3.7 lentelés Rez.Nr.: 10, 11);
harmoniniai vieno daZnio ir vienos amplitudés darbo kiiny autovirpesiai
nusistovi, kai paduodami slégiai pulsuoja tuo paciu dazniu wi1=w: ir ta pacia
faze gi=¢, (3.7 lentelés Rez.Nr.: 2, 11);

neharmoniniai vieno daznio ir pulsuojan¢ios amplitudés darbo kiny
autovirpesiai nusistovi, kai skiriasi j vibrosuzadintuvus paduodamy
pulsuojanéiy slégiy dazniai w1£ws, 0 fazés sutampa ¢i=¢, arba skiriasi per
nk (kezZ) (3.7 lentelés Rez.Nr.: 4, 6, 7);

neharmoniniai skirtingos amplitudés autovirpesiai su priesfaze
nusistovi, kai j vibrosuzadintuvus paduodamy pulsuojanciy slégiy dazniai
vienodi wi1=w;, 0 fazés ¢ skiriasi per 7Kk (keN) (3.7 lentelés Rez.Nr.: 3,
12). Siomis salygomis, jei vienas i§ paduodamy slégiy pradzioje buvo
pastovus, o pradéjo pulsuoti tik po kurio laiko, gaunami sudétingi
neharmoniai kintancios amplitudés autovirpesiai su priesfaze (3.7 lentelés
Rez.Nr.: 12) ;

neharmoniniai sudétingo judéjimo désnio autovirpesiai su skirtingais
Kintan¢iais dazZniais ir amplitudémis nusistovi, kai paduodamy
pulsuojanéiy slégiy dazniai skiriasi wi#w,, 0 fazés skiriasi dydziu,
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mazesniu uz 7k (keN) (3.7 lentelés Rez.Nr.: 5). Gauty autovirpesiy forma
tampa paprastesné, kuo faziy skirtumas artimesnis dydziui 7k (keN).
Sudétingo  judéjimo désnio autovirpesiai gali biti  pritaikyti
technologiniuose procesuose, kur reikia per trumpesnj laikg padidinti
procesy intensyvuma.

Sinchronizacijos kanalo jtaka:

e acrodinaminio rySio jvedimas gali priversti abu vibrosuzadintuvus dirbti
pagal harmoninj désnj, net jeigu dirbant savarankiSkai viename jy buvo
gestantys virpesiai;

e sinchronizacijos kanalo ilgo reikSmé turi Zymesnés jtakos virpesiy
amplitudei ir nedidelés jtakos dazniui;

e sinchronizacijos kanalo skerspjuvio pakeitimas gali pakeisti virpancios
masés judéjimo désnj ;

e didé¢jant sinchronizacijos kanalo skerspjiivio ir kanalo ilgio santykiui
2ndly, mazéja autovirpesiy amplitudés, bet padidéja abiejy
vibrosuzadintuvy sinchroninis daznis.

Rekomendacijos pagal dviejy kamery pneumatinio vibrosuzadintuve su
sinchronizuojanc¢iu tampriu elementu skaitmeninj tyrima.

Analizuojant dviejy kamery vibrosuzadintuvo, kurio darbo kanai sujungti
spyruokle, skaitmeninio tyrimo rezultatus, nustatytos darbo kiiny autovirpesiy formy
priklausomybés nuo paduodamo slégio:

e harmoniniai vieno daZnio ir vienos fazés darbo kiiny autovirpesiai
nusistovi, kai paduodamas slégis parinktas taip, kad abu darbo kiinai, prie$
jvedant lanks¢ig jungtj (savarankiskai), dirba harmoniniu autovirpesiy
rezimu, nepriklausomai nuo jy savarankisko daznio ir amplitudés. Jeigu
vieno darbo kiino virpesiai gesta, taciau kito amplitudé didesné, ir pastarasis
savarankiskai dirba pagal harmoninj désnj, jvedus sinchronizacijos kanala,
nusistovi harmoniniai vieno daznio virpesiai abiejose kamerose.

Sias rekomendacijas galima naudoti praktiniam pritaikymui jvairiuose gamybos
technologiniuose procesuose, kur bitinas pneumatiniy virpanéiy sistemy
sinchronizavimas.
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6. APIBENDRINTOS DARBO ISVADOS.

1. Darbe atlikti pneumatiniy vibrosuzadintuvy virpesiy charakteristiky tyrimai,
analizuojant vienos ir dviejy kamery mechanines sistemas. Sudaryti tokiy sistemy
matematiniai modeliai, 0 gautos pirmos ir antros eilés diferencialiniy lygé¢iy sistemos
istirtos Mathcad bazéje. Tiriant pneumatinius vibrosuzadintuvus pagal sukurtus
matematinius modelius, buvo analizuojamos virpesiy charakteristikos, esant
skirtingiems mechaninés sistemos geometriniams ir dinaminiams parametrams bei
paduodamo slégio reikSméms. Nustatyta, kad dviejy kamery vibrosuzadintuvo
skaitmeninio modelio, aprasSyto Prandtlio lygtimis, sprendimas bedimensingje
formoje leidZia nustatyti mechaninés sistemos darbo kiino virpesiy daznj, kai
paduodamas slégis pastovus. Antrosios kameros naudojimas praplecia
vibrosuzadintuvo autovirpesiy charakteristiky reguliavimo ir taikymo galimybes.

Vienos kameros vibrosuzadintuvo skaitmeninis amplitudés ir dazniy
priklausomybés tyrimas parodé, kad amplitudei kintant nuo A=0,10x10°m iki
A=1,50x10°m, daznis f kei¢iasi nuo 30,0 iki 20,0 Hz. Teoriskai tiriant dviejy kamery
vibrosuzadintuva, nustatyta kad i pirmaja ir antrgjg kamera paduodant pastovy slégj,
kurio reikSmés 1,0<P12/Pa<2,0, gaunamy autovirpesiy amplitudé kinta nuo
A=1,80x10°m iki A=11,06x10°m, o daznis 9,2<f<16,1 Hz. | antraja kamera padavus
pulsuojantj slégj, esant autovirpesiy amplitudei A=3,36x10°m, gaunamas daZnis
=9,2 Hz, o kai A=1,80x10°m, virpesiy daznis f=31,0 Hz.

Kai vibrosuzadintuvo parametrai Vk=11,932x10° m?, m=0,542 kg, C=82539
N/m, K=36,67 kg/s, eksperimentiniais tyrimais nustatyta, kad esant paduodamo
suspausto oro slégio reikSméms iki 3,0x10° Pa, gaunami autovirpesiai, kuriy daznis
siekia 2500 Hz. Eksperimentinio ir teorinio tyrimo rezultatai rodo kokybinj sutapima:
didinant paduodamo slégio reik§me autovirpesiy zonoje, nezymiai didéja (iki 5%)
autovirpesiy daznis, taciau virpesiy amplitudé gali iSaugti iki 10 karty. Be to, didinant
zadinimo kameros tiirj, mazéja darbo kiino autovirpesiy daznis.

Vibrosuzadintuvo autovirpesiy parametry nustatymui galima naudoti Sen-
Venano ir Vanselio lygtis, kai dujy tekéjimas suspausto oro sluoksnyje vyksta
ikikritiniu rezimu.

2.Dviem matematiniais metodais nustatytos mechaninés = sistemos,
susidedanc¢ios i§ vienos kameros pneumatinio vibrosuzadintuvo, darbo kano
autovirpesiy egzistavimo sritys, esant tam tikriems sistemos geometriniams ir
dinaminiams parametrams. Tyrimas parodé, kad naudojant supaprastintas sistemos
judéjimo dinamika aprasanc¢ias Sen-Venano ir Vanselio lygtis, galima rasti tikslesng
autovirpesiy egzistavimo sritj, negu analitiniu biidu tiriant iStiesintg diferencialing
lygti. Pastaroji gaunama i vibrosuzadintuvo darba aprasancios lygéiy sistemos, todél,
esant nedideléms bedimensinio jtempimo (<0,01) ar didesnéms paduodamo slégio
reikSméms (P1>1,5-Pam), rekomenduojama autovirpesiy parametrams nustatyti
naudoti Sen-Venano ir Vanselio lygtis.

3. Pasidilytas naujas dviejy pneumatiniy vibrosuzadintuvy sinchronizacijos
budas, panaudojant aerodinaminj ry$j, jungiantj vibrosuzadintuvy kameras. Sukurti
matematiniai modeliai, aprasantys tokios mechaninés sistemos dinamika, kai
paduodamas slégis pastovus arba pulsuoja pagal tam tikrg désnj. Nustatytos tokios
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konstrukcijos darbo kiiny judéjimo priklausomybés nuo geometriniy ir dinaminiy
parametry ir paduodamo slégio charakteristiky bei pateiktos sukurtos mechaninés
sistemos kinematiniy ir dinaminiy parametry skai¢iavimo metodikos, leidZiancios
iSgauti skirtingas autovirpesiy formas, kuomet j vibrosuzadintuvo kameras
paduodamas pastovus ir/arba pulsuojantis slégis. Matematiniai tyrimai parodé, kad
paduodamas pulsuojantis slégis praplecia vibrosuzadintuvo virpesiy charakteristiky
valdymo galimybes ir leidzia keisti autovirpesiy charakterj vien tik parenkant
atitinkamus pulsuojancio slégio parametrus.

Kai paduodamas slégis pastovus, o jo reik§mé yra lygi 1,6<P1,/P.<2,15,
gaunamy autovirpesiy amplitudé kinta nuo A=0,64x10-*m iki A=3,06x10*m, o daznis
15,5<f<30,0 Hz. Teoriniai tyrimai, kai paduodamas slégis pastovus, rodo, kad
sinchronizuojancio kanalo buvimas gali sumazinti vieno vibrosuzadintuvo darbo kiino
autovirpesiy daznj. Tai patvirtina ir eksperimentiniai tyrimai. Be to, eksperimentai
patvirtino skaitmeniniy tyrimy prielaida: esant sinchronizacijai, galima pasiekti, kad
abiejuose  vibrosuzadintuvuose  biity iSgaunami  harmoniniai  virpesiai.
Eksperimentiniai tyrimai rodo, kad j vibrosuzadintuvy kameras vienu metu paduodant
slégj, atitinkamai P1 = 2,5x10° Pa ir P, = 6,0x10° Pa, nusistovi artimo daznio abiejy
vibrosuzadintuvy darbo kiiny virpesiai: f; = 964 Hz, f, = 979 Hz.

Teorinio tyrimo, kai paduodamas pulsuojantis slégis, priklausomai nuo slégio
parametry, i$¢jimo j sinchroniniy autovirpesiy rezimg laikas svyruoja intervale [0.15
s; 0.40 s], nusistovéjusiy darbo kiiny virpesiy amplitudé kinta intervale [0,01x10°m;
0,20x10°m], o daznis [10 Hz; 30Hz].

Eksperimeniniai tyrimai parodé, kad vienas vibrosuzadintuvas, dirbdamas
autovirpesiy reZimu, esant sinchronizavimo kanalui, priver¢ia autovirpesiy rezimu
dirbti kita vibrosuzadintuva. Aktyvavus sinchronizavimo kanalg, vibrosuzadintuvai
dirba sinchronikai ir artimu dazniu. Nustatyta, kad autovirpesiy fazés sutampa, Kitais
atvejais yra prieSingos arba susidaro faziy skirtumas. Tai patvirtina ir skaitmeninis
tyrimas.

Sukurtas matematinis modelis ir skaitmeniniu biidu istirtos dinaminés sistemos
savybés bei sinchronizacijos rezimai, kai dviejy kamery pneumatinio
vibrosuzadintuvo atskiri darbo kiinai sujungti tampria grandimi. Skaitmeniniai
tyrimai parodé, kad tampri grandis tarp mechaninés sistemos darbo kiiny visada
privercia juos judéti vienodu dazniu ir viena faze.

4. Skaitmeniniu buadu iStirta vieno laisvés laipsnio Zengianti pneumatiné
autovirpesiy rezimu dirbanti roboto vibropavara, Kkuriag Kkonstruojant gali buti
panaudota viena zadinimo kamera. Sukurtas tokios vibropavaros matematinis
modelis, nustatytos jos poslinkio priklausomybés nuo geometriniy ir dinaminiy
sistemos parametry, paduodamo slégio, tampriy adaty tvirtinimo kampo. Skai¢iavmo
rezultatai parodé, kad nejvertinus trinties jégy tarp adaty ir vidinio korpuso pavirsiaus,
prie tam tikry pradiniy salygy, roboto vibropavaros postamis per 1s buvo xx = 60x
103m. Jvertinus trintj (f = 0,1), jis maz&jo, priklausomai nuo adaty pasvyrimo kampo
o: kai a=n/12, apskai¢iuotas Xx=57,91x10°m, o padidinus kampg iki o=n/4,
Xk=53,85%10*m.

Atlikti teoriniai tyrimai rodo tokios zengiancio judéjimo vibropavaros greic¢io
pulsuojantj charakterj ir leidzia numatyti taikymo sritis. Pvz., vibropavara gali buti
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skirta vamzdyny vidiniy sieneliy neardancios diagnostikos mechaninei sistemai.
Sukurtas matematinis modelis ir skai¢iavimo metodika gali buti adaptuoti keliy
laisvés laipsniy roboto griebto judéjimui aprasyti.

5. Pasitlyti pneumatinio vibrosuzadintuvo konstrukciniai elementai, kuriy
atskiros grandys sudarytos i§ adapyviy (iSmaniyjy) medziagy — medziagy su formos
atmintimi. ISanalizuoti matematiniai modeliai, skaitmeniniu biidu istirtos Siy elementy
deformacijos, galimi poslinkiai ir jtempimai, kritinés jégos. Skaitmeniniu tyrimu
jvertinta, kaip vibrosuzadintuvo kameros thrio pasikeitimas turi jtakos
vibrosuzadintuvo darbo kiino virpesiy parametrams. Tiriant titano-nikelio lydinio TN-
1 plokstele, kurios ilgis | = 25x107 m, storis h = 1,5x10° m, plotis b = 20x103 m,
nustatyta, kad kameros tiiris sumazéja 7,5 proc. Dél Sios priezasties virpesiy amplitudé
sumazéja 9,1 proc., o daznis iSauga 0,7 proc. Skaitmeniniu bidu istirto kintamo
skersmens droselio su formos atminties lydinio plokstele panaudojimas
vibrosuzadintuvo konstrukcijoje teikia papildomy geometriniy jo parametry, taip pat
ir virpesiy charakteristiky reguliavimo galimybiy.

6. Remiantis gautais tyrimy rezultatais, parengtos prielaidos dviejy pneumatiniy
vibrosuzadintuvy, dirbanciy sinchroniniu ir valdomos fazés autovirpesiy rezimu,
projektavimo rekomendacijoms, kurios gali buti taikomos Kkuriant sudétingus
technologinius kompleksus.
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7. SUMMARY

The relevance of the research

Vibroactuators are widely used in various industries and construction, transport,
agriculture spheres. A very important role among vibroactuators belongs to pneumatic
mechanical systems. They are special in that they are safe from electricity, not
explosive, therefore are especially useful in equipement used for mining, underground
transport, chemical industry. Pneumatic vibroactuators are also widely used in
construction (for concrete compaction machines), conveyor assembly lines (for
collecting assembled elements into the collection point and positioning them),
metallurgical factories (for moulding), chemical industry (for mixing and separating
processes), manufacturing companies of construction materials (for prefabricated
reinforced concrete production, for sorting lines of construction materials - crushed
stone and gravel), road constructions (soil compaction machines).

New developments in fields of application, requirements of rapidly evolving
science and technology fields lead to improving old vibration mechanisms, and the
latest scientific achievements allow to create new types of multifunctional pneumatic
vibroexciters. The specifics of the flow of gas and constructional decisions for new
vibroexciters reveal a number of characteristic features of their work. Authors.
Tomchin, D., Tomchina, O., Fradkov, A., Zhao zhi-li, Chen Hung-Yi, Eremeykin, S.,
Kaliji, H., Messina, A., Giannoccaro, N., and other researchers periodically publish
theoretical and experimental studies of dynamic systems consisting of one and a few
vibroexciters, analyse the operation modes, and phase control capabilities, and
simulating methods of a few vibroexciters.

In this work a new possibility is explored to use untraditional decisions: to create
new parts with adapted elements (elements with shape memory alloy) in construction
of multifunctional vibroexciters. New types of pneumatic vibroexciters on air
cushions, suggested by authors A.Galinskas, K.Ragulskis, R.Bansevicius,
E.Kibirkstis, K. Vaitasius, et al. [11-24] have multifunctional possibilities: the law of
harmonic and inharmonic motion of working bodies, the change of leaping parameters
of vibrations, the shock regime of the work body. The working bodies of these
vibroexciters can have up to 6 degrees of freedom. The mechanisms that have been
created have 3 zones: contact, air-cushion and vibration mode that allows to use these
kinds of mechanisms in designing robot grabbers and collecting roller-sleeve type
details. Using synchronizing aerodynamic links or pulsatile pressure it is possible to
achieve the action when vibroexciters are able to work in synchronous frequency and
controlled autovibration phase.

Research aim and objectives

For the effective use of multifunctional pneumatic vibroexciters it is necessary
to investigate the general patterns of their behaviour and develop their theoretical and
experimental research methods.
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The aim of the research of this dissertation is to investigate the dynamics of
multifunctional vibroexciters which are working on the air-cushion in autovibration
regime and the synchronization of two vibroexciters.

The aim of the research can be reached by carrying out the following objectives:

1. Carry out the experimental and theoretical research on the characteristics of
air-cushion vibroexciters and submit the calculation methodics of their mechanical
parameters.

2. To determine the working range of autovibrations in the vibroexciter that
works on the air-cushion.

3. To create the synchronization and phase control methodics for two pneumatic
vibroexciters working on air-cushion.

4.To create the pneumatic vibroactuator with the linear motion in a robot and
investigate transitional processes and stable linear motion regimes.

5. To form mathematical models of vibroexciters with adaptive elements with
shape memory alloy on air-cushion and to make the calculations on the mechanical
characteristics of these elements.

6. To propose the projecting guidelines (recommendations) of two vibroexciters
working with the synchronical autovibrations.

Research methods and means

Monographies, science publications, material found on the internet and the
science information of the research group of the department were used while writing
the research.

The theoretical investigations were carried out and based on general theory of
machines, theory of gas dynamics and vibrations, directly using analytical and digital
methods. Calculations based on the created mathematical models were performed on
the Mathcad base. For experimental research, modern and precise measuring
equipment was used. The original vibroexciters, created by the research group,
accelerator and the vibrometer were also used.

Scientific novelty of the research

1. Mathematical models of pneumatic vibroexciters on the air-cushion were
created and the existing range of autovibrations were investigated. Digital and
experimental research results were submitted. The theory of synchronization and
phase controlling of two pneumatic vibroexciters using the elastic link, aerodynamic
link and the pulsatile pressure from the outside, was created.

2. The pneumatic vibroactuator with the linear motion was created and its linear
motion and stable regime parameters were investigated. Elements with shape memory
alloy in construction of vibroexciters on the air-cushion were recommended together
with its calculation methodic.

3. Projecting recommendations of mechanical systems of two vibroexciters on
the air-cushion which can work in synchronized regime with the controlled phase of
vibration were created.
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Practical benefits of the study

The theory of multifunctional vibroexciters, working on the air-cushion in
autovibration regime, was created. The determined existing ranges of autovibrations
allow calculate vibroexciter’s with one or two chambers vibration parameters and then
accomplish its construction design.

The theory of synchronization of vibrations and phase control of two
vibroexciters on the air-cushion was developed. Also the researches on
multifunctional vibroexciters working on air-cushion were done and the newly created
synchronization methods allow to use vibroexciters for the improvement of various
technological processes.

The proposed pneumatic vibroactuator with the linear motion can be applied for
diagnostics of various pipelines.

Materials presented for the defence:

1. Mathematical models of vibroexciters on air-cushion dynamics and digital
and experimental recommendations on its working regimes together with the results
of the research.

2. Methods of synchronization and phase control of pneumatic vibroexciters on
the air-cushion, mathematical model and digital research results.

3. Mathematical models of the robot’s pneumatic vibroactuator with the linear
motion, its digital research methods and the results.

4. The results of theory research of pneumatic vibroexciters on air-cushion with
elements with shape memory material.

5. Recommendations of two vibroexciters working on air-cushion with the
synchronic and phase control regime.

Work approbation

The subject of the dissertation has been discussed in 10 publications, 2 of the 10
publications were published in Clarivate Analytics (ISI) Web of Science journals,
which have the impact factor: the impact factor of 2 publications — 1,128 (2017,
2018). The results of the work were presented in international conferences. The list of
publications and conferences is presented at the end of the dissertation.

Scope and structure of the dissertation

The dissertation consists of an introduction, 5 parts, the main generalized
conclusions, a list of references containing 81 sources, and a list of the author’s
publications related to the dissertation. The dissertation contains 155 pages, 106
illustrations, 17 tables and annexes.
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1. ANALYTICAL OVERVIEW OF PNEUMATIC VIBROEXCITERS
RESEARCH

This chapter carried out an overview of pneumatic vibroexciters research and
numerical investigations of vibrating mechanical systems.

The vibrating systems can be used in vibrating transporters, distribution of bulk
materials, for orientation, assembling or cutting of parts, in drilling tools, in equipment
for soil or concrete smoothing and compacting, for intensification of physical
processes and chemical reactions, in medical and household vibration equipment and
etc.

After analysing the types of vibroexciters (Blekhman, 1., Lavendel, E.,
Ragulksis, K., BanseviCius, R., Kibirkstis, E., Levenson, S., Bishop, R.), it can be
noted that according to the simplicity of construction, better operating characteristics,
the variety of working body oscillations, the ability to work in hazardous conditions
and control of basic parameters, the priority is given to pneumatic vibrating systems.
In practice, pneumatic actuators such as linear pistons (pneumatic cylinders) are
commonly used. They create a linear movement that can be adapted for a limited,
repetitive operation such as pressing, stamping, transferring, forcing, turning, etc.

For development of technological equipment that consists of several
vibroexciters and for intensification of technological processes, in most cases it is
important that vibroexciters would work in synchrony. Also it is necessary to set a
mode of synchronous work or work with a synchronous phase for a few vibroexciters
of uch type that are working at a distance of each other.

Several methods of synchronization and phase adjustment could be applied for
solving problems of synchronization of a few vibroexciters. Vibroexciters could be
synchronized using several methods: one is to use a joint rigid platform, but this
method has been known for long and was analysed by Ragulskis, K., Tomchin, D.,
Tomchina, A., Kudryavtseva, I., Zhang, X., Wen, B., Zhao, Ch. The authors studied
synchronization of two exciters in a nonlinear vibrating system. The theory of self-
synchronization of a dual mass vibrating system, driven by two coupled exciters,
which was analysed by He, L., Shibo, F., Ye, L., Chunyu, Z. Tomchina, A., et al,
presented synchronization of three rotors. A different method of synchronization of
vibroexciters using synchronization and chambers connected by aerodynamic links is
proposed in this research.

Ordinary differential equation (ODE) solvers are employed when continuous
time systems are used. These solvers use numerical methods to approximate the
solution to a differential equation over time. A significant part of the analysed papers
was focused on numerical investigations of vibrating mechanical systems and solving
ODE by using the methods of Runge-Kutta and others (Kaliji, H., Ghadimi, M.,
Barari, A., Teoh, C.-Y., Ripin, Z., Messina, A., Giannoccaro, N., Gentile, A., Xie, Z.,
etal.).

An analytical review of earlier research showed that there are not enough studies
of vibroexciters with two excitation chambers, there is no theory of frequency
synchronization of vibroexciters that work in auto vibration regime of one-degree of
freedom, there is no research of a possibility to create a robot pneumatic actuator with
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a linear motion using self-exciting auto vibrations, and adapt shape memory materials
as components in structure of pneumatic vibroexciters.

2. THEORETICAL AND EXPERIMENTAL RESEARCH METHODS OF
VIBROEXCITERS WORKING ON AIR CUSHION

2.1 Operating principle of pneumatic vibroexciters operating in autovibrations
regime.

The previous researches have showed that such type self-exciting and operating
in regime of autovibrations pneumatic vibroexciters consist of feeding air source,
elastically hanged up mass that fulfil the functions as adjusting device and
accumulative element of energy (chamber) (Fig. 1 a).

Accumulate element (chamber)
Energy Adjusting .| Vibranting
source device mass
A I
H) L 1|
Feedback
h Contact Air- Autovibration zone

zone cushion /
2y AVAVAVAVAV gt
Air-
cushion

zone
I II 111 v

Po Py P2 2 Pa
b)

Fig. 1. The operating principle and examples of pneumatic vibroexciters operating in
autovibrations regime: a) — scheme of system operating in autovibrations regime, b) —
operating regimes of working body of pneumatic vibroexciters. Po..P4 — values of feeding
pressure.

These vibroexciters depending on the amount of feeding pressure could have
four operating regimes: contact, two air-cushion and autovibrations (Fig. 1 b). All
these regimes could be used upon the need of technological regime of manufacturing
system.

In contact regime, the pressure in chamber is insufficient to overcome the
adjustment of hanger (Zone 1). Practically there is no leak of gases. In air-cushion
zone (Zone I1), the hanger of vibroexciter rises from the equilibrium position but no
vibrations could be observed because of too small force of feeding pressure that is
smaller than the force of spring that affects the elastic hanger. In air-cushion zone
(Zone 1V), the feeding pressure is too high — the hanger rises and remains in the
maximum rudder position. The pressure existing only in the Zone 111 could be used
for stimulation of autovibrations of working body and it causes the autovibrations
regime of pneumatic drive i.e., P,< Px<Ps.
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Fig. 2. Principal scheme of pneumatic vibroexciter: 1 — vibrating mass, 2 — spring, 3 —
chamber of vibroexciter, 4 — damper, P, — feeding pressure, Pk — pressure in chamber, h —
displacement of vibrating mass, r1 — radius of hole for feeding of pressed air, rx — radius of

chamber.

The operating principle of such vibroexciters is as follows: after feeding of
pressed air (gases) of particular pressure Pi, through the throttle they flow in the
chamber 3 (Fig. 2). Some gases flow out outside through the ring-shaped gap between
the hanged up mass 1 and surface of vibroexciter. The static cushion of gases is formed
in this gap. The further increase of pressure of gases that flow in the chamber raises
the pressure in the chamber and gap until the elastic hanger 1, which overcomes the
elasticity C of spring 2, begins to move towards to the increase of working gap. Due
the inertia of mass m, the hanger over-comes the point of equilibrium and the gap
reaches the maximum value hmax. In this position the pressure in the chamber is too
high thus through the throttle flow in less gases than flow out through the gap outside.
A result of this — the pressure Pk decreases in the chamber 3. Then the mass m starts
to move to the direction of decrease of working gap h. Due the inertia the point of
equilibrium is overcome again and the gap reaches the minimum value hmin. After
decreasing of gap h, the gases in the chamber accumulate faster than flow out through
the gap, thus the pressure increases again. In the chamber increased pressure Pk forces
mass m to move in direction of the gap increase. The process is repeated cyclically.

2.2 Experimental research methodology and equipment of one chamber
vibroexciter.

An experimental stand for the research of one chamber vibroexciter was
installed. The general view and the structural scheme of the measuring equipment are
presented in Fig. 3. The output data of this system (amplitude and frequency) depends
on the tightening of springs 4, the value of the oscillatory mass 7, the geometrical
parameters of chamber K and the input of compressed air pressure Pi(t).
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Fig. 3. General view (a) and structural scheme (b) of pneumatic vibroexciter construction for
the research: 1 — base, 2 — stand, 3 — carrier, 4 — flat springs, 5 — guides, 6 — screw, 7 —
changeable mass, 8 — vibroexciter and chamber K, 9 — height fixer, 10 — compressed air
system, 11 — air supply channel, 12 — manometer, 13 — accelerometer KD35a 70292, 14 —
vibrometer PicoScope 3424, 15 — computer.

Examples of the masses 7 and the excitation chambers 8 investigated in the
experiments are presented in Fig. 4.

2) I '
Fig. 4. The examples of the masses (a) and excnatlon chambers (b).

The parameters of the vibrations of the pneumatic vibroexciter were measured
and recorded using measuring equipment. The data fixed of the inertia sensor KD35a
70292 is transmitted to the signal via the vibrometer PicoScope 3424.
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2.3 Methodology for the simulation and phase formation of synchronization of
vibroexciters working on air cushion.

Several methods of synchronization and phase adjustment could be applied for
solving problems of synchronization of few vibroexciters. Different authors in their
studies use various methods for analysis of synchronous vibroexciters operating. In
the most cases, the synchronization of vibroexciters have been mounted on one rigid
platform that has been analysed in the past studies. A method of synchronization of
vibroexciters using chambers connecting aerodynamic links is proposed in this
research.

A synchronization of two or more vibroexciters that are working on steady mode
or synchronous phase could be carried out in this case. The constant or pulsatile
pressure and air flow that is occurring in the channels 4 of working vibroexciters is
used for this purpose.
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Fig. 5. Scheme of synchronization pneumatic vibroexciters: 1 - oscillatory mass, 2 —
chamber of vibroexciter, 3 —tube link, P1, P, — supplied gas pressure, r1, r2 — radius of the air
supply channel, ri , r — the chamber radius, la , ke — chamber height, rai , ra2 — external
radius, ly— length of the linking channel, r, — radius of the linking channel.

L

The synchronization between vibroexciters is reached by inserting additional
links with particular aerodynamic resistance.

Feeding compressed air P1, P, into the vibroexciters, the masses 1 begin to
vibrate in frequencies close to self-exciting mode at particular parameters of
vibroexciter (mass, elasticity of springs, crossection area of throttles, volume of the
chamber and amount of feeding pressure). At given synchronizing channel 3, the
changed pressure in one the chamber influences the change of component of variable
pressure in other chamber. Due these additional aerodynamic links the multiple
frequency of pulsatile pressure is established, i.e., the frequency of vibrating masses
1 also becomes similar or multiple. The dependence of vibrations characteristics of
mechanical system on the size of aerodynamic resistance in channel 3, length and
diameter of the channel, geometrical parameters of vibroexciters and also mass m and
rigidity of springs could be determined experimentally or numerically analysing a
complicated differential system of equations with a large number of variable
parameters.

The synchronous operation of two pneumatic vibroexciters which actuating
elements are connected by a synchronizing elastic link (spring) is other
synchronization method analysed in this research.
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Scheme of a pneumatic dual chamber vibroactuator with actuating elements
connected with the elastic synchronizing link is provided in Fig. 6.
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Fig. 6. Scheme of dual chamber pneumatic vibroactuator: 1 — housing, 2 — elastic link
connecting the actuating elements, 3, 4 — chambers of vibroexciters.

Vibroexciters are supplied with compressed air (gas) P: and P, Other
parameters influencing movement of actuating elements 5: respectively, m; and m; —
mass, Ki, Kz — resistance factor, Cy, C, — stiffness factor, x; and X2 — shift of actuating
elements in chambers. Pressures Pk: and Pk, are generated in chambers 3 and 4.
Actuating elements are connected by the elastic link which characteristics are
described by stiffness factor of the spring Cs, and resistance factor Ka.

The solution of finding of synchronization and general phase is complicated
especially solving numerically but it is important for application of synchronous work
of pneumatic vibroexciters in various technologies. For the numerical studies, it is
planned to use ODE solving algorithms what are proposed in the Mathcad
environment. The basis of dynamical models will be the system of several nonlinear
differential equations, where the flow of gas will be described by the equations of De
Saint Venant,Vantzel or Prandtl.

3. THEORETICAL RESEARCH OF THE DYNAMICS OF A PNEUMATIC
VIBROEXCITER, SYNCHRONIZATION AND PHASE FORMATION
TECHNIQUES

3.1 Determination of the working area of the autovibrations of the pneumatic
vibroexciter.

A pneumatic vibroexciter with one chamber was investigated. The purpose of
the research is to determine the working area of autovibrations of a mechanical system
with certain geometric and dynamic parameters of the vibroexciter.

Two methods were used during the investigation: 1) a mathematical model was
created that describes the dynamics of the working body of the vibroexciter and it was
solved numerically using Mathcad software; 2) the differential equation of a
mathematical model in dimensionless form was linearized and analysed.
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Fig. 7. The working areas of the autovibrations of pneumatic vibroexciter: 1 — the curve
obtained from the first study, 2 — the curve obtained from the second study.

The results of both studies (Fig. 7) showed that the 1%t method obtained a more
precise working range of autovibrations.

3.2 Theoretical research of a pneumatic vibroexciter with two chambers.

A pneumatic vibroexciter with two chambers was investigated while the feeding
pressures push the same working body. The purpose of this section is to numerically
investigate the operation of this vibroexciter, to determine the influence of the second
chamber on the vibrations of the working body.

The scheme of the pneumatic vibroactuator with two chambers and one
actuating element is provided in Fig. 8.
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Fig. 8. The scheme of the pneumatic vibroactuator with two chambers and one
actuating body: 1 — housing, 2 — actuating element, 3, 4 — chambers of vibroexciter, P1, P, —
feeding pressures, rii, ri; — radius of chambers, Ik, lk> — high of chambers.

Pressures P; and P respectively are applied to the chambers of the vibroexciter.
The pressures in the chambers affect the same working body.

After the introduction of an additional camera, there are more opportunities to
influence the parameters of the vibrations. It is a multiparameter system, where the
oscillations of the working body depend on the geometrical parameters of the whole
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mechanical system, the supply pressures and the characteristics.

While applying De Saint Venant and Vantzel equations, a mathematical model
was proposed which describes the dynamics of the mechanical system of a pneumatic
vibroexciter with two chambers. The developed model consists of a system of
differential equations of first and second degrees which was reduced to the system of
equations of first degree and was solved using the Runge-Kutta method in Mathcad.
The model was adapted for constant and pulsating applied pressure.

The results of the numerical research showed that changing the vibration modes
of the working body can be changed by changing the values of the applied pressure
or mass. It was determined that the feeding of constant or pulsating pressure to one of
the chambers can force the working body of the vibroexciter to operate in the regime
of autovibrations or to get more complex vibrations of the working body.

3.3 Theoretical research of the synchronization of two pneumatic vibroexciters.

3.3.1 Numerical research of the synchronization of two pneumatic vibroexciters,
when the supply pressure is constant.

A research of two vibroexciters connected with aerodynamic synchronization
link in shape of tube is carried out in this chapter. Principal scheme is shown in Fig.
5.

The mechanical system is described by two differential equations of second
order that describe the movement of working body (mass m: and m;) of each
vibroexciter:

d? X, dx

m, ——= qt? +K1d_l+C1(X1+Hzl):ﬂrklz(Pkl_Pa)' 1)
d? X, dx,

m Sk, 5 M) = (R, ) @

where H,1 and H,, — initial tightening of vibrating masses m; and m, that cause the
rigidity of all system, P« and Py, — pressure of pressed air in chambers, P, —
atmospheric pressure, K1, K, — coefficient of resistance, Ci, C, — coefficient of rigidity,
X1 and x; amplitude of vibrations of chambers working body.
The mass of gases in chambers is described by the law of gas mass balance:
dQ,
dt

d(d?tkz =W,, —~W,, —G (where G=G, when Pi<Pie, and G= - G, when Piu> Pio)  (4)
where Qi and Qi — mass of gases in chambers, W11 and W21 —amount of feeding air,
Wi, and Wa, —amount of air outflowing from chamber in direction of working body,
G — amount of gases outflowing (feeding in) from chamber through synchronization
channel. In general, the mass of gases in chambers is calculated:

=W, -W,, +G (where G=G, when Piu<Piz, and G= - G, when Pu>Pi)  (3)
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According to the theory of thermodynamics and applying De Saint Venant and
Vantzel equations, the gas stream Wj; that enters the chambers j (j =1, 2) and stream
W, outflowing from chambers for present system could be expressed by equations:

%
7 (ﬁp P. j (ij / Pj )l/ﬁ[l—(ij / Pj )1—1//5]1/2

p-1
W, =1 kai A<P,/P, <], (6)
Yo 1z
pr?| =2 28 by | . kai ByIP <2,
p+1 ﬂ+1
,3 15 1/ 2
o[22, ) e et )
W, =<kai A<P,/P, <1, (7)

172
ar? 2 & 2B kai P,/P, <A
M7y m B+1 kjpkj ' al My

where u — coefficients assessing the gas resistance: s — resistance coefficient of air
entering into the chamber, s — resistance coefficient of air flow from the chamber,
o — supplied air density; A - critical ratio of pressures, g = C, /C, = 1.405. C, —
coefficient of thermal inductivity under constant pressure; Cy — coefficient of thermal
inductivity under constant volume.

The gases do not transform the heat with the walls of synchronization channel
when its length is small. The losses of pressure due friction along the tube are
expressed according Darcy formula. Also, after applying the equation of energy, also
the equation of ideal gases and mathematical analysis the change of gas amount per 1
s in the synchronization tube of pneumatic vibroexciter could be written as follows:

ar,? Pa” ~ P’ kai P, > P,
(/1‘2' Y +2In ]
G P\ <l P @®)
ar? P’ ~Pa’ kai P, > P,
Pk2 (j'trlv +2|npl<2]
Pz \ 21, Pa
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Thus the general dynamics of two vibroexciters connected with synchronization
tube using aerodynamic link could be described by the system of Egs. (1)-(4) where
expressions from Egs. (5)-(7) and Eq. (8) are used.

During the solving the system of first and second degree differential equations
is transformed to the system of six equations of first degree. To solve these equations
Runge-Kutta method was used based on variable (at determined accuracy of solving)
and fixed number of integration steps. The solving was realized using Mathcad
software.
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Fig. 9. Vibrations of both working bodies of vibroexciters with aerodynamic link of
synchronization (i=1 (x1) — grey line), i=2 (X2) - black dashed line): a) — vibrations in interval
of 1s, b) — enlarged fragment of the a).

Conclusions:

It was determined that introduction of aerodynamic link for synchronization has
influence to the self - synchronization of mechanical system and to the parameters of
self-excited vibrations: mostly the amplitudes of vibrations reduce in both chambers
but in some cases the amplitude of one vibroexciter increases meanwhile of other —
decreases.

The numerical researches have showed that after introduction of
synchronization the harmonic vibrations in both vibroexciters were obtained as before
one vibroexciter was working independently in the regime of self-exciting vibrations
and other one in regime of damping vibrations that frequency was lower.

The results of calculations also have showed that the movement character of
working body transformation to the regime of self-exciting vibrations depends on
geometrical parameters of vibroexciters and initial conditions and can be various:
harmonic self-exciting vibrations with synchro-nous frequency could be obtained
after particular time. This time is inversely proportional to the ratio Pi/P..

Also it was determined that when in separately working vibroexciters occur the
vibrations that frequency differs more than 1.8 times, after the introduction of
synchronization link non-harmonic movement character of working body could be
obtained in vibroexciter that frequency of vibrations was higher but the amplitude —
lower.

The length of synchronization channel has more influence to the amplitude of
vibrations but less to the frequency. But the cross-section of channel could change the
character of vibrating mass movement: force to work both vibroexciters in the regime
of self-exciting vibrations or to form damping vibrations. The increase of ratio 2r./l,
between the cross-section and length of synchronization channel causes the decrease
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of amplitudes of self-exciting vibrations but the increase of synchronous frequency of
both vibroexciters.

The range in there both vibroexciter begin to work in regime of synchronous
vibrations with equal frequencies was obtained gradually changing the amount of
feeding pressure to one vibroexciter. It was determined that slightly differences
between frequencies could be observed in this range when the values of them become
closer but the even increase of feeding pressure forms equal synchronous frequency
of both vibroexciters.

The obtained results of researches could be used for design of vibrating
mechanical systems of such type.

3.3.2 Numerical research of the synchronization of two pneumatic vibroexciters,
when the supply pressure is pulsating.

For the numerical research of the mechanical system, which structural scheme
was presented in Fig. 5, when the supply pressure is pulsating, the main equations (1)-
(8) were used. However, the mass of gas in Eq.(5) and Eq.(6) changed, according to
the feeding pressure pulsates by the law described in Eq.(9):

P()=P’+A,sin(@t+g) (9)
where P; — pressed air pressures Pi(t) and Pa(t) pulsating about the position of
equilibrium P;° with pulsation amplitude Asj, angular frequency a; and initial phase
o

During the numerical research, after choosing particular geometrical parameters
(ria, ka, r1, ree, lie, r2), initial tightening H;, values of masses m; and m, of working
bodies of vibroexciters, the characteristics of pulsatile pressure have been changed:
amplitudes Ap1, Ao, angular frequencies w1, @, and initial phases ¢1, ¢».

The results have showed that using a synchronizing channel in vibroexciters
harmonic or non-harmonic autovibrations of working bodies are established after
some time tsincn OF beginning of synchronous regime of autovibrations. The typical
results of vibrations of vibroexciters working bodies with aerodynamic link per time
t=1.5sare listed in Table 1.

Table 1. The shapes of changing laws of feeding pressure and autovibrations of working
bodies with synchronization channel.

Res Parameter Pulsations of pressures where Autovibrations shapes of working bodies (mass
s of P;°=2.43x10° Pa, m; and m,) under geometrical parameters:
N'O feeding Ap1=7.09x10* Pa, my=0.2 kg, lq=40x10°m, Hz1=Hz=2x10"m,
pressure P,°=1.82x10° Pa, Ap,=4.05x10* Pa Ia= e=2.5x10°m, m,=0.4 kg, li;=60x10°m
1 2 3 4

131



1 @1=60 . -
rad/s B A l .
@=0 rad. e | /\‘/u]f\/\/k,‘\/
@,=0 3 e \/ \
rad/s i X, (
»=0 rad. )
Harmonic autovibrations of the same frequency
of both working bodies are established with
different amplitudes
2 @,=60 — B
rad/s A A N
‘\
=0 rad Ww,\,u,j\ ‘f\ /\ 2/'\'\/'\ rp‘e/
_ = & g | ARVIRVIRVIRVA
=50 % ) ! \/ \/ \/ ( o
21073 X;
=0 rad _ 1 ,'
- 0 05 1 15
—p.o . o)
PPl(g):PF} Oiﬁ”ii;?g%’ Harmonic autovibrations of the same frequency
2 2 e of both working bodies are established
3 (01=60 a0 | 7\'
rad/s i L
- 610 ko N\ i1 \ S\ ,\//\,_ !
s B e s APV B
rad/s B - | %
Q=T
0 [ 1 15
1)
o Autovibrations are established with reverse
Pai(t)= Pol +Apysin(601), phase. x;-harmonic movement law of mass m; ,
Pa(t)= P2’ +Apysin(60t+m) X~ anharmonic movement law of mass m,.
4 =60 55 B & i -
i TANN WA AL
=0 rad. i /\\/‘ \/ ’\\ /\ =Tl A /y/ A S \WATAAYATAY
=30 = ’ ‘/\\/\"} V\ \’} Y o 2 410” 1 kd U Y % s
rad/s 2107 | %y
=0 rad. ) - )
0 05 1 15
t(s)
t® Anharmonic autovibrations of the same
P1(t)= P1° +Apy-sin(601), Py(t)= P,° frequency of both working bodies are established
+Apysin(30t) with pulsating amplitudes.
5 w1=60 ; <
rad/s M'-3‘. [ I )
@:O:;%d' 2 IKJ!I‘ILI ! \u\\f“ | / et / TLYAT ‘f;]r)\‘
= _ o EEPE US| ' Ny By iy h -
rad/s 2 - ) x,
»=10.51 _
0 05 1 15

e
P(t)lz P10 +Ap1~xin(60t), Pz(t): on
+Apysin(30t+% w)

ts)

The masses of both working bodies vibrate
according to the complex movement laws with
periodically changing amplitudes and
frequencies.
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Conclusions:

It was determined that the feeding of pressure to one of the chamber that was
connected with an aerodynamic link can force to operate working bodies of both
vibroexciters synchronous and with equal vibration frequency and phase. The
synchronous vibrations establish after some time that depends on geometrical parameters
of dynamic system and values of feeding pressure. This time is inversely proportional to
the difference of feeding pressures |Pi(t)-P2(t)]. The amplitude of synchronized
autovibrations is higher in that vibroexciter in which the feeding pressure pulsates. This
law is valid at different and equal geometrical parameters of vibroexciters but do not
depend on the fact that the value of feeding constant pressure is smaller or higher than
the maximal values of feeding pulsatile pressure.

The numerical researches have showed that at completely equal geometrical and
dynamic parameters of vibroexciters and feeding the pulsatile pressure according the
same law, the synchronous autovibrations with equal parameters after some time tsinch Of
beginning of synchronous regime of autovibrations are established in the general system
of two vibroexciters. The time tsinch. depending on the parameters of feeding pressures
(equilibrium position of pulsatile pressures P;°, amplitude of pulsations Agi, frequencies
wi) and under tested geometrical parameters is varying in range [0.02; 0.25] s. Thus the
synchronization channel affects the parameters of autovibrations. It was determined that
the length of synchronization channel also affects the time tsinch. and the amplitudes of
synchronized vibrations.

It was determined that after the feeding of pressures which pulsation frequency and
phase is the same (w1=w., @1=¢), the harmonic autovibrations are established with equal
frequency, phase and the difference between amplitudes of vibrations more depends on
mass and geometrical parameters of working body of vibroexciter. The difference of
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amplitudes of pulsating pressure which is supplied to the chambers also affects the
vibrations amplitudes of working bodies: when the difference of amplitudes of pulsating
pressure is |Api-Apz|=0.05x10° Pa, then the amplitudes of vibrating masses differ per
0.15x10*m, and when - |Api-Ap2|=0.85x10° Pa, then the difference increases up to
0.5x10°°m.

The numerical research of mathematical model has showed that when the
frequencies of pulsating pressures are not equal wi#w, and the difference between the
phases is smaller than 7k (keN), anharmonic autovibrations of complex shape are
established which shape more depends on size |p2-¢1|. Depending on the parameters of
pulsating pressure the time tsnen is varying in range [0.15s; 0.40s], the established
amplitude of vibrations? of working bodies is varying in range [0.01x10°m; 0.20x10"
®m]. When the difference of phases of pulsating pressures becomes close to 7k (keN),
the shape of autovibrations becomes more simple. When these phases are equal ¢1=¢» or
differ per 7k (k €Z), anharmonic autovibrations are established with pulsating amplitude.

When the frequencies of pulsating pressures are equal wi=w;, and the difference
of phases is 7k (keN), the vibrations with reversed phase are established. The
calculations have showed that time tsnch. iS inversely proportional to the size of
frequencies of pulsating pressures: changing the frequency of pulsatile pressure
w1=w2=15, 30, 60, 120 rad./s, the following values of tsncn. have been obtained: 0.44,
0.29,0.22,0.16s.

In different case, the difference of phases of pulsating pressures which are supplied
to vibroexciters could be obtained by delaying the pulsation of one of pressures i.e., first
supplying a constant pressure and after some time forcing it to pulsate. In such case by
changing the moment of pulsation beginning an introduction of different initial phase of
pulsation could be simulated and the various shapes of autovibrations of vibroexciters
working bodies could be obtained.

The theoretical research has showed that the change of geometrical parameters of
synchronization channel shows the same regularities which have been determined in
previous research by supplying a constant pressure.

A multiparametrical dynamic system has been obtained after introduction of
pulsating pressure to the mathematical model, but for determination of operating
regularities of it the further researches are needed. However, the control of the system
becomes more flexible and the laws of autovibrations establishing in vibroexciters are
more diversified. Although the feeding of pulsating pressure to the vibroexciters
requires more complex technological solutions, with the pulsating pressure occurs
more tools to control the system. In order to choose a necessary character of
autovibrations for the technological process it is enough to choose appropriate
parameters of pulsating pressure. According to the results of previous research
(supplying a constant pressure to the vibroexciters), to change a character of
synchronized autovibrations it was necessary to change the geometrical parameters of
the system or to combine the values of feeding pressure.
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3.3.3 Numerical research of the synchronization of pneumatic vibroexciter with

two actuating elements connected with elastic link, when the supply pressure is
constant.

Scheme of a pneumatic dual chamber vibroactuator with actuating elements
connected with the elastic synchronizing link is provided in Fig. 6.

The mathematical model was created using formulas of De Saint Venant and
Vantzel adapted to two vibroexciters operating in a single mechanical system. For
solution the system of differential equations of the first and the second degree is
transferred to the system of six equations of the first degree which are solved using
approach based on Runge-Kutta method with a variable (with the set accuracy of
solution) and fixed number of integration steps. The solution was implemented using
Mathcad basis.

The digital research results show that vibrations of individual actuating elements
of vibroexciters can be synchronized by connecting them with a spring.
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Fig. 10. Vibrations x; of the actuating elements of the both vibroexciters: a) - in case of
independent operation, b) - vibroexciters connected with the synchronizing spring (where
i=1 (x1) grey line, i=2 (x2) - black dashed line.

Conclusions:

Calculations have shown that in case of set geometrical and physical parameters of
the mechanical system, the obtained amplitudes of synchronized actuating elements in
the autovibration mode vary from 0.5x10° m to 9.0x10° m and common frequency of
autovibration does not exceed 20 Hz.

The theoretical research has shown that introduction of the synchronizing elastic
link always forces movement of actuating elements with the same frequency and single
phase. Frequency value of the synchronous vibration is less than the arithmetic average
of vibration frequencies of the actuating elements operating independently.

Results of the numerical research show that time period of transition into the
synchronous operating mode after which vibrations of equal frequency are established
increases after introduction of the synchronizing link with increase of difference between
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vibration frequencies of independently operating actuating elements. While this
difference of frequencies is less than 1.5-fold, synchronization of vibrations is established
during the first cycle of vibration. Calculations have shown that autovibrations of
anharmonic type are established in one of the chambers when the difference of
frequencies becomes 2-fold or higher.

It was determined that the synchronizing link can force actuating elements to
oscillate in the autovibration mode of single frequency even in cases when vibrations are
fading out in one of the chambers during independent operation of actuating elements.
However, in that case the actuating element in other chamber has to oscillate in
autovibration mode and its autovibration amplitude has to be not less than the initial
amplitude of fading vibrations.

4. EXPERIMENTAL RESEARCH OF VIBROEXCITERS WORKING
ON AIR CUSHION

4.1 Experimental research of a vibroexciter with one chamber.

An experimental research of a pneumatic vibroexciter with one chamber was
done using the equipment and methodology described in Chapter 2. The purpose of
the experiments was to determine how different compressed air affected by pressure,
different masses and chambers affect vibration characteristics.

Initial data of the mechanical system and the frequency of resulting vibrations
are presented in Table 2.

Table 2. Initial data and results of experimental research.

No. | Name of Mass Chamber Pressure Frequency
experiment No. | m,kg | No. | Vi, x10®m?® | Py, x10°Pa | fi. Hz
1 M3K1-10 3 0.542 1 11.932 0.0-1.0 167
2 M1K1-01 1 0.966 1 11.932 1.0 1847
3 M1K1-02 1 0.966 1 11.932 2.0 1944
4 M1K2-01 1 0.966 2 18.840 2.0 1689
5 M1K2-01 1 0.966 2 18.840 2.7 1739
6 M1K3-01 1 0.966 3 14.437 2.0 1055
7 M1K3-02 1 0.966 3 14.437 3.0 1693
8 M2K1-01 2 0.729 1 11.932 1.0 1923
9 M2K1-02 2 0.729 1 11.932 2.0 1980
10 M3K1-01 3 0.542 1 11.932 1.0 2074
11 M3K1-02 3 0.542 1 11.932 2.0 2463

During the experimental research, according to the values and parameters of the
1st row in Table 2 (experiment M3K1-10), pressure P, fed to the chambers changed.
The tests show that autovibrations established on time t; = 192 ms, and autovibrations
with pulsating amplitude started when t, = 672 ms (see Fig. 11).
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t t:

Fig. 11. The diagram of the autovibrations of working body of vibroexciter in the
rangeof 0to 1,2 s.

During the experiments M1K1, M1K2 and M1K3 (No. 2-7 in Table 2), after
choosing particular geometrical parameters (rii, la1), the values of the masses (m; and
my) of the working bodies of the vibroexciters, and the characteristics of pressure
changed.

As the tests showed, with increasing pressure, the frequency and amplitude of
oscillation of the working body increases in the zone of autovibrations (see Fig. 12).

——MI1K2-01 ——MI1K2-02

Fig. 12. Results of experiments M1K2: the diagrams of the autovibrations of working
body of vibroexciter in the range of 0 to 20 ms (blue line — an experiment M1K2-01 with
autovibrations f;=1689 Hz, A;=-4.14x10%-7.13x10¢ m, red line - an experiment M1K2-02
with autovibrations f;=1739 Hz, A;=-1.46x10°-2.23x10° m).

During the experiments M1K1, M2K1 and M2K1 (No. 2,3,8-11 in Table 2) after
choosing particular geometrical parameters (r«1, lk1) of chambers and feeding pressure
values, the masses (m1, m2 and ms) were changed (see Fig.13).

138



3,00E-05 ‘
Y 45 /
i %( r_\-n{ SN U L h *”

2,00E-05 f / ? \} ‘Kw‘ ["

J

-7,00E-05 ‘

i

19

‘ | J"| "™ ‘ )
e wjﬁfn‘"h’ﬂ',‘!www i

-1,20E-04

Fig. 13. Results of experiments M1K1-01, M1K2-01, M1K3-01: the diagrams of the
autovibrations of working body of vibroexciter in the range of 0 to 25 ms (blue line — an
experiment M1K1-01, red line - an experiment M1K2-01, green line - an experiment M1K3-
01).

The following conclusions can be made from the experimental studies of the
vibroexciter with one chamber:

o the autovibrations with the frequency of up to 2,500 Hz were obtained
when the compressed air pressure was raised to 3.0x10° Pa;

o after increasing the supply pressure, the value of the frequency of
autovibrations slightly increased (up to 5%), but the amplitude of the
oscillation increased in time;

o the autovibrations establish after some time, which depends on the
geometrical parameters of the dynamic system, and it decreases by
increasing the supply pressure values;

¢ the vibrations of the mechanical system were approaching the resonance,
when the frequency of the autovibrations was increasing.

The results of the experimental and theoretical research show a qualitative
overlap.

4.2 Experimental research of the synchronization of two pneumatic
vibroexciters.

An experimental research of two pneumatic vibroexciters (VBK1 and VBK2),
whose chambers were connected via synchronization link SK (see Fig.14), was carried
out using the equipment and methodology described in Chapter 2. The purpose of this
research was to determine how the synchronization channel affects vibration
characteristics of the working bodies of the vibroexciters.
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Fig.14. Structural scheme of pneumatic vibroexciters connected via synchronization channel:
1 — base, 2 — stand, 3 — carrier, 4 — flat springs, 5 — guides, 6 — screw, 7 — changeable mass, 8
— vibroexciter and chamber K, SK- synchronization channel, 9 — height fixer, 10 —
compressed air system, 11 — air supply channel, 12 — manometer, 13 — accelerometer KD35a
70292, 14 — vibrometer PicoScope 3424, 15 — computer.

Initial data of the mechanical system and frequency of resulting vibrations are
presented in Table 3.

Table 3. Initial data and results of the experimental research.

Test | Name of Mass Chamber Pressure Frequency
No. | vibroexciter No. | m,kg | No. | Vk, x10° | P;, x10°Pa | f;, Hz
m3
1 VBK1 1 0.966 |1 11.932 2.5 964
VBK?2 2 0.729 |3 14.437 6.0 979
2 VBK1 3 0542 |1 11.932 2.5 993
VBK?2 2 0.729 |3 14.437 6.0 1028

The initial data of the dynamic system according to the values of the 1% test in
Table 3 have been chosen for this test. The supply pressure to the chamber of the
vibroexciter VBK1 was P1 = 2.5 x10° Pa, and P2 = 6.0 x10° Pa is the pressure for the
vibroexciter VBK2. It was determined that at a time to =2.5 s autovibrations appeared
in the vibroexciter VBK1, and after time t1 = 2.92 s the working body of the
vibroexciter VBK2 started to vibrate in the autovibration regime too (see Fig. 15-17).
Both working bodies vibrate synchronously, in one phase, the amplitudes pulsate and
range from -5.33x10° m to 4.45x10° m.

For the next test the parameters from Table 3, 2-nd test were used. The supply
pressures to the chambers had the same values, but the value of vibrating mass in the
vibroexciter VBK1 was reduced. It was determined that both working bodies started
to vibrate synchronously, in antiphase form. The diagrams of the autovibrations of the
working bodies of both vibroexciters in the range of 0.8 to 1.1 s are presented in
Fig.18.
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Fig. 15. Results of an Experimental test No. 1 - sensor signal diagram, where blue line
— signals of vibroexciter VBKZ1, red line — signals of vibroexciter VBK2.
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Fig. 16. Results of an Experimental test No. 1: the diagrams of the autovibrations of
working bodies of vibroexciters in the range of 2.7 to 3.7 s diagram (blue line — amplitudes
of vibroexciter VBKZ1, red line — amplitudes of vibroexciter VBK?2).
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Fig. 17. Results of an Experimental test No. 1 (enlarged view of Fig.16): the diagrams
of the autovibrations of working bodies of vibroexciters in the range of 2.9 to 3.0 s diagram
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Fig. 18 Results of an Experimental test No. 2: the diagrams of the autovibrations of
working bodies of vibroexciters in the range of 0.8 to 1.1 s diagram (blue line — amplitudes

of vibroexciter VBKZ1, red line — amplitudes of vibroexciter VBK2).

Conclusions:
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Experimental research has shown that one vibroexciter working in an
autovibration regime can force the other vibroexciter to operate
synchronously and in autovibration regime after entering the
synchronization channel.

When the synchronization channel is activated, the working bodies of both
vibroexciters vibrate synchronously and at a similar frequency. The phases
overlap, are opposite, or phase difference is generated.



5. APPLICATION OF PNEUMATIC VIBROACTUATORS.
5.1 Research of dynamics of robot pneumatic actuator.

A robot pneumatic actuator with a linear motion has been developed. The
essential element of this actuator is a pneumatic vibroexciter operating under
autovibration conditions.
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Fig. 19. Scheme of fragment of a robot pneumatic actuator: 1 — body of a robot, 2 —
cylindrical pot of vibroexciter, 3 — spring, 4 — needle, 5 — support (leg), 6,9 — holes, 8 —
operating body (gripper), 10 — chamber, P — supply pressure

The actuator (Fig. 19) consists of cylindrical robot body 1 containing a
pneumatic vibroexciter. The vibroexciter includes cylindrical pot 2 with embedded
spring 3. The upper part of this spring is fixed at the bottom of pot 2, and its underpart
support 5. Holes 6 are cut in support 5 for the supply of compressed air P1. Gripper 8
as an operating body is fastened on support 5. Four rows of needles 4 are
symmetrically fixed at the external cylinder surface of pot 2. The needles rest on the
inner part of body 1.

The operation principle of an actuator is as follows (when m>>m; and the
needles are pressed by a certain force F): compressed air P is supplied through holes
6 to pocket 10 of pot 2 where the pressure grows until it overcomes the tensile strength
of spring 3. Under the impact of increased pressure pot 2 goes up and pulls gripper 8
through newly formed air gap 11 and holes 9, thus releasing the compressed air into
the atmosphere. The pressure in the pocket falls down and spring 3 in pot 2 closes gap
between pot 2 and pulling support 5. Then, the cycle repeats.

Under the influence of autovibrations needles 4 push up or down both pot 2
and gripper 9 simultaneously. The direction of a linear motion depends on that of
needles orientation.

The movement speed of gripper 8 is controlled by supply pressure P: and
fastening angle o1 of needles 4. The direction of a linear motion depends on that of
needles orientation.
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Considering the frictional forces that occur between the needles and the pipe
inner surfaces, the movement of the mechanical system can be described by the
following equation system:

2
m, S k(B Dy o, x + M) = (- P) - F,
dt dt dt
d?x dx, dx, 2 (10)
mK dtzK K(d_tK_T)_C(XV _XK + Hz):_ﬂrk (Pk - Pa)+ Ff

where my is vibrating mass, mk — mass of the vibroexciter, xv — displacement of the
vibrating mass, xx — displacement of the vibroexciter, H, — initial tightening of vibrating
mass, Px — pressure of pressed air in chamber, P, — pressure inside the tube, K —
coefficient of resistance, C — coefficient of rigidity, F: — friction force, f - friction
coefficient.

The mathematical model was created using Eg. (10) and formulas of De Saint
Venant and Vantzel adapted to this mechanical system. For solution the system of
differential equations of the first and the second degree is transferred to the system of
equations of the first degree which are solved using Runge-Kutta. The solution was
implemented using Mathcad basis.

In the numerical research with initial parameters: P1/P,= 2.0, my = 1.0 kg, mx =
2.5 kg and friction coefficient steel to steel f = 0.1, displacements of robot were
calculated, when the fastening angle a1 of needles change (see Fig. 20).

F,=0
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/] a=1/12
.\
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~o.=T/3
= T0/2.5

To=m2.1
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Mmoo
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Fig. 20. Displacements of robot xk in the range of time from 0 to 1 s with different
fastening angle « of needles.

Conclusions:

e  Only autovibrations regime of vibrating mass can be used to ensure
actuator movement.

e  Numerical calculation demonstrate that geometrical and dynamical
parameters have an essential effect on the operating characteristics of an
actuator.

e  The conditions providing the motion to the operating body of an actuator
are formulated.
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e  The speed of a linear motion of an operating body of an actuator depends
on supply pressure and dynamical - geometrical parameters of the system.

e  The kinematic parameters of the robotic motion can also be adjusted by
changing the angle of the fixed needle.

5.2 Adaptive elements used in the construction of pneumatic actuators.

Adaptive elements on the basis of shape memory (SM) materials could be used
in the construction of pneumatic actuators. Due to the special properties of these
materials it is possible to simplify the complicated constructions and increase overall
system efficiency. By selecting the appropriate materials with the SM, it is possible
to create adaptive elements for the systems, where characteristics of vibrations can be
adjusted by changing the geometrical parameters of the exciting chamber.

Components of exciting chamber of such type of pneumatic vibroexciter are
shown in Fig. 21, where arc shaped plate 2 is made from material with shape memory.
One of the sides of the plate is attached to piston 1. Another side of element is fastened
to the frame of vibroexciter. The plate 2 is in contact with heating 5 and cooling
element 6. Plate 2 is heated at a position shown in Fig. 21. It begins to bend in the
opposite direction (it is shown as a dotted line in the Fig. 21), when the arc material
achieves temperature of reverse martensitic transformation. The cooling starts when
the arc moves to the opposite position. When plate material reaches the temperature
below the phase transition temperature, the arc starts to go back.
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Fig. 21. Simplified scheme with element made from smart material: 1 - piston, 2 — arc
shaped plate with SM material , 3- frame, 4 — exciting chamber, 5,6 — heating and cooling
elements, respectively; rk — chamber radius, Ik - chamber height.

Elements with SM can be used as throttling elements in chamber construction
of the vibroexciter (see Fig. 22).

N ! \@‘@‘%

d) Z G 4

a) b) E
Fig. 22. Construction of throttling hole of pneumatic vibroexciter: a) - view up to
throttle shape change, b) — view after the throttle shape change.
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5.3 Guidelines (recommendations) for the design of 2 pneumatic vibroexciters
working synchronically

Analysing the results of numerical research of vibroexciters operating under
autovibration regime and connected with aerodynamic link, the following dependences
of autovibrations shapes of working bodies on laws of feeding pressure and geometrical
and dynamic parameters of mechanical system were determined:

= Harmonic autovibrations of the same frequency of working bodies are
established when one of feeding pressures pulsate (see Table 3 No. 1, 8, 9) or begin to
pulsate after some time (see Table 3, No. 10, 11);

= Harmonic autovibrations of the same frequency and amplitude are
established when the feeding pressures pulsate with the same frequency wi1=w- and phase
o=@ (see Table 3, No. 2, 11);

= Anharmonic autovibrations of the same frequency and pulsating amplitudes
are established when the frequencies of pulsating pressures feed to vibroexciters are
different wi7w, and the phases coincide ¢i=¢ or differ per 7k (keZ) (see Table 3, No.
4,6,7);

= Anharmonic autovibrations of different amplitude with reversed phase are
established when the frequencies of pulsating pressures feed to vibroexciters are the same
w1=w2 and the phases ¢ differ per 7k (keN) (see Table 3, No. 3, 12). Under such
conditions, if one feeding pressure originally was constant and began to pulsate after
some time, the complex non-harmonic autovibrations have been obtained with reversed
phase (see Table 3, No. 12);

= Anharmonic autovibrations of complex movement law with different
changing frequencies and amplitudes are established when the frequencies of feeding
and pulsating pressures differ wi£w. and the phases differ smaller than 7k (keN) (Table
3 No. 5). The shape of autovibrations obtained becomes simpler as the difference of
phases is closer to 7k (keN). The autovibrations of complex movement law could be
applied in technological processes where is needed to increase the intensity of process in
a shorter period of time.

After confirming the laws obtained during this research experimentally, the
recommendations could be proposed for practical application of synchronous work of
vibroexciters in various technological processes
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CONCLUSIONS

1. The work researches the characteristics of vibrations of pneumatic
vibroexciters by analysing the mechanical systems with one or two chambers.
Mathematical models of such systems were created, and the differential equations
systems of first and second order were solved using Mathcad. Following the
mathematical models in the research of pneumatic vibroexciters, an analysis was
carried out of the vibration characteristics with different geometric and dynamic
parameters of the mechanical system and the values of the pulsatile pressure. It was
determined that the solution of the digital model of the vibroexciter with 2 chambers
(described using Prandtl equations) in a dimensionless form allow to identify the
vibration frequency of the working body of the mechanical system when the pressure
is stable. The addition of the second chamber expands the possibilities of regulating
and applying the autovibrations of the vibroexciter.

Digital research of the dependence of the amplitude and the frequency of one
chamber of the vibroexciter showed that when the amplitude varies from A= 0.10x
10°m to A=1.50x10°m, the frequency f changes from 30.0 to 20.0 Hz. After
theoretically researching the vibroexciter with two chambers, it was determined that
after feeding constant pressure 1.0<P1,/P.<2.0, the amplitude of vibrations varies
between A=1.80x10°m and A=11.06x10°m, and the frequency changes in range
9.2<f<16.1 Hz. After applying pulsating pressure to the second chamber, with the
autovibration amplitude of A=3.36x10°m, the frequency f=9.2 Hz, and with
A=1.80x10"°m, the frequency of vibrations is f=31.0 Hz.

When the parameters of the vibroexciter were Vk=11.932x10°m3, m=0.542 kg,
C=82539 N/m, K=36.67 Kkg/s, experimental research showed that after feeding
pressure of compressed air of up to 3,0x10° Pa, the autovibrations with the frequency
of 2500 Hz could be obtained. The results of the experimental and theoretical research
show a qualitative overlap: when increasing the value of the feeding pressure in the
autovibration zone, the frequency of autovibrations increases slightly (up to 5%),
however the amplitude of vibrations can rise up to 10 times. Furthermore, when
increasing the size of the excitation chamber, the frequency of autovibrations of the
working bodies decreases.

To determine vibration parameters of the vibroexciter, the Sen-Venan and
Vansel equation can be used, when the gas in the layer of compressed air flows in the
subsonic regime.

2. Two mathematical methods were used to determine the range of existence of
autovibrations of the working bodies of mechanical systems, consisting of one
chamber pneumatic vibroexciter, under certain geometric and dynamic system
parameters. The research showed that using simplified Sen-Venan and Vansel
equations which describe the dynamics of system movement, a more accurate range
of autovibration existence can be found than when investigating the linear differential
equation analytically, which is found from the equation system describing the work
of the vibroexciter. Therefore, with minor values of dimensionless tension (a<0,01)
or higher values of feeding pressure (P1>1.5-Pam), it is recommended to use the Sen-
Venan and Vansel equations to determine the parameters of autovibrations.
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3. A new method of synchronization of 2 pneumatic vibroexciters, using an
aerodynamic link that connects chambers of vibroexciters, was suggested.
Mathematical models that describe the dynamics of such mechanical system, when
the feeding pressure is stable or pulsates according to a certain law, were created. The
dependency of vibration of the working body on geometrical and dynamical
parameters and characteristics of feeding pressure was determined, and the
methodology of calculations of kinematic and dynamic parameters of mechanical
systems were submitted. Mathematical research showed that introducing pulsatile
pressure expands the opportunities to control the vibroexciter and change the character
of autovibrations in it just by choosing appropriate paramaters of pulsatile pressure.

When the feeding pressure is constant 1.6<P1./P.<2.15, the amplitude of
autovibrations changes from A=0.64x10°m to A=3.06x10*m, and the frequency is
15.5<f<30.0 Hz. Theoretical research, when the feeding pressure is constant, shows
that introducing a synchronysing channel can reduce the frequency of autovibrations
of the working bodies in one of the vibroexciters. This is also confirmed by
experimental research. Furthermore, the experiments confirmed an assumption of
digital investigation that, when introducing synchronization, it can be achieved that
the harmonic vibrations are obtained in both vibroexciters. Experimental research
shows that when applying pressure P; = 2.5x10° Pa and P, = 6.0x10° Pa to the
chambers of vibroexciters at the same time, the vibrations of the working bodies of
both vibroexciters are set to close frequencies: f1 = 964 Hz and f, = 979 Hz.

During theoretical research, with feeding pulsatile pressure, depending on the
pressure parameters, the time of the transition to the regime of synchronic
autovibrations shifts in the interval [0.01x10-3m; 0.20x10-*m] and the frequency is [10
Hz; 30 Hz].

Experimental research showed that one vibroexciter, while in autovibrating
regime, after introducing a synchronizing channel, makes the other vibroexciter work
in an autovibration regime. After activating the synchronization channel, the
vibroexciters work synchronically and with close frequency. It was established that
the phase of the autovibrations synchronizes, in other cases it is the opposite or a
difference in phases forms.

A mathematical model was created and dynamical properties and the
synchronization regimes of the system were investigated in a digital way when the
working bodies of 2 chambered pneumatic vibroexciters were linked using an elastic
link. Digital research showed and experiments confirmed that the addition of an elastic
link between two working bodies of the mechanical system always forces them to
move with the same frequency and phase.

4. A pneumatic vibroactuator of one degree of freedom of a robot, which works
in autovibration regime, where one exciter chamber was used in its design, was
digitally investigated. A mathematical model of this vibroactuator was created and its
displacement dependence on geometrical and dynamical parameters of the system, the
feeding pressure and the needle mounting angle were investigated. The results showed
that without assessing the friction forces between the needles and the surface of the
inner body, under certain initial conditions, the impulse of the vibroactuator of the
robot within 1s was xx=60x10°m, and after evaluating the friction (f = 0.1), it
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decreased depending on the fastening angle of the needles a, where o=n/12, the
calculated displacement xx=57.91x10m, and after increasing the angle to a=n/4,
displacement is xx=53.85x10°m.

Theoretical research showed such pulsatile character of linear movement speed
of vibroactuator and allowed to predict spheres of application such as a vibroactuator
intended for undisruptive diagnostics of the inner walls of pipelines. A mathematical
model was created and a calculation methodology can be adapted to describe the
movement of several degrees of freedom of the robot’s grip.

5. The structure elements of pneumatic vibroexciters were suggested, which
have separate chains consisting of adaptive (smart) materials: with shape memory or
magnetoreological alloy. Mathematical models were analysed and a digital
investigation of deformations, possible movements, tensions and critical forces of
these elements was made. The digital investigation assessed how the change of the
size of the chamber of the vibroexciter influences the working body vibration
parameters of the vibroexciter.

During the investigation of the titanium-nickel alloy plate TN-1, whose length
| = 25x10°% m, thickness h = 1.5%10-® m, width b = 20x10-® m, it was assessed that the
size of the chamber decreases by 7.5%. It caused the amplitude of vibrations to
decrease by 9.1% and the frequency to increase by 0.7%. The use of the digitally
investigated throttle of variable diameter with an alloy plate of form memory in the
structure of the vibroexciter gives additional geometric parameters of it, and also the
opportunities of regulating the characteristics of vibrations.

6. According to the research results, a guideline was made for the design of two
pneumatic vibroexciters, working synchronically and controlled with a regime of
phase autovibrations, which can be used for inventing difficult technological
complexes.
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Abstract

A synchronization and phase control method for pneumatic vibroexciters that operate under a self-exciting vibration mode was pro-
posed using a channel with an acrodynamic link. A mathematical model for nonlinear equations that numerically described the dynamics
of two vibroexciters was built. Results showed that the qualitative model described the dynamics of a mechanical system. Vibrations of
equal phases were obtained in both vibroexciters. A consistent pattern of transformation into a self-exciting vibration regime was deter-
mined. The synchronization conditions of the vibroexciters were presented. The effects of the geometric parameters of the synchroniza-
tion channel on the vibrations of the working body of a vibroexciter were determined. Lastly, the range of the vibration transformation of

the vibroexciters toward a synchronous equal [requency was investigated.

Keywords: Air cushion mode; Pneumatic vibroexciter; Self-exciting vibration; Self-synchronization

1. Introduction

A mechanical system that consists of two pneumatic vib-
roexciters with one degree of freedom and operating under a
self-exciting mode was analyzed in this work. These vibroex-
citers were created by applying self-exciting vibrations occur-
ring in air cushions. This type of vibroexciters has been cre-
ated and analyzed by Galinskas et al. [ 1-3].

Vibroexciters should work synchronously to develop tech-
nological equipment that consists of several vibroexciters and
to intensify technological processes. Furthermore, a mode of
synchronous work or work with a synchronous phase should
be set for a few types of vibroexciters that are working within
a certain distance from each other. Ragulskis, who wrote
about combined self-synchronization methods, formulated
new stabilization principles for vibrating systems and devel-
oped their theories.

The vibratory synchronization transmission of two exciters
was investigated in a super-resonant vibrating system to save
energy. The stability criterion of the synchronous states was
derived by complying with generalized Lyapunov equations
|4]. In Ref. |5], the dependence of the dynamics and synchro-
nization of self-excited oscillators on the initial conditions was
investigated.
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Several synchronization and phase adjustment methods can
be applied to solve the synchronization problems of some
vibroexciters. Vibroexciters can be synchronized in several
ways, such as by using a joint rigid platform. However, this
approach has been established and analyzed in Refs. [6-8]. A
different synchronization method for vibroexciters that uses
synchronizing and chamber-connecting aerodynamic links is
proposed in this work.

This work aims to investigate the numerically working
modes of two vibroexciters to determine the dependence of
vibration characteristics on the geometric parameters of vibro-
exciters and the dynamic parameters of mechanical systems
by evaluating the effects of aerodynamic links on the vibration
parameters and conditions of the synchronization of vibroex-
citers.

2. Operating principle of and control method for the
synchronization and phase of pneumatic vibroex-
citers using aerodynamic links
Previous studies |1-3] have shown that self-exciting pneu-

matic vibroexciters that operate in a regime of autovibrations

have a feeding air source, which elastically hangs up mass,
thereby adjusting the device and the accumulative element of

the energy (chamber) (Fig. 1(a)).

These vibroexciters, which depend on the amount of feed-
ing pressure, can have four operaling regimes: contact, (two air
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Fig. 1. Operating principle and examples of pneumatic vibroexceiters
working in an autovibration regime: (a) Scheme of the system operat-
ing in an autovibration regime; (b) operating regimes of the working
body of the pneumatic vibroexciters, with /’;...P4 as the values of the
feeding pressure; (¢) examples of the manufactured pneumatic vibro-
exciters.

cushion, and autovibration regimes (Fig. 1(b)). All these re-
gimes can be applied based on the requirements of the techno-
logical regime of a manufacturing system.

In a contact regime, the pressure in the chamber is insulli-
cient to overcome the adjustment of the hanger (Zone I).
Nearly no gas leak is observed. In the first air cushion zone
(Zone 1I), the hanger of the vibroexciter rises from the equilib-
rium position but no vibration can be observed because of the
minimal force of feeding pressure, which is weaker than the
force of the spring that affects the elastic hanger. In the other
air cushion zone (Zone IV), the feeding pressure is too high,
such that the hanger rises and remains in the maximum rudder
position. The pressure that exists only in zone IIT can be used
to stimulate the autovibrations of a working body and causes
the autovibration regime of the pneumatic drive, i.c., P, < P’
<P;

The operating principle of the aforementioned vibroexciters
is described as follows. After feeding pressed air (gases) with
a particular pressure P, the gases flow through the throttle in
chamber 3 (Tig. 2). Some of the gases flow outside through
the ring-shaped gap between hung up mass / and the surface
of the vibrotransducer. A static cushion of gases is formed in
this gap. Further increasing the pressure of the gases flowing
in the chamber raises the pressure in the chamber and the gap
until elastic hanger /, which overcomes the elasticity C of

4 L8
m 13— 4 m 1} R
T i S 1) [ i ] L i ]
I i i,,=44‘—»~-—- 2 - FEE S
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@
daaas 4
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Fig. 2. Examples of synchronized vibroexciters: (a) Structural scheme
of the synchronization and phase formation of n pneumatic vibroexcit-
ers using synchronizing channels: 7, 77, ..., n of the vibroexciter; 1 is the
vibrating mass; 2 is the spring: 3 is the vibrocexciter chamber; 4 is the
synchronizing channel; / and d are the length and diameter of the syn-
chronizing channel, respectively: P, Ps, ..., P,are the pressures that
enter the appropriate vibroexciter; (b) synchronization scheme of the
pneumatic vibroexciters: 1 is the oscillatory mass; 2 is the vibrodrive
chamber; 3 is the tube link: P;, P> denote the supplied gas pressure: 1y,
r2 denote the radius of the air supply channel; 74, 752 denote the cham-
ber radius; /i, /x> denote the chamber height; 7y, 75> denote the exter-
nal radius; /, is the length of the linking channcl; and r, is the radius of
the linking channel.

spring 2, begins to move toward increasing the working gap.
The hanger overcomes the equilibrium point and the gap
reaches the maximum value 4,,,, due to the inertia of mass m.
The pressure in the chamber is too high in this position; thus,
less gases flow through the throttle than out through the gap.
Consequently, pressure Py decreases in chamber 3. Then,
mass m starts to move toward the direction of the decrease in
working gap h. The gap reaches the minimum value 4,,, be-
cause inertia at the equilibrium point is overcome again. After
decreasing gap 4, the gases in the chamber accumulate faster
than they flow out through the gap; thus, pressure increases
again. Increased pressure Py in the chamber forces mass m to
move toward the direction of gap increase. The process is
repeated cyclically.

A vibroexciter synchronization and phase adjustment
method that uses the channels of aerodynamic links is shown
in Fig. 2(a). The synchronization of two or more vibroexciters
works under a steady mode, or the synchronous phase can be
performed in this case. The pulsatile pressure and air flow in
channel 4 of the working vibroexciters are used for this pur-
pose.

Synchronization among vibroexciters is achieved by insert-
ing additional links with a particular aerodynamic resistance.

When compressed air P;, P, ..., P, is fed into the vibroex-
citers, mass / begins to vibrate in frequencies close to the self-
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exciting mode at particular parameters of a vibroexciter (mass,
elasticity of spring 2, cross section area of the throttles, vol-
ume of the chamber, and amount of feeding pressure). The
changed pressure in one the chamber influences the change in
the component of variable pressure in the other chambers
given synchronizing channel 4. The multiple frequency of
pulsatile pressure is established, i.e., the frequency of vibrating
mass / becomes similar or multiple due to the additional aero-
dynamic links. The general phase of vibrations can change
from 0 to 2z depending on the characteristics of the aerody-
namic link of a channel, feeding pressures P;...P,, and mass /.
The dependence of the vibration characteristics of a mechani-
cal system on the aerodynamic resistance in channel 4, the
length and diameter of the channels, the geometric parameters
of the vibroexciters, and the mass m and rigidity of the springs
can be determined by experimenting or numerically analyzing
a complicated differential system of equations with a consid-
erable number of variable parameters.

The solution [or realizing synchronization and general
phase is complicated, particularly when solving numerically.
However, such solution is important in applying the syn-
chronous work of pneumatic vibroexciters to various tech-
nologies.

3. Mathematical model for a mechanical system

A research on two vibroexciters connected to an aerody-
namic synchronization link in the shape of a tube (radius r,
and length 7,) is conducted in this work. The principal scheme
is shown in Fig. 2(b).

Several problems on the synchronization phenomenon of
vibroexciters were analyzed in Rell [11]. A simplified gas
flow model was used to create the mathematical model. T'ur-
thermore, the shock waves of the gas stream, and to a certain
extent, the ¢jector, are not considered.

All the systems are defined by two differential equations of
the second order that describe each movement of the working
body (masses m; and m,) of each vibroexciter:

d’x, dx, R
m dr“ +K17+ C(+H,)=nr2(B,-P), (1)
LE S AT @
S dr Sdi T - -

where H.;and H-, are the initial tightening of vibrating masses
m; and m, respectively, that causes the rigidity of all the sys-
tems; I’;; and P, are the pressures of pressed air in the cham-
bers; P, is the atmospheric pressure (£, = 10° Pa); K;, K> de-
note the coefficients of resistance (K; = 50 kg/s, K> = 60 kg/s);
('}, C; denote the coefficients of rigidity (C; = 5900 N/m, C, =
5900 N/m); and x; and x, denote the amplitudes of vibrations
of the working body of the chambers.

The mass of the gases in the chambers is described by the
law of gas mass balance as follows:
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%:w,,—w,zu;, (where G = G when Py < Py,
{3

and G = -G when Py, > Ppy); 3)
)
%: w,-W,-G, (where G = G when P, < P,
t
and G = -G when P> P;,), 4)

where Qy; and Oy, are the masses of the gases in the chambers,
W;; and W,; are the amounts of feeding air, W;, and W5, are
the amounts of air flowing out from chamber in the direction
of the working body, and G is the amount of gases flowing out
(feeding in) from the chamber through the synchronization
channel. The mass of gases in chambers is generally calcu-
lated as follows:

1
d d| (RY )
%:d—t p[;ﬁ] (il +mrlx) | (%)

In accordance with theory of thermodynamics and by ap-
plying the equations of de Saint Venant and Vantzel [9-11],
the gas stream /7, that enters chambers j (7 = 1, 2) and the gas
stream W, that flows out of the chambers in the present sys-
tem can be expressed through the following equations:

’ %
. 28 W BN g2
ey LE/’,P_.J (l’n'P) [“(&”ﬂ ]
W],= when /i<Ph/‘P/ <z
Y 12
] 2 28 Pp,| ,when P, /P <2,
g+l B+l A 4
(©6)
% ; 172
. 20 1 g
/zzm‘.;(ﬁ—f,pn,n,] (18)*1-(n12,)™]
W,=qwhen A<P /D <l ,
S i
pr| = 2B pp,| when PR <k
"L+l p+1 Y 4
(@)

where u denotes the coefficient that assesses gas resistance,
44; denotes the resistance coefficient of air entering a chamber
(4; = 0.9), 1> denotes the resistance coefficient of air flowing
from a chamber (i, = 0.21), p, is the supplied air density, 1 is
the critical ratio of pressures (A= 0.528), # = C,/C, = 1.405,
C, is the coefficient of thermal inductivity under constant
pressure, and C, is the coeflicient of thermal inductivity under
constant volume.

The gases do not transform the heat within the walls of the
synchronization channel when the length of the channel is
short. Losses in pressure due to friction along the tube are
expressed according to Darcy’s formula [ 10].

When the equation of energy; the equation of ideal gases
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TG, 3 i,k I, % 10%m PP, Hex 10°m Without synchronization channel| With synchronization channel
A %107 m fillz A% % 10%m SfE 1z
1 2 3 4 5 6 7 8 9 10
; 1 1.0 40 1.6 20 379 22.86 2.67 23.06
2 1.5 20 20 2.0 - 21.78 1.35 23.06
’ 1 1.0 40 1.6 20 379 22.86 0.64 30.00
2 0.5 40 18 2.0 1.48 34.05 1.42 29.96
3 1 0.5 30 2.0 1.0 - 34.75 1.22 15.55
2 18 60 1.8 20 6.03 1526 4.89 15.54
4 1 0.5 65 2.15 1.0 2.40 2827 3.06 26.49
2 0.9 45 1.6 2.0 2.80 2429 1.95 26.50
5 1 1.0 40 1.6 2.0 3.79 22.86 248 23.10
2 15 20 20 2.0 - 21.78 124 23.12
6 1 1.0 40 16 2.0 379 2286 2.04 2350
2 15 20 2.0 2.0 - 21.78 1.12 23.50
7 1 05 30 20 1.0 - 3475 3.51 2742
2 1.8 60 1.8 2.0 6.03 15.26 0.64 27.38
8 1 05 30 var. 1.0 - - var. var.
2 18 60 2.33 2.0 - - var. var.

p/p =RT’ and the expression of a balance equation G = pFe =
const., where G denotes the amount of entering and outflow-
ing gases, F'is the cross-section area of the tube, and @is
the velocity of gas [low, are applied, we obtain the following
equation:

F?
RIG*

nlcomb iy L g py, ®)
P

)

where pressure at the initial cross section of the tube (diameter
D) is p; and that at the end is pa, , is the length of the tube,
and A, is the coefticient for evaluating friction and other tech-
nical losses.

From the markings shown in Fig. 2(b), the change in gas
amount per 1 s in the synchronization tube of a pneumatic
vibroexciter can be written as follows:

,when P, > P,

©)
P

I3t

Thus, the general dynamics of two vibroexciters connected
to a synchronization tube using an aerodynamic link can be
described by the system of Eqs. (1)-(4), where the expressions
from Egs. (5)-(7) and (9) are used.

During the solution process, the system of the first and sec-

ond degree differential equations is transformed into a system
with six equations of the first degree. To solve these equations,
the Runge-Kutta method was applied based on a variable (at a
determined accuracy of the solution) and a fixed number of
integration steps [11]. The solution was realized using Math-
Cad softwarc.

4. Theoretical research results

The geometric parameters (i, ly 77, 732, oo 1) of the
chambers, the values of the initial adjuster Hz, pressures P;
and P; that enter the chambers, and masses m; and m; of the
working body were changed during the theoretical research.
The vibrations without acrodynamic connection of the work-
ing bodies of the vibroexciters were initially tested, i.c., the
vibroexciters were working independently (without a syn-
chronization channel). The influence on the character of vibra-
tions was subsequently analyzed after introducing a synchro-
nization channel between the vibroexciters. The synchroniza-
tion channel data in tests /-4 (other data are provided in Table
1) were constant: length /, = 100 x 10~ m and radius of the
tube r, = 2.5 x 107 m. In tests 5-6, the initial data of test /
were used and the parameters of the synchronization channel
were changed. For test 5: Length of the channel /, = 500 x 10°
m and radius of the channel r, = 2.5 x 10° m; for test 6: 7, —
100 x 10° m and r—=50x 10 m. For test 7, the initial data
of test 3 and a larger radius of the synchronization channel (r,
-50x10° m) were used. In all the tests, the radius of the
vibroexciter chamber was ry; = 1 = 2.5 % 102 m, the radius
of the vibroexciter was r,; = 7, = 3.5 x 107 m, and the radius
of the supply channel was r; =7, =2.0 x 10° m.

‘The initial data for testing are listed in Table 1. The first
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Fig. 3. Vibrations of both working bodies of vibroexciters without an
aerodynamic link of synchronization (initial data from Table 1. no. 1),
where 7 = 1 (x;) is represented by a gray line and 7 = 2 (x;) is denoted
by a black dashed line: (a) Vibrations with an interval of 1 s; (b)
enlarged fragment of the part shown in (a).

i o
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Fig. 4. Vibrations of both working bodies of vibroexciters with an
aerodynamic link of synchronization (initial data from Table 1, no. 1),
where 7 — 1 (x;) is represented by a gray line and i — 2 (x,) is denoted
by a black dashed line: (a) Vibrations with an interval of 1 s; (b) phasic
view of vibrations.

column indicates the test number. The second column presents
the number of vibroexciters. The third to sixth columns show
the initial settings of the vibroexciters. The seventh to eighth
columns list the amplitudes of vibrations and the values of
frequency without a synchronization channel. The -ninth to
tenth columns show the amplitudes of vibrations and the val-
ues of frequency with a synchronization channel.

First test. The analysis of the results according to the data of
the system from Table 1 (no. 1) showed that when the vibro-
cexciters worked independently, steady self-exciting vibrations
were generated in one of the vibroexciters and the fading vi-
brations were observed in the other vibroexciter (Tig. 3). The
phases of the vibrations were different.

After introducing the acrodynamic link of synchronization
(with the same parameters), the second vibroexciter also oper-
ated in a regime of self-exciting vibrations, and both vibroex-
citers operated at only one frequency, ic., /' — j"_; ~23.06 11z
(Fig. 4).

Second test. In this case, both vibroexciters independently
work in a regime ol sell-exciting vibrations but their ampli-
tudes differ more than twice and the [requencies were 1.5
times (Fig. 5 and initial data (rom Table 1, no. 2). In both
chambers, the sell-exciting vibrations with the same phase and
[requency f’,— f 2= 29.98 Hz were observed alier an interval
of ;= 0.3 s and the introduction of an aerodynamic link for
synchronization (Fig. 6).

Third test. The character of the vibrations of the independ-
ently working vibroexciters that use initial data no. 3 is shown
in Fig. 7. The first vibroexciter (vibrations x;) does not operate
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Fig. 5. Vibrations of both working bodies of vibroexciters without an
acrodynamic link of synchronization (initial data from Tablc 1, no. 2),
where 7 = 1 (x)) is represented by a gray line and 7 = 2 (x») is denoted
by a black dashed line): (a) Vibrations with an interval of 1 s; (b)
cenlarged fragment of the part shown in (a).
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Fig. 6. Vibrations of both working bodies ol vibroexciters with an
aerodynamic link of synchronization (initial data from Table 1, no. 2),
where 7 = 1 (x;) is represented by a gray line and 7 = 2 (x,) is denoted
by a black dotted line: (a) Vibrations with an interval of 1 s; (b) phasic
view of vibrations.
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Fig. 7. Vibrations of both working bodies of vibroexciters without an
aerodynamic link of synchronization (initial data from Table 1, no. 3),
where 7 = 1 (x;) is represented by a gray line and 7 = 2 (x) is denoted
by a black dashed line: (a) Vibrations with an interval of 1 s: (b)
enlarged fragment of the part shown in (a).
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Fig. 8. Vibrations of both working bodies of vibroexciters with an
aerodynamic link of synchronization (initial data from Table 1, no. 3),
where i = 1 (xy) is represented by a gray line and 7 = 2 (x,) is denoted
by a black dashed linc: (a) Vibrations with an interval of 1 s; (b)
enlarged [ragment of part shown in (a).

in a regime of self-exciting vibrations. The phases and fre-
quencies of vibrations differ nearly twice (34.75Hz and
15.26 Hz).

After introducing the synchronization channel, the vibra-
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Tig. 9. Vibrations of both working bodics of vibroexciters with an
aerodynamic link of synchronization (initial data from Table 1, no. 4),
where 7 = 1 (x;) is represented by a gray line and 7 = 2 (x,) is denoted
by a black dashed line.

2im)

o)

Tig. 10. Vibrations of both working bodies of vibroexciters with an
acrodynamic link of synchronization (initial data from Table 1. no. 6).
where 7 = 1: (x)) is represented by a gray line and i = 2 (x») is denoted
by a black dashed line.

tions achieved the character shown in Fig. 8. The vibrations x,
of the second chamber remained in a regime of self-exciting
vibrations but the amplitude was reduced from 6.03 x 10% m
to 4.89 % 107 m. Nonharmonic vibrations were obtained in the
first chamber after time #, (¢, =0.12 s).

Fourth test. When the synchronization channel was intro-
duced into the vibroexciters working independently in a re-
gime of sclf-exciting vibrations with initial data no. 4 (Table
1), the amplitude of vibrations in the first chamber increased
from 2.40 x 10° m to 3.60 x 10° m, whereas that in the sec-
ond chamber decreased from 2.80 x 107 m to 1.95 x 10° m
However, self-exciting vibrations were observed with a gen-
eral frequency of v 1= /'>=26.50 Hz in both vibroexciters
after time /, (1, = 0.16 s) (Fig. 9).

Fifth test. In this case, the length of the synchronization

channel was increased five times according to the data set of

test /. The results showed that the increase in channel length
slightly increased the frequency of vibrations but reduced
amplitude.

Sixth test. During this test, data set / was used but the radius
of the synchronization channel was increased twice. Such
change caused different characters in a self-exciting vibration
regime in the second chamber (Fig. 10) when the results
shown in Fig. 4 were compared. Furthermore, frequency in-
creased and amplitudes were 1.2-1.3 times lower compared
with the results of test /.

Seventh test. Data sct 3 but with a twice larger radius of the
synchronization channel was used in this test. Thus, a com-
pletely different character of the vibrations (Fig. 11) compared
with the character shown in Fig. 8 was observed in this case.
‘The first chamber influenced the second chamber by com-
pletely reducing the amplitude of vibrations in the latter and
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Fig. 11. Vibrations of both working bodies of vibroexciters with an
acrodynamic link of synchronization (initial data from Table 1, no. 7),
where 7 = 1: (x;) is represented by a gray line and i = 2 (x;) is denoted
by a black dashed line.
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Fig. 12. Vibrations of both working bodies of vibroexciters with an
aerodynamic link of synchronization (initial data from Table 1, no. 8),
where i — 1 (x;) is represented by a gray line and i — 2 (x;) is denoted
by a black dashed line: (a) P,/P, = 1.25; (b) P;/P, = 1.525 (vibrations
after time 7 = 0.55 s).

by nearly removing it from the regime of self-exciting vibra-
tions. The phases became equal after time £, = 0.17 s. A re-
gime of sclf-exciting vibrations was observed after time #, =
0.57 s. Trequency increased 1.76 times.

Fighth test. Tn this case, the vibroexciters were connected to
the synchronization channel with length 7, = 100 x 10° m and
radius , = 5 % 107 m. The first vibroexciter was gradually fed
with pressure Py, and the frequencies of vibrations were ob-
served in both chambers. The dependencies of the frequencies
of vibrations f; and f> on the ratio between P; and P, are
shown in Fig. 13.

Damping vibrations were observed in both chambers (Fig.
12(a)) at the initial moment (P,/P, = 1.25), but the [requency
of vibrations in the first chamber was 1.85 times higher. With
the increase in pressure P;, the amplitude of vibrations in the
first chamber also increased and the [requencies of vibrations
in both chambers gradually decreased. Furthermore, the range
in the mass that vibrated at a low [requency attempted to trap
the frequencies of vibrations of the other chamber (Fig. 13(b)).
After a certain time, both vibroexciters began to work in a
regime of self-exciting vibrations although the frequencies
were unequal (Fig. 12(b)). Vibrations of equal frequencics
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Tig. 13. Change in frequencics of the vibrations of both working bod-
ies by changing the pressure [ed (o the [irst vibroexciter: (a) P; changes
from 1.25 x P, 10 5.00 x Py; (b) enlarged [ragment of the part shown in
(a), where pressure P; changes from 1.40 x P,to 1.65 x P,.

were observed after [urther increasing pressure P;.

5. Conclusions

A control method for the synchronization of two pneumatic
vibroexciters that used an aerodynamic channel and operated
in a regime of self-exciting vibrations was investigated.

A mathematical model was created using the equations of
de Saint Venant and Vantzel, which described the dynamics of
the mechanical system of the two pneumatic vibroexciters
with a synchronizing channel. This model comprised a system
of several differential equations of the first and second degrees
that was reduced to a system of six equations of the first de-
gree and solved by applying the Runge-Kutta method.

The introduction of an aerodynamic link for synchroniza-
tion influenced the self-synchronization of the mechanical
system and the parameters of self-excited vibrations. The am-
plitudes of vibrations were reduced in both chambers but only
in certain cases (P/P,=2.15, PP, = 1.6). Meanwhile, the
amplitude of one vibroexciter increased, whereas that of the
other decreased.

Numerical studies have shown that after synchronization is
introduced, the harmonic vibrations in both vibroexciters are
obtained (2,/P,= 1.6, P+/P, = 2.0) given that before the intro-
duction, one vibroexciter works independently in a regime of
self-exciting vibrations whereas the other operates in a regime
ol damping vibrations where [requency is lower.
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‘The calculations results indicate that the movement charac-
ter of the working body transformation into a regime of self-
exciting vibrations depends on the geometric parameters of
vibroexciters and the initial conditions, which can vary. That
is, harmonic sclf-exciting vibrations with a synchronous fre-
quency can be obtained after a particular time (P/P,= 1.6,
PP, =2 1.6). This time is inversely proportional to the ratio
PP

Furthermore, when the vibroexciters are working separately,
the frequency of vibrations differs more than 1.8 times. After
introducing a synchronization link, a nonharmonic movement
character of the working body can be obtained (P,/P,= 2.0,
PP, <1.8) in the vibroexciter with a higher frequency of
vibrations but lower amplitude.

The length of the synchronization channel has greater influ-
ence on the amplitude of vibrations but less on [requency.
TTowever, the cross section of the channel can change the
character of the vibrating mass movement by forcing both
vibroexciters in a regime of self-exciting vibrations or to gen-
erate damping vibrations. The increase in ratio 2r//, between
the cross section and the length of the synchronization channel
decreases the amplitudes of self-exciting vibrations but in-
creases the synchronous frequency of both vibroexciters.

The ranges in both vibroexciters begin to work in a regime
ol synchronous vibrations with the obtained equal [requencies
gradually changing the amount of feeding pressure to one
vibroexceiter. Slight differences among frequencies can be
observed within these ranges when their values become
closer; however, the uniform increase in [eeding pressure re-
sults in equal synchronous frequencies in both vibroexciters.

The results obtained in this study can be used to design such
type of vibrating mechanical systems.
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Abstract

The synchronization of pneumatic vibroexciters operating under an autovibration regime with feeding pulsatile pressure has been in-
vestigated using acrodynamic channels. A mathematical model of nonlincar cquations that describes the dynamics of two vibrocxciters
has been created and solved numerically. Results contend that the mathematical model helps in solving the dynamics of a mechanical
system. The characteristics of both vibroexciters have been obtained; the regularities of time prior to the autovibration regime have been
determined; the conditions of synchronizing vibroexciters have been shown; the effect of the parameters of feeding pulsatile pressure on
the vibration shapes of the vibrocxciter working body has been determined.

Keywords: Air-cushion mode; Autovibrations; Pneumatic vibroexciter; Pulsatile pressure; Self-exciting vibration; Self-synchronization

1. Introduction

This paper is related to previous research described in Refs.
[1-3]. The formation of the autovibration regime in the air
bearing is first described in Ref. |1]. The synchronization of
planetary, eccentric, and pneumatic vibroexciters that were
mounted on one rigid platform is analyzed in Ref. [2]. A vi-
bratory synchronization transmission of two exciters is inves-
tigated in Ref. [4]. The authors of Ref. [3] analyzed the condi-
tions of synchronizing two vibroexciters on an air cushion that
operates in an autovibration regime and the constant feeding
pressure. In this research, the conditions of synchronizing
vibroexciters are investigated by using synchronizing acrody-
namic links that connect chambers and difterent pulsatile pres-
sure that is fed to these chambers.

The present paper aims to numerically investigate the work-
ing regimes of two vibroexciters that are connected with a
synchronization channel and determine the dependences of
vibration characteristics on geometrical parameters of vibro-
exciters and dynamic parameters of a mechanical system. This
paper is a continuation of previous studies [3]. The difference
between these studies is that the feeding pressure of the sec-
ond chamber in the current research is not constant but pulsa-
tile, i.e., Py(t) or Po(t) (Fig. 1).

Theoretical research on dynamics is conducted and regulari-
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' Recommended by Associate Editor Junhong Park
© KSME & Springer 2018
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ties are determined by applying the mathematical model from
Rel: [3] to in-time varying pressure that is fed to the system. A
dynamic system that is complicated and has control parame-
ters has been obtained. The feeding of pulsatile pressure in
various ways forces the vibration of the vibroexciter working
bodies. The transition to synchronous vibrations is compli-
cated and requires a certain time after introducing the acrody-
namic link while the vibrating system undergoes a steady
regime of autovibrations. The mathematical calculations have
shown that controlling the investigated system becomes more
flexible by changing the parameters of pulsatile pressure
(Compared with Ref. [3]). Various laws of vibrations of work-
ing bodies can be obtained thus, thereby allowing an expan-
sion of application areas.

2. Mathematical model of the mechanical system

Research on two vibroexciters connected with aerodynamic
links in shapes of tubes (Radius r,, length /) is presented in
this paper. The principal scheme of the analyzed mechanical
systems is illustrated in Fig. 1.

A simplified model of gas flow is used by creating the
mathematical model. Furthermore, the model is disregarded in
the shock waves of gas stream and effect of ejector [3].

The entire system is defined by two differential equations of
second order that describes the movement of the working
body (Mass m; and m,) of each vibroexciter:
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T
H [l };7"
) A
P Pt

Fig. 1. Scheme of the self-synchronization of pneumatic vibroexciters:
1,1 - Oscillatory mass, 2,2° — Chamber of vibrodrive, 3 — Tube link,
Py, P, — Supplied gas pressure, 7|, 7> — Radius of the air supply chan-
nel, 74y 1 — Chamber radius, /4, 2 — Chamber height. 1y, 1,2 — Exter-
nal radius, /,. — Length of the linking channel, 7, — Radius of the linking
channel.

d’x, dx, )
m, dr:l +Knd—;+(;(-‘1+”:x)=”"k.'(11fp,,l 1)
% dx, s
M "'KzTr'*'C:(v\’: +H,)=mn, (5, - L) (2)

where H_;and H_, are the initial tightening of vibrating masses
m; or m, that causes the rigidity of all systems, /; and P, are
the pressure of pressed air in chambers, P, is the atmospheric
pressure (P, = 10° Pa), K; and K are the coeflicients of resis-
tance (K; = 50 kg/s, K, = 60 kg/s), C; and C, are the coetfi-
cients of rigidity (C; = 5900 N/m, C> = 5900 N/m), and x; and
x; are the amplitudes of the vibrations of the chamber working
body.

The mass of gases in the chambers is described by the law
of gas mass balance:

%)1“ =W, -W,+G (where G — G when Py, < Py, and
G = —G when Py, > Pyy) 3)
% =W, -W,—-G (where G = G when Py; < Pj,, and
G = —G when Py > Pyy) “)

where QO and Oy, are the masses of gases in the chambers,
W;; and W5; are the amounts of feeding air, W3, and W5, are
the amounts of air outflowing from the chamber to the direc-
tion of the working body, and G is the amount of gases out-
flowing (Feeding in) [rom the chamber via a synchronization
channel. Tixpressions of these components based on theory of
thermodynamics [5, 6] and De Saint Venant and Vantzel
equations are presented in Ref. |3].
The mass of gases in the chambers is calculated as [ollows:

!

do, _d| (B, . 2
3]1. . p[F"'J (wrgl, +7rix) 2

where P;is the pressed air pressures P() and P,(t) pulsating at
the position of equilibrium P! with pulsation amplitude Ap;,
angular frequency @, and initial phase ¢, varying |7] through

Table 1. Initial testing data.

'Lest i i | (’;*:;( Hf; ll’jt:ameterz of feeding pressure
* Sl i P e e
1 1104 60 1.0 1.6 3.04 60 0

2|10 40 1.0 1.6 3.04 60 0
5 1|04 60 1.0 1.6 3.04 60 0
2|10 40 1.0 1.6 3.04 30 0
3 104 60 1.0 1.6 3.04 60 0
2|10 40 1.0 1.6 3.04 60 T
% 1102 20 2.0 22 6.08 120 0
2108 60 2.0 1.6 3.04 30 0
5 102 20 2.0 22 6.08 120 2
208 60 2.0 1.6 3.04 30 0
6 1102 40 2.0 243 7.09 var. var.
2104 60 20 1.82 4.05 var. var.

the law described in Eq. (6).
P)=P'+ A4, sin(@t+¢). (6)

Based on Egs. (3)-(6), the change in pressure per time 7 unit
in the chambers of vibroexciters dF’;/dr should be calculated
for the system of Eq. (7).

Thus, the dynamics of two vibroexceiters connected with
aerodynamic links of the synchronization channel can be de-
scribed by the system in Eqs. (1)-(4) that use the expressions
in Egs. (5) and (6).

The system of the first- and sccond-degree differential equa-
tions is transformed to the system of the eight first-degree
equations during the calculation. Runge—Kutta method is used
to solve these equations [8]. The calculation was conducted
using MathCad software.

dv, d’, dv, d’x, dp, dP., dp dp|
ddd A Al dr dr o di 7] :
O]

D(t.X)=

3. Results of numerical research and their analysis

The characteristics of pulsatile pressure, that is, amplitudes
Ap; and Ap,, angular frequencies @; and @, and initial phases
¢; and ¢, were changed during numerical research and afier
selecting certain geometrical parameters (i, /s, 71, Fi2, I and
72), initial tightening Hz, and values of masses n1; and m; of
the vibroexciter working bodies.

In all tests, the geometrical parameters ol vibroexciters were
constant: rg = rp = 2.5 x 107, 1y = 1y = 3.5 x 10 2 m, 7,
~ 55— 2.0 x 107 m. The radius and length of the synchroniza-
lioq channel were also constant: /, = 100 x 107 m, r,=25x
10 " m.
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Table 2. Parameters of vibrations without/with synchronization channel.

Withous ssnohonization With synchronization channel
Test | . channel
1
No. 4, i 4% o
s o i A%, S
«0°m | 1z [Nl iy | e |FiENe
1 1 var. 10.2 2 1.1 10.2 3
2 12 10.5 14 102
1 var. 9.9 var. 92
2 4(a) 5
2 1.0 4.6 var. 9.2
1 var. ~9.3 var. 94
3 6(a) T(a)
2 12 9.4 var. 9.5
1 1.5 189 1.7 189
4 8(a) 9
2 var. 20.4 14 18.9
1 var. 19.5 1.6 194
5 10 11
2 var. 233 14 194

Tnitially, the autovibrations of the vibroexciter working bod-
ies were investigated without aerodynamic links, i.e., vibroex-
citers operated independently (without synchronization chan-
nel). Then, the effect of introducing the synchronization chan-
nel on the autovibration characteristic was observed.

The initial testing data are listed in Table 1. The [irst col-
umn shows the number of tests; the second presents the num-
ber of vibroexciters; the third to [ifth columns display the ini-
tial settings of vibroexciters; the sixth to eighth columns high-
light the parameters of feeding pressure according to Eq. (6).

The parameters of autovibrations with links to the figures
without synchronization channel and after activating the syn-
chronization channel are summarized in Table 2. The pulsat-
ing amplitude is indicated as var. The parameters of vibrations
obtained during the sixth test are listed in Table 3.

First test. The initial data of dynamic system according to
the values of the first row in Table 1 were selected for this test.
The pulsatile pressure fed to the chambers changed based on
the law in Fq. (7) with the parameters of feeding pressure
from Table 1 (Test no. 1). Thus, feeding pressures varied from
1.3x10° Pato 1.9 x10° Pa.

The autovibrations of different shapes without the synchro-
nization channel and because of various geometrical parame-
ters of chambers were observed (Tig. 2). The characteristics of
time prior to the autovibration regime were complicated, but
the autovibrations after time 7; = 0.4 s in the first chamber and
after time 7, = 0.5 s in the second chamber become steady. In
the autovibrations, periods corresponded to each other. This
condition could be explained by the same pulsation of feeding
frequency. The amplitude of vibrations varied from 0.5x10 3
m to 1.47x10 *m in the first chamber and approximately 4, =
1.2x10 * m in the second chamber.

The characteristics of the autovibrations of vibroexciter
working bodies after time /., = 0.29 s apparently worsened
(Fig. 3) after activating the synchronization channel. The dif-
ference between the amplitudes decreased (A*, =1.1x10" m,

170

saoy | x,- anharmonic autovibrations

o,
saocififle A

\ \x nA ) a A ’ A
i [Hl [ l‘\ (ul aThe J(,h: VAV T AN R AN
= AT AN Sy ,‘Nﬂ)« f Rl -
= 410 “Wl i f" gv\_fw i N ‘\\i\\\\’/j ‘QN \_}4 gl
w0y L - x, - vibrations close to

harmonic autovibrations

) 02 04 i 06 08
10)
Fig. 2. Autovibrations of both vibroexciter working bodies without the

acrodynamic link of synchronization (Initial data from Table 1, test no.
1:i =1 (x) - grey line, /i — 2 (x2) - black dashed line).
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Fig. 3. Autovibrations of both vibroexciter working bodies with the
aerodynamic link of synchronization (Initial data from Table 1, test no.
10— 1 (x)) - grey line, i — 2 (x;) - black dashed line).

Lo h f\ f x, - anharmonic autovibrations
6107 ! ’\‘ \
 <J LR
= ) \A‘ ﬁ \\j\f\f \ ®
: /
X, - harmonic autovibrations
0 02 04 06 08

P1 (Pa)

t®
(®)
Fig. 4. (a) Autovibrations of both vibroexciter working bodies without
aerodynamic links of synchronization; (b) pulsation functions of feed-
ing pressures P; and P; (Initial data from Table 1, test no. 2: i = 1 (x,,
Py) - grey line, i — 2 (x2, P;) - black dashed line).

A5=14x10" m), and the values of frequencies became equal

f b =f > =10.2 Hz. The autovibrations of mass 1" after time

Ly Were harmonic, whereas the movement law of mass 1
was anharmonic.

Second test. The pressure fed to the chambers changed ac-
cording to the law in Eq. (7) with initial data from Table 1,
Test no. 2 after changing the values ol angular [requency. The
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Fig. 5. Autovibrations of both vibroexciters working bodies with aero-
dynamic link of synchronization (Initial data from Table 1, test no. 2: i
=1 (x;) - grey line, i = 2 (x7) - black dashed line).
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Fig. 6. (a) Autovibrations of both vibroexciters working bodies without
the aerodynamic link of synchronization; (b) pulsation functions of
feeding pressures P, and P:(Initial data from Table 1. test no. 3:7 — 1
(x;. P;) - grey line, i = 2 (x5, P2) - black dashced linc).

pressure varied [rom 1.3x 10’ Pato 1.9 x10° Pa (Fig. 4(b)).
The autovibrations of masses 1 and 1” without synchroniza-

tion channel were established; these results are depicted in Fig.
4(a). The autovibrations of the dillerent characteristics ol

masses 1 and 1” with uneven [requencies were evident in this
graph. Mass 1 vibrated according to the anharmonic law (x;),
and the autovibrations (x;) of mass 1” of the second vibroex-
citer after a certain time became harmonic.

The characteristics of the autovibrations of vibroexciter
working bodies after time 7, — 0.41 s became similar, and
the average values of amplitudes and frequency practically
became cqual (Fig. 5). However, the vibrations of masses 1
and 1” were anharmonic.

Third test. The pressures changed according to the law in
Tq. (7) with parameters of feeding pressure from Table 1, test
0.3 and varied from 1.3x10° Pa to 1.9 x10° Pa (Tig. 6(b)).
The phase of feeding pressure to the second chamber changed
as well. Masses 1 and 1” of vibroexciters vibrated on different
frequencies and mass | according to the anharmonic law (Tig.

6(a)).

X, - anharmonic autovibrations

610 1 _~ with pulsating amplitude
T o 8
z wefll j\fwj DA, :

2107 x, - anharmonic autovibrations

with pulsating amplitude
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ts)

=1 (m)
L
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Fig. 7. Autovibrations of both vibroexciter working bodies with the
aerodynamic link of synchronization (Initial data {rom Table 1, test no.
3:i=1 (x;) - grey line, 7 = 2 (x2) - black dashed line): (a) Vibrations in
the interval of 1 s; (b) enlarged fragment of the (a) part.

The introduction of synchronization channel caused the vi-
broexciter working bodies after time 7, = 0.38 s to begin
[unctioning in a reversed phase regime. The amplitudes de-
creased by approximately 3-4 times (Fig. 7). Both masses
vibrated on the basis of the anharmonic law with pulsating
amplitudes.

Fourth test. In this test, the initial data of mechanical sys-
tems were changed (Table 1, test no. 4). The masses of work-
ing bodies, geometrical parameters of chambers, and parame-
ters of feeding pressure changed. The pressure in the first
chamber changed from 1.59x10° Pa to 2.81x10" Pa and from
1.3x10° Pato 1.9x10° Pa in the second chamber (Fig. 8(b)).

The autovibrations without synchronization channel were
established and are displayed in Tig. 8(a). The results showed
that harmonic vibrations are established in the first chamber.
Amplitude was 4; — 1.5%107 m, and frequency was f; — 18.9
117. In the second chamber, the vibrations pulsated. Amplitude
A; varied from 2.2x107 m to 5.7%10” m and obtained the
minimal values at a certain time when the value ol feeding
pressure is minimal, and the [requency is f> — 20.4 Tz.

The vibrations of the vibroexciter working bodies obtained
similar characteristics after introducing synchronization chan-
nel (Fig. 9). The masses of both vibroexciters vibrated based
on the harmonic law with pulsating amplitude. The amplitude
of vibrations in the first chamber of working body increased,
A‘, — 1.7x10 > m, and decreased in the second chamber, A‘g =
1.4%10° m. The frequency of vibrations became equalf, *f‘_,
= 18.9 Hz, but the phase difference A9 was established.

Fifth test. Datasct no. 5 in Table 1 was used in this test (The
initial phase of feeding pressure was changed).

Only the change of initial phase and even without activation
of synchronization channel forced the vibration of the working
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Fig. 8. (a) Autovibrations of both vibroexciter working bodies without
aerodynamic link of synchronization; (b) pulsation functions of feeding
pressures P; and P (Initial data from Table 1. testno. 4: i =1 (x;, P)) -
grey line, i =2 (x5, P;) - black dashed line).
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Fig. 9. Autovibrations of both vibroexciter working bodies with aero-
dynamic link of synchronization (Initial data from Table 1, test no. 4: /
— 1 (x;) - grey line, i — 2 (x3) - black dashed line).

body in the first chamber ditferently compared with the results
of the fourth test (Fig. 10). The amplitude A; of the anhar-
monic autovibrations in the first chamber varied from
0.6%10 > m to 2.1x10 * m, and the value of frequency was
close to f; = 19.5 Hz. Furthermore, the frequency of vibrations
could be determined by the maximum extrema of function or
applying the smoothing of function.

The vibration laws of the vibroexciter working bodies after
introducing synchronization channel are illustrated in Fig. 11.
In this figure, the amplitudes of both chambers pulsated and
were close to one value, that s, /1‘, - 1.6x107 m, A’; =
14x10° m

Sixth test. In this case, the test was conducted according to
the geometrical data of system sel in test no. 6 in Table 1 and
changing the laws and parameters for Iiq. (7) of feeding pres-
sure. The typical results of vibrations of the vibroexciter work-
ing bodies with aerodynamic link per time / = 1.5 s are sum-
marized in Table 3.

‘The numerical studies were conducted during this test when
the geometrical parameters of vibroexciters, which are con-
nected to acrodynamic link, were different, and the parameters
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Fig. 10. Autovibrations of both vibroexciter working bodies without
acrodynamic link of synchronization (Initial data from Table 1, test no.
i—1(x;) - grey line, i — 2 (x2) - black dashed line).
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Tig. 11. Autovibrations of both vibroexciter working bodies with aero-
dynamic link of synchronization (Initial data from Table 1, test no. 5: i
=5 (x;) - grey line, i = 2 (x,) - black dashed line).

of feeding pressure were changed based on the data listed in
Table 3.

The results showed that using a synchronization channel in
vibroexeiter harmonic or anharmonic autovibrations of work-
ing bodies are established after a certain time /;,,, in the be-
ginning of the synchronous regime of autovibrations.

The following dependencies of the autovibration shapes of
working bodies on laws of feeding pressure and geometrical
and dynamic parameters of mechanical system were deter-
mined by analyzing the results of numerical research of vibro-
exciters operating under autovibration regime and connected
with aerodynamic link:

= Harmonic autovibrations of the same frequency of
working bodies are established when one of the [eeding pres-
sures pulsate (Table 3, test nos. 1, 8 and 9) or begin to pulsate
after a certain time (Table 3, test nos. 10 and 11);

= Harmonic autovibrations of the same frequency and
amplitude are established when the feeding pressures pulsate
with the same frequency @, = @, and phase ¢; = ¢, (Table 3
testnos. 2 and 11);

= Anharmonic autovibrations of the same frequency and
pulsating amplitudes are established when the frequencies of
pulsating pressures fed to vibroexciters are different @ #m,
and the phases coincide ¢@; = ¢, or differ per 7+ (keZ) (Table
3, test nos. 4, 6 and 7);

* Anharmonic autovibrations of different amplitudes
with reversed phase are established when the frequencies of
pulsating pressures fed to vibroexciters are the same @, = @,
and the phases @, diller per 7k (keN) (Table 3, test nos. 3 and
12). Under these conditions, if one feeding pressure was
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Table 3. Shapes of the changing laws of feeding pressure and autovibrations of working bodies with synchronization channels.

— Pulsations of pressures, where Autovibration shapes :;::::::;g l::‘l:; ﬁass my and m;) under
Res. No ; ) P\’ =2.43x10° Pa, Ap; = 7.09x10" Pa, B L 5 .
feeding pressure P9 = 1.82%10° Pa. Ay — 4.05%10° Pa my—02kg, Iy —40%10 " m, Hz = Hz; = 210" m,
2 B my=04kg, b= 60x10" m, ry = r=2.5x10"m
E g
;= 60 rad/s = ¥
1 @; — Orad.
;= 0rad’s
@~ Orad. @
Harmonic autovibrations of the same [requency ol both working
bodies are established with different amplitudes.
Ji*=£*=952Hz
=X;
@; — 60 rad/s =
2 @;=0rad.
@2 60 radfs P & § s
@i=0rad. e J_Wa, & .
Pi(t) = P’ + Apysin(601), Harmonic autovibrations of the same frequencies of both working
Pat) ~ PY +Apysin(60r) bodies are established.
S =f*=964TI7
X
@; = 60 rad/s S %
2
3 @ =0rad.
: s =60 rad/s 0 s T s
@
=
%, Autovibrations are established with reverse phase. x;-harmonic
Pyt) = P2+ Apyrsin(601), movement law of mass m;, x>- anharmonic movement law of
Paft) = P+ Apsin(60t 1) RS
i S = f* =984 T
N /\:' E . »
AN AN
g \¥/\\\// \A \"\/l \j\‘\/, ?;
;= 60 rad’s = & : X,
4 @; =0 rad.
=30 rad’s . % d 13
@>=0rad. . o ' .
po Anharmonic autovibrations of the same frequencies of both
Pift) = P +Apysin(601) working bodics are established with pulsating amplitudes
“ % * = fi¥ =
Pat) — P +Apsin(300) Sr=pr =99k
a0 | — % B
A
N A i |
2 it M’{ \f\v\,f\w‘ (A Ul WY g
AT A it v Wil ®
;= 60 rad’s = 8 a0 !
5 @; — Orad. |
@>=30 rad/s o o3 v B
=051 ‘ ' W :
Masses of both working bodies vibrate on the basis of the
i W complex movement laws with periodically changing amplitudes
P(t); = P +dpysin(601), and frequencies.
Pty = P;" +Aprsin(30t+% m) fi¥f*94 Hz
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;= 60 rad’s
@;— 0 rad.
@ — 60 rad’s
=7

Py(t) = P, +Apysin(601),
JPO when 1<0.3s

P(n=
B+ A, sin(60U+ 7), 12035

<l

)
Anharmonic autovibrations are established with periodically
changing amplitudes with reversed phase.
¥ = f*=9.50 Hz

originally constant and began to pulsate afler a certain time,
then the complex anharmonic autovibrations are obtained with
reversed phase (Table 3, testno. 12);

= Anharmonic autovibrations of complex movement law
with various changi q ies and
tablished when the frequencies of feeding and pulsating pres-
sures differ w,#w, and the phases differ by smaller than 74
(keN) (lable 3, test no. 5). The shape of autovibrations ob-
tained became simple while the difference of phases is nearly
7k (keN). The autovibrations of complex movement law could
be applied in technological processes, in which increasing the
intensity of process in a shorter period is required.

Recommendations could be proposed for practical applica-
tion of synchronous work of vibroexciters in various techno-
logical processes after confirming the laws experimentally
obtained during this research.

Tifud,

fr are es-

4. Conclusions

The synchronization of two vibroexciters connected with
aerodynamic links was analyzed in this research, in which the
laws of the different feeding pressures that varied in the ap-
proach of time, frequency, and phase were applied.

A mathematical model was proposed by applying De Saint
Venant and Vantzel equations; this process describes the dy-
namics of the mechanical system of two pneumatic vibroex-
citers with synchronization channel and is adopted for the
pulsatile pressure case. The model developed consists of a
system of several differential equations in the first and second
degrees, which are reduced to the system of eight equations of
the first degree and solved using the Runge—Kutta method.

The feeding of pressure to one of the chambers that was
connected with an aerodynamic link can force the operation of
the working bodies of both vibroexciters synchronous and
with equal vibrations of frequency and phase. The synchro-
nous vibrations are established after a certain time, depending
on the geometrical parameters of the dynamic system and
values ol feeding pressure. This time is inversely proportional
to the difference of feeding pressures |I°)(1)—F(1)|. The ampli-
tude of synchronized autovibrations is high because of the
vibroexciter in which the feeding pressure pulsates. This law
is valid at dilferent and equal geomeltrical parameters of vi-
broexciters but does not depend on the fact that the value of

feeding constant pressure is lower or higher than the maximal
values of the feeding pulsatile pressure.

Numerical studies have shown that the synchronous autovi-
brations with equal parameters after a certain time /4 in the
beginning of the synchronous regime of autovibrations at
completely cqual geometrical and dynamic parameters of
vibroexciters and feeding the pulsatile pressure based on the
same law are established in the general system of two vibro-
exciters. The time 4, depends on the parameters of feeding
pressures (Equilibrium position of pulsatile pressures 1’,0, am-
plitude of pulsations Ap, and frequencies ;) and varies in
range [0.02; 0.25] s under tested geometrical parameters. Thus,
the synchronization channel affects the parameters of autovi-
brations. The length of synchronization channel also aflfects
time #,., and the amplitudes of synchronized vibrations.

The harmonic autovibrations arc cstablished with equal fre-
quency and phase after the feeding of pressures, in which pul-
sation frequency and phase are the same (v, = w», ¢; = ¢,), and
the difference among the amplitudes of vibrations depends on
mass and geometrical parameters of the vibroexciter working
body. The difference in the amplitudes of pulsating pressure
that is supplied to the chambers also affects the vibration am-
plitudes of working bodies. the amplitudes of vibrating masses
differ per 0.15x10 * m when the difference of amplitudes of
pulsating pressure is |4p-Ap,| = 0.05%10° Pa. The difference
increases to 0.5x10~ m when |dp-4p,| = 0.85x10° Pa.

The numerical research on mathematical models showed
that anharmonic autovibrations of complex shape are estab-
lished in which shape depends on size [p,-¢| when the fre-
quencies of pulsating pressures are not equal ,#®, and the
difference between the phases is smaller than 7k (keN). The
time £, 1s varying in range [0.15 s; 0.4 s|, and the established
amplitude of vibrations of working bodies is varying in range
10.01x10 S m; 02x10° m| depending on the parameters of
pulsating pressure. The shape of autovibrations becomes sim-
ple when the dillerence in the phases of pulsating pressures
becomes close to wk (keN). Anharmonic autovibrations are
established with pulsating amplitude when these phases are
cqual ¢; = @, or different per n+k (k€7).

The vibrations with reversed phase are established when the
frequencies of pulsating pressures are equal @, = @,, and the
difference of phases is 7k (keN). The calculations showed that
time 1, 1s inversely proportional to the size of frequencics of
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pulsating pressures; thus, the following values of 1, were ob-
tained by changing the frequency of pulsatile pressure @, = @, =
15,30, 60 and 120 rad/s: 0.44, 0.29, 0.22 and 0.16 s, respectively.

In different cases, the difference in the phases of pulsating
pressures that are supplied to vibroexeiters could be obtained
by delaying the pulsation of onc of the pressures, that is, first
supplying a constant pressure and forcing it to pulsate after a
certain time. In these cases, beginning an introduction of dif-
ferent initial phase of pulsation could be simulated by chang-
ing the moment of pulsation, and the various shapes of autovi-
brations of vibroexciter working bodies could be obtained.

Numerical research showed that the frequency of autovibra-
tions obtained in the chambers of vibroexciters without syn-
chronization channel is close to the frequency of the feeding
pulsatile pressure. The frequencies of autovibrations in both
chambers after introducing synchronizing channel become
comparable via the amplitude pulsating or the phases of aut-
ovibrations being different.

The theoretical research showed that the change of geomet-
rical parameters of synchronization channel indicates the same
regularities that were determined in previous research by sup-
plying constant pressure.

A multiparametrical dynamic system has been obtained af-
ter introducing pulsating pressure to the mathematical model,
but further studies are required to determine the operating
regularities of the system. However, the control of the system
becomes flexible, and the laws of autovibrations established in
vibroexciters are diversified. Additional tools for controlling
the system are required, although the feeding of pulsating
pressure to the vibroexciters requires technological solutions
that are complex and with the occurrence of pulsating pressure.
The selection of appropriate parameters of pulsating pressure
is sufficient for selecting a necessary character of autovibra-
tions for the technological process. Based on the results of
previous research (Supplying a constant pressure to the vibro-
exciters), changing the geometrical parameters of the system
or combining the values of feeding pressure was necessary to
change a character of synchronized autovibrations.

‘The results of this research could be used for designing the
systems on air cushion and vibrating under regime of autovi-
brations on the basis of the controlled laws.
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PRIEDAI
1 priedas

Pav. Vibrosuzadintuvy sukelti darbinio organo svyravimy pavyzdziai: a) gestantys
svyravimai, b) svyravimai, iSaugantys j harmoninius virpesius, ¢) harmoniniai virpesiai,
d) kintamos (pulsuojancios) amplitudés svyravimai, €) kintamo daznio svyravimai [18].
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Lentelé. Vibrosuzadintuvy tipai ir darbiniai parametrai [18].

2 priedas

Darbinis daznis,
Vibrosuzadintuvo tipas Hz Amplitudé, 10°m

1 2 3
Mechaninis Kumstelinis

Rutulinis

IScentrinis iki 100 0,5-12

Ekscentrinis iki 300
Pneumatinis VozZtuvinis

Ritininis

Rotorinis L

Pulsavimo } iki 3000 20-30

Autovirpesiy 0,01-2,0
Hidraulinis Pulsavimo 0,03-20

Sekamasis 0-1,0

Savikontrolés iki 500

Autovirpesiy 0,2-15
Elektrinis Pjezokristalinis >15000

Magnetostrikcinis 10000-30000

Elektromagnetinis iki 400 1-2

Elektrodinaminis iki 10000-15000 0,5
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3 priedas

Lentelé. Vibrosuzadintuvy savybés, priklausomai nuo jy tipo [18, 28, 30].

Vibrosuzadintuvo tipas

Privalumai

Triukumai

Hidraulinis

- paprasta konstrukcija

- palyginti nesudétingas
svyravimy vibracijy daznio ar
amplitudés reguliavimas

- vieno siurblio pulsacijos gali
persiduoti pageidaujamam
stimokliy skai¢iui

- tiksli sttmoklio pasirinktos
amplitudés ir daznio realizacija
hidrocilindre

- darbinio skysc¢io nutekéjimas

- temperatiiriniai darbinio skys¢io
svyravimai

- apkrovos jtaka amplitudei

- darbinis slégis nuo 150 iki 300 MPa

Pneumatinis

- galimybé dirbti pavojingose
salygose (pvz., sprogiose
aplinkose)

- didelio tikslumo tiesialinijinis
judesys

- palyginti nesudétingas
svyravimy daznio ar amplitudés
reguliavimas valdant droselinj
jtaisa

- plataus amplitudés keitimo
diapazonas

- platus galimy svyravimo
dazniy diapazonas (0-2000 Hz)
- didelis veikimo greitis

- palyginti nesudétinga
konstrukcija ir priezitira

- palyginti sudétingas dinaminiy
rodikliy skai¢iavimo mechanizmas
- reikalinga dulkiy/drégmés
nusodinimo jranga

- atsako greitis 1étéja, tolstant nuo
oro tiekimo $altinio

- veikima jtakoja paduodamo oro
slégio ir srauto pulsavimai

- reikalingas nuolat veikiantis
kompresorius

Elektromagnetinis

- nesudétingas svyravimy
amplitudés reguliavimas ir
galimybé ja keisti mechanizmo
darbo metu

- patikimumas ir
ilgaamziSkumas (dél trinties
jégy nebuvimo)

- galimybé viename jrenginyje
nesunkiai sinchronizuoti kelis
kartu veikiancius
vibrosuzadintuvus

- palyginti didelé kuriamos jégos
verté, tenkanti amplitudés vienetui
- didelés energetinés sanaudos

- reikSminga apkrovos jtaka
vibracijy amplitudei

- nedidelé postimio amplitudé
(ribojama oro tarpo tarp inkaro ir
Serdies)

Elektrodinamis

- platus gaunamy vibracijy
parametry diapazonas

- palyginti sudétinga konstrukcija

- eksploatavimo salygy apribojimai
- harmoniniy virpesiy formavimo
problema

Pjezoelektrinis,
elektrostrikcinis,
magnetosrikcinis

- dideli dazniai prie mazy
amplitudziy
- didelis tikslumas

- palyginti sudétinga konstrukcija

Vibrosuzadintuvai i§
formos atmintj turinéiy
medziagy ir medziagy
su magnetoreologiniu
skyséiu

- nedideli dazniai
- atsparumas vibracijoms

- palyginti sudétinga konstrukcija
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4 priedas

Lentelé. Pneumatiniy ir hidrauliniy tiesialinijiniy cilindry klasifikacija [30, 35].

VYV
v

Simbolis Paaiskinimas Naudojimas
1 2 3
Vienpusio veikimo vieno Vienpusio veikimo
strypo. Oro srautas stumia konstrukcija naudojama,
stimoklj viena kryptimi. kai reikalinga jéga,

I & Stamoklis grjzta j prading nukreipta viena krytpimi,
padéti, kai strypa veikia pvz., verzimas, spaudimas,
iSorinés jégos padavimas, rakinimas,
Vienpusio veikimo su i§stimimas, stabdymas ir

AAAA/ spyruokle. Oro srautas stumia | pan.

strypa viena kryptimi.
Stimoklis grizta j prading
padétj, veikiamas spyruoklés

Dvipusio veikimo vieno
strypo. Suspaustas oras,
paduodamas j skirtingas
kameras, stumia strypa abiem
Kryptimis.

Dvipusio veikimo
konstrukcija naudojama,
kai reikalingas cikliskas
veiksmas

Dvipusio veikimo dvieju
strypu. Du stimokio strypai
nukreipti | prieSingas puses.
Sukuria jéga abejose cilindro
pusése.

Naudojamas, kai darbas
gali buti atlickamas
abiejuose cilindro galuose,
todél cilindras tampa
produktyvesnis. Gali
atlaikyti didesnes Sonines
apkrovas, nes ant
kiekvieno strypo jie turi
papildoma atrama, kuri
atspari apkrovai. Dvigubi
rutuliniai cilindrai
naudojami, kai yra lenkimo
apkrova ir reikalingas
tikslumas bei maksimalus
atsparumas.

Dvipusio veikimo vieno
strypo teleskopinis.
Naudojamas, esant ribotai
erdvei.

Naudojamas, kai reikia
ilgos eigos, didelés kélimo
galios, mazy iSmatavimy.
Taikomi

pneumatiniuose kranuose,
savivar¢iy ir prickaby
konstrukcijose, keltuvuose,
vagonuose.

Dvipusio veikimo vieno
strypo su fiksuota pagalvéle,
kuri galinéje padétyje
naudojama amortizavimui, kad
buty uzkirstas kelias staigiam
smugiui ir nepakenkty
detaléms.
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Lentelés tesinys.

4 priedas

1

2

1%

Dvipusio veikimo vieno strypo
su kintama pagalvéle.
Amortizuojanti pagalvélé kinta
reguliuojant

angg.

Tandeminis. Siuo atveju, tai du
atskiri dvipusio veikimo
cilindrai su vienu strypu,
iSdéstyti vienoje eiléje viename
korpuse, taip, kad stimokliy
sukuriama energija sumuojasi.

Naudojamas, kai nedidelio
skersmens cilindras turi
sukurti didele jéga.

Dvigubas. Specialus tandeminis
tvirtinimas, kai keli stimokliai
montuojami ant atskiry strypy ir
jie veikia vienas kita.
Kiekvienas stimoklis gali judéti
atskirai ir turi atskirg oro
tiekimo valdiklj.

Gali biiti naudojamas
kelioms operacijoms
atlikti, pvz., vienas
stimoklis tam tikroje
padétyje prispaudzia
detalg, po to atlickamas
Slifavimas, Stampavimas,
presavimas ar panasi
operacija, kurig veikia
kitas stiimoklis.
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5 priedas

Lentelé. Vibrosuzadintuvy ant oro pagalvés, dirbanéiy autovirpesiy rezimu, konstrukcijos ir

taikymo sritys [18].
Eil. Vibrosuzadintuvo konstrukcija Tipas / Taikymo
Nr. sritis
1. Dviejy laisvés

i

laipsniy vibro-
suzadintuvas

bo,

2. Trijy laisvés
laipsniy vibro-
suzadintuvas

B}

3. Frikciné sukimosi
pavara

4. Transportavimo

mechanizmas
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Roboto griebtas

Prispaudimo
jrenginys

Detaliy

transportavimo-
surinkimo

vibrobunkeris
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8. Pneumatinis
JTTT vibrostendas
)

0. Pneumatinis
smuginis
vibrosuzadintuvas

10. Dviey laisvés

laipsniy
pneumatinis
vibrostendas

185




11. Keliy laisvés

laipsniy
pneumatinis
vibrostendas

12.

Reversinio
veikimo
pneumatinis
vibrostendas
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Reduktoriy
bandomojo
veikimo ir
paruos§imo
eksploatacijai
mechanizmas
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