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ANOTACIJA

Reala fluida (gaisa vai tdens) pliisma dalinu atrums nav konstants, bet mainas laika un
telpas apgabala. Objektam mijiedarbojoties ar fluidu, rodas kustiba, kura var but vairak vai
mazak efektiva, atkariba no izvéleta mérka (kritérija). ST darba pirmas nodalas merkis ir
analizét mijiedarbibas (kontakta elastibu, virsmas profilu, ledus un acrodinamisko pretestibu)
parametrus, kas samazina fluida ietekmi uz objektu ka, pieméram, skeletona sporta.
Izmantojot mehanikas likumus, tiek izstradata jauna metode, ar kuru iesp&jams analitiski
noteikt ledus berzes un kustiga objekta aerodinamiskas pretestibas koeficientus (parametrus).
Tam ir plaSas pielietoSanas iesp&jas treninu un sacensibu procesa. Papildus ir apskatita
vibraciju pozitiva vai negativa ietekme skeletonam slidot pa ledus virsmu. Sajos p&tijumos
optimizacijas krit€rijs ir energijas ekonomija sacensibu trasg.

Savukart energijas ieguves uzdevumu risinasana (darba otraja dala) tiek izstradata jauna
metode (teorija), kas palidz vienkarSoti veikt analizes, optimizacijas un sintézes uzdevumus
objektu mijiedarbibai ar $kidrumiem, ja ir objektiem translacijas, rotacijas vai komplana
kustiba. Teoriju var attiecinat uz jebkuras sarezgitibas formas kermeniem fluida (Skidruma,
gazg), ja tiem ir iesp&jams matematiski aprakstit mijiedarbibas virsmas. Metode parbaudita ar
datorprogrammam un eksperimentiem v&ja tuneli “Armfield”.

Darba tresaja dala ir apskatiti vairaki citi fluida dinamikas pétijumi, tai skaita: — izpé&tits
robotizétas zivs kustibas piedzinas aktuators; — analiz&ta un sintez&ta energijas ieguves iekarta
no robotiz&tas zivs astes spuras svarstibam; — veikta parametriska formas optimizacija SUP
(Stand up paddleboarding) piedzinas spuras motora vakam; — veikti praktiski eksperimenti
dubultsvarstam v&ja tuneli un tie salidzinati (validéti) ar matematisko modeli.



AHHOTALIUA

B peanbHOM NmOTOKE XHIKOCTH (BO3AYyXa MM BOJblI) CKOPOCTh YACTHUI] HE MOCTOSHHA, a
MeHsieTcs: BO BpeMeHH. Korza o0bekT B3auMOJEHCTBYET ¢ JKUAKOCTBIO, CO3AeTCs JBUXKEHUE,
KOTOpOE€ MOKET ObITh OoJiee Wi MeHee d((HEKTUBHBIM, B 3aBUCUMOCTH OT BHIOPAHHOM IIEJIH
(kputepus). llenpto mnepBoil riaBel 3TOH  pabOTHl  SABISETCS aAHAJIU3 IAapaMeTPOB
B3aUMOJICHCTBHSA, KOTOPBIE YMEHBIIAIOT BIUSHUE KHUJIKOCTH Ha 00BEKT, HAIIpUMEp, B CIIOPTE
co ckeneToHamMHM. Ha ocHOBe 3aKOHOB MEXaHUKHU pa3pabOTaH HOBBIM METOJ, MO3BOJISIOIINN
AQHAIUTUYECKU OIPEAEATh KO3PPUIMEHTHI (TapaMeTpbl) TPEHUS JIbAa U a3POAUHAMUYECKOTO
COMpPOTUBIIEHUS JBUXKylIerocss o0bekTa. OH UMEeT IIMPOKUI CHEKTp HPUMEHEHUS B
TPEHUPOBOYHOM M COPEBHOBATEIBHOM Tipoliecce. Kpome Toro, yduTbiBaeTCs MOJI0XKUTEIBHOE
WIM OTPUIATEIbHOE BIMSHHME BUOpAlMU Ha KapKac, KOrJa OH CKOJIb3UT IO IOBEPXHOCTHU
abAa. B aTUX HcciaenoBaHUSX KpUTEpPUEM ONTHMU3ALMU SBJISETCS SKOHOMMSI SHEPruM Ha
TOHOYHOM Tpacce.

B cBoro oyepenp, npu pelIeHrn 3a/lad U3BJICUEHUS SHEPruu (BO BTOPOW 4acTH pabOThI)
pa3pabatTbIBaeTCsl HOBBIM MeTOJ (TEOpHsi), KOTOPHIA IMOMOTaeT JIEFKO BBINONHSTH 3ajauu
aHaJIM3a, ONTUMH3ALUMU U CHUHTE3a U1 B3aUMOJEHUCTBUS OOBEKTa C JKUIAKOCTSIMH, IPU
HAJIMYUU [OCTYIATEIBHOTO, BPAIIATEIbHOIO WM MOJIHOIO JBH)KEHUS OOBEKTOB. (PUIypHBIE
Tela B JKUIKOCTH (PKUIKOCTH, Ta3e), €CIM MOXHO MAaTeMaTH4YEeCKH OMNHCcaTh IOBEPXHOCTHU
B3auMojeiicTBus. MeTon anpoOupoBaH ¢ TIOMOIIbIO KOMIBIOTEPHBIX IporpamMMm U
9KCIIEPUMEHTAIILHO B a3pOJMHAMHUYECKOH TpyOe «ApMbuimy.

Tperbst yacTh pabOTHI MOCBSAIICHA Py APYTMX HCCIEAOBAHUN THAPOAMHAMUKH, B TOM
YyHclie: — U3yYeH aKTyaTop JBWKEHUS POOOTHU3MPOBAHHOW pBIOBI; — MPOaHAIM3UPOBAHO U
CHUHTE3UPOBAaHO 000PY/I0BaHME sl BBIPAOOTKU SHEPTHH U3 KOJIeOaHHI XBOCTOBOTO TJIaBHUKA
po0oTa; — BBINOJIHEHA NapaMeTpuueckas ONTUMH3AIUs (POPMBI KPBIIIKHA AJIEKTPOABUTaATENS
npuBogHoro pebpa muatsl SUP; — OblIM NpoBeNEHbl MPaKTUYECKHE SKCIEPUMEHTHI IS
JIBOWHOTO KJIallaHa B adpPOJMHAMHUUYECKON TpyOe, M OHM ObUTH CpaBHEHBI (ITOATBEPKICHBI) C
MaTeMaTHYIECKONH MOJIENbIO.



ABSTRACT

In a real fluid flow (air or water), the particle velocity is not constant but varies over time.
When an object interacts with a fluid, a motion is created that can be more or less effective,
depending on the chosen target (criterion). The aim of the first chapter of this work is to
analyze the interaction parameters that reduce the effect of fluid on an object, such as in
skeleton sports. Using the laws of mechanics, a new method is developed, with which it is
possible to analytically determine the coefficients (parameters) of ice friction and
aerodynamic drag of a moving object. It has a wide range of applications in the training and
competition process. In addition, the positive or negative effects of vibrations on the skeleton
as it slides over the ice surface are considered. In these studies, the optimization criterion is
energy savings on the race track.

In turn, in solving energy extraction problems (in the second part of the work) a new
method (theory) is developed, which helps to easily perform analysis, optimization and
synthesis tasks for object interaction with liquids, if there is translational, rotational or
complete motion of objects. shaped bodies in a fluid (liquid, gas), if it is possible to
mathematically describe the interaction surfaces. The method was tested with computer
programs and experimentally in the wind tunnel "Armfield".

The third part of the work deals with several other studies of fluid dynamics, including: —
studied the actuator of robotic fish movement; — energy production equipment from robotic
fish tail fin oscillations was analyzed and synthesized; — parametric shape optimization for
SUP board drive fin motor cover was performed; — practical experiments were performed for
a double valve in a wind tunnel and they were compared (validated) with a mathematical
model.
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TEMAS AKTUALITATE

Fluida (Seit: gaiss, Gidens) pliismas mijiedarbiba ar objektiem tehnika, tehnologiskajos
procesos, transporta, sadzivé, sporta un daba ir sastopama ik uz sola. Viena no So
mijiedarbibu lietderigas izmanto$anas jomam ir iesp&ja no mijiedarbibas iegiit energiju. Tas
iesp&jams tad, ja fluids kustas pret objektu, objekts kustas flutda vai kustas gan fluids, gan
objekts, pieméram, v&ja generators vai hidrauliska turbina. Ar jédzienu “iegit energiju”
plasaka méroga apzimé papildu darbibas, kas saistitas ar energijas ekonomiju dazados
procesos, pieméram, degvielas ekonomija, atkariba no auto virsbiives formas, skeletona
kustibas finiSa laiks.

Promocijas darbu kopa aptver autora un vina kolégu pétijumus tris mijiedarbibu jomas:
a) skeletona mijiedarbibu ar ledu un gaisu; b) gaisa pliismas un objektu gaisa mijiedarbibas;
c) tidens plismas un objekta fideni mijiedarbibas. Témas aktualitate ir saistita ar p&tijumiem
“zalas” energijas joma: ekonomét vai iegiit energiju no zemeslodes aptverosa fluida pliismas.

DARBA MERKIS UN GALVENIE UZDEVUMI

Darba meérkis ir izstradat metodes un metodikas, lai varétu veikt fundamentalus pétijumus
energijas ekonomésanas joma objektam kustoties fluida vai iegit energiju no fluida plasmas,
izmantojot optimalas sintézes teoriju. Papildus tam izstradatas procesu modeléSanas
datorprogrammas un veikti eksperimentalie petijumi v&ja tunelt un daba, kas apliecina teorijas
validaciju.

Darba veikti pétijumi tris galvenajos virzienos, tas izstradats ka tematiski vienota
zinatnisko publikaciju kopa.

1. Skeletona pétijumi.

a2

1.1. Pielagota un parbaudita optimalas sintézes teorija “zalas” energijas joma: ekonomét
vai ieglit energiju no zemeslodes aptverosa fluida plismas.

1.2. Veikti skeletona eksperimentalie petijumi Siguldas bobsleja un kamaninu trase.

1.3. Izveidots skeletona un dazada ledus mehanisko parametru ledus (tidens slana)
matematiskais modelis. Veikti modela skaitliskie testi.

1.4. Izstradats skeletona un ledus—gaisa lokalo mijiedarbibu modelis, kas parbaudits
skaitliski (ar datormodeléSanu) un eksperimentali (Siguldas bobsleja un kamaninu
trasg).

2. Objektu un gaisa mijiedarbibas pétijumi.

2.1. Izstradata teorija un metodika dazadas formas nekustigu 2D objektu mijiedarbibai ar
kustigu fluidu.

2.2. Izstradata teorija un metodika dazadas formas kustigu 2D objektu mijiedarbibai ar
nekustigu fluidu.

2.3. Izstradata teorija un metodika dazadas formas kustigu 2D objektu mijiedarbibai ar
kustigu fluidu.

2.4. Veikti 2D datormodel&Sanas petijumi mijiedarbibu parametriskai identifikacijai.

2.5. Veikta dazada veida v&ja energijas iegiiSanas realu modelu parametriska optimizacija.



2.6. Veikti 3D eksperimentalie p&tijumi vEja tuneli.

2.7. lzstradats, izprojektéts un izgatavots jauns v&ja energijas iegliSanas rotacijas tipa
prototips.

2.8. Veikts gaisa plismas mijiedarbibu izstradatas teorijas un prakses rezultatu
noform€&jums zinatniska gramata.

3. Objektu un uidens mijiedarbibu petijumi.

3.1. Izmantota un pilnveidota fluidu mijiedarbibas teorija tidens plismam.

3.2. lIzstradata teorija robotiz€tas zivs astes energijas ieguvei no mainiga laukuma
vibracijam skidruma.

3.2. Izstradata teorija un metodika dubultplaksnes svarstibu analizei fluida plisma.

3.3. Veikti 3D eksperimentalie p&tijumi v&ja tuneli dubultplaksnes modelim.

3.4. Veikta motorizétas SUP déla spuras motora vaka parametriska optimizacija.

3.5. Izstradats patenta pieteikums fluida pliismas inducétu svarstibu energijas ieguvei ar
linearu generatoru.

PETIJUMA OBJEKTS

Galvenais pétijuma objekts ir fluida (ar bezgaligu brivibas pakapju skaitu) modela
mijiedarbiba ar cietiem kermeniem. Ar mijiedarbibu Seit jasaprot tuvas mijiedarbibas spéeki
starp cieta kermena bezgaligi daudziem virsmas punktiem un bezgaligi daudzam fluida
dalinam. Redukcijas gaita janoskaidro speku sisteémas galvenais vektors un to galvenais
moments jebkura punkta, piem&ram, masas centra. Tas atlauj talak sastadit cieta objekta
kustibas aptuvenos diferencialos vienadojumus un tos integrét skaitliski. Ja tas ir paveikts,
kaut aptuveni — ar pienemtam hipoté€z&m, nav nepiecieSams izmantot darba ietilpigus “telpas
un laika” modelus, kas arT ir aptuveni.

PETIJUMA HIPOTEZES
Darba galvena hipoteze balstas uz Nitona mehanikas pamata hipotézém:
. par fluida dalinu sistémas kustibas daudzuma izmainu diferenciala forma;
. par fluida dalinu trieciena mijiedarbibu ar cietu objektu spiediena zona;
. par fluida dalinu veidoto spiedienu siikSanas zona;
. par viskozitates ignorésanu.

Minétas hipot€zes ir pieraditas datoreksperiment0s un parbauditas prakse.

Ta rezultata sakta jaunas, aptuvenas zinatniskas teorijas veidoSana. Jauna teorija atSkiras
no eso$ajam teorijam ar to, ka pirms fluidu dinamiskiem analizes un sint€zes aprékiniem nav
nepiecieSams veikt eksperimentus fluida tunelos (lai atrastu empiriskus “Drag” un “Lift”
koeficientus).
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ZINATNISKA NOVITATE

Nepartrauktas vides — fluida dinamikas pétijjumos ir problémas aprakstit bezgaligu
brivibas pakapju (co BP) sisteémas kustibu ap cietu vai deform&jamu kermeni, ievérojot visus
Citus kermenus un to plismas sakuma noteikumus. Tap&c praks€ tiek izmantotas aptuvenas
metodes, pieméram, RANS (Reynolds-averaged Navier—Stokes equations), nekustigu kermenu
labirintu, uz kuru no noteikta attaluma sak plast dalinu paral€lu atrumu fluids. Sakuma ir
parejas process, péc kura (ievérojot viskozitati) iestajas stacionara pliisma. Sads process var
ilgt pat sekundi vai tas dalas. Nav saprotams, ka plismas kustibas laika mainit fluida
tiklojumu, ja kermenis sak kusteties. Protams, iesp&jams nepartraukti, pé€c daziem soliem
mainit mijiedarbibas geometrisko konfiguraciju un uzdot ieprieks§€jos beigu noteikumus. Tas
ir darbietilpigs process.

Piedavataja metod€ (teorija) un metodikas ir ierosinats izmantot klasiskas mehanikas
metodes bezgaligu dalinu plismai un mijiedarbibai ar cietu kermena virsmu, nenemot vera
viskozitati. Ta rezultata ir iesp&jams iegiit izkliedetu speku redukcija to galveno vektoru un
galveno momentu sisttmas masas centra. legitie lielumi lauj veidot objekta kustibas
diferencialos vienadojumus, kas attiecigi skaitliski integréjas. Ar integréSanu ir iesp&jams
veikt parametrisko optimizaciju ar datoru un sintez&t: jaunas, efektivas sistémas energijas
lietderigai izmantoSanai pie kustibas pa fluidu; vai radit jaunas “zalas” energijas ieguves
sist€mas no fluida pliismas ap cietu objektu

DARBA REZULTATU PRAKTISKA IZMANTOSANA

Galvenie praktiskas izmantoSanas rezultati

1. Siguldas bobsleja un kamaninu trasé iegltie eksperimentalie rezultati un to
aproksimacija izmantojami esoSo konstrukciju modernizacija un jaunu skeletonu
projektéSana.

2. lIzveidotais skeletona un dazada ledus mehanisko parametru (tidens slana)
matematiskais modelis izmantojams rezultatu uzlaboSanai sacensibas.

3. Izstradatais skeletona un ledus—gaisa lokalo mijiedarbibu modelis izmantojams citu
renes sporta veidu (kamaninu, bobsleja) kustibas modelésana.

B

. Izstradata teorija un metodika 2D objektu mijiedarbibai ar fluidu tris gadijumos
(nekustigs objekts, nekustigs fluids, abi objekti kustas) lietojami jaunu ‘“zalas”
energijas objektu sintézg, ka ari lidojoSu aparatu projektésana.

9]

. Izstradata metodika un 2D datormodel&$anas modeli dazadas formas prizmu (rombam,
trisstirim, zvaigznei) mijiedarbibas analizei lietojami objektu formas optimizacija.

6. Izstradata metodika un izgatavotas iekartas izmantojamas jaunu iekartu parbaudei v&ja
tunelt.

7. lzstradata teorija robotiz€tas zivs astes aktuatora piedzinai izmantojama objekta
Kustibas piedzinai un energijas atjaunosanai ta apstaSanas faze.

8. lIzstradats, izprojektéts un izgatavots jauns v&ja energijas ieguiSanas rotacijas tipa

prototips.
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9.

Izstradats patenta pieteikums fluida pliismas inducétu svarstibu energijas ieguvei ar
linearu generatoru.

10. Veikts gaisa plismas mijiedarbibu izstradatas teorijas un prakses rezultatu

noformé&jums zinatniska gramata.

PUBLIKACIJU SARAKSTS

Nodala zinatniskaja gramata, kas indeks&ta Web of Science un/vai Scopus datubazg.

1.

Viba J., Beresnevich V. and Irbe M., 2020, Synthesis and Optimization of Wind
Energy Conversion Devices Design Optimization of Wind Energy Conversion Systems
with Applications vol. I, ed. Maalawi Karam Y. (IntechOpen) p. 17.

Zinatniskais raksts, kas indekséts Web of Science un/vai Scopus datubazg.

2.

Tipans 1., Viba J., Irbe M. and Vutukuru S. K., 2020, Investigation of dual varying area
flapping actuator of a robotic fish with energy recovery Agron. Res. vol. 18, pp. 1046—
55.

Tipans 1., Viba J., Irbe M. and Vutukuru S. K., 2019, Analysis of non-stationary flow
interaction with simple form objects Agron. Res. vol. 17, pp. 1227-34.

Publikacijas konferencu materialos, kas indeksétas Web of Science un/vai Scopus
datubaze.

4.

10.

11.

Vutukuru S. K., Tipans 1., Viba J. and Irbe M., 2020, Form optimization and
interaction analysis of plane symmetry prism in AIR Engineering for Rural
Development vol. 19, pp. 739-46.

Spade K., Vaicis I., Vutukuru S. K. and Irbe M., 2020, Analysis of granule layer
impact interaction on vibrating 2D prism Engineering for Rural Development vol. 19,
pp. 1463-9.

Irbe M., Cerpinska M. and Gross K. A., 2019, Investigation of vibration induced by
sliding down an ice plane vol. 800, KEM.

Irbe M., Gross K. A. Viba J. and Cerpinska M., 2019, Modelling of stiffness
variability of skeleton sled on inclined ice plane Engineering for Rural Development
vol. 18, pp. 1215-20.

Vutukuru S., Viba J., Tipans 1., Viksne | and Irbe M., 2019, Analysis of flat plate
vibrations by varying frontal area to the flow Engineering for Rural Development vol.
18, pp. 1408-14.

Gulbis J., Viba J., Irbe M. and Spade K., 2019, Experimental optimization of annealing
of cylindrical brass casings Engineering for Rural Development vol. 18, pp. 852-7.
Cerpinska M., Irbe M. and Elmanis-Helmanis R., 2019, Swirling flow in Francis
turbines depending on guide vanes opening position Engineering for Rural
Development vol. 18, pp. 1435-40.

Tipans I., Viba J., Vutukuru S. K. and Irbe M., 2019, Vibration analysis of perforated
plate in non-stationary motion Vibroengineering Procedia vol. 25, pp. 48-53.
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12. Irbe M., Gross K. A., Viba J. and Cerpinska M., 2018, Analysis of acceleration and
numerical modeling of skeleton sled motion Engineering for Rural Development vol.
17, pp. 1401-6.

13. Cerpinska M., Irbe M. and Elmanis-Helmanis R., 2018, Displacement of shaft during
hydropower generator air gap measurements Engineering for Rural Development vol.
17, pp. 1673-8.

14. Cerpinska M., Irbe M. and Elmanis-Helmanis R., 2018, Vibration of foundation for
rotary screw compressors installed on skid mounting Engineering for Rural
Development vol. 17, pp. 1997-2002.

15. Cerpinska M. and Irbe M., 2017, Specifics of natural frequency measurements for floor
vibration Engineering for Rural Development vol. 16, pp. 162—-6.

16. Viba J., Beresnevich V., Irbe M. and Dobelis J., 2017, The control of blades orientation
to air flow in wind energetic device Energy Procedia vol. 128, pp. 302-8.

17. Viba J., Beresnevich V., Noskovs S. and Irbe M., 2016, Investigations of rotating blade
for energy extraction from fluid flow Vibroengineering Procedia vol. 8, pp. 312-5.

18. Viba J., Eiduks M. and Irbe M., 2015, Double pendulum vibration motion in fluid flow
Engineering for Rural Development vol. 14, pp. 434-9.

Raksti konferencu t€Zu krajuma

19. Jansons E., Irbe M., Kalnina I., Gross K., The Influence of Environmental Conditions
on Sliding Over Ice: an Experimental Study from the Bobsled Push-Start Facility
ECOTRIB 2019 7th European Conference on Tribology, Austria, Vienna, 12—-14 June,
2019, pp. 247-247.

20. Irbe M., Jansons E., Pladuma L., Gross K., The Effect of Runner Tension on Sliding
over Ice at Different Ice Conditions ECOTRIB 2019 7th European Conference on
Tribology, Austria, Vienna, 12—14 June, 2019, pp. 180-180.

Iesniegti tris zinatniskie raksti, kas indekséti Web of Science un/vai Scopus datubazg.

21. Zurnala “Tribology international” raksts par pétijumiem, kas apskatiti promocijas
darba pirmaja nodala, ar nosaukumu — Unveiling Ice Friction and Air Drag for Faster
Sliding in Winter Sports.

22. Zurnala “Latvian Journal of Physics and Technical Sciences” raksts par pétijumiem,
kas apskatiti promocijas darba otraja nodala, ar nosaukumu — Optimization of Energy
Extraction Using Ddefinite Geometry Prisms in Air.

23. Zurnala “Latvian Journal of Physics and Technical Sciences” raksts par pétijumiem,
kas apskatiti promocijas darba tre$aja nodala, ar nosaukumu — Resistance Estimation
for Propulsion System of a Motorized SUP Board Equipped with Waterjet.

Iesniegtas publikacijas konferen¢u materialos, kas indeksétas Web of Science un/vai
Scopus datubaze.

24. “14th International Conference on Vibration Problems 2019” konferences raksts par
pétijumiem, kas apskatiti promocijas darba pirmaja nodala, ar nosaukumu — Analysis of
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the Skeleton Sled with Different Runner Stiffnesses Sliding Motion Induced Vibrations
on an Inclined Ice Track.

25. “43rd National Systems Conference on Innovative and Emerging Trends in
Engineering Systems 2019” konferences raksts par pétijumiem, kas apskatiti
promocijas darba tresaja nodala, ar nosaukumu — Varying Area Vibrating Structure in a
Fluid for Energy Gain.

Izgudrojums

26. LR patents Nr. 14978, 20.02.2015. Rigas Tehniska Universitate, “Vienmasas
vibrovesera uz elastigas piekares darba reZima vadibas panémiens”, lidzautors.

AUTORA IEGULDIJUMS PUBLIKACIJAS

Visas zinatniskas publikacijas tapusas sadarbiba ar promocijas darba vaditajiem profesoru

Jani Vibu un profesoru Igoru Tipanu (lidzautori vai konsultanti). Darbs pie zinatniskajam

publikacijam ir autoru kopigi planots un realiz€ts. Autora iegulditais pé&tnieciskais darba

apjoms zinatniskajas publikacijas procentuali paradits 1. tabula.

1. tabula
Ieguldijums zinatnisko publikaciju izstrade
P“bhnkracuas Aktivitates publikacija leguldijums
Eksperimentalas  iekartas  projektéSana, prototipéSana,
1. eksperimenti v&ja tuneli, objekta kustibas analize un datu 25 %
apstrade.
5 Literatiiras izp€te, vienkarSas formas objekta analize, 25 04

skaitliska modeléSana un grafiskais atainojums.

Literatiiras izp&te, projekt€Sana, prototipeSana, 2D pliismas
3. simulacijas un kustibas analize, eksperimenti v&ja tuneli, datu 35 %
apstrade un grafiskais atainojums.

Formas geometrijas optimizacijas analize Skidruma un

4 kermena mijiedarbibam. 25 %
Granulétas frakcijas kustibas modeléSana izmantojot

5. aptuveno spéku noteikSanas metodi spiediena un vakuma 15%
zonam.
Literatiiras izp&te, eksperimenti klimata simulacijas kamera,

6. 3D slides kustibas modeleSana, datu apstrade, grafiskais 75 %

atainojums un apkopos$ana.

Literatiiras izpéte, eksperimenti Starta estakade, 2D slides
7. kustibas analize modelim ar 8BP, datu apstrade, grafiskais 75 %
atainojums un apkoposana.

Nestacionara Skidruma un kermena mijiedarbibas analize,

8. optimizacija un sintéze, eksperimenti v&ja tuneli, skaitliska 25 %
modelésana.

9. Parametriska optimizacija. 5%

10. Datu analize. 10 %
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Nestacionara Skidruma un kermena mijiedarbibas analize,

11. optimizacija un sintéze, eksperimenti v&ja tuneli, skaitliska 25 %
modelésana.
Literatuiras izp&te, eksperimenti starta estakade, matematiska

12. modelésana, datu apstrade, grafiskais atainojums, validésana 75 %
un apkoposana.

13. Datu analize. 10 %

14. Passvarstibu frekvencu noteiksana ar SolidWorks Simulation. 10 %

15. Vibraciju mérijumi. 10 %
Eksperimentalas  iekartas  projekt€Sana, prototip€Sana,

16. : A - _ 30 %
eksperimenti v&ja tuneli, datu apstrade.

17 Eksperimentalas  ierices  projektéSana,  prototipéSana, 25 0

' eksperimenti v&ja tuneli, objekta kustibas analize.

Eksperimentala modela izveide, eksperimenti v&ja tuneli, datu

18. - TS o - 40 %
apstrade, grafiskais atainojums, skaitliska modelésana.

19. Eksperimenti starta estakade 10 %
Literatiiras izpete, eksperimenti starta estakade, 2D

20. model&Sana, datu apstrade, grafiskais atainojums, valideésana 80 %
un apkoposana.
Literattiras izpéte, eksperimenti starta estakadé, 2D

21. modelésana, datu apstrade, apkoposana un grafiskais 60 %
atainojums, metodes validéSana.

29, 2D_ ph_ismas simulacijas, skaitliska modeléSana un grafiskais 25 0
atainojums.

23 3D_ p_lﬁsmas simulacijas, datu apstrade un grafiskais 40 %
atainojums.
Literatiiras izpé€te, eksperimenti starta estakadeé, 3D modela

24. projekt€sana, konstrukcijas svarstibu simulacijas, datu 80 %
apstrade, grafiskais atainojums, validéSana un apkoposana.

o5, Litfera{:ﬁras izpete, skaitliska modeleSana un grafiskais 25 0
atalnojums.

26. Eksperimentala modela izveide. 10 %

DARBA STRUKTURA UN GALVENIE REZULTATI

Promocijas darba (ka tematiski vienotas zinatnisko publikaciju kopas) struktiira apkopota

tr1s nodalas.
Pirmaja

nodala ir veikti skeletona pétijumi, kas

apkopoti

6., 7.,12.,14., 15,19, 20, 21. un 24. zinatniskaja publikacija, tajas apskatiti tris galvenie

temati:

1) objekta slides kustibu uz ledus (@idens slana) virsmas ar dazadiem ledus mehanisko

Ipasibu parametriem un aerodinamisko pretestibu;

2) pretestibas ledus (Gidens slana) un aerodinamiska (gaisa) pretestibas koeficienta
noteikSanas analitiskas metodes izveide un parbaude, izmantojot skeletona kamanas
Siguldas bobsleja un kamaninu trases starta ieskr&jiena estakadg;

3) skeletona kamanu slides kustibas un konstrukcijas vibraciju analize.
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Otraja nodala 1ir apkopotas fluida (gaiss) plismas =zinatniskas publikacijas
(1.,3.,4.,5.,8.,11, 16., 17. un 22.), tajas apskatiti Cetri galvenie temati:

1) vienkarsas formas objekta analize nestacionara fluida plasma;

2) plakanas un perforétas plaksnes vibraciju analize nestacionara fluida plisma;

3) formas optimizacija un mijiedarbibas analize simetriskai prizmai gaisa plisma;

4) energijas ieguves optimizacija noteiktas geometriskas formas prizmam no gaisa
pliismas.

Tresaja nodala ir apkopoti citi fluida dinamikas pétijumi (2., 9., 10., 13., 18., 23. un 25.

zinatniska publikacija), Sajas zinatniskajas publikacijas apskatiti Cetri galvenie temati:

1) mainiga laukuma cieta kermena struktiiras vibracijas §kidruma energijas ieguvei;

2) dubulta pievada modelis mainiga laukuma cieta kermena struktlras vibracijam
Skidruma energijas ieguvei un zivs robota vienas astes horizontalas kustibas
matematiskais modelis Skidruma;

3) dubultplaksnes svarsta tipa modela vibraciju analize fluida pliisma;

4) tdens pretestibas pétijums motorizéta SUP déla piedzinas spuras formai.

AIZSTAVESANAI IZVIRZITAS TEZES

1. Fluida un cieta kermena mijiedarbibas literatiira sastopamie standarta skaidrojumi nav
precizi: darba pieradits, ka ne vienmér pie vizuali garakas fluida plismas linijas (t. I., it ka
liclakais lokalais atrums) rodas mazakais spiediens (lifting force). Patiesiba eksisté
stikSanas paradiba, kas arT samazina spiedienu.

2. Fluida un cieta kermena mijiedarbibas analizé inzenieru aprékinos var nenemt véra
viskozitati. Tas ir attaisnojams, jO visas datormodeléSanas programmas (kas ievéro
viskozitati) arT ir aptuvenas.

3. Gaisa un cieta kermena mijiedarbibas analiz€ nestacionaras pliismas vai relativas kustibas
var izmantot superpozicijas principu, t. i., mijiedarbibu var iedalit divas zonas: spiediena
zona un siik§anas zona. Abas zonas lietojami klasiskas mehanikas likumi, ietverot dalinu
Brauna haotisko kustibu.

4. InZenieru aptuvenos aprékinos tidens un cieta kermena mijiedarbibas aprakstam var
izmantot aptuveno teoriju, kas ieglita gaisa un cieta kermena mijiedarbibas apraksta, jo,
pieaugot viskozitatei, ievérojami pieaug ar1 blivums (l1dz ~ 1000 reizé€m).

5. Darba iegitie fluida un cieta kermena mijiedarbibas diferencialie vienadojumi izmantojami
analizes, optimizacijas un sint€zes problému risina$ana, nelietojot sarezgitas un
laikietilpigas “telpas laika” programmeéSanas aptuvenas metodes.
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IEVADS

Promocijas darbs ka tematiski vienota zinatnisko publikaciju kopa ir izstradata piedaloties
dazados, pétnieciskajos virzienos. Pirma dala veidojusies, no dalibas ERAF praktiskas
ievirzes pétijumu projekta “Virsmas 1pasibu ietekmes uz slidamibu pa ledu petijumi” veicot
vibraciju pétijumus. Otra dala izstradata pateicoties profesora Jana Vibas jaunajai teorijai par
cieta kermena mijiedarbibu ar nestacionaru plismu. Kur, izmantojot klasiskas mehanikas
principus, izstradatas vienkarSotas, analitiskas sakaribas Skidruma un cieta kermena
mijiedarbibai plisma, un veikti analizes un optimizacijas uzdevumi. Darba tresa dala ir
papildinajums otrajai dalai ar lielaku uzsvaru uz praktiskiem pétijlumiem. Darba ievada
apskatita literatiira par dinamisku iekartu analizi, optimizacijas un sint€zes algoritmu
teorctisko izklastu, kas ir par pamatu darba struktiiras koncepcijai [1].

01. Sintezes problémas jaunas tehnikas ievieSana

Lai paaugstinatu razoSanas iekartu un mehanismu produktivitati, efektivitati un
ilgizturibu, kas ir galvenais razoSanas efektivitates mérkis, ir nepiecieSamiba p&c jaunam
metodem un teorijam jaunas tehnikas ievieSana. Jaunas tehnologijas efektivitates uzlabosanas
attistiba ir viena no socialekonomiskas riipniecibas attistibas pamatproblémam.

Jaunas tehnikas meklI&jumi ir iedalami divos galvenajos p&tnieciskajos virzienos:

- uzlabot jau eso$o iekartu un mehanismu tehniski ekonomisko parametru raditajus;

- izstradat principiali jaunus mastnu un mehanismu modelus.

Katrs nakamais mastnu uzlabojums p&c noteikta tehniska Itmena sasniegSanas ir dargs ar
salidzinosi nelielu to rentabilitates pieaugumu. Tap&c neizbégami paradoties pilnveidoSanas
iespgjam sakas jaunu masnu un mehanismu darbibas principu mekléSana. Lidz ar to liela
nozime tiek pieskirta dazadu jaunu mehanismu struktiras diagrammu dinamiskai sintézei. Sai
problé€mai ir divas pamata pieejas:

- veicot izpéti l1dzigos jau esosajos struktiirshému izgudrojumos un uzlabot tos;

- optimalas sintézes idejas izmantoSana, kura vispirms tiek atrisinata optimalas vadibas

matematiska probléma, un péc ta, pietickami objektivi tiek sintez&ta strukturala shéma [2].

Piemé&ram, vibroiekartas masinam un mehanismiem ir tadi iericu un instrumentu modeli,
kas trieciena parvietojas kopa ar to. Sadursmes rezultata rodas milzigi elementu mijiedarbibas
speki, kuri var sabojat to, vai ar1, dot noderigu efektu.

Pateicoties autoriem  (P. Alabuzevas, V. AstaSeva, V. Babitckaja, L. Barkana,
L. Bespalova, I. Blekhmana, I. Goncharevica, A. Kobrjuna, A. Kobrjuna, M. Kolevska,
V. Metrikina, R. Nagajeva, U. Neimarka, U. Panovko, V. Ragulskene, 1. Rusakova Harkevica,
L. Tjuvesa, M. Feigina, A. Seéerar un citi) ir izveidota fundamentala pamat teorija masinu un
mehanismu dinamiskaja analizé [2-16].

Analizgjot miisdienu strukturalo diagrammu sint€zes uzdevumu problémas, no pasreizgjas
stavokla analizes, rodas vairakas pilnigi jaunas risinamas problémas. Starp tam var izcelt
sekojosas [1].
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1. Optimalas vadibas metodes un dotas apakSsistemas izvéle pirms nezinamas
struktiiras. Lai atrisinatu So problému, jazina sintez€tas sistemas praktiskais mérkis. Tapec
optimala sintéze butiski atSkiras no parastajam analizes problemam, kuras sist€émas
funkcionalitatei nav kritiskas nozimes.

2. Sastavelementu noteikSana, aréjas un iek$ejas saites formeSana dotajai apakSsistemai.
Sis uzdevums ir sareZgits, un ta risindgjums joprojam nav zinams. Tomgr, ja més sakam no
apsveéruma, ka sintez&ta sist€éma ir labaka, ja sastav elementu skaits ir mazaks, tad pasos
gadijumos, probléma tiks atrisinata inZeniertehnisku pien@émumu Iimeni, kam seko teorétisko
aprékinu precizeéSana.

3. ApakSsistémas optimalas vadibas metoZu izstrade. Ja, sistemas fazu koordinates paradas
partrikumi, tad optimalo vadibu ne vienmér var noteikt ar parastajam optimalas vadibas
teorijas metodém, un ir jaatrod jaunas metodes.

4. Optimalas vadibas sintéze fazes plakné vai laika. Sis problémas risinajums ir loti
aktuals. Seit galvena uzmaniba javers uz jaunu pasregulgjosu sistému principu izstradei.

5. Optimalo parametru noteikSana izvélétajai mehaniskajai sistémai. Lai arT Saja virziena
ar datortehnologiju palidzibu sasniegti lieli panakumi, precizas analitiskas metodes nav
piecejamas. Problémas sarezgitiba slépjas taja, ka nepiecieSams uzdot optimalu parametra
kritériju ar optimuma lieluma (lielaks/mazaks) vertibu un tai paSa laika jaatbilst stabiliem
darbibas reZimiem.

02. Fluidu sistéemas optimalas sintézes algoritms

No optimalas sint€zes algoritma izmantoSanas literatiiras avotu analizes var secinat, ka
optimalas sintézes vibrosistémas darbojas sados gadijumos [16]: problémas sakotngja analize
un galveno apakSsisttmu optimizacija; ideala likumu analize; strukturalas shémas sintéze;
optimalo parametru noteikSana. Seciba var atkal tikt mainita, atgriezoties no struktiiras
shémas sintézes pie apakSsist€mas optimizacijas, ja, piemeram, iegiita strukturala shéma
bitiski atSkiras no sakotngjas apakSsistemas. Talak katrs etaps vibrosistemas izskatits
atseviski [1], kur 8is algoritms arT pielietojams fluidu sistémas.

1. Sakotn&ja problémas analize. Seit pirmkart noskaidrojas likumsakaribas, kuras izmantos
procesa vadibai saistiba ar vibrotrieciena paradibam. Rezultata atklaj optimalo kritériju K.
Pieméram, izmantojot vibrotransportéSanu, optimalais kriteérijs var tikt pienemts maksimalais
parvietoSanas vid€jais atrums (K = Vyig), pie triecienveida metodes, palu, caurulu un citu
elementu gadijuma - maksimalo sitienu biezumu (K=1/T), un pie vibraciju absorbcijas
izmanto apaks$sist€mas minimalo amplitidu (K = 2A).

Saja sintézes posma kopgjas sistémas shéma nav zinama. Tapeéc konkrétak izvéleta tikai
pamat apakSsistéma un citu elementu mijiedarbiba, ieskaitot sadursmes, tiek attiecinatas uz
vadibu u vai S (argji ierosino$am un slap&josam attieciba uz apakSsistémas iedarbibu).
Saskana ar to pastav tris veidu vadibas apaksSsistemas: spéka, impulsa un jaukta (speka un
impulsa).

Turklat sint€zes pirmaja posma ir janosaka tie ierobezojumi, kas nelauj neierobezoti palielinat

optimalo kritérija palielindjumu (pieméram, kontroles ierobezojumi |U| <U, un |S| <Sy), ka

18



ar1 papildu ierobezojumi, kas noteiktu iemeslu dél, butu jaievero. Saistiba ar trim vadibas
veidiem ir jauni ierobezojumi, maksimalais impulsa daudzums Z < Z;, minimalais laiks 7 = 7,
un citi. lerobeZojumi var tikt uzlikti ar1 sist€émas fazu koordinatém (pieméram, hidrauliskajam

pievadam ierobezots kustibas atrums virzulim |X| <V, vai transportieriem ierobezots

konveijera lentes parvietojums |X| <A).
2. Galveno apaksSsistemu optimizacija. Pirmaja etapa iegitie izejas dati lauj noformul&t
veicamo optimalo kontroles uzdevumu:
noteikt no visam pielaujamajam vadibas kontrolém:
ucu, S;c3, (01)

parveidojot apakssistemu
| s,
X= f(t,x,u)+ﬁ‘5(t—tj) (02)

no sakum stavokla Xo uz beigu stavokli xj,tada kas pieskir optimalajam krit€rijam
4
K={1f(txu,s,t)dt (03)
ty

zemako (vai augstako) iesp&jamo vertibu, ja tiek noteikti papildu ierobezojumi

1<y t275 YV [X[<A. (04)
Risinot So uzdevumu, ir svarigi nemt vera vibrosisteémas specifiku.
Ja ir tikai speka vadiba (sk. (O1) - (04) pie Sj=0), tad probléma tiek atrisinata, izmantojot
jebkuru piemérotu metodes optimalas vadibas teorijas teoriju: Pontrjagina maksimuma

principu, izmantojot skaitloSanas iekartas variaciju aprékinasana, momentu metode un citas
(03. att., a).

03. att. Optimala vadiba: a) spéka; b) impulsa un c) jaukta vadiba [1].

Ja ir impulsa vai jaukta (spéka un impulsa) vadiba, tad risinagjums Kklist sarezgitaks
triecienimpulsu S; del (tas ir Tpasi pasivs un veidojas, savstarpgji saduroties starp kermeniem
un ierobezotajiem), un papildu ierobezojumiem (04), ka arT optimalajam krité€rijam K ir
sarezgita strukttra (sk. (03)).

Nemot véra So apstakli, var piedavat impulsu vadibas risinajumu (U = 0) atraSanas metodi,
pamatojoties uz optimala kritérija K pirmo variaciju 0K pielietosanu. Uzdevums (03. att., b)
risinats sekojosi.
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Vispirms tiek integréti apakssist€mas kustibas diferencialvienadojumi (bez vadibas (02)
vienadojuma) laika intervala t.;<t<t; starp impulsiem ;. Tad fazes trajektorijas
sakumpunkta tp, beigu punkta t; un partraukuma punktos tj tiek sastadita s vienadojumu
sist€éma robeznosacijumiem un viens vienadojums (03), lai noteiktu optimalo kritériju K. Ta
ka parasti visos $ajos vienadojumos ir ieklauts optimalais kriterijs, tiem ir $ada struktiira:

o (K.a,...,ab,...b)=0,
i=12...,(s+1),

kur ay,..., as — atkarigie parametri, kuru skaits ir vienads ar robeznosacijumu skaitu §;

(05)

bs,..., by — neatkarigie parametri, kuri janosaka un kuru skaits ir vienads ar r.
Neatkarigajiem parametriem b vadibas impulsu Sj parslégsanai, ir to skaits z, izsekoSanas laiks
tj - tj_l =g un Citi.

Talak ir vari€ta vienadojumu sisteéma (05) ar transcendentalajiem vienadojumiem. Iegiist
sekojosu sistemu (S + 1) linearu neviendabigu parametru variacijas vienadojumu:
op. ol SNl
Ask+Y Prsa = DPisp,
oK = da, = ob, (06)
i=12,...,(s+1),

kur o — attieciga parametra variacija.

No sistemas (06) pielietojot parasto linearo vienadojumu risinajumu, iesp&jams noteikt,

optimala krit€rija 0K variaciju, ka neatkarigo parametru variaciju funkciju:

oK =Bb +---+B,db, +---+B,db, (07)
Seit koeficienti By ir visu atkarigo an un neatkarigo by, parametru funkcijas (sk. (06)).
Talak veic sekojosu procediiru, lai atrastu optimalu impulsa vadibu.

Ja kritérijam K = K(ay,...,as, b1,..., br) nav partraukumu un lauzumu punktu un ekstremalo
lielumu vértibas atrodas mainigo robezas, tad no vienadojuma (07) pie 6K = 0, mums ir $adi
nepiecieSamie optimitalitates nosacijumi:

B,=0;, n=12..,r. (08)
Sis gadfjums ir labi izpétits matematiskaja analizé. NosacTjumu (08) daZreiz var iegiit daudz
vienkar$ak, izmantojot Lagranza reizinatajus.

Ja kriterijs K neatbilst iepriek§ izklastitajam prasibam, lai atrastu optimalu vadibu,
jaizmanto, variacijas koeficientu zZimes B, un variacijas zimi JK. Pieméram, koeficients B;
neatkarigai variacijai dbj, ir negativs un turklat més mekl&am minimalo kriteriju K. Tad no
ass parametru telpas sakotngja punkta am, bp(m=1,..,s;n=1,.,7r) tieck parvietots pa asi
mainigajam bj pozitivaja virziena, kameér netiek sasniegta mainiga robeza vai l&cienveidiga
zimes izmaina pie Bj uz pret&jo (sk. punktu N att. 04.). Ja koeficients ir pozitivs, ir jarikojas
pretgji. Tada veida var iegiit impulsa vadibas optimizacijas problémas risinajumu.
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04. att. Optimala vadiba K - S parametru plakng [1].

Jauktajai vadibai (03. att, c) optimalajiem risinajumiem var ieteikt vadibas metodi, kas
vispirms definéta ar speka vadibu u = u(t) starp impulsiem S; (piemeram, p&c Pontrijagina
maksimuma principa), ka robeznosacijumu funkciju, un péc tam, tiek risinata apskatama
parametru optimizacijas probléma.

3. Ideala likuma analize. Optimalo likumu sintézes otraja posma iegitie likumi ne vienmér
realiz€jas realas sistemas. Tomér, tos parasti sauc par idealiem. No to analizes galvenokart
ieglist esosas sisteémas novertg§jumu un to pilnveidoSanas robezas. Bet tas nav galvenais.
Galvenais Seit ir tas, ka idealais likums ir likts par pamatu nesubjektivai sintézei, jaunam
strukturalam shémam. P&c ta rakstura var identificét potencialos shému apgabalus, kas
sekm@tu atjaunot aptuvenu vai precizu galvenas apakssistémas vélamo kustibu. ST ir optimalas
sintézes pamatideja.

4. Strukturalas shémas sintéze. Saja sintézes etapa posma tiek izmantoti ideala likuma
analizes rezultati, tuvako atpazito shému darbibas principi, paredzamais kopg€jais sist€mas
kermenu skaits, saiSu struktiira, argjas un ieksgjas iedarbibas formésanas veidi utt.

JaatzZimg, ka vibrotrieciena sist€mas péc darbibas principa ir sadalitas tris grupas:

- paSsvarstosas sisteémas, kuras vadiba tiek sintezeta ka fazes koordinatu funkcija;

- sistémas péc darbibas laika, kura kontrole tiek sintezeta ka laika funkcija;

- jauktas sisteémas, kuras izmanto abu iepriek§ min&to vadibu.

Pateicoties atgriezeniskajai saitei paSsvarsto$as sist€émas, tas pasreguléjas un paskorggjas,
tadejadi nodroSinot ilgtsp&jigus gan “lielus”, gan “mazus” vibrotrieciena reZimus. Pie to
trikumiem jamin nepiecieSamiba péc neregulara ipasa energijas avota, ka arT ipass vadibas
aprikojums.

Sisttmas peéc darbibas laika plaSi izmanto misdienu tehnika (pieméram, sistémas ar
centrbédzes virzuli, elektromagnétiskas un citas). To galvenais trikums ir atgriezeniskas
saites shémas neesamiba, lai stabilizétu vibrotriecienu kustibas rezimu.

Jauktajas sist€émas galvena vadiba var forméties, ka laika funkcija un papildus péc
atgriezeniskas saites signala. Sis sistémas paradijas relativi nesen, un ir ar lielam attistibas
perspektivam.
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Jaunu shému sintézes process dazos gadijumos tiek atrisinats vienkarsi (atlasot sist€mas
elementus un vadibas reguléSanas sintéze), dazreiz tas prasa lielu pieredzi un pétnicku darbu
un ir skaidrs, ka joprojam ir daudz neatrisinatu problému.

5. Optimalo parametru noteikSana. Ja sintez&ta shéma atkarto ieprieks iegiito optimalo
likumu, Sis solis netiek veikts. Citos gadijumos, lai noteiktu vibracijas trieciena sistemu
optimalos parametrus, var ieteikt Sadas metodes:

- precizu analitisko metodi, kuras pamata ir optimilitates kritérija pirmas variacijas

izmantoS$ana;

- tuvinatas analitiskas metodes, kuras parametrus nosaka péc ideala likuma;

- skaitloSanas iekartu optimalo parametru noteikSanas metode.

03. Darba izstrades etapi ar dinamisku iekartu analizi, optimizacijas un
sintézes algoritmu

Balstoties uz literatiras izpéti, darba ar dinamisku iekartu analizi, optimizacijas un
sintézes algoritmu, izmantoti sekojosi etapi, kas apkopoti 2. tabula.

2. tabula
Promocijas darba, ka tematiski vienotas zinatnisko publikaciju kopas
izstrades etapi
1. Skeletons 3. Citi fluida
. (gaisa plisma, 2. Fluida dinamikas
Etapi _ . _ meme s
udens zem (gaisa) plisma petijumi
sliecém)

1. Sakotnéja problemas analize. + + +
2. Galveno apakSsistemu +
optimizacija
3. Ideala likuma analize +
4. Strukturalas shemas sinteze + + +
5. Optimalo parametru noteikS§ana + + +

Pirma dala — skeletona pétijumi

bl

1.1. Pielagota un parbaudita optimalas sintézes teorija “zalas” energijas joma: ekonomét
vai ieglit energiju no zemeslodi aptverosa fluida plismas.

1.2. Veikti skeletona eksperimentalie petijumi Siguldas trase.

1.3. lzveidots skeletona un dazada ledus mehanisko parametru (Gidens slana)
matematiskais modelis. Veikti modela skaitliskie testi.

1.4. Izstradats skeletona un ledus—gaisa lokalo mijiedarbibu modelis, kas parbaudits

skaitliski (ar datormodeléSanu) un eksperimentali (Siguldas trasg).
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Otra dala — objektu un gaisa mijiedarbibas pétijjumi

2.1. Izstradata teorija un metodika dazadas formas nekustigu 2D objektu mijiedarbibai ar
kustigu fluidu.

2.2. lzstradata teorija un metodika dazadas formas kustigu 2D objektu mijiedarbibai ar
nekustigu fluidu.

2.3. Izstradata teorija un metodika dazadas formas kustigu 2D objektu mijiedarbibai ar
kustigu fluidu.

2.4. Veikti 2D datormodeléSanas petijumi mijiedarbibu parametriskai identifikacijai.

2.5. Veikta dazada veida v&ja energijas iegiiSanas realu modelu parametriska optimizacija.

2.6. Veikti 3D eksperimentalie peétijumi v€ja tuneli.

2.7. lzstradats, izprojektéts un izgatavots jauns v&ja energijas iegliSanas rotacijas tipa
prototips.

2.8. Veikts gaisa plismas mijiedarbibu izstradatas teorijas un prakses rezultatu
noform&jums zinatniska gramata.

Tresa dala — objektu un tidens mijiedarbibu pétijjumi

3.1. Izmantota un pilnveidota fluidu mijiedarbibas teorija tidens plismam.

3.2. lIzstradata teorija robotiz€tas zivs astes energijas ieguvei no mainiga laukuma
vibracijam skidruma.

3.2. Izstradata teorija un metodika dubultplaksnes svarstibu analizei fluida plisma.

3.3. Veikti 3D eksperimentalie p&tijumi v&ja tuneli dubultplaksnes modelim.

3.4. Veikta motorizétas SUP d€la spuras motora vaka parametriska optimizacija.

3.5. Izstradats patenta pieteikums fluida pliismas inducétu svarstibu energijas ieguvei ar
linearu generatoru.
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1. SKELETONS (GAISA PLUSMA, UDENS ZEM SLIECEM)

Sis pétijums ir dala no fundamentala p&tfjuma par ledus slidamibu un procesiem starp
slieci un ledu, kur tiek analiz&ts konkréts modelis — skeletona-braucgja kustiba pa slipu ledus
plakni. Izmantojot Gidens cieto agregatstavokli, ka starpslani, iesp&jams, ievérojami samazinat
berzes spéka ietekmi un palielinat kustibas atrumus, padarot sporta veidus dinamiskakus un
aizraujoSakus. Lai palielinatu pielietojamibu, papildus tiek veidota sadarbiba ar sportistiem un
treneriem (Latvijas olimpiska skeletona izlase), kuri var sniegt gan praktiskus padomus, gan
atgriezenisko saiti par saviem noveérojumiem tras€. AtSkiriba no citiem tehniskajiem sporta
veidiem, kuri izmanto Bobsleja un Kamaninu trasi, tiesi skeletona kamanam ir iesp&ja regulét
slieCu stingumu. Kamanu konstrukcija ir veidota ta, ka tas abas slieces darbojas ka
uzspriegotas atsperes starp brauc€ju un ledus virsmu. Ta ir principiala atSkiriba pret citiem
ledus renes sporta veidu aprikojumiem. Tas nozimé, ka brauciena laika slieces ir paklautas
sarezgitiem kompleksiem slogojumiem, t.i.: - ir ievérojami lielakas lokalas deformacijas; -
slieces tiek spiestas un liektas virazu ieejas un izejas; - tas paklautas dazadam vibracijam,
parvarot ledus nelidzenumus un paverot plaSas iespgjas inzeniertehniskiem pétijumiem.
‘Dotas promocijas zinatnisko publikaciju darba kopa nodalas petijumus var iedalit 3 posmos.

1. posms, kur nodalas sakuma ir izveidots matematiskais modelis, ar kuru var model&t
skeletona-braucgja kustibu slipa plakn€, analizét kontaktvirsmas (ledus nelidzenumu) un
slieces elastibas parametru ietekmi uz slides kustibu un ka rezultatu ietekmé aerodinamiskas
pretestibas koeficients, publikacijas Nr. 6, 7, 10, 19 un 20.

2. posms, kur p&c sakotngjas problémas analizes tiek identificéti divi galvenie skeletona-
braucgja slides kustibu sistémas ietekmé&josie parametri — ledus berzes koeficients —u un
aerodinamiskas pretestibas koeficients — Bp. Tiek izvirzits hipot€tisks jautajums, vai abu
pretestibas spéku koeficientus iespgjams noteikt, neizmantojot specialas laboratoriju iekartas
un apstaklus, zinot tikai laika mé&rfjjumus un attalumus. Un izmantojot tiesas integréSanas
metodi, atrast atruma sakaribu atkariba no integréSanas veida, pec laika un p&c parvietojuma.
Sis pétijuma apaksnodalas mérkis ir izveidot un parbaudit eksperimentali abas integréanas
metodes un noteikt skaitliski metoZzu precizitati, publikacija Nr. 21.

3. posms, kur peéc matematiskas analizes modelis tiek simuléts ar SolidWorks Simulation.
Uzdevums ir noteikt, ka skeletona kamanu slieces stinguma maina ietekmé skeletona kamanu
konstrukcijas strukttiras passvarstibas. P&c ledus trases eksperimentalo datu apstrades iegttas
galvenas domingjosas frekvences, kuras var iedalit, kustibas berzes procesa raksturojosajas un
kas attiecas uz struktiiras passvarstiba. Rezultati salidzinati un analizéti ar datorsimulaciju 3D
vidé. Papildus izstradats vienkarSots paSsvarstibas frekvencu noteikSanas matematiskais
modelis 2D telpa 6DOF kédes veida sistémai, publikacija Nr. 24, papildus analiz&ti citu
konstrukceiju vibraciju merijjumi, publikacijas Nr. 14, 15.

Paraléli veikti eksperimenti ledus tras€, lai meritu kustibu ar paatrinajuma meéritaju un
kalibrétu ar trases laika mériSanas iekartu. Reala eksperimenta rezultatus izmanto, lai
parbauditu matematisko modeli, kas dos iesp&ju modelét kustibu ilgaka laika perioda, ko nav
iesp&jams realizét praktiskajos eksperimentos, trases izméru ierobezojumu del. Lidz ar to biis
iesp&jams noteikt, ka mainas kustibas dinamika pie lielakiem atrumiem un cik liela nozime ir
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aerodinamiskajiem pretestibas spekiem. Svarigakie literatiiras avoti apkopoti grafiski 1.0.

attela.
Ice friction Our goal Force (N)
Free sliding \L
. *—e ® 100
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*-— + -
Modeling | : This  __.e="""
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y T T ! S0t ,»*~ Aerodynamic
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1.0. att. Eksperimentalie un kustibas modelésanas p&tijumi par ledus berzi un aerodinamisko
pretestibu (pa kreisi). Speku att€lojums, kas iedarbojas uz skeletona un braucgja slides
kustibas modeli (pa labi). Parametri model&Sanai: kop&ja masa 100 kg; trases slipuma lenkis
4,5°; brivas krisanas paatrinajums g = 9,81 m-s; ledu berzes koeficients x = 5-10°%;
aerodinamiska pretestiba Bp = 5-10™ Literatiiras analizes avoti [17-37].

1.1. Eksperimenti trasé skeletonam ar braucéju

Lai parbauditu vai skaitliskais modelis sakrit ar paatrindjuma meritaja eksperimentalajiem
datiem no trases vispirms, tiek veikts eksperiments Siguldas bobsleja un kamaninutrases
starta estakade. Trase, taisna posma ar o = 12° lenkakritumu. Trases garums 23.7m.
Nakamaja 1.1.att€laa) redzama ecksperimenta izmantota skeletona kamana, kurai pie
apaksgjas platnes, apme@ram masas centrda, piestiprinats paatrindjuma meritajs atbilstosi
1.1. att€la a) redzamajiem koordinatu asu virzieniem. Blakus 1.1. attéla b) redzama Siguldas
bobsleja un kamaninu trases starta estakade, kura notiek attiecigais eksperiments.
Eksperimenta braucgjs tiek aizstats ar ekvivalentu pievienoto masu, izmantojot smilSu maisus,
lai izvairTtos no cilvéciska faktora kludam.

Laiks tiek mérits no trases laika mériSanas sistemas optisko sensoru para vartu
Skersosanas kustibas sakuma un beigas. Kustiba tiek sakta ar x =0, x = 0 pie pirma sensoru
para. Paatrinajums tiek mérits ar trisasu paatrinadjuma méritaju X16-1D, registréjot datus ar
400 Hz lielu ierakstiSanas atrumu. Paatrinajuma méritaja dati tiek kalibréti ar trases laika
mériSanas iekartas registrétajiem laikiem. P&tjjumi veikti, iev€rojot starptautiskoS sporta
veidam noteiktos tehniskos noteikumus [38].
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1.1. att. Skeletona kamana ar piestiprinatu trisasu paatrinajumu méritaju asu virzienos un
eksperiments Siguldas bobsleja un kamaninu trases starta estakadeg.

1.2. Matematiskais modelis skeletonam ar braucéeju

Lai izveidotu matematisko modeli vispirms, nepiecieSams identificét visus spekus, kas
darbojas $aja modeli un pielagot tos vienai atskaites sist€tmai. Modelis skeletons-braucgjs
shematiski attélots 1.2. att€la ar noraditiem spéku darbibas virzieniem, kur x-ass atbilst
kamanas garenas virzienam un ir ar1 kustibas virziens. Attiecigi y-ass Skérsvirziena un z-ass
perpendikulari pamatam ar trases slipuma lenki a.

1.2. att. Vienas brivibas pakapes modelis uz slipas plaknes ar ledus berzes koeficientu —
F+, aerodinamisko pretestibu — Fp un normalo reakciju — N kermenim ar masu — m slidot
pa plakni ar slipuma lenki — a gravitacijas speka ietekmé g.

Izmantojot Otro Nitona likumu objektam uz slipas plaknes ar vienu brivibas pakapi var
uzrakstit kustibas vienadojumu (1.1) x-ass virziena:
m-a=m-g-sin(a)-F, - F,, (1.1)
kur F, =pu-m-g -COS(a) — sausas slides berzes speks, N;
F, =m-B, -V? — gaisa pretestibas speks, N;
v — kustibas atrums, m-st;
a — kustibas paatrinajums, m-s?.
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Lai analizétu skeletona kamanas slieces un ledus stinguma ietekmi uz kustibu,
nepiecieSams definét jaunus vienadojumus ar otru kustibas brivibas virzienu, kas $aja modeli
ir z-ass virziena. Pirmais vienadojums, kas apraksta kustibu x-ass virziena (1.2):

[—c-(z+ A-sin(x))—b-(Z' + A'COS(X)'X)}

m&=m-g-sin(a)-u-| (1 1 _ ~C, - X (1.2)
-(E—E-S|gn(z+A-sm(x))j
Otrs vienadojums apraksta kustibu z-ass virziena (1.3):
—c-(z+ A-sin(x)) 1 1 . _ ]
mZ=-m-g-Ccos(c )+ | ——=-sign(z+ A-sin(x)) |, 1.3
g-cos(a) [b-(Z+A-cos(x)'X)} [2 2 on () (3

kur A — harmoniska kontaktvirsmas profila amplittida, m;
C, b — stinguma un slapé$anas parametri no slieces un ledus;
sign — lieluma vértiba +1 vai —1 (piem., sign = 1).

1.2.1. Shides kustibas modeleSana pa ledus virsmu ar MathCad

Lai modeli tuvinatu realiem apstakliem, trases virsma tiek definéta ar noteiktu vilpainibu
raksturojoSu harmonisku profilu (sk. 1.3. att.). Masas centram slidot par So virsmas profilu,
signatiiras lauj veikt [&cienus un modelét kontakta speka izmainu.

. ’ — Skeleton-slider
£, — Track profile
= 00
£ A AL
JIIJ.“V“I VYUY VVUYVUY vy U ‘\%'IH TYUVL
Time, t[m]

1.3. att. Divu brivibas pakapju modela harmoniska trases profila (A = 1cm) un masas
centra parvietojums péc laika.

Matematiskas modeleéSanas rezultati un validacija ar eksperimentiem apskatama
1.4. attela.
Tras€ registréto paatrinajuma mérijjuma datus x-ass virziena integré, lai ieglitu kustibas
virziena atrumu un divreiz integréjot parvietojumu. Nakamaja 1.4. attéla redzami skaitliskas
model€Sanas rezultati un trases paatrinajuma meritaja datu grafiskais atainojums lidz kustibas
5. sekundei.
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1.4. att. Teoretiska modela un reala eksperimenta datu salidzinaSana. Parvietojums,
atrums un paatrinajums péc laika

Skaitliska modela atruma likni var precizi regul@t ar berzes speku vertibas samazinajumu
— u un Cp (attiecigi berzes koeficients ledum un aerodinamiska gaisa pretestiba). Janem veéra,
ka eksperimenta skeletons nav tads pats, ka pienemtais Cp = 0.38 literatiira minétais skeletona
sporta [39]. Otru ietekmes faktoru, berzes koeficientu p var noteikt skaitliski, kad 1.4. attéla
redzamas liknes sakrit, Saja gadijuma, tas vari€jas robezas ap 0.003 Iidz 0.005. Nakamais,
1.4. att€la pedgjais grafiks, kura paraditi paatrinajumi, atspogulo, cik teor€tiskaja modeli
pienemtas virsmas harmonikais profils maz ietekm€, paatrinadjuma amplitidas salidzinot ar
realo eksperimentu. Reala eksperimenta paatrinajumi tiek registréti kopa ar trok$piem no
skeletona kamanu konstrukcijas, tie veidojas kamanu apaksgjai plaksnei (1.1. att€ls) papildus
vibrgjot, parvarot ledus nelidzenumus tras€. Vid€jas vertibas tendence saglabajas.

1.2.2. Slides kustibas modelésana rezultati

Skaitliskais modelis lauj modelét, ka kustibu varétu ietekmét skeletona braucgja formas
terps. Piem&ram, izmantojot divas aerodinamiska pretestibas speka koeficienta Cp vertibas.
Pirma Cp = 0.38 atbilst jau iepriek§ min€tajam skeletonistam sacik$u ekip&juma, otra vertiba
izvéleta aptuveni tuvu bobsleja Cetrinickam Cp = 0.44, kas minéta [37]. Rezultata, atkariba no
nepiecieSamibas var modelét un prognozet brauciena laiku daudz garakos posmos, neka
praktiska eksperimenta (sk. 1.5. att.)

400 30 _ -
— Cd=0.44 A — Cd=0.44 3 — ggzggg
300 |-~ Cd=0.38 7 g .... Cd=0.38 £, =0.
';: = s
5 20 = 5
= S =
S o 10 5
& 100 3 :
<
0 0
0 10 20 0 10 20 0 10 20
Time, t[s] Time, t[s] Time, t[s]

1.5. att. Teorétiska modela parvietojums, atrums un paatrinajums péc laika pie dazadam
gaiss pretestibas koeficienta vértibam Cp = 0.38 (bobsleja ¢etrinieks) un Cp = 0.29
(skeletons).
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Péc modela parbaudes un pielagoSanas, bez gaisa pretestibas model€Sanas iespg&jam
papildus var veikt slieces stinguma un ledus ipasibu izp&ti. Pieméram divi stingumi, lai
redz€tu tendenci, kas notiek, palielinot vai samazinot ta vertibu. Apskatot gadijumu
1.6. attela, modeléta situdcija, ja koeficients Cp = 0.29 un divi slieces stingumi ¢ =5.7-10* un
cl = 8.7-10", %eit novérojams lénaks kontakta speku amplitiidas pieaugumu attiecigi.

Cp—0.29

200

Force, N [N]

Position, x [m]

1.6. att. Normala reakcija no kontakta ar trases profilu pie Cp = 0.29 (skeletons) un
diviem daz’diem slieces stingumiem ¢ = 5.7-10* un c1 = 8.7-10%.

1.3. Pretestibas koeficientu noteikS§anas analitiskas metodes izveide

Lai analitiski noteiktu pretestibas spéka koeficientus x« un Bp no pretestibas spekiem —
sausas slides berzes spéka — F; no kontakta ar pamatni un gaisa pretestibas speka — Fp,
diferencialvienadojums (1.1) ir jaintegré, kur spéka komponentes — F¢ ir konstanta un

Fo = F (V). Iz8kir divas metodes koeficientu x4 un Bp noteik3ana, kur pirma metode, nem véra
nobraukto laiku, un otra, nemot véra nobraukto attalumu.

Pirma metode — atrums pie dazadiem laikiem. Izmantojot tie$as integréSanas metodi

diferencialvienadojums(1.1) tiek integréts pec laika, veidojot laika t un atruma v sakaribu
(1.4.2):

¢ oav
t Vv _tO =M )
(v) V{F (V) (1.4.1)
Seit
F(v')zm-g-sin(a)—y~m-g-cos(a)—m-BD-(v')z, (1.4.1a)

kur t(v) — laiks dotaja momenta;

V — atrums;

Vo un tp — sakotngjais atrums un laiks;
v’ — integréjamais parametrs;

F(v’) — atruma funkcija (1.4.1a).

Otra metode — atrums pie dazadiem attalumiem. [zmantojot tiesas integréSanas metodi
diferencialvienadojumu (1.1) parrakstot p&c koordinates X (1.5):

m-X=m-g-sin(a)-u-m-g-cos(a)-m-By, - (X)?, (1.5)
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un to integré pec parvietojuma, veido parvietojuma X un atruma Vv sakaribu (1.5.1):
¢ vav’

X(V)=X, = mvo m (1.5.1)

kur x(v) koordinate dotaja momenta
Xo — sakuma koordinate.

1.3.1. Analitiskas metodes izveide ar ieejas datiem pie dazadiem laikiem (pirma metode)

Ievietojot (1.5) vienadojumu (1.4.1) vienadojuma iegiist (1.6):

v

av’
t(v)-t, = - 1.6
V)% ;[g-sm(a)—y-g-cos(a)—BD~v'2 (1.6)
Diferencialvienadojums (1.6) tiek integréts péc laika divos etapos, ar laika un atruma
mérfjumiem no eksperimenta (kada), kur TO, VO kustibas sakuma nosacijumi, T1, V1 pirma

posma beigas un T2, V2 otra posma beigas (1.7. att.). Laika nemSanas posmu garumi var biit
dazadi.

1.7. att. Pirmas metodes modelis ar speékiem, kas darbojas uz slidoSo objektu un tris datu
nemsanas punktiem (V0, V1, V2; T0, T1, T2) diferencialvienadojumam (1.6).

levietojot tp = TO = 0 un vo = VO iegist vienadojumu, lai noteiktu pirmo integréSanas
konstanti C; (1.7.0):

VBp 'V,
atan
\/y-g-cos(a)—g-sin(a) (1.7.0)
- =0+C..
\/BD -p1-9-cos(a)—By-g-sin(a)

P&c tam konstanti C; izmanto, lai izveidotu sakaribu pirma posma beigas (1.7.1) un otra
posma beigas (1.7.2)

atan VB Yy atan VBo Vo
J#-9-cos(a)-g-sin(a) . JH-9-cos(a)-g-sin(a)
=-T,+

\/BD-y-g-cos(a)—BD~g-sin(a) o \/BD~y-g~cos(a)—BD-g-sin(a)’

(1.7.1)
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Vs V. atan VB, V.
\/y-g-cos(a)—g-sin(a) . \/y~g-cos(a)—g-sin(a) (17.2)
\/BD-y-g-cos(a)—BD-g-sin(a) ‘ \/BD-y~g-cos(a)—BD-g-sin(a)'

atan

Péc vienadojumiem (1.7.1) un (1.7.2) var skaitliski noteikt pretestibas koeficientus x un
Bp.
1.3.2. Analitiskas metodes izveide ar ieejas datiem pie dazadiem parvietojumiem (otra
metode)
Sis analitiskais modelis nosaka abus pretestibas koeficientu péc ievadita atruma un

koordinatém tris trase punktos.
Ievietojot vienadojumu (1.5) un (1.4.1a) vienadojuma (1.5.1) iegust sekojosu sakaribu.

X(V)_Xo_]‘ vy
+g-sin(a)-p-g-cos(a)-By-v*
Lidzigi, ka iepriek$gja eksperimentalaja metode, vienadojumu (1.8) izmanto, lai noteiktu
pretestibas koeficientus x un Bp sekojot (1.8. att.) dotajiem nosacijumiem.

(1.8)

1.8. att. Otras metodes modelis ar spekiem, kas darbojas uz slidoSo objektu un tris datu
nemsanas punktiem (VO0, V1, V2; L1, L2) diferencialvienadojumam (1.8).
Jauno integréSanas konstanti C; nosaka zinot sakuma atrumu Vo un poziciju Xo =0 no
vienadojuma (1.9):
In(g (sin(a)-p-cos(a))-B, ~v02)
2-B,

P&c tam konstanti C, izmanto, lai izveidotu sakaribu pirma posma beigas (1.9.1) un otra

=0+C,. (1.9)

posma beigas (1.9.2):

In(g-(sin(a)—y-cos(a))—BD-vlz) In(g.(sin(a)—ﬂ.cos(a))—BD.v02) (19.)

2-B, =kt 2-B,
In(g -(sin(a)—gz-;os(a))— B, 'sz) L |”(9 -(sin(a)—;-;os(a))— By 'Vlz) (1.9.2)
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P&éc vienadojumiem (1.9.1) un (1.9.2) var skaitliski noteikt pretestibas koeficientus x un Bp.

Abu analitisko metozu precizitati parametru p un Bp noteikSanai nosaka vispirms,
salidzinot tas abas ar tiesas integracijas vienadojuma (1.5) skaitliskajiem rezultatiem. Kustibas
diferencialvienadojums (1.5) tick skaitliski integréts ar laika soli s=2-10"s, izmantojot
Eilera metodi. Aprékini tika veikti ar datorprogrammu MathCAD, izmantojot 16 zimes aiz
komata. Modelesana tika izmantoti parametri (atbilstosi vélak eksperimenta izmantotajiem)
skeletona un braucja masa m =100 kg, plaknes slipuma lenkis o =4.5°, brivas kriSanas
paatrinajums g = 9,81 m-s™. Precizitate tika noteikta ar $adiem pretestibas speka parametriem:
U= 6.7-10°unBp = 2,1-10™ (sistemas SI mervienibas).

Aprekins tika veikts Sados izvélétajos punktos: parvietojums pirma posma sakuma
Xo = 5 m; pirma posma beigas X; =40 m un otra posma beigas X, = 50 m. Attiecigi posmu
garumi bus: L1 =35m un L2 =10 m analitiskajas formulas (1.9.1) un (1.9.2), un laika
intervali ir T1 =8.4s un T2=1.3s, formulas (1.7.1) un (1.7.2) (skaitliskas vertibas Seit
noisinatas). Atrumi VO, V1 un V2 tika aprékinati skaitliski un salidzinati abas analitiskajas
metodes.

Saja skaitliskaja testa ieglitas maksimalas klidas diviem sakotngji pienemtajiem
koeficientiem x un Bp neparsniedz 1.3:10™ % pirmas ,,laika” metodes gadijuma un 5.7-10"
2 94 otras ,,attaluma” metodes gadijuma.

1.3.3. Pretestibas koeficientu noteikSanas analitiskas metodes eksperimentala parbaude
un rezultati
Iepriek§ ming&tie parametri pie 5,40 un 50 m kontrolpunktos tika nemti ka aprakstits
1.1. apakSnodala. Bet atSkirtba no 1.2. apakS$nodalas, kur kustiba modeléta veicot slides
eksperimentus kamaninu sporta starta ieskr&jiena pus€, kur estakades slipuma lenkis ir
a = 12° un trases garums 23.7 m, $aja apaks$nodala, eksperiments veikts skeletona un bobsleja
starta ieskrgjiena, kur ir ievérojami mazaks slipuma lenkis o =4.5° un krietni garaks
slidéSanas posma garums 50 m. Puses nomaina tika veikta, dé] lielaka pieejamo sensoru skaita
(7 sensori, attalumos: 0; 5; 10; 20; 30; 40 un 50 m), kas Saja gadijuma bija noteico$i metozu
parbaudg. Sensori
Rezultata tika wveikti tris braucieni, kuri apkopoti 1.9.att. Pretestibas koeficientu
noteikSana izmantota otra metode (p€c parvietojuma). Berzes koeficienta u vertibas
salidzinatas ar citu p&tnieku iegiitajam 1.10. att. Eksperimenta ledus temperattras ir -5° C un
veido labu korelaciju pie dota atruma 8 m-s™. Berzes koeficienta vértiba nav konstanta, ka tas
tik pienemts analitiskaja izteiksme un Iidz ar to metodes var dot neprecizu rezultatu. Apskatot
1.11. attelu, kur salidzinati skaitliskas modeléSana un ledus trases eksperimenta paatrinajumi,
redzams, ka tikai pie atruma, kas ir liclaks par 8 m-s* metode var tikt pielietota (berzes
koeficienta izmaina tuvinas, gaisa pretestibas ietekme ir nieciga).
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5m 40 m 50 m u Bp

Run1 4.106 11.723 12.971  6.7210° 2.1310*

Run2 4.102 11.639 12.877 4.6210°% 4.7610%

Run3 4.097 11.602 12.835 4.3310°% 3.8510%

1.9. att. legttie pretestibas koeficienti izmantojot otro metodi (p&c parvietojuma) un laiki.
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1.10. att. Berzes koeficienta u iegtitas vertibas un salidzinatas ar citu pétnieku iegttajam,
attels modificéts no Scherge [22]
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1.11. att. Paatrinajuma liknes izmantojot analitisko risinajumu (1.5) un paatrinajumi no
praktiska eksperimenta 3braucieniem.
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1.4. Skeletona kamanu slides kustibas pa ledus virsmu un konstrukcijas
vibraciju analize

Dazi pétnieki ir nonakusi pie secinajuma, ka pie noteiktas uzspiesto svarstibu frekvences,
objektam slidot, berzes speks samazinas [41, 42].Pétijuma pirmaja posma, sakts ar skeletona
kamanu konstrukcijas vibraciju analizi. Eksperimentos izmantota kamaninu sporta starta
ieskréjiena estakade atbilsto$i 1.1. apakSnodalas aprakstam, svarstibas tiek méritas ar
paatrindjuma meritaju tris asu virzienos objekta slidésanas laika. Datu signals tiek apstradats,
izmantojot Furje transformacijas funkciju, ka rezultata iegust kustibu raksturojosas berzes
procesu svarstibu frekvences un skeletona kamanas paSsvarstibas frekvences. Lai tas izSkirtu
un pamatotu apgalvojumu, tiek veikti datoraprékini — eksperimenta rezultatu valideéSana ar
skaitliskajiem modeliem. Izmantotas divas metodes: skeletona kamanas struktiiras vibraciju
3D analize ar SolidWorks Frequency Simulation; 1BP matematiska kédes modela izveide un
skaitliska analize.

1.4.1. 3D frekvencu analize ar SolidWorks Frequency Simulation

Skeletona kamanu modelis izveidots CAD vidé par pamatu, nemot eksperimenta
izmantoto (sk. 1.1. att.). lzmantojot SolidWorks Frequency Simulation tiek noteiktas
passvarstibu frekvences, kuras raksturo 1pasa svarstibu forma vai moda. Veiktaja statiskaja
struktiiras frekvencu analiz€ nosaka objekta masas izvietojuma un stinguma sakaribas.
Vienigais vibraciju amplitidu kontrol&joSais parametrs ir slapéSana, jo ta ir mazaka, jo
straujak pieaug svarstibu amplitida. Realiem objektiem ir ierobeZots skaits paSsvarstibu
frekvencu un svarigakas no tam ir pirmas un to svarstibu forma, un ka tas reagé uz dinamisku
slogojumu. Vispirms modela geometrija tiek vienkarSota, nakamaja 1.12. attéla paradits
vienkarsots galigo elementu (GEM) skeletona kamanu modelis. Skriives stiprinajumi sliecei
skeletona priek§a tiek aizstatas ar tapu savienojumiem. Skeletona sliecu stinguma
model&Sanai tiek izmantots atsperu savienojums. Galigo elementu aprékina izmantots Direst
Sparse aprékina algoritms, kas tiek rekomendéts kopsalikumu simulacijas, kuras kombingéti
elementi ar dazadam materialu ipaSibam [43 —47]. GEM tiklojuma izmantots Curvature
based mesh, kas labak pielagojas neviendabigas geometrijas gadijuma un nav nepiecie$ams
papildus definét tiklojuma kontrol&$anas rikus. Model ietilpst gandriz 5-10* galigo elementu.

1.12. att. Skeletona kamanas GEM ar vienkarSotiem sliecu stinguma regulésanas
elementiem.
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1.4.2. paSsvarstibas frekvencu noteik§ana ar matematisko kédes modeli

Skeletona kamanu paSsvarstibu frekvencu noteikSanai analitiska veida ir izveidots
vienkarSots viendimensijas modelis ar 6 elementiem, kas apskatams 1.13. att€la. Sistéma
savienota sava starpa ar atsperu elementiem. Skeletona un braucgja kop&ja masa M = 100 kg
tiek sadalita simetriski divas dalas: M/2 = m1 =m6. Masas savienotas elastigi ar skeletona
kamanas stingumu raksturojosu parametru Cy. Attiecigi masas m2 = m3 =m4 =m5 = 0.3 kg,
kas kopa veido skeletona sliecu masu. Slie€u elementi arT savienoti elastigi ar stingumu
raksturojoSo parametru Cj.

C,
1 MW
C, C,
2 MW 3 MW 4 MW 5
¢ ¢, ¢,
<4—P0-sin(w-t)
X

1.13. att. Matematiska k&des modela shéma.

Lai iegiitu analitiskas sakaribas passvarstibu frekvencu noteikSanai, tiek sastadita
vienadojumu sist€éma visiem atsperes savienojumiem. Papildus vienam elementam, pieméram
treSajam, tiek pievienots harmonisks speks:

x, = P0-sin(w-t), (1.10)
kur PO — spéka amplituda;
o — svarstibu lenkiska frekvence;
t — laiks.

Pievienojot harmonisku spéku sistema, tiek ierosinatas uzspiestas svarstibas. Spéka
lielumam §aja gadijuma nav principialas nozimes un tas ir PO=1N. Ta ka sisttma nav
slapéSanas, visi elementi svarstas harmoniski ar vienu lenkisko frekvenci w. Tapéc nav
nepiecieSams sist€mas pirmais parvietojumu atvasindjums, lai iegiitu atrumu. Raksta otro
atvasinajumu sist€émas elementa parvietojumiem, kédes veida elementu paatrinajumi bis
(1.11):

% =-A-0"sin(w-t), (1.11)
kuri=1,2, 3.

No Niitona otra likuma k&des veida sist€mai péc vienkarSosanas iegiist (1.13):
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S (A0) = e (A= A)-c (A= A)
m'g—Az-w2;=—c1-éA2—A1;—cl-EAz—A3;

m-(=A- o )=—c-(A-A)-c (A=A

m-(-A,-0")=—¢,- (A= A)—C,-(A-A)+P (1.13)
nhwﬂ-(—As-wz):—cl-(As—A4)—c1-(Ag—Ah)

o (A 0’)=—a (A= A)-c (A -A).

Atrisinot vienadojumu sist€ému (1.13), iesp&jams atrast paatrinajumus amplitidas visiem
elementiem arpus rezonanses frekvencé€m. Attiecigi rezonanses zonas amplitiidas tiecas uz
bezgalibam. Tas nozimé, ka sistemas (1.13) determinants ir vienads ar nulli. No Sada
determinanta vienadojuma, ievietojot c; un C, vertibas, kas ieglitas laboratoriski [xx],
atrodam:

-4.100625e71- @'*+1.7027063782696177062e78 - »™
-2.3305500067588630372e84 - ® +1.173048438913584662e90 - ° (1.14)
-1.655977938480901193e95 - »* +2.2677913365951951128e99 - »? =0,

kur o — vienadojuma (1.14) saknes, kam atbilst rezonanses frekvences.

1.4.3. Konstrukcijas svarstibu frekvencu analizes rezultati un secinajumi

Paatrinajuma ay, @y Un a, pirmas raksturigas svarstibas ir ap 5-8Hz, kuras galvenokart
ietekmé vides apstakli un ledus kvalitate (skatit publikacijas Nr. 7, 19, 20).

Konstrukcijas struktiiru ietekmgjoSas svarstibas kustibas virziena paatrindjumiem ay
frekvendu spektra nav. Skérsvirziena paatrinajumiem ir izteikta pika forma pie 15Hz. Seit
japiezimé, ka eksperiments veikts ledus trase, kur 1. attéla pa labi redzams, ka trases virsma
iefrézéta grope apméram 2 cm dziluma, lai nodroSinatu taisnvirziena kustibu. Tapéc y-ass
virziena ir salidzino$i lielas paatrinajuma vértibas un paradas konstrukciju ietekm&joSas
svarstibas. Lielakas un izteiktakas vertibas veidojas no kontakta ar pamatu vai vertikalo
paatrinajumu @, spektra. Skeletona kamanas paSsvarstibu frekvences noteiktas atkariba no
slieces spriegojuma radiusa r un 1.14. att. frekvences vértiba svarstities ap vid€jo vertibu
71 Hz.

No slides
N berzes 7 r
) 9 Eo skelﬁtqna 73 |
fg onstrukcijas * +
: L I I s S
S 69 r
§ No slieces 67 r
s 65 . . ! : !
Ly , " 7 8 9 10 11 12
0 100 200 Stiffness r [mm]
Frequency, Hz B Frequency, az =~ +=+e+es Average

1.14. att. Vertikalo paatrinajumu ay spektrs un konstrukcijas rezonanses svarstibas atkariba no
slieces spriegojuma radiusa r.
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Eksperiments ar abam raksturigam frekvencém 15 un 71 Hz salidzinats ar 3D modela
simulacijam un rezultati apkopoti 1.15. att€la. Simulacija veikta 5 dazadiem gadijumiem. Tiek
variéts slieces stingums un spriegojums ar noteiktajam slieces kompresijas testa vertibam, kas
iegiitas slieces sprieguma-deformacijas noteikSanas testa ar Zwick/Roell Z600.

100
N
T 80 c
>
g2 (N/m)/m?  Load N/m?
8 40 .
8 20 11 Low High
“ % 12 High High

6 7 8 9 1011 12 13 14 15 16 17 18 19 20 13 High Low

Mode Nr. 1 4 Low Low

—a—11 12 *—-13 —o—14 —
—%—15 =:=15Hz = = =71Hz 15 Runner is fixed

1.15. att. Rezonanses svarstibu simulacijas rezultati ar dazadiem slieces stingumiem.

Modelgjot atsperes stingumu, izmainas ir niecigas. Tiek noteiktas pirmas 20 modela
paSsvarstibas. Atskirigs rezultats tiek iegiits, ja slieces atsperes savienojums ar skeletona
kamanu tiek aizstats ar fiks€tu savienojumu (1.15. att. [ikne 1 _5). Konstrukcijas struktiiras
stingums pieaug un samazinas zemo passvarstibu frekvencu skaits. Pa to var parliecinaties
apskatot modu formas (japiezimé, ka slieces pirma passvarstibas frekvence ir pie 120Hz un ir
noteikta ar sertificétu meriekartu no Microlog Gx sérijas). Modas no 7 lidz 10, kas ir pie 15Hz
(sk. 1.15. att), ir attiecinamas uz slieces svarstibam asu virzienos un vienu rotacijas svarstibu
garenass virziena. Eksperimenta ledus gropes ietekmé skeletona sliecé Skérsvirziena tiek
generétas svarstibas, kas ir pirma modela konstrukcijas rezonanses frekvence. Programma
rékina dazadas svarstibu formas, bet detalizéti tiek apskatitas tikai tas, kas atbilst mérjjumiem
no fiziska eksperimenta, nemot véra iesp€jamas modu formas..

Visizteiktaka ir otra passvarstibu frekvence, kas fiziskaja eksperimenta noteikta 71Hz un
sakrit ar aprékinato 3D modelim. To apstiprina ar1 svarstibu forma, kas redzama nakamaja
1.16. attela.

1.16. att. Svarstibu forma pie 71 Hz, atsperes un fiksétam slieces stiprinajumam.

Seit redzami divi gadijumi, kur kreisaja pusé skeletona sliece savienota ar spriegotu atsperi un
labaja puse sliece ir fiks€ta pie ramja. Attiecigi fikséta gadijuma frekvence pieaug par 1.5Hz.

Rezultati no matematiskas k&des metodes modela iegiiti atrisinot vienadojumu 4 ar
lenkiska atruma funkcijas krustpunktiem ar nulli 1.17. attéla.
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0 Nr. Frekvence, Hz
1 0
2 19.69
3 71.13
- 4 134.63
5
6

185.13
217.57

PG

Frequency, Hz

1.17. att. Lenka atruma funkcijas krustpunkti ar nulli un rezonanses frekvences.

Tika noteiktas seSas modela paSsvarstiba frekvences. Pirma attiecigi ir 0, jo nav ar€jo elastigo
speku. Nakama paSsvarstibu frekvence 19. 69Hz ir par 4Hz augstaka, ka fiziskaja
eksperimenta un 3D stimulacijas noteiktas. Savukart galvena paSsvarstibu frekvence, kas ir
71.13Hz sakrit gan ar fizisko eksperimentu, gan 3D simulacijam. Janem véra, ka
matematiskais modelis ir 2D un netiek nemtas véra skérsvirziena svarstibas.

1.5. Secinajumi par nodalu

1. Skaitliska modela izveide skeletonam ar braucju uz slipas plaknes sniedz iesp&ju:
prognozet kustibu daudz garaka trases posma, nemot véra ledus berzes koeficientu,
aerodinamisko pretestibu, slieces elastibu raksturojosos parametrus un virsmas profilu
(eksperimentos izmantotas stata estakades maksimalais garums ir 50 m, sportistu
sacensibas izmantoto traSu garumi ir vid&ji 1200 m).

2. Izmantojot mehanikas likumus, ir iesp&jams analitiski noteikt ledus berzes koeficientu un
aerodinamiskas pretestibas koeficientu. Ievades parametriem nepiecieSamais kustibas
atrums noteiktos laika vai parvietojuma punktos pie laika mériSanas sensoriem vismaz
divos etapos. So metodi var izmantot, ja atrums parsniedz 6 m-s™. Metodes novitate
sniedz iesp&ju vienlaikus noteikt gan ledus berzes koeficientu, gan gaisa pretestibas
koeficientu, paverot plasas iesp&jas tas pielictoSanai praksé ziemas renes sporta veidos un
ka ar citur.

3. No praktiskajiem eksperimentiem var secinat, ka, palielinot slieces stingumu sportistu
izmantotaja skeletona kamanu slieCu spriegoSanas diapazona, berzes speku radito
svarstibu frekvence samazinas kustibas virziena un praktiski nemainas vertikalaja
virziena. Slieces stinguma izmainas praktiski neietekmé noteiktas skeletona kamanas
struktiiras paSsvarstibu rezonanses frekvences 15 Hz un 71 Hz kustibas laika. Izstradatais
6BP matematiskais modelis skeletona kamanu paSsvarstibas frekvencu noteikSanai lauj
viegli un atri noteikt aptuvenas rezonanses frekvences, zinot skeletona kamanas un slieces
stinguma parametru vertibas. Eksperimentalos rezultatus papildus ietekmé vides apstakli,
kuros mainas slieces elastigas 1pasibas (papildus $aja darba netiek apskatiti).
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2. FLUIDA (GAISA) PLUSMA

Promocijas zinatnisko publikaciju darba kopas 2.nodala veltita cieta kermena
mijiedarbibas analizei $kidruma pliisma, kura izstradata jauna analitiska teorija par gaisa un
fidens mijiedarbibu, ja taja kustas ciets kermenis, vai otradi. Sadas vienkarSotas metodes
praktiskais pielietojums paver iespéjas analiz&t pliismas mijiedarbibu ar dazadiem objektiem
ar daudz mazaku resursu daudzumu, nav jaizmanto sarezgitas un dargas specializétas
datorprogrammas, kuru aprékins nereti ir loti laikietilpigs. Dotas zinatnisko publikaciju darba
kopas nodalas p&tijumus var iedalit Cetras apaksnodalas.

Pirmaja apaks$nodala vienkarSas formas objekta analize. Tiek piedavata aptuvena metode
speku noteikSanai, kas saistiti ar Skidruma mijiedarbibu ar cietu kermeni. Tiek apskatita
mehaniska sistéma plakn€, kas atrodas Skidruma pliisma ar bezgaligu BP (brivibas pakapju)
skaitu, kas tiek samazinats lidz 5 BP, kur 3 BP cietam kermenim un 2 BP spiediena un
vakuma zonam. Nestacionaras kustibas diferencialvienadojumus veido klasiskas mehanikas
likumi. Aptuvenas metodes tiek skaitliski parbauditas ar datormodeléSanas palidzibu.
Skidruma (gaisa) mijiedarbibas analize tiek veikta divu veida geometrijas cietiem kermeniem
- plakanai plaksnei un dimanta formas objektam. Modelésanas rezultatus izmanto, lai
preciz€tu piedavatas aptuvenas metodes parametrus. Sadalas beigas iegitie teor&tiskie
rezultati tiek izmantoti prizmatisko kermenu kustibas analizg, lai ieglitu energiju no Skidruma
plusmas. P& tam veikta plakanas plaksnes parametriska optimizacija plaksnes kustibas
atruma un pagrieziena lenka parametriem pie maksimalas jaudas iegiiSanas kriterija,
publikacijas Nr. 1, 3, 5, 16, 17.

Otra apaksnodala veikta kermena mijiedarbibas analize, optimizacija un sint€ze, lai
analiz€tu vibracijas, kas rodas no Skidruma un cietas kermena mijiedarbibas, mainot plakanas
plaksnes lenki pret plismu. Seit galvenais izaicindjums ir, nestacionira §kidruma un
kermena mijiedarbibas analize, optimizacija un sintéze. Izmantotas telpas un laika
programmésanas metodes un aptuvenas analitiskas metodes. Apskatita aptuvena analitiska
metode, kura objekta mijiedarbiba ar Skidruma pluismu ir sadalita divas dalas Skidruma
kermena mijiedarbibas telpa. Pirma ir frontalas dalas spiediena puse, kas rodas izmantojot
kustibas daudzuma izmainas likumu un ko var @rti aprakstit diferenciala forma. Otraja dala
tiek aprakstitas mijiedarbibas aiz plaksnes, plana vakumu veidojosa puse. ST plana vakuuma
puse ir atkariga arT no frontalas zonas plismas mijiedarbibas. Aptuvenas analitiskas metodes
parbauditas ar eksperimentiem v&ja tuneli, publikacijas Nr. 8, 11.

Tresaja apaksnodala veikta formas optimizacija. Darbs veltits §kidruma (gaiss) un cieta
kermena (prizmas) mijiedarbibas, formas geometrijas optimizacijas analizei, nemot véra
dazadus kriterijus. Energijas iegiiSanai no gaisa plismas, izmantojot aksiali simetrisku
kermeni, kuram pa aploci ir izveidoti simetriski izgriezumi $kérsgriezuma laukuma mainai.
Tiek piedavats vienkarSots matematiskais modelis inzeniertehniskajiem aprékiniem. Ar1 §1
modela pamata tiek izmantots spiediena un vakuma zonas jédziens, paklaujot kermeni fluida
(gaisa) plismai. Sakuma visi aprekini tiek veikti, pienemot, ka pétama kermena geometriskie
izm@ri ir nemainigi. P&c tam, lai uzlabotu kopgjas sistemas efektivitati, sistémas parametri tiek
mainiti ar konstantu soli, veicot siku skidruma un kermena mijiedarbibas reakcijas virsmas
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analizi. Matematiskajam modelim ir $adi pien€mumi: Skidruma (gaisa) plisma ir laminara,
nesaspiezama (konstants blivums) un fluida (gaisa) viskozitate netiek nemta veéra, publikacija
Nr. 4.

Ceturtaja apaksnodala aprakstita analitiska metode kustigu vai nekustigu kermenu
(prizmu) mijiedarbibas analizéSanai un kustibas sintézei gaisa plisma, neizmantojot
telpas-laika programmeéSanas skaitliskas metodes. Tam nolikam inzenieru aprékiniem
izmantots vienkarSots fluida (gaisa) dalinu un cietd kermena mijiedarbibas matematiskais
modelis, izmantojot kustibas daudzuma izmainas likumu. Cieta kermena (prizmas) un gaisa
mijiedarbiba aplikota dazados gadijumos: - kustigs kermenis (prizma) gaisa; - nekustigs
kermenis (prizma) gaisa plisma; - kustigs kermenis (prizma) gaisa plisma. Cieta kermena
(prizmas) un gaisa mijiedarbibas sarezgito uzdevumu vienkarSo, izmantojot superpozicijas
principus, t.i., nemot véra plismas augSpus un lejpus (vai priekSpusi un aizmuguri) cieta
kermena apgabalus. Noskaidrots, ka $ajos divos apgabalos rodas spiediena un siikSanas zonas
ar analitiski aprékinamiem gaisa spiedieniem, kas atkarigi no plismas atruma kvadrata un
kermena formas. Visi vienadojumi tiek veidoti, pamatojoties uz klasiskds mehanikas
likumiem. Veidojot aptuveno matematisko modeli, viskozos spekus neievero. Tiek salidzinati
dazadu prizmu un gaisa pliismas mijiedarbibu skaitliskie rezultati un tiem detalizéti apskatiti
teoretiskie rezultati. Matematiskais modelis Saja darba ir piemeérojams tikai tiem kermeniem,
kuriem tiek veikta taisna translacijas kustiba, publikacija Nr. 22.

2.1. VienkarsSas formas objekta analize nestacionara fluida plisma

Pastavosas fluida dinamikas aprékinu metodes balstitas, uz deformgjoSos pliismas
tiklojumu, plismai parvietojoties. Palielinoties deformacijam, tiklojums japarrékina, lai
samazinatu kludiSanas iesp€jas. Lidz ar to aprékinam nepiecieSams ilgaks laiks, attiecigi
procesa efektivitate samazinas un risinama probléma sadardzinas. Sadas situacijas aktualas
klust alternativas problému risinaSanas iesp&jas. VienkarSas formas objekta analize
nestacionara fluida plisma ir jauns pétjjuma virziens, kas balstits uz vienkarSu matematisku
modeli dabas paradibas aprakstiSanai, un vienigais triilkums ir tas, ka modeli netiek nemta vera
Skidruma viskozitate.

Stacionaras fluida pliismas mijiedarbiba ar cietu kermeni ir plasi apskatita un pétita [48 —
55]. Gadijumos, kad relativa atruma vektori ir nemainigi, lai noteiktu fluida mijiedarbibas
speku, ir nepiecieSams relativas fluida kustibas atrums, ta blivums, atrumam perpendikulars
laukums un aerodinamiskais pretestibas koeficients [51]. (2.1):

FO_DVep ALV 2.1)
2\
kur F® — mijiedarbibas sp€ks; D —aerodinamiskais pretestibas koeficients; V — pliismas
atrums; p — fluida blivums; A — frontalas dalas laukums.

Jaunizveidotais matematiskais modelis mijiedarbibas analiz€Sanai sastav no divam dalam,
spiediena un vakuma puses. Tiek apskatitas divas objekta formas veidi, plakana plaksne un
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rombveida objekts 2D telpa (2.1. att. a) unb)). Spiediena puse tick aprakstita ar kustibas
daudzuma izmainas teorému diferenciala forma (2.2) un (2.3):

dm-v-cos(f) =dN -dt; (2.2)

dm=v-cos(f)-dt-dL-B- p, (2.3)
kur dm — fluida plismas elementardalas masas tilpums ar atrumu Vv pret slipu virsmu; S —
lenkis starp plismu un virsmu normales kontaktpunkts; dN — trieciena speks normales
virziena pret virsmas elementarlaukumu; t — laiks; dL — virsmas elementargarums; B — objekta
garums (Saja 2D gadijuma konstants).

L2=d-L1 b
V2'p'C £

I’ V2'p . (sinB) 2
,/

[\
.
g~ -

/ v2:p - (cosp) 2

a)

2.1. att. Spiediena sadalfjums: a) taisnstiira plaksnei un b) rombveida objektam.

Integrgjot (2.2) vienadojumu, var aprékinat papildu spiedienu plismas virziena malam L1,
L2 plakanai plaksnei un rombam. Spiediena sadalfjums malas L1, L2 Seit dotajiem
kermeniem, kas paraditi (2.1. att. a) un b)), ir (2.4), (2.5):
v -,o-(cos,B)2 vai 2.4)
V2. p-(sin g)’. (2.5)
Piedavataja jaunaja modeli, vakuma pus€ gar malu, kas atrodas tieSi aiz attieciga objekta,
ieteicams nemt konstantu spiedienu Ap2, proporcionalu blivumam p, kas reizinats ar pliismas
atrumu V kvadratu (2.6):
Ap2= V- p-C, (2.6)

kur: C — konstante, kura janosaka eksperimentali vai datorsimulacijas.

Tadgjadi cietajam kermenim ir iesp&jams atrast kop€jo speku pliismas virziena.
Aproksiméjot taisnstiira cietu kermeni iegiist speku Fxr, kas dots (2.7) vienadojuma, un
rombveida cietam kermenim speks Fxd pliismas virziena dots (2.8):

. U.BRAZ. A cos(B)* +d-sin(f)° |.
Fxr=-H-B-v-p {C+ cos(f)+d sin(B) } (2.7)
Fxd = -H-B-vz-p-[C+(cosﬁ)2] (2.8)

kur d —malu attieciba L2/L1; B- platums; H — Skérsgriezuma augstums (perpendikulari
plusmai, 2.1. att.).
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Ar iegiitajam analitiskajam sakaribam (2.7), (2.8) var paradit, ka fluida un ciet kermena
mijiedarbibas problému identificéSanai var izmantot aptuveno analitisko metodi.

2.1.1. 2D pluasmas modelésana ar SolidWorks Flow

No 2D rombveida formas (2.1. att. b)). kermena pliismas analizes 5 gadijumiem, kur lenki
S maina no 15° lidz 75°,ar soli 15°, izmantojot SolidWorks Flow datorprogrammu var secinat,
ka spiediena pusé mijiedarbibas speki atri sasniedz stabilu stavokli. Turpreti vakuuma pusé
plusma tikai péc noteikta laika nogul€ja (2.2. att.). Aptuveniem aprékiniem tiek izmantoti §1s
kermena un stacionaras pliismas mijiedarbibas parametri. Tika konstatéts, ka mijiedarbibas
speki mainas péc laika, tapec videja vértiba tieck nemta (2.2. att.) ar atrumu 10 m-s™,

B=15° p=30° p=45° p=60°
Ds=1.44 Ds=129 Ds=121

2.2. att. Plismas Iinijas un spiediena sadalijums rombveida kermenim un vidgjais
mijiedarbibas koeficients D (Dex), speks F (Fxde) atkariba no lenka .

2.1.2. Mijiedarbibas koeficienta C'noteikSana

Mijiedarbibas koeficienta C vértibas noteikSana izmantojot rezultatus no 2D stimulacijam
(2.2. att.): D — teorétiskais mijiedarbibas koeficients (2.9), Dex — aprékinatais mijiedarbibas
koeficients (2.10), no 2D stimulacijam (2.2. att.)) un aproksimétais — mijiedarbibas
koeficients, ka piektas kartas polinoma funkcija (2.11):

D =C +(cos B)%; (2.9)
Fxde
Dex = ; ]
A (2.10)
D, =1,5+3,72663° —1,52493* ~0,101353° - 2,8129 5% +0, 28233, (2.11)

kur Fxde — mijiedarbibas speks rombveida objektam plasmas virziena (2.2. att.).

No (2.9) un (2.10) seko, ka C=0.5, ja #=0. Rezultata iegist rombveida objekta
mijiedarbibas noteikSanas aproksimacijas formulu (2.12):

D =0,5+(cos f)°. (2.12)
Tada pasa veida tika tuvinati plakanas taisnstiira plaksnes modeléSanas rezultati un
salidzinati ar aptuveno formulu (2.7). Lidziga procediira, ka dimanta plaksnei, tika noteikts,
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ka koeficients C arT ir aptuveni 0.5, lidzigs (2.12). Aptuvenas formulas (2.7) un (2.8)
precizitates noveért€jums rombveida un taisnstiirveida objektiem ar C = 0.5 ir paradits 2.3.
attela. AtSkiriba nav liela, vid€ja vertiba ir mazaka par 5%.

12 T T T

— Plakana plaksne PR
I - '\... ]

----- Rombveida objekts -

e
.........

2.3. att. Procentu izmainas atkariba no lenka f radianos. Rombveida objekta aproksimacijas
(2.8) ar C = 0.5 vidgja vertiba — 4 %, plakanai taisnstiira plaksnes aproksimacija (2.7) ar
C = 0.5 vidgja vertiba — 3.6 %.

Balstoties uz 2.3. attéla iegiitajiem analizes rezultatiem, jauno metodi var izmantot
inzeniertehniskajos aprékinos ar pietickamu precizitati (mazak neka 5%), neizmantojot
papildus laika-telpas datorprogrammas. Talak apskatits piemers ar planas plakanas plaksnes
aprekinu, kas parada, jaunas metodes izmantosanas efektivitati, energijas iegliSanai no gaisa
pliismas.

2.1.3. Plakanas plaksnes parvietojuma modeleSana

Plakanas planas (d ~ 0) plaksnes (2.1. att. a)) divdimensiju modelis translacijas kustiba
paradits 2.4. att€la. Modelis sastav no linearas atsperes ar stingumu € un slap&sanu b.

(V+v)2-p/2
e -C'X \

. H :

. — "\ 7 NGY
= 4__||--' B / ~. —
y

- I (VHv)2p - (cosB) 2

2.4. att. Atjaunojamas energijas ieguves no fluida pliismas modelis.

Saskana ar aproksimacijas teoriju, nemot véra relativo mijiedarbibas atrumu Vr:
Vr = (V +v), (2.13)

kur V — fluida atrums un v — plaksnes kustiba x-ass virziena.

Diferencialvienadojums plaksnes kustibai X-ass virziena ir (2.14):
V +X
2

mX = —cx —bx — Ap[0,5+ (cos )]V + X) =

(2.14)
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Atjaunojamo energiju attélo ka slapésanas speku (— bx ). Jauda P ir (2.15):
P=b(x)". (2.15)
Attiecigi vidéja jauda Pav bus (2.15):
t
[b(x)"-dt
2.15
Pav =2 : (2.15)
Vienadojuma (2.14) analize lauj secinat, ka dotas sist€mas efektivitati ir iesp&jams
analiz&t péc: diviem sist€émas parametriem — € Un b un tris laika vai fazes koordinatu vadibas
darbibam — 4, V, un A.
Skaitliska modeléSana vienadojumam (2.14) tika veikta ar programmu MathCad,

pienemot $adas galvends sistémas parametru vértibas: A= 0,04 m* (garums L=0.2m un
platums B = 0.2 m); VO = 10 m's™; p = 1.25 kg-m™ (pie 10° C temperatiiras).

T .
Skaitliskas model&anas rezultati vadibas kontrolei pie lenka = 2—53|n (7t) paraditi 2.5. un

2.6. attela.
0.5 T 9 1
Xp [m]
ok i
-05 A
—1F -
~15 I ! | - | I
“o 1 2 3 4 1 2 3 4
ty [s] ty [s]
2.5. att. Parvietojums x-ass virziena péc 2.6. att. Vidgja jauda Pav no generatora
laika. speka bx

Vidgja jauda Pav (sk. 2.6. att€lu) ir paradita procentos no maksimalas jaudas, ko var sasniegt,

ja plaksnes atrums ir mazaks par vienu treSdalu no pliismas atruma P max = %V .

Sisteémas vadibas modelesana rezultati ar harmonisku lenka £ mainu (sk. 2.5., 2.6. att€lu)
ir sadi:

a) plaksnes svarstibas pliisma nostabilizgjas loti atri, praktiski divu tris ciklu laika;

b) ir iesp&jams sintezEt optimalos sist€émas parametrus (pieméram, stingrumu c, laukumu A,
darbibas frekvenci un amplitida un citus parametrus), kas nodro§inatu maksimalo jaudu
noteiktajos ierobezojumos;

¢) turpmaku efektivitates palielinasanu var panakt, izmantojot sarezgitakas vadibas lenka S
izmainas funkcijas (biharmoniskas, polharmoniskas utt.).

Plaksnes kustibas modeleSanas rezultati ar atruma vadibas kontroli V =V0[2—O.55in(10t)]

apkopoti 2.7., 2.8. attela, pie Vo = 10 m-s™.
No grafiku analizes (2.7., 2.8. att.) var secinat, ka p&c daziem parejas procesa cikliem var
sasniegt gandriz stabilu svarstibu rezZimu ar maksimalo vid€jo jaudu Pa.
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tn [s] ty [5]
2.7. att. Atrums V X-ass virziend péc laika. 2.8. att. Vidgja jauda Pav no generatora
speka bx

Skaitliskas modelesanas rezultati vadibas sisteémai ar harmonisku atruma V izmainu
(2.7.,2.8. att.), ir sadi:
a) izstradata jauna pieeja energijas generéSanai ar harmoniskam plismas atruma izmainam;
b) iesp&jas jauniem pétijumiem izmantojot citus sist€mas vadibas darbibas principus pliismas
atruma mainai, pieméram, biharmoniska, poliharmoniska vadiba un citas.

2.1.4. Plakanas plaksnes parametriska optimizacija

Gaisa plusmas mijiedarbibas modelis ar plakanu plaksni paradits 2.9. att€la. Dotaja
optimizacijas uzdevuma jauda P ir interes€joSais optimalais lielums, kur§ veidojas gaisa
plusmai ar atrumu V, iedarbojoties uz plaksni. Plaksne kustas translacijas kustiba ar konstantu
atrumu U un slapétaja speku Q.

Saskana ar vienadojumu (2.7), plakanas planas (d = 0) plaksnes kustiba ir aprakstama ar $adu
diferencialvienadojumu:

mX = LBp(1+C)[V sin(y —a) - Xsin(a)]2 -sign(V sin(y —a) —xsin(a) )sin(a) - Q, (2.16)
kur m—plaksnes masa; L unB —plaksnes izméri; aunjy—plismas lenki un plaksnes
orientacija pret X asi.

2.9. att. Optimizacijas modelis: V — gaisa pliismas atrums; U — plakanas plaksnes
parvietoSanas kustibas atrums; n — normales ass attieciba pret plaksni

Optimizacijas uzdevums tiek risinats plaksnes kustibas apstaklos ar nemainigu atrumu
X =U. Saja gadfjuma, no ieprieksgja vienadojuma (2.16), slap&sanas jaudu P no speka Q var
izteikt §ada forma:
P =LBp(1+C)[Vsin(y —a)—usin(@)] -sign(V sin(y — &) —usin(a))usin(a). (2.17)
Parametriskas optimizacijas uzdevums risinats skaitliski analiz€jot (2.17) vienadojumu ar
programmas MathCad palidzibu. Optimizacijas mérkis: mekl&t parametrus u, @ un y, kas dod
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maksimalo jaudu P noteiktajas robezas. Krit€rija P atbildes virsmas piemeérs, ka plaksnes
lenka o un atruma u funkcija ir paradita 2.10. attela. Papildus 2.11. attela paradits $is atbildes
virsmas posms, kas atbilst atrumam u = 8 m-s™.

06 08 : — 0% 02 04 06 0.8 1
2.10. att. Atbildes virsma optimizacijas 2.11. att. Atbildes virsmas posms P(a, u) pie
kriterijam P, ka plaksnes lenka a un atruma konstanta plaksnes dtruma u = 8 m-s™

u funkcija(jaL=0.5m; B=0.5m;
p=125kg'm3 C=05;V=10m=s™
y=mn-2rad™).

No vienadojuma (2.17) analizes seko, ka kritérija P ekstréma izmaina ir atkariga no
parametra u atbilstosi nosacijumam:

_Vsin(y —a)
= adin @) . (2.18)
Pie atruma u, kas atbilst nosacijumam (2.18), tiek sasniegta maksimala jauda Pmax:
3~ _ 3
P max — 4C V3 [sin(y —a)] | (2.19)

27
kur Co = LBp(1 + C).

Citiem sakotng&jiem datiem optimalie parametri jameklg€ skaitliski.

2.1.5. Secinajumi par apaks$nodalu

1) No skaitliskajam simulacijam tiek secinats, ka Skidruma un cietas kermena mijiedarbibai
telpu var sadalit divas dalas - viena spiediena pus€ un otra iestikSanas vai vakuuma pusg.

2) Piedavata metode ir paredz€ta nestacionara cieta kermena — Skidruma mijiedarbibas un
kustibu sintézes analizei TpaSam gadijumam — energijas iegliSanai no $kidruma pliismas.

3) Metode ir tiri matematiska, ta lauj vienkarSota veida veikt analizes, optimizacijas un
sintézes uzdevumus Skidruma un cieta kermena mijiedarbibai inzenierijas vajadzibam.

2.2. Plakanas un perforétas plaksnes vibraciju analize
nestacionara fluida plisma

Izmantojot aptuveno analitisko metodi, objekta mijiedarbibai ar Skidruma plismu, kas
apskatita 2.1. apaksnodala, tiek veikta plaksnes un perforétas plaksnes vibraciju analize,
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sadalot divas dalas Skidruma un kermena mijiedarbibas telpu. Pirma ir frontalas dalas
spiediena puse, kas rodas mainot kustibas daudzumu sisttma un ko var &rti aprakstit
diferenciala forma. Otraja dala tiek aprakstitas mijiedarbibas aiz plaksnes, plana vakumu
veidojosa puse. ST plana vakuuma puse ir atkariga ari no frontalas zonas plismas
mijiedarbibas. Aptuvenas analitiskas metodes parbauditas ar eksperimentiem v&ja tuneli.

2.2.1. Plakanas plaksnes mijiedarbibas modelis

Shematiski modelis paradits 2.12. attela.
N,=4,:p-v*-sin(p)

5

2.12. att. Taisnstiira plakanas plaksnes modelis: plaksnes malu garumi — L;,B; plaksnes
biezums — L,, sanu laukumi — A;, Ay; spiediena puses galvenie spéki — Nj, N2; vakuma
puses galvenie spéki — N3, Ny; pliismas atrums — V.

Spiediena puses spekiem F1, F2 izmantojot kustibas daudzuma izmainas teorému pliismai,
diferenciala forma var izveidot (2.20), (2.21) vienadojumus:

dm-v-cos(B)=dN -dt; (2.20)
dm=v-cos(f)-dt-dL-B-p, (2.21)
kur dm —elementara fluida masa ar relativo atrumu Vv pret slipajam virsmam; dN —
elementarais kustibas daudzuma sp€ks normales virziena pret elementara laukuma virsmu;

p —lenkis starp plismu un virsmu; dt —laika moments; dL — virsmas elementargarums; B —
platums, kas ir konstants divdimensiju uzdevuma gadijuma; p — fluida (gaisa) blivums.

Integréjot abus ieprieks$€jos (2.20), (2.21) vienadojumus spiediena pusei var noteikt
spiedienu un spékus dN;, dN2 perpendikulari abam virsmam (2.22), (2.23):

N, =A1-p-V2'COS(,B)2; (2.22)
N, =A,-p-v2-sin(5)’, (2.23)

kur A1, A2 — sanu virsmu laukumi.
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Vakuma pusé gar plaksni pienem, ka veidojas konstants spiediena slanis, kas ir
proporcionals blivumam — p reizinatam plismas atruma — Vv kvadratu sekojosa forma (2.24),
(2.25):

N,=A-p-v>-C (2.24)
N,=A-p-v*-C (2.25)

kur C — konstante, kas janosaka eksperimentali vai model&jot plismu

Plaksnes centra punkta—O no vienadojumiem (2.22)—(2.25) var noteikt divus
mijiedarbibas spéku komponentu vienadojumus (2.26), (2.27):

e cos(f)’ +d -sin(5)’ |.
Fx=-B-H-v*-p {C+ cos(,B)+d-sin(/3) :l, (2.26)
Fy=Ll-B-vz-p-[C-(sin(,B)—d-cos(ﬂ))+sin(ﬂ)-(cos(ﬂ))z+d-(cos(ﬂ)ﬂ. (2.27)
Seit H (sk. 2.12. att.) var izteikt

H =L,-(cos(B)+d-sin(B)), = (2.28)

L

kur Fx —spéka komponente x-ass virziena, ko fluidu dinamika dévé par “Drag” spéku
(aerodinamiska pretestiba); Fy — spéka komponente y-ass virziena, ko fluidu dinamika dévé
par “Lift” speku (aerodinamiskais c€l&jspeks); H — skérsgriezuma augstums perpendikulari

plusmai.

Lai izmantotu formulas (2.26), (2.27) janosaka koeficients C. Nakamaja 2.13. attéla,
redzami plismas 2D simulacijas rezultati ar SolidWorks Flow a) stabilai un b) nestabilai

plusmai.

100) T T T

0 1x10° 210 310°

Tterations Plasmas VIfZzieNs ==

2.13. att. Plismas Iinijas un spiediena sadalijums plakanas plaksnes kermenim un vidgjais
mijiedarbibas koeficients Ds (Drag) 2D pliismas simulacijas péc iteraciju skaita.

Koeficienta noteikSana izmantotas stabilas pliismas reZimi un balstoties uz ieprieks
noteikto (2.12) plakanai plaksnei pie f =0 un pliismas mijiedarbibas koeficienta ar plaksni
D = 1.5 konstante C = 0.5 (noteikta ar aproksimaciju novirzi mazaku par 5%, skatit ieprieks
2.3. att). Savukart eksperimentos ar 3D plasmu, kas plasak apskatits publikacija Nr, 8 un
noteikts, ka konstantes vertiba 3D aprékinos C = 0.31.
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2.2.2. 2D plakanas plaksnes kustibas analizi ar MathCad
Piemeérs ar 2D plakanas plaksnes kustibas analizi ar MathCad paradits 2.14 — 2.16. attela.

Apskatita sisttma sastav no plaksnes masas, atsperes, energijas generatora un pliismas, ko
apraksta ar vienadojumu (2.29) mijiedarbibas koeficienta vértiba 1.5:

mX =—cx—bX—(1,5)B-H - p[ (V(0.5-0,5-sin(pt)) + X)’ |
-sign{V (0.5-0,5-sin(pt)) + X},
kur m — masa, kg; x — parvietojums, m; X — atrums, m's; ¢ — atsperes stingums, b — lineara

generatora slapéSana; V —plasmas atrums, mst; p- plismu kontrolgjosa harmoniska
lenkiska frekvence; t — laiks, s.

(2.29)

Modelgjot vienadojumu (2.29), plismas vadibu izvelas ka harmoniska atruma V izmainas
funkciju.

0.4
1 | 0.2r

Vn or 7] Vn or
—1F i -0.2r
_9 1 1 1 1 0.4
£0.3-02-01 0 01 0.2 1 IR

—0.1-0.08- 0.06- 0.04-0.02 0

X

2.14. att. Kustiba fazu
plakn& pirms rezonanses.

2.15. att. Rezonanses

X

2.16. att. Kustiba péc

kustiba. Atrums v, (m-s™)

rezonanses. Atrums Vy (M-s™)

Atrums v, (m-s™) pec péc parvietojuma X, (m).

p&c parvietojuma X, (m).
parvietojuma X, (m).

2.2.3. Perforetas plaksnes mijiedarbibas modelis

Lai vienkarSotu analizes aprékinus optimizacijas un sintézes uzdevumiem, Seit tiek
piedavats matematiskais modelis, nenemot véra Skidruma viskozitati, tas tiek pienemts, ka
nesaspiezams, nepartraukta vide. Shematiski modelis paradits 2.17. att€la.

Ap2 =% p-(sinf)?

i S
o

s
1;.'- \\\\\\ﬂﬂ.‘ﬂ\\'—
T
g L
s
wwwwwww
wwwwwww
wwwwww

2.17. att. Spiediena sadalijums taisnstiira sk&rsgriezuma plakanas plaksnes elementam.

Diferenciala forma spiediena puse [54, 55] tiek piemérota lineara impulsa izmainas teoréma,
kas izteikta ka:
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dm, -v-cos(B)=dN, -dt, (2.30)
dm, -v-sin(3)=dN,-dt, (2.31)
dm, =v-cos()-dt-dL,-B- p, (2.32)
dm, =v-sin(4)-dt-dL,-B- p, (2.33)

kur dm;, dm;—elementaras fluida masas ar relativo atrumu V pret slipajam virsmam,;
dN31, dN2 — elementarie impulsu spéki normales virziena pret elementara laukuma virsmam;
S — elementarimpulsa dN; lenkis starp plismu un virsmu; dt—laika moments; dLj, dL; —
virsmas elementargarums; B — platums, kas ir konstants divdimensiju uzdevuma gadijuma;
p — blivums.

No vienadojumiem (2.30 — 2.33) spiedienu perforétas plaksnes sanos var izteikt:
Ap, =V’ - p-(cos(p))
Ap, =VZ- p-(sin(B)) (2.35)

Matematiskaja modelt siikSanas vai vakuuma zona, kas iegiita no plismas simulacijam, ka

2
)

(2.34)

2

ar1 siikSanas spiediens tieSi gar objekta apak$€jo malu neliela slani, tiek uzskatits, par
nemainigu un izteikta ka (sk. 2.2. att.):

Ap, =V p-C, (2.36)
kur C —konstante, ko nosaka eksperimentali vai ar datormodeléSanas palidzibu. C vértiba
mainas no 0 < C < 1 zemskanas atruma pliismai.

Jaunaja matematiskaja modeli mijiedarbibas spéks — IFX, iedarbojas uz kermeni X-ass
virziena (plismas virziena). Izmantojot klasiskas mehanikas likumus IFx plakanai 2D
plaksnei aptuveni izsaka (2.37):

cos(,B)3 +d -sin(,B)3
cos(B)+d-sin(B)
kur d—malu attieciba (d=L,/L;); Hi— perpendikularais Skérsgriezuma augstums pret
plasmu (2.38) (2.17 — 2.18. att.):
H, =L -cos(B)+L,-sin(B), (2.38)

legiitas vienadojumu sakaribas (2.30 —2.38) lauj noteikt pliismas un objekta perforétas

IFx=-B-H-v*-p-|C+ (2.37)

plaksnes mijiedarbibas spekus. Mijiedarbibas modelis ir paradits 2.18. attela.
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Ap2=v-p-(sinp)?

Apl=v-p-(cosp)?
L2

2.18. att. Spiediena sadalijums taisnstiira plakanai perforétai plaksnei Skérsgriezuma, kur
L; — perforéta sprauga.

Nevienadiba spraugas platumam — L3 (2.39):
L >L,-tg(B). (2.39)

Mijiedarbibas speks visai plaksnei parrakstot (2.37) iegiist:

coS [(ﬁ’)]3 +d-sin [(,B)T

cos| (B)]+d-sin[(B)]

kur k — kopgjas elementu skaits starp perforgjumiem.

IFx=-k-B-H,-v*-p-|C+

(2.40)

Atseviski netiek izskatiti specialie gadijumi spraugai ar loti mazu veértibu. Matematiskais
modelis tiek validéts ar eksperimentiem v&a tuneli un datorsimulacijam. Eksperimenti
apstiprina, ka mainoties lenkim S pastav nevienadibas sakariba (2.35) un formulu (2.36) var
izmantot robezas -7 / 4 < [ 4 un noteikta konstantes vidgja vertiba C = 0.065.

2.2.4. 2D perforetas plakanas plaksnes kustibas analizi ar MathCad

Piemérs ar 2D perforétas plaksnes translacijas kustibas analizi MathCad (2.40) — (2.42)
paradits 2.19 —2.21. att€la. Modelis ietver linearu atsperi ar stingrumu C un linearu slap&taju
ar konstanti b. Saskana ar tuvinasanas teoriju relativo mijiedarbibas atrumu Vr izsaka $adi:

V. =(V+v), (2.41)

kur V — plasmas atrums; vV — plaksnes atrums pa x-asi.

Diferencialvienadojums plaksnes kustibai pa X asi ar loti mazu biezumu, kad d =0 ir dots
(2.42):

mX =—Cx—bX—A, (1—a.sign()‘()).p.{c +(cos(ﬁ0))2} .(V + )'()2 [\\; :§| , (2.42)
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kur m, x, X, X — masa, parvietojums, atrums un paatrinajums plaksnei; A0 — kontakta laukuma
vidgjas vertibas parametrs; a— laukuma mainas konstante; p — gaisa blivums; C — vakuma

konstante; Sy — plaksnes lenkis; a-Sign ( X) — laukuma mainas adaptiva kontrole.

4 T T T

um!HHH “l“m““

.

0.025 2 3
Xn ty
2.19. att. Plaksnes 2.20. att. Kustiba fazu plakng. 2.21. att. Jauda uz generatoru
modelis v&ja pliisma. (Power = b-v?) péc laika t.

Modelésana izmantotie parametri: m = 1.56 kg; ¢ = 3061 kg-s'z; b=5 kg-s'l; Ao =0.04 m?;
a=05 C=0.065 V=10m=s™ p=12047kgm?; Bo=n/6. Plasak rezultati izklastiti
publikacija Nr. 11.

2.2.5. Secinajumi par apaksSnodalu

1) Piedavata metode nestacionara cieta kermena un Skidruma mijiedarbibas un kustibu
sint€zes analizei izmantojama specialiem energijas ieguves uzdevumiem no fluida pliismas.

2) Ta ka piedavata metode ir tiri matematiska, ta lauj vienkarSota veida veikt analizes,
optimizacijas un sint€zes uzdevumus Skidruma wun cietas kermena mijiedarbibai
inZeniertehniskam vajadzibam, neizmantojot laiktelpas programmatiiru.

3) Izstradato analitisko modeli var vél vairak paplasinat, veicot aprékinus lidojoSo un nirstosu
robotu sisttmam papildus pasiem energijas iegiiSanas uzdevumiem no Skidruma plismas.

2.3. Formas optimizacija un mijiedarbibas analize simetriskai
prizmai gaisa plisma
Atgriezoties pie (2.1.) vienadojuma mijiedarbibas spéks — FF) ir atkarigs no
aerodinamiska pretestibas koeficients — D, kur§ biitiski vairs nemainas, ja Reinoldsa skaitlis ir
Re >[110% Eq. (2.43) [50, 56],

Vi
u
kur | —raksturigs garuma izmérs; u — skidruma dinamiska viskozitate; V — plismas relativais

, (2.43)

atrums; p — fluida blivums.

Parasti inzeniertehniskajos pétijumos, kad atrums V nemainas ne péc lieluma, ne virziena,

Reinoldsa skaitla diapazons (2.43) (Re>10°; v>0; u—0) lauj izmantot formulu (2.1).
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Nestacionaras kustibas gadijuma formulu (2.1) nevar izmantot, jo pastavigi mainas: kustibas
atrums V, koeficients C4 un Reinoldsa skaitlis Re. Tapat formas optimizacijas uzdevumam
nestacionaras kustibas gadijuma izmantojot telpas un laika programméSanas metodes, ir
nepiecieSams ieguldit daudz laika un darba. Tapéc tiek risinata vienkarSotas metodes izveide
inZeniertehniskajiem aprékiniem, ja: V = const; Re = const; Cy = const. Formas optimizacijas
problémas risindjuma kriterijs biis objekta (frontalas, aizmuguréjas) dalas forma minimala
(vai maksimala) krit€rija vertibas iegtiSana.

Vispirms tiek apskatits stacionars kermenis pliisma ar citu autoru eksperimentalo p&tijumu
rezultatiem par mijiedarbibas speku (Drag sp€ks). Talak apkopotas mijiedarbibas speka
koeficienta vertibas pie dazadam stacionara objekta formam fluida plisma 2.22. att€ls.

O 117 1,55 1,98 _D 2.30
E_._.. 1,20 1,55 &__ 2.00 >_ 220
G_,_“ 1,16 1,16

1,08 % 0% 0.5% 22 %

2.22. att. Aerodinamiska pretestibas koeficients Cy 2D plusma dazadas formas objektiem un
ta izmaina % [51].

Péc 2.22. attela var izdarit secinajumus:

1. Visiem tehniskajiem aprékiniem var uzskatit, ka, [idzigas formas spiediena (kompresijas)
pusé, bet atSkirigas formas iesiikSanas (vakuma) pusé, “Drag” koeficients ir nemainigs (2D
modela precizitate 11dz 2%).

2. Optimizacijas krit€rijam, optimiz€jot dazadas formas, galvena uzmaniba japievers
spiediena zonas formai (visvairak atkariga Cy veértiba) vai mijiedarbibas laukumam A
(pieméram, izmantojot perforétu formu).

3. Gadijumos, kuros nepiecieSams pielikt speku perpendikulari plismai (célejspekam “lift”) ir
jaoptimize arT iestkSanas puses forma.

4. Attiecigi formas optimizacijas krit€riji varétu bit: a) pretestibas vai c€l€j speki; b) vibraciju
slapésana; c¢) ierosmes efektivitate energijas ieguvei no gaisa plismas.

Optimizacijas uzdevumu risinasana ir pieejami plasa analitiska teorija [1, 57 —60].
Galvenais uzdevums ir atrisinat pliismas un objekta mijiedarbibu ar aptuvenam analitiskam
sakaribam. Seit sikak apskatiti divi gadijumi ar izliekta un ieliektas lauztas plaknes Getrstiira
prizmas modeli.
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2.3.1. Izliekts lauztas plaknes Cetrstiira prizmas analitiskais modelis

Pirmais gadijums izliekts lauztas plaknes Cetrstiira prizmas analitiskais modelis, kas
paradits 2.23. attéla. Spiediens frontalajas plaknés pl, p2, p3 var izmantot pliismas kustibas
daudzuma izmainas teorému diferenciala forma (sk. 2.2. apaksnodalu) un speku aprékinat pec
(2.44) vienadojuma:

Pressure rupture edge

i x

H=L4-cos(p4)

Pressure rupture edge pl

2.23. att. Izliekta lauztas plaknes Cetrstlira prizmas modelis: L1, L2, L3, L4 — malu garums;
B1, B2, B3, p4 — frontalie lenki; H — prizmas augstums; “~e — pliismas virziena simbols
uz kermena virsmas gaisa un kermena mijiedarbibas rezultata

Spiediens frontalajas plaknés pl, p2, p3 var izmantot plismas kustibas daudzuma
izmainas teorému diferenciala forma (sk. 2.2. apaks$nodalu) un spéku aprékinat péc (2.44)
vienadojuma:

pL=[V -cos(BD))*-p;  p2=[V -cos(B2)]*- p;

p3=V?.p- [(:03(/33)2 —C12-C23-cos(B2) -sin(B3—- B2)]. (2.44)

kur p1, 52 3 — sanu orientacijas lenki attieciba pret plismu; C12, C23 — konstantes plismas
atruma izmainai gar plismas plaknes Iinijas robezslani lauzuma punktos. Piem&ram, C12 —
C23 =1, kas nozimé, ka atrums lauzuma vieta nemainas un ir tads pats ka visai pliismai
sakuma.

Attiecigi spiedienu p4 siikSanas zona starp abam lauztajam Skautné€m var noteikt ar (2.45)
vienadojumu balstoties uz (Sk. 2.1. un 2.2. apaksnodalu):
p4d=C4-V?.p (2.45)
kur C4 ir konstante, pieméram, C4 = 0.5 (sk. 2.1. apaksnodalu).

Aprekinos janem véra, ka $ts formulas ir piem&rojamas prizmai, kurai ir izliektas virsmas
spiediena zona, piemeéram:
O<ph<m2®, n>p4+p3>0;, p3—-p2>0. (2.46)
Izmantojot (2.44) un (2.45) vienadojumus, var iegiit $adas mijiedarbibas spéku projekcijas
uz x uny asim (2.47), (2.48):
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~Fx=V2.B-p-{L1-[cos(BY] +L2-[cos(52)]
+L3- [(:05(,[33)3 —C12-C23-cos(32)-cos(33)-sin(83- S2)] (2.47)
+L4-C4-cos(p4)};

~Fy=V2.B- p-{LL-[cos(BD)] -sin(p1) + L2-[cos(2)] -sin(52)
+ L3~[cos(ﬂ3)2 -sin(3) — C12-C23-cos(/32)-sin(A3) -sin(S3— 42)] (2.48)
+L4-C4-sin(p4)}.
Analizgjot vai optimiz&jot Sos spekus: FX — pretestibas speks (gar pliismas virzienu), Fy —
celgjspeks (perpendikulars pliismas virzienam), papildus jaievéro $adas geometriskas saites
(2.49), (2.50):
L4-sin(B4) + L3-sin(B3) + L2-sin(£2) — L1-sin(B1) = 0; (2.49)
L4-cos(p4)—L3-cos(B3)—L2-cos(f2)—L1-cos(S1) =0. (2.50)

2.3.2. Ieliekts lauztas plaknes Cetrstiira prizmas analitiskais modelis

Otrais gadijums ieliekts lauztas plaknes Cetrstiira prizmas analitiskais modelis, kas
paradits 2.24. attéla.

¥ Impact edge. Normal
Pressure rupture edge force N3

L Viix Virx
/ J—
H=L4cos(B4) | L4 —4 .
Pressure rupture edge 4 pl L1 —

2.24. att. Ieliekta lauztas plaknes Cetrstiira prizmas modelis: L1, L2, L3, L4 — malu garums;
B1, B2, B3, p4 — frontalie lenki; H — prizmas augstums.

Saja gadijuma uz ieliektas lauzuma malas iedarbojas pliismas trieciena speks N3. Spéks
N3 ir perpendikulars L3 garuma malai, ka paradits 2.24. attela. Saskana ar robezslana gaisa
plismas kustibas daudzuma izmainu, mainot virzienu no malas L2 uz malu L3, tiek iegtts
trieciena speks N3 (2.51):

N3=1L2-B-p-V*-cos(52)-sin(52— 53)-[0.5+0.5-sign(B2 - B3)]. (2.51)
Ieliektas geometrijas gadijuma kriterijs ir kad: sin(52 - 33) > 0.

Attiecigi vienadojumos (2.47), (2.48) minuss zimes dala iet nost, jo §T mijiedarbibas dala
ir Iidzvertiga N3. Ja tomér plismas mijiedarbiba $ada teorétiska spéka nav, pliismai jabut
vienmérigai pa visu virsmu ar garumu L3 (ieteicams iepriek$gjas formulas (2.47), (2.48)
aproksiméet p&c iespejas tuvinatak).
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legiitas attiecibas (2.47), (2.48) lauj analizét mijiedarbibas ar dazadam prizmatiskam formam,

risinot optimizacijas un sintézes uzdevumus.

2.3.3. Formas optimizacijas piemé@rs ¢etrstiiru prizmai ar MatCad
Piemera paradits, ka iegiitas analitiskas sakaribas lauj parametru veida optimizet skidruma
plismas mijiedarbibu. Parametru optimizacijas uzdevuma jaanalizé horizontalais speks FX
(kriterijs) ar ierobezojumiem, ka minéts vienadojumos (2.49 — 2.51). Dotas malas L2 un L3 ir
vienadas ar augstumu H = konstants un g1 =0. Parametri V, p, B - palieck nemainigi.
Optimizacijas rezultati (maksimalais, minimalais) K (52) = Fx/ (V2 - p - L2) paraditi 2.25. un
2.26. attela dazadam C12, C23 vértibam.

100 100
80 80
E. 180 E-lBO
L 60 60
30 30
""" 40 S 40
75 75
o 20 _ 20
0 0
1 12 14 16 18 11 12 13 1.4 15 16
K(p2) K(p2)
2.25. att. Cetrstiira prizmas optimizacijas 2.26. att. Cetrstiira prizmas optimizacijas
rezultati, pirmais kriterijs: K (52) — rezultati, otrais kriterijs: K (52) —
pretestibas koeficients paraléli plismai; pretestibas koeficients paraléli plismai;
Cl2=C23=1. Cl2=C23=0.5.

2.3.4. Formas optimizacijas piemeérs diskveida formas mainas plaksnei ar MatCad

Plakanas diskveida formas mainas plaksnes piemérs ar parametru optimizaciju [1]
energijas iegliSanai no pliismas. Formas maina tiek realizéta, mainot perforéjumu laukumu uz

plaknes virsmas, modelis paradits 2.27. attela.

arccos[cos(w0-t)]

Vadiba =1+
V4
2 T
Vadiba,1.5F -
1
0 0.5 1
tn
2.27. att. Diskveida formas mainas modelis: 2.28. att. Diska laukuma mainas
V — plasmas atrums; -b-vx — spéks no kontrolésanas vadiba.

generatora; -C-X — atsperes speks; rotgjosa
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diska lenkiskais atrums.

Apskatita sisttma sastav: no diviem koncentriskiem aplveida diskiem, kas savienoti
centrd; atsperes; lineara generatora plisma VO =10 m-'s™. Virsgja diskveida plaksne brivi
griezas virs otra (kas negriezas), abam plaksném ir vienads laukums un parmainus tiek
atveti / aizverti perforéjumi péc vadibas kontroles, ka paradits 2.28. attéla.
Kustibas diferencialvienadojums diskveida plaksnes kustibai (2.52):

m-X =—c-x—[F0-sign(x)—b-x]+
+(1+C)- % :[acos[cos(w0-1)]+ 7 |- p- (V0 - X)*-sign(-V 0 - X), (2:52)
kur c—lineara atsperes stingums, FO un b—lineara generatora slapéSanas Kkonstantes,
(1 +C) — spiediena un sukSanas puSu mijiedarbibas koeficients, VO — plismas atrums, w0 —
harmonikas vadibas lenkiska frekvence, A — nemainigs laukums, p — gaisa blivums, sign — +1
vai —1.

Parametriskas optimizacijas uzdevums ir atrast kombinaciju septinu parametru
( m,c,FO0,b, w0, AVO ) telpa ar dotajam konstantém, lai iegiitu no plismas maksimalo jaudu.

Seit apskatita tris parametru kombinacija ( m,c,»0 ) optimalas vértibas noteiktas tuvu

rezonansei @0=+/c-m™.: Kustibas analize 2D telpa $im gadfjumam paradita 2.29.—
2.30. attela.

1 1

0.5 0.75

Atrums, 0 Jauda, 0.5
-05 0.25

_}0.2 -0.17 -0.14 -0.11 -0.08 0

Parvietojums;, ty

2.29. att. Kustiba fazu plakné: X — plaksnes 2.30. att. Jauda plaksnes modelim, kad
parvietojums; V — plaksnes atrums pliismas atrums VO = 10 m-s™;
A=02-02m; 00=4rs",

2.3.5. Secinajumi par apaks$nodalu

1) Turpinats attistit ieprieks izstradato analitisko metodi fluida un objekta mijiedarbibas speku
noteikSanai ieliektai formai.

2) No iegiitajiem rezultatiem var secinat, ka fluida un kermena mijiedarbibas uzdevuma
aprékinos veidojas konstants spiediens plismas iesiikSanas zonas robezslani pie neliela
plusmas (gaisa) atruma.

3) Spiediens siiksanas zona gar robezslani nav atkarigs no objekta formas, ka to apliecina
plusmas simulacijas, Sis pienémums ir speka tikai ar mazu Skidruma plismas atrumu.
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4) Pastav butiskas atSkiribas mijiedarbibas spékos starp izliektam un ieliektam objektu
formam. Ieliektas formas nedrikst tuvinat ar lidzenam virsmam, jo plismas iepliidé papildus
veidojas lokalie speki.

5) Formas optimizacijas kritérijiem lielaka ietekme ir spiediena zonas formai. Lai iegutu
plusmas perpendikularu mijiedarbibas speku (c€l&jspeku), ir jaoptimize ari iesiikSanas puses
(vakuma) forma.

6) Piedavato metodi var attiecinat uz nestacionaru mijiedarbibu, mainoties frontalajam
laukumam un mainoties relativajam plismas atrumam.

2.4 Energijas ieguves optimizacija noteiktas geometriskas
formas prizmam no gaisa plusmas

Saja promocijas zinatnisko publikaciju darba kopas apaksnodala tiek pétiti tris iesp&jamie
Skidruma un cieta kermena mijiedarbibas gadijumi: stacionars nekustigs kermenis gaisa,
nestacionars kermenis gaisa un nestacionars kermenis gaisa plisma. Tiek piedavata
vienkarSota pieeja mijiedarbibas fenomena pétiSanai, izmantojot vienkarSotu fluida (gaisa)
dalinu un cietd kermena mijiedarbibas matematisko modeli ar kustibas daudzuma izmainas
likumu. Modeli, kura netiek nemta véra fluida (gaisa) viskozitate, bet netiesa veida ta paradas
no skaitliskajiem eksperimentiem konstantes C vieda. Apaksnodalas beigas piedavata metode
tiek izmantota energijas ieguves sint€zes un optimizacijas uzdevumos, nemot véra mainiga
parametra ietekmi uz prizmas kustibu gaisa plisma. Matematiskais modelis ir aprakstits
noteiktas geometriskas formas prizmas gadijumiem 2.3 1. attéls.

Salidzinot loti mazu gaisa elementu spiediena zona, tiek izmantota kustibas daudzuma
izmainas teoréma diferenciala forma. Saskana ar iepriek§ mingto principu (superpozicijas
princips), nemot véra nl normales laukuma projekciju pirms un péc sadursmém (Skidruma un
kermena mijiedarbiba), ieglist Brauna vienadojumu (2.53): mijiedarbibai ar prizmu:

m10-VB1 - (-m10-VB1) = —N1-dt,
ml10=VB1-dt-dL1-B- p,
dL1-B
kur m10 — Brauna mijiedarbibas masa; VB1 — vid&jais gaisa normales atrums spiediena zona;

(2.53)
p

N1 —normales speks mazam elementam no gaisa; dt-— laika solis; dL1 — apskatita maza
elementa platums; B — prizmas augstums perpendikulari kustibas plaknei; p — gaisa blivums;
p10 — atmosferas spiediens spiediena zona.
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a)  Suction zone, downstream Upstream, pressing zone

[t S R e e e ettt 1

e, e, e i ]

Brownian motion + “wind”

Brownian motion

2.31. att. Prizmas modelis: a) argja relativa pliisma ap prizmu pie loti maziem pliismas
atrumiem; b) [éna prizmas kustiba bezveja; c) Gaisa mijiedarbibas modelis ar stacionaru
prizmu.

No prizmas v&ja puses gaisa mijiedarbibas (spiediena puse) (2.54):
ml-v-cos(f1) —0=—-AN1.dt,
ml=v-cos(f1)-dt-dL1-B- p,
an
T dl B’
kur ml — prizmas un gaisa mijiedarbibas robezslana masa; vV — prizmas atrums; £1 — lenkis

(2.54)
Apl

starp atrumu vV un normali nl; AN1 — papildu normalspéks, kas darbojas uz prizmu; Apl —
spiediena pieaugums spiediena zona.

No sesu vienadojumu (2.53), (2.54) sisteémas ir iesp&jams atrast sesus nezinamos. Diviem
nezinamajiem ir papildus jaatrisina (2.55), (2.56):
pl0=2-VB1®- p-dt, (2.55)
Apl= p-dt-v? -[cos(BD]%. (2.56)
Attiecigi ir iesp&jams pielietot vienadojumus (2.43) — (2.56) stkSanas zona (vakuma pusg).
Tomér uzdevums ir nedaudz sarezgits ar kustibas daudzuma diferencialiem siikSanas zona:
nav skaidrs, ka vienkarSot vienadojumus diferenciala forma. Tapéc tiek ierosinats izmantot
vienu vai otru hipotézi. Hipotéze japarbauda eksperimentali vai izmantojot datoru
lietojumprogrammas.
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2.4.1. Izvirzitas hipotézes uzdevuma vienkarsosanai

Pirma hipoteéze. lestikSanas zona spiediena samazinajums Ap21 visa virsma ir nemainigs un
proporcionals atruma v kvadratam.
No ka izriet:
Ap2l=—p-C1-v2, (2.57)
p20=2-VB22. p-dt; (2.58)
kur C1 — konstante, kas atrasta saskana ar eksperimentalo vai skaitlisko modelésanu; VB2 —
vid€jais normalais gaisa atrums siikSanas zona

Otra hipoteéze. SiikSanas zonas spiediena samazinajuma Ap22 visa virsma nav konstants,
bet ir proporcionala atruma v kvadratam, un tas ir atkariga ar1 no virsmas laukuma normala n2
un ar1 novietojuma lenka 42, tadgjadi iegiistot (2.59), (2.60):

Ap22=—p-C2-v?.cos(52), (2.59)
p20=2-VB?. p.dt, (2.60)
kur C2 ir otra konstante, kas atrodama tapat ka C1.

legiitas diferencialas attiecibas (2.55) — (2.60) var izmantot inZeniertehniskas analizes un
sintézes uzdevumos zemu atrumu diapazona. Lai to izdartu, jaizmanto dotas konfiguracijas
prizmas parametri kopa ar objekta virsmas integralo vienadojumu risinajumu.

Praktiskiem inZeniertehniskiem aprékiniem ieteicams izmantot VB1 = VB2 zema atruma
v<<VB1 un v<<VB2 diapazoniem. Tad p01 =p02 =p0, kur pO ir vidgjais atmosferas
spiediens ap doto prizmu.

2.4.2. Stacionars kermenis (prizma) gaisa plisma

Aplikojot gaisa plismas mijiedarbibas fenomenu ar stacionaru prizmu (2.31. att. ¢)).
Mijiedarbibas process varétu but atskirigs, ka minéts ieprieks objektam translacijas kustiba.
Tas notiek tapéc, ka gaisa dalinam ir papildu atrums un papildu kinétiska energija. Tomér,
nemot v&ra mijiedarbibas jédzienu relativa kustiba, ieprieks iegiitas formulas (2.55) — (2.60)
var p&c tam izmantot inzeniertehniskajos aprékinos, kur v ir gaisa plismas atrums.

2.4.3. Kustigs kermenis (prizma) gaisa plisma

Divos ieprieks apskatitajos prizmas kustibas gadijumos (t.i., prizmas taisna kustiba
nekustigd gaisa un fiks€ta prizma gaisa pliisma) ir iesp&jams formulét kustigas prizmas
mijiedarbibu kustiga gaisa plisma (2.32. att.).
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ipd

2.32. att. Kustigas prizmas modelis gaisa plisma

Ir japarrékina relativais kustibas atruma Vr vektors spiediena zona, nosakot lenki y
elementarajam paralelogramam ar normalo virzienu nl un n2 (2.32. att.). Uzzimgjot vektorus
V un VO uz x un y astm, iegiist (2.61), (2.62):

Vr = (V0 cos(a) —V)? + (-V0-sin(a))?, (2.61)
-V0-cos(ex) -V
J(V0-cos(ar) ~V)? + (-V0-sin())?

kur Vr —relativa atruma modulis; VO —vé&ja atrums ka vektors; V —prizmas linearas

cos(y) =

(2.62)

translacijas kustibas atrums ka vektors un a ir VO plasmas lenkis (2.25. att.).

Izmantojot iegiitas attiecibas (2.55) — (2.60), inZenieriem ir iesp&jams atrisinat dazadus
Skidruma (gaisa) un prizmas kustibas tehniskos uzdevumus. Pieméram, ir iesp&jams veikt
kustibu analizes uzdevumus, kur var ieglit gaisa plismas pretestibas spekus. Tas ir vél
svarigak, lai atrisinatu problémas, kas saistitas ar energijas ieguvi no Skidruma (gaisa)
plismas. Var izdarit secindjums, ka abas hipotézes ar (C1l, C2) piepildas, jo spiediens
stukSanas zona visas vietas ir aptuveni vienads un savukart spiediena zona dazadas vietgjas
vietas spiediens ir at$kirigs (2.2. att€ls) un no 2.1. apaks$nodalas rezultatiem C = 0.5.

2.4.4. Trissturveida prizmas optimizéSana translacijas kustiba gaisa plisma

Kustibas modelis ar noteiktu garumu un lenkiem ir paradits 2.33. attéla. kur R ir argjie

speki un M Z(e) moments, nodrosinot trisstiira prizmas taisnu translacijas kustibu.

2.33. att. Trisstiirveida prizmas kustiba v&ja virziena Vr // V /I x.
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Optimizacijas uzdevumam vajadzétu noteikt prizmas bremzéSanas atrumu V, Kkas
nodroS$ina maksimalu jaudu mehatroniskaja sistéma. Kustibas diferencialvienadojums (2.63):
m-Xx=—(V0-V)2.C0+Q. (2.63)
Seit, C0=B- p- [ (cos(AD)? - L1+C2- (cos(B21))? - L21+C2- (cos(522))? |- L2,

kur m — prizmas masa; X — ierobeZots paatrinajums pa X asi; Q — bremzés$anas speks.

Seko optimizacijas uzdevums, kur dotajiem kustibas parametriem CO, m stacionara
kustiba, ja paatrindgjums ir nulle ( X =0). Prizmas bremzéSanas spéks Q mehatroniskaja
sistéma jaatrod ar maksimalo jaudu P, ko rada gaisa plismas speks.

Saja gadijuma, bez papildu ierobeZojumiem, ir viens optimalais risinajums, kas dots (2.64):

v_Yvo F,=4-co-vo3’ Q=4-co-vo3_ (2.64)
3 27 9

Ka var secinat no (2.64) vienadojuma (ja mainas plismas atrums V0) realai sisteémai
nepiecieSama mehatroniska sp€ka vadibas Q sistéma.

Spicas trijstiirveida prizmas kustiba vertikalaja plakné.

Apskatita asa prizma (kad pret plismu vérstas virsotnes iekS€jais lenkis ir loti mazs)
kustiba vertikala plakng, kad lenki ir vienadi 22 = 21 = 1 (2.34. att).

Saskana ar ieprick§min&to pirma modela teoriju (izmantojot konstanti C1) asas prizmas
kustibu vertikala plakné raksturo diferencialvienadojumi (2.65), (2.66):

m-X=—p-L-B-(X-sin(a) - y-cos(oc))2 -(1+C1)-sin(ax)
-sign(x-sin(a) -y -cos(ax)) - sin(x)],
m-§=[p-L-B-(X-sin(e) - y-cos(a))? - (1+Cl)-sin(c)
-sign(x-sin(a) — y - cos(x)) - cos(e)] —m- g,

(2.65)

(2.66)

kur X un y ir paatrinajuma projekcijas; a — lenkis starp parasto un vertikalo virzienu; sign ir

+ 1, atkariba no funkcijas iekavas; g — brivas kriSanas paatrinajums.

legiitie vienadojumi lauj atrisinat analitiskas un parametriskas optimizacijas problémas
dotaja nestacionara kustibas gadijuma. Turklat jaatzimé, ka §1 kustiba ir tuvu putna planésSanai
val nirSanas kustibai gaisa. Plané€Sanas kustibas aprékina piemérs paradits zemak. 2.34. —
2.37. att€la. Visi parametri doti SI sisttma p=1.25;L-B=0.04;m-g=2;C1=0.5a=7/4.

100 ~ 7

e 0 4

— Vo,

100+ 1. —_

veen 2100 ¥ 2

W0 -0 -0 0 %2 2 6 5 w0
% t
2.34. att. Masas centra kustibas trajektorija 2.35. att. Atruma projekcija uz prizmas
vertikala plakn€, sakum koordinatas normali.

(x,y) = (0, + 100).
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2.36. att. Gaisa mijiedarbibas frontalais speks. 2.37. att. Kopgjais prizmas paatrinajums ar

kritienu un plan&$anu. Attela redzams, ka
viskozie speki, kas minéti raksta sakuma,
netiek nemti vera.

legiitie modeléSanas rezultati apliecina, ka atruma projekcija perpendikulari asai prizmai
sasniedz terminala atruma vertibu un turpmak nemainas. Tomér S$aja virziena nav
paatrinajuma komponenta. Attiecigi paatrinagjums tangentes virziena klist nemainigs, bet
atruma komponents ar laiku palielinas lineari. Tas nozimé, ka, lietojot praksg, ir jaieveéro gaisa
viskozitate, vai jaizmanto reala prizma ar neasu priek$€jo virsmu.

2.4.5. Energijas ieguves sintézes un optimizacijas uzdevums

Dotas probléemas aprakstam tiek izmantota iepriekS iegiita sakariba asai trisstlirveida
prizmai 1, kuras kustiba ir vérsta pret v&ja plismu 2 (2.38. att.). Kustiba notiek pa X asi lenkt
a pret plusmu. Apskatits gadijums, kad prizma ir piestiprinata pie pamatnes ar elastigu atsperi
3. Energiju iegist ar elektrodinamisko slap&sanas sisttmu 4. Saskana ar izteiksmi (2.63),
kustibas diferencialvienadojums ir (2.67):

m-X=—f(x)—-D(X)—A-p-(VO-cos(f—a) +
+%-c0s())? - sign(V0-cos(B — a) + X - cos(3)?,
kur f(x) —atsperes raksturojums; D(X) — elektrodinamisko slap&$anas sistémas speks; A —

(2.67)

spiediena zonas prizmas laukums, ka ieprieks: A=L - B.

[ B]

h
g %/\ >!//\
2.38. att. Energijas ieguves modela darba princips, izmantojot gaisa — kermena (asu trisstiirveida

prizmu — 1) mijiedarbibu ar v&ja plismu — 2, elastigo atsperi — 3 un elektrodinamisko slap&sanas
sistemu — 4.

A

Ieprieks iegiitais vienadojums (2.67) lauj atrisinat visa veida analitiskas, optimizacijas un
sint€zes problémas, ja tiek formul&ts kriterijs ar noteiktajiem sistémas un vadibas parametru

ierobezojumiem.
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Piem@ram, més atrisinam sint€zes problému, kur laukums — A var mainities, izmantojot
perforétu plaksni. Nemot veéra linearas atsperes gadijumu un linearu elektrodinamisko bremzu
sist€ému vienadojumu (2.67) izsaka ka (2.68):
m-X=—c-X—b(X)-X— A(X,X,t) - p(V0-cos(S — ) + X - cos(3))?
-sign(V 0- cos(B — a) + X - cos(B)?,
kur c—atsperes elastiba; b(X) — elektrodinamiskas slapéSanas sistémas vadibas spéeks;

(2.68)

A( X,X,t ) —apgabala variacijas kontroles darbiba atkariba no sintézes uzdevuma atruma,

koordinates un laika.

Energijas optimizacijas uzdevuma jaanalizé elektrodinamiskas sistémas jauda P (2.69):
P =d(x)-x2. (2.69)

2.4.6. Modelesanas rezultati un secinajumi prizmai ar mainamu laukumu gaisa plisma

Apskatits gadijums energijas ieguvei no pliismas, ja laukums mainas uzreiz, atverot vai
aizverot perforaciju. Pienemsim vienkar$ako v&ja plusmas virzienu paral€li prizmas kustibas
asij a = 0 un ar optimalo lenki = 0 (2.38. att.). Kustibas diferencialvienadojums ir (2.70):

m-X=—-C-Xx—b-Xx—(1+C1)-A-(a0—al-sign(x +Av))
- p(V0+ %)% - sign(-V0-x),
kur b, C1, a0, a1, Av ir konstantes.

(2.70)

Vienadojums (2.70) jaatrisina skaitliski, energijas ieguves efektivitati novertgjot pec
(2.69), kur kriterijs ir jauda.

Zemak ir paradits plaksnes modeléSanas piemérs, kura tiek izmantotas SI sist€mas
mérvienibas. legltie rezultati paraditi 2.39.—2.42. att€la, modelgjot ar parametriem:
m=0.5kg; c=80kg-sec? b=05kgsec’; CL=0.5 A=0.04m% a0=0.75; al=0.25;
Av=05msect; p=1.25kgm? V0 =10msec™.

Dl 1 T T T T
1_ -
0
% Va0 8
-0l
—1F -
-02 - I 1 | ]
0 2 4 6 8 10 ““0 2 1 & 1§ 10
[f_ [f
2.39. att. Mainiga laukuma prizmas 2.40. att. Mainiga laukuma prizmas atrums péc
parvietojums péc laika. laika.
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2.41. att. Kustiba fazu plakné. 2.42. att. Sarazota jauda laika intervala.

No attéliem no 2.32. — 2.36. att€liem var izdarit $adus secinajumus:

1. Aerodinamiskaja sistéma ir iesp&jams ierosinat stabilu svarstibu kustibu, mainot perforétas
plaksnes mijiedarbibas laukumu.

2. perforaciju atvérSanu un aizverSanu var vadit ar mehatronisku sist€ému.

3. Ir otra mehatroniska sistéma energijas generé$anai, kas samazina svarstibu atrumu un razo
energiju.

2.5. Secinajumi par nodalu

1. Saja darba ir izstradata jauna metode aptuvenas plismas un nekustigas kermena
mijiedarbibas aprékinasSanai: kustigam kermenim ar mazu gaisa pliismas atrumu, nekustigam
kermenim gaisa pliisma un kustigai prizmai gaisa plisma. Tiek pienemts, ka Skidruma pliisma
ir laminara, Skidrums ir nesaspiezams un fluida viskozitate netiek nemta véra matematiskaja
modeléSana, bet ka alternativa tiek izmantots mijiedarbibas koeficients (konstante), kas
apskatits 2.1. apaksnodala no pie skaitliskas simulacijas rezultatiem.

2. Tiek ieguts stabils rezultats energijas ieguvei ar mainiga laukuma prizmam (2.41. att.). Lai
ar1 iegiita jauda ir maza, piedavata teorija (superpozicijas princips) palidz identificét c€loni un
dod iespgju stradat pie efektivitates uzlaboSanas. Ierosinatais princips izskaidro viegli
saprotama un tiesa veida matematisko bitibu. Tika konstatéts, ka alternativa pieeja cieta
kermena un fluida (gaisa) mijiedarbibas paradibas energijas ieguves aprékinasana, izmantojot
vienkarSu matematisko modeli, ir praktiski pielietojama, neizmantojot tradicionalas CFD
virpula izraisitas vibraciju metodes.

3. Promocijas zinatnisko publikaciju kopas darba izstradata metode palidz vienkarSoti veikt
analizes, optimizacijas un sint€zes uzdevumus objektu mijiedarbibai ar $kidrumiem objektam
translacijas kustiba. nemot veéra tikai kermena un $kidruma mijiedarbibas koeficientu. Teoriju
var attiecinat uz jebkuras sarezgitibas kermena Skidruma mijiedarbibu, ja tas paredzéts
matematiska rakstura darbibam.
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3. CITI FLUIDA DINAMIKAS PETIJUMI

Pieprasijums péc autonomam efektivam borta energijas iericem musdienas ir loti liels,
pasi veicot uzdevumu bezpilota iekartas, kur energijas iegiiSana no vides ir kritiski svariga.
Autonomiem transportlidzekliem, kas parvietojas ar skidruma palidzibu, ir iesp&jas izmantot
dazadus energijas ieguves panémienus, apvienojot tos, ar kustibas nodroSinasanas piedzinas
mehanismu. Seit promocijas darba zinatnisko publikaciju kopas 3. dalas pirmajas divas
apakSnodalas tiek apskatita zivs astes darbibas principa piedzina ar plaknes
loci$nos / vibrésanu kustibas nodroSinasanai. Elastigas laukuma mainas tipa vibrgjosa (astes
vai sparnu) strukttira ir labaka, lai palielinatu energijas efektivitati, salidzinot ar fikséta
laukuma tipa konstrukcijam, tacu $adas elastigas struktiiras galvenais trikums ir tads, ka to
ietekmé dota $kidruma viskoza daba. Sis p&tijums vérsts uz jaunas pieejas izstradi energijas
ieguvei borta resursu akumulatora papildinaSanai no apkartgja vides. Merkis ir izveidot
autonomu transportlidzekli, izmantojot strukttiras vibracijas ar mainigu laukumu (perforéta
plaksne, ka astes spura). Robotizetas zivis ir konstrugtas ta, lai astes spuras parvietojoties
izmanto tdeni, bet uzlades laika ve&r§ asti ara no iGidens gaisa plisma. Tiek samazinats
nepiecieSamo akumulatoru novieto$anas daudzums, samazinot svaru un telpu. Lidz ar to
paradas ari negativie aspekti, javeic daudz energijas atjaunoSanas etapu, lai veiktu uzladi
patér&jot vairak laika misijas veikSanai. Visi procesu raksturojosie vienadojumi tiek veidoti
saskana ar klasiskajiem mehanikas likumiem, plasak par pétijumu, publikacijas Nr. 2, 25.
Papildus pie §1s zinatnisko publikaciju kopas sadalas jaatzime darbs pie Fransisa turbinas tipa
energétiskas iekartas, pliismas izraisitas vibraciju un to radito efektu dazados darba rezimos
izp&tes, par ko vairak publikacija Nr. 13.

Promocijas darba zinatnisko publikaciju kopas 3. dalas treSaja apaksnodala analiz&ta
dubultplaksnes svarstibu kustiba vertikalaja plakng, mijiedarbojoties ar flutda (gaisa) plismu.
Modelis sastav no divam plaksném, kas savstarp&ji savienotas ar rotacijas Sarniru un viena no
tam pievienota pie pamatnes arl ar rotacijas Sarntru. Apskatits gadijums, kad fluids plist
horizontala virziena, bet plaksnes parvietojas ap Sarniriem vertikala plakngé. Veikts
eksperiments v&ja tuneli pie dazadiem plismas atrumiem, pec ta analizes izveidots
analitiskais modelis. Tiek pienemts, ka Skidruma pliisma ir laminara. PlakS$nu mijiedarbiba ar
plismu apraksta, ka lokalizétu dalinu mijiedarbibu ar plaksném, izmantojot masas centra un
rotacijas momenta izmainas teorému mehaniskai sisteémai. Tiek pétita sistéma ar divam
brivibas pakapeém. Mijiedarbiba ar skidrumu tiek tuvinata ar kvadratisku sakaribu plismas
relativajam atrumam, nemot veéra kustibas virzienu. legiito vienadojumu sistému izmanto
kustibas simuléSanai publikacija Nr. 18.

Promocijas darba zinatnisko publikaciju kopas 3. dalas pédgja ceturtaja apakSnodala
veiktas tidens pretestibas simulacijas motorizeta SUP (Stand Up Paddle) d€la piedzinas spuras
tdens iepliides/izpludes kanala konstrukcijai. Piedzinas spura ir piestiprinata pie déla un
fiks€jas ar standarta mehanismu. SkaitloSana tika veikta, izmantojot SolidWorks Flow
Simulation programmatiiru ar mérki pilnveidot piedzinas spuras spiediena zonas formu ar
minimalu pretestibas speku no Skidruma plismas un, iesp&ams, lielaku ieplides atruma
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attiecibu. ModeléSanas rezultati paradija, ka spiediena zonas forma rada ievérojamu frontalo
pretestibu, aprékini paradija, ka malu noapaloSana nodrosingja 35% no pretestibas koeficienta
samazinajuma, bet turpmaka pilnveidoSana samazinaja to, lidz papildu 10%, publikacija
Nr. 23.

3.1. Mainiga laukuma cieta kermena struktiiras vibracijas Skidruma
energijas ieguvei

Autonomas robotizetas zivs iekartas darbibas princips paradits 3.1. un 3.2. attéla.

=
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— < -

2 4 3

3.1. att. Autonoma zemiidens transportlidzekla (AZT) darbibas un kustibas trajektorija: 1 —
akumulatora uzlades vai apmainas stacija (sausais doks); 2 — akumulatora uzlades vai
apmainas stacija (zemidens); 3 — zivs korpuss; 4 — perforé&ta astes spura.

Wind flow

. 2 o

Water flow

v

3.2. att. AZT baroSanas bloku uzlades sisteéma bez dokiem: 1 — uzlades sistéma, izmantojot
astes svarstisanos veja plisma. 2, 3 — uzlades sist€ma, izmantojot astes svarstibas paraléli un
perpendikulari tidens pliismai (nakotnes koncepcija).

3.1.1. Astes spuras translacijas kustibas sistema ar linearu atsperi

Robotizetas zivs perforétas plaksnes astes modelis paradits 3.3. attéla. Plaksnes vai astes
spura ar platumu B un garumu L pienemot, ka sist€émai ir viena brivibas pakape, ja perforéta
plaksne attieciba pret v&ju (fluida plismu) ir lenki o; un stieni 1 un 2 lenkd ¢, kas versti pret
v€ja virzienu. Lai nodroSinatu efektivu grieSanos gar z asi, izmanto linearu atsperi ar
stingrumu c. Elektrogenerators, kas paredzets energijas iegiSanai, ir novietots uz z — ass.
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3.3. att. Vibrejosa perforéta astes spura ar linearu atsperes modeli: 1, 2 — divi vienada garuma
stieni; 3 — trisdimensiju Skérsstienis XY un YZ plaknés; 4 — perforéta plaksne ar platumu B un
garumu L; 5 — v@rpes atspere ar rotacijas stingrumu C; 6 — elektrogenerators.

Vgja plusmas mijiedarbibas spekus Q var aprékinat péc aptuveniem aprékiniem saskana ar
mehanikas teoriju (3.1):
Q=B-L-MCP-p(1+C)[Vsin(a)—-w-r-cos(x —(0)]2 sign[V sin(@) —w-r-cos(a—¢)], (3.1)
kur B —plaksnes platums; L —garums; MCP — perforétas plaksnes mehatroniskas vadibas
funkcija; p — fluida (gaisa) blivums; V — v&ja atrums; o — plaksnes lenkis attieciba pret veju;
r—stienu 1 un 2 garums; ¢ —stienu 1 un 2 lenkis; @ —stienu 1 un 2 lenkiskais atrums; C —
plismas mijiedarbibas konstante.

Vienadojumu (3.1) palidz saprast astes spuras sistéma x-y plakné. Aprékina astes spuras
un Skidruma plusmas relativa atruma projekciju pa normali n (3.4. att.). Relativa atruma
projekcija ir atkariga no plismas atruma vektora V virziena un lieluma, ka arT no spuras
plaknes parvietosanas atruma VO=w -r (3.4.att.). Saskana ar mehanikas teoriju,
mijiedarbibas komponentus, kas ir paral€li spuras plaknes 7 asij, var nenemt veéra; tadejadi aiz
astes spuras mijiedarbibas komponentus raksturo nemainigs C (3.1), (sk. Ieprieksgjo
2.2. apaks$nodalu).
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3.4. att. Sanu skats x-y plakng perfor€tas astes spuras modelim

Dotajai elektromehaniskajai (mehatroniskajai) sist€mai (3.4. att.) ar vienu brivibas pakapi
kustibas diferencialvienadojums ir:

Jz-p=-Q-r-cos(p—a)—c(p—90)—b-w, (3.2)
kur Jz —konstante, kas ietver sistémas elementu masas un inerces momentus kinétiskas
energijas izteiksmé. ¢ —stienu 1, 2 vai generatora 6 lenkiskais paatrinajums; C — linearas
veérpes atsperes stingums, @0 — neitralais atsperes pagrieziena lenkis, b — generatora linearas
mijiedarbibas koeficients, @ — generatora vai stienu 1 un 2 lenkiskais atrums.

MCP laukuma mainas vadibas funkcija izveléta $ada (3.3):

MPC =C1+C2-sign(w—A), (3.3)
kur C1, C2 —pozitivas konstantes, vienmér mazakas par 1 un C1>C2, A—mazi lenkiska
atruma parametri, kas svarstas starp +1 vai -1.

Vienadojums (3.2) ir nelinears, un ta risinajums jamekle skaitliska forma. Turklat
jaatzimeé, ka vienadojuma ir daudz parametru, kuru vertibas biitu ieteicams optimizéet
energoefektivitates uzlaboSanai.

3.1.2. Astes spura ar linearu atsperi translacijas kustibas 2D modelé$ana

Skaitliskai modeléSanai tika izv€l&ta neliela plaksne ar izmériem L = 0,25 mun B =0,4 m,
lai parbauditu apskatamas sist€mas veiktsp&ju. Tika pienemts, ka v€ja plismas atrums ir
konstants V=10 m's' !, Attiecigi apgabala mainas mehatroniskie parametri: C1=0. 55,
C2=045, A=01rad. Stienu 1 un 2 garumi un atsperes stingrums: r=0.25m,
¢ =40 N'-m-rad™. Pargjie parametri: ¢0=7n/2rad, a=mn/2rad, b=0.4 N-ms?t C=0.5,
p=125kgm>.

Grafikos paradita linearas atsperes funkcijas sistémas kustibas raksturs.
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3.5. att. Kustiba fazu plakné 3.6. att. Generatora momentana jauda.

3.1.3. Astes spuras plaknes rotacijas kustibas sistema ar nelinearu atsperi
Modelis sastav no Iidzigas perforétas plaksnes (astes spuras) ar platumu B un garumu L.
Plaksnei ir viena brivibas pakape ar lenki ¢. Ta var pagriezties ap fiksétu asi z. Nelinearas
atsperes modelis 3.7. attéla.
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3.7. att. Vibrgjosas astes plaknes spuras modelis ar nelinearu atsperi.

Saskana ar klasiskas mehanikas likumiem v&ja mijiedarbibas spéka moments Mz pret
rotacijas asi Z izsaka vienadojums (3.4):
L
Mz =B-MCP- p-(1+C)- [ [(V sin(p)~¢ )" ¢-d¢-sign(V sin(p) — £ o) ; 4)(
kur &—plaksnes maza kvadrata radiala koordinata, d¢— koordinatas diferencialis (3.7. att.).
pargjie parametri vienadojuma (3.4) ir tadi pasi ka ieprieksgja (3.1) & (3.2). Seit japiebilst, ka
maziem atrumiem V relattva atruma virziens vienadojuma (3.4) var mainities un varigjot no
+1 lidz -1.

Nemot pozittvu vertibu, iegiist vienadojumu (3.5):

4. 02 3.V si L V2 [sin()]’
MZ—B-MCP-p-(1+C)[L o 2L v;m(qo)w+ [2 ()] } (35)
Saja gadfjuma perforétas plaksnes kustibas diferencialvienadojums ir:
Jz-p=Mz—-c(p)-b-w, (3.6)
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kur c(p) — vérpes atsperes nelinearais griezes moments. Pargjas vértibas vienadojuma (3.6) ir
tadas pasas, ka iepriek§ mingtas. Saja pétfjuma tika izmantota dalgja lineara vérpes atspere,
kurai ir $adas 1pasibas:

~C(¢) = —¢(p—¢0) —¢- K(p - 90)-[0.5-0.5sign(p — ¢0) ], (3.7)

kur K ir atsperes nelinearitates konstante.

Saskana ar (3.6) un (3.7) vienadojumiem perforétas plaksnes rotacijas kustiba fazes plakné
ar K =10 paradita 3.8. attela. Tapat griezes momenta likne ir paradita 3.9. attéla. Plaksnes
malas relativa atruma Vr projekcijas vertiba pret normali ir:

Vr =Vsin(p)-L-w. (3.8)

Saskana ar veértibu no (3.5) vienadojuma, atrastai no integrala (3.4) vienadojuma,
projekcijai (3.8) vienadojuma jabut pozitivai:

Vr=Vsin(p)—L-@.>0 (3.9)

3.1.4. Astes spura rotacijas kustiba ar nelinearu atsperi 2D modeleSana
Saja skaitliskas modelé$anas pieméra, tapat ka (3.9) vienadojuma, izpildas nevienlidzibas

nosacijums, ka tas redzams 3.10. atte€la. Rotacijas modela grafiskas analizes beigas, redzama

elektriska generatora momentano jaudu (3.11. att.).
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3.8. att. Perfor&tas plaksnes rotacijas 3.9. att. Rotacijas atsperes nelinearais griezes
kustiba fazu plakné ar K = 10. moments.
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ka laika t funkcija. funkcija.
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1.3.5. Secinajumi par apaksnodalu

No teoretiskajiem rezultatiem var izdarit secinajumus.
1) Stabilas konstrukcijas svarstibas no pastavigas véja pliismas, pieméram, astes spuras vai
sparna var iegit, ja mehatroniski maina perforétas plaksnes darbibas laukumu. Stabils
svarstibu rezims tiek iegtts dazu ciklu laika.
2) legita generatora momentana jauda nav liela, iemesls ir, perforétas plaksnes mazais
laukums. Ka arf lai palielinatu efektivitati, obligati javeic parametriska optimizacija.
3) No teorétisko rezultatu analizes var secinat, ka ir iesp&jams realizét efektivu svarstibu
energijas ieguves no fluida pliismas robotiz&tas zivs vai citas formas fiziskam modelim.

3.2. Dubulta pievada modelis mainiga laukuma cieta kermena struktuaras
vibracijam skidruma energijas ieguvei

Tiek izpetits vienkarSs divkarSs parslégSanas izpildmehanisms, kas var parslégties starp
vienkarSu plakanu plaksni un perforétu plaksni galgjas (lenka) pozicijas, izmantojot efektivu
mehatronisku mehanismu, lai parvarétu darba vides viskozos spekus. Mérkis ir izstradat jaunu
pieeju energijas ieguvei, izmantojot netradicionalu piedzinu un energijas atjaunosanas iespgju,
izmantojot dubulto mainiga laukuma vibracijas tipa izpildmehanismu. Tapat ka iepriek$€jais
modelis, uzladésanas laika energijas iegtiSanai tiek izmantota apkartéja vide (gaiss). Visi
procesu raksturojoSie vienadojumi tiek veidoti saskana ar klasiskajiem mehanikas likumiem.
Ir izskaidrota mehatroniska sistéma, un iegiitie rezultati tiek detaliz€ti apskatiti gaisam, ka
darba videi energijas iegtisanai.

3.2.1. Dubulta darbibas pievada izpildmehanisma darbibas nirS§anas un uzlades pozicijas

Ka paradits 3.12. attéla, robota nirSanas kustibas laika astes forma tick mainita no vienas
astes uz dubulta pievada asti ap asi O (3.13. att. b)). Nepartraukts darbibas process atkartojas,
radot nirSanas spéku, [61, 62] astes spura Seit sastav no divam perforétam plakanam
plaksném. Astes spuras (perforétas plaksnes), kas atrodas blokéta stavokli, veido atsevisku
asti un So paso stavokli sauc par “slégtu”, jo abas perforétas plaksnes (astes spuras) relativi
neparvietojas un perforacijas noslédz laukumu, radot plakanas plaksnes gludu virsmu. Sis
vienas astes spuras galgjos stavoklos (lenkos), kad mainas virziens, notiek pareja uz perforétu
plaksni, nemot véra plaksnu relativo kustibu $aja pozicija.
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Charging (energy) from the air —

> Diving direction

3.12. att. Dubulta pievada un vienas astes spuras atlociSanas nir§anas kustiba tiden1 kopa ar
uzladéSanos no gaisa.
Uzlades laika zivs astes spuras tiek izcelta no tidens, un uzladéSanai tiek izmantota

apkartgja fluida plusma no gaisa (3.13. att. b)). Tiek pienemts, ka plisma ir laminara no labas
puses uz kreiso. Vienas spuras aste gal&jos lenkos ierosina platnu relativo kustibu (maina
kontaktvirsmas laukumu) un v&ja iedarbiba tiek ierosinatas plaksnes svarstibas, energijas
papildinasanai. (3.13. att. b)).

a) b)

Diving velocity v -

3.13. att. Modelu darbibas princips: a) Dubulta pievada astes izpildmehanisms nirSanas
kustiba tident; b) vienas spuras principa pievads uzladéSanas stavokli gaisa.

3.2.2. Robota vienas astes horizontalas kustibas matematiskais modelis Skidruma

Pienem, ka robotam horizontalas nirSanas kustibai ir vienkarSots viena virziena pievads
(3.13. att. b)). Pienem, ka modelis veic vienkarSu linearu kustibu laika, svarstoties ap asi O.
Korpuss un aste tiek aprakstita ka mehaniska sist€éma ar vienu brivibas pakapi, ko nosaka
koordinata X. Lai izvairitos no nestabilitates — objekta rotacijas kustibas, robotizetas zivs astes
masas centrs sakrit ar rotacijas asi O. Robota kustibas diferencialvienadojums (3.10):

(MO+m)%=-N1x—N2x—bh-x*-sign(x), (3.10)
kur mO — korpusa masa; m —astes masa; %, X — attiecigi korpusa paatrinagjums un atrums;

N1x — Skidruma mijiedarbibas komponents spiediena zona; N2X —Skidruma mijiedarbibas

73



komponents ar asti sikSanas (vakuma) zona; b-x* —korpusa nelineara mijiedarbiba ar
Skidrumu taisna kustiba atkariba no kustibas atruma v = X ; b — konstante.

3.14. att. Shematisks astes un Skidruma mijiedarbibas aprékina modelis

Lai noteiktu vektora N1x un N2x komponentus, tiek nemta veéra mijiedarbiba divos
bezgaligi mazos astes apgabalos spiediena un siikSanas zonas, ka paradits 3.14. att€la. Janem
vera arl astes lenkiska atruma grieSanas virziens, ka ar1 zivs korpusa relativas kustibas
virziens. Rotacijas atruma komponents plaksnes laukumam ir atkarigs no attaluma lidz
rotacijas asij, to izsaka no (3.10) ka integralo-diferencialvienadojumu, ko var aptuveni
atrisinat, izmantojot skaitliskas metodes.

Pirms integréSanas tiek izveidoti analitiski saiSu vienadojumi, spiediena zonai (uzpliides
virzienam) trissturiem OAB un OMB, (3.11), (3.12). 3.14. attéls:

_ Rsin(y)

Csin(e+ B-7) (3.11)
_ Rsin(a+ p)

sin(a+ B-7)’ (3.12)

jaé, dun R ir paraditi 3.14. attéla, bet y ir < MOB lenkis.

Saskana ar ieprieksgja 2. nodala aprakstito inZeniertehnisko aprékinu metodi, lai noteiktu
spekus N1x un N2x, vispirms tiek atrasti speki normala virziena N1, N2 (3.14. att.). Tie ir
atkarigi no relativa atruma projekcijas kvadratiem, kas noraditi (3.13), (3.14):

B
N1 =B- p|[(v-sin(p- B) + @-£) d&; (3.13)
IN2|=B-p-C j(v-sin(go)m-g)zdg, (3.14)

kur & - attalums no sana AMB un d¢ ir diferencialis no ta, abus aprékinot no (3.12); {—
radialais attalums gar OB (3.14. att.); C — konstante, aptuveni 0.5 (sk. 2.1 apaksnodalu).
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Aptuvenam (3.10) vienadojuma risinadjumam, spe€kus N1x un N2x var izteikt ka (3.15) un
(3.16):
R+R2

le:|N]4-sign(v-sin((p—ﬂ)+a) Jsin((p—ﬂ); (3.15)

R+R2

F2x:|N2|-sign(v-sin(go)+co jsin(gp); (3.16)

3.2.3. Skaitliskas 2D modelésanas rezultati taisnvirziena robotizétas zivs

kustibai Skidruma
Talak ir sniegts skaitliskas model€Sanas piemérs ar parametriem: R =0.05m;

R2 = 0.25 m. Astes spuras griesanas lenki un lenkisko atrumu izsaka ar (3.17), (3.18):
p=a[sin(p-t)+2(4)-sin@Bp-t+&;)];

w=a[sin(p-t)+6p(4)-cos(Bp-t+s,)],
kur e3=-1.571; 13=+0.1;p=5una=0.5.

(3.17)
(3.18)

1 4

Py
v

Pn 0

—03

-1

3.15. att. Astes pagrieziena lenkis, ka laikat  3.16. att. Astes pagrieziena lenkiskais atrums,

funkcija. ka laika t funkcija, A3 =-0.1.
oI T
. DJ'Ir TR PN
w I o AN
I LIAREARSARS _D_LJ]H[HJ

3.17. att. Korpusa atrums v, ka laika t
funkcija A3 =-0.1.

3.18. att. Korpusa atpakalgaitas atrums v, ka
laika t funkcija A3 = +0.1.
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3.19. att. Astes punkta B trajektorija, virzoties uz prieksu absoliitajas koordinatés X — Y
plakng, 43 =—0.1.

02
0.1
Yo 0
-01
-0 -08 -06 -04 -02
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3.20. att. Astes punkta B trajektorija, virzoties atpakalgaita absoliitajas koordinatés X — Y
plakng, 43 =+ 0.1.

No skaitliskas modelésanas rezultatiem var izdarit $adus secinajumus:

1. Periodiski rezimi sakas loti atri, jo mijiedarbibas frontalais speks ir proporcionals darba
vides blivumam,;

2. Mainot poliharmoniskas rotacijas fazes, pliisma ir iesp&jams kustéties abos virzienos (uz
priekSu un atpakal);

3. legiitas analitiskas — skaitliskas attiecibas var izmantot mehatroniska dzingja sintéze.

3.2.4. Matematiskais modelis zivs robota barosanas bloka uzladeésanai ar
vienu spuras izpildmehanismu

Ladesanas stavoklt robotizétas zivs stavoklis ir statisks. Spura (aste) ka izpildmehanisms
mijiedarbojas ar gaisa plusmu, rotgjot ap fiks€tu asi Oz (3.13. att. b)), Iidzigi ka ieprieksgja
apaks$nodala, ar1 Seit dotajai sist€mai ar vienu brivibas pakapi kustibas diferencialvienadojums
(3.19) ir:

Jz - = Mwind, — Mel(p) — Mgen - (¢), (3.19)
kur Jz — Rotacijas moments pret z—asi. ¢, ¢, — attiecigi lenkiskais paatrinajums, atrums un
lenkis; Mwind, — gaisa plismas mijiedarbibas moments ap z-asi, Mel(p) — moments no
linearas vai nelinearas elastigas atsperes, Mgen- (@) — generatora linearas mijiedarbibas

koeficients, @ — linears vai nelinears generatora moments.

Momentu Mwind, nosaka atseviski spiediena un stikSanas zonam, Iidzigi ka ieprieksgja
procediira (3.11) —(3.16). Ja trisstiirveida astes pliismas izraisitas spiediena un iesiikSanas
zonas nemaina virzienu, integrétais diferencialvienadojums tiek vienkarSots. Ka piemeéru
teorétiski bezgaligai planai plaksnei (f = 0) un iegiist (3.20), (3.21) vienadojumus:
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R2

Mwind, = (1+C)-B(w)- p I(V-cos((p)+w-g“)2§-d§ ; (3.20)
R R 2P v o)
Mwind, = (1+C)-B(a)- p (R2—RIV -cos(p)’ : (3.21)

+
2

kur V —plasmas atrums; R1, R2 —mijiedarbibas zonas radialie attalumi; C — konstante;
B(w) — perforétas plaksnes laukuma apmaina, kas izteikta ka w funkcija; p — gaisa blivums.

Lai aprekinatu robota uzlades energiju, izmanto (3.19) un (3.21) vienadojumu. Seit
japiebilst, ka ar mehatroniskas ierices palidzibu sisttma var mainit perforétas astes
mijiedarbibas laukumu un lidz ar to arT mainit generatora uzlades jaudas, ka optimalas vadibas
nosacijumu kritérijs.

Model&sanas rezultati ir paraditi zemak ar salidzinoS$i mazas plaksnes pieméru, gadijums
ar linearu atsperi un generatoru:

Mel, =v-¢; Mgen, - (X) =b- ¢, (3.22)

kur ¢ un b — konstantes.

0.13 2

o vy
a P

0BTy 1 15 2 -1

-

3.21. att. Perforetas plaksnes pagrieziena
lenkis ¢ ka laika t funkcija.

0.3

Contr,,
— 04

02

3.23. att. Perforétas plaksnes laukuma mainas

kontrole ka laika t funkcija.

I::I'.
3.22. att. Perforétas plaksnes lenkiskais
atrums o ka laika t funkcija.

"l

1
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-1

P |
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3.24. att. Kustiba fazu plakné.



Secinajumi no skaitliskas modeléSanas rezultatiem:

1. Plakanu plaksnpu perforaciju atvérSana un aizverSana var samazinat vai palielinat
mijiedarbibas laukumu, lidz ar to mainas mijiedarbibas spéki, sistéma ir elastiga un
svarstibas ir stabilas — periodisks cikls tiek sasniegts trijos I1dz piecos gajienos.

3.2.5. Secinajumi par apakSnodalu

1) Robotas zivs analitiskais modelis nirSanas kustiba lauj kustéties uz priekSu un atpakal,
mainot astes piedzinas fazi.

2) lespgjas attistit petijumos dubultas piedzinas izpildmehanismam, lai varétu nodrosinat ne
tikai taisnstiirveida kustibu, bet ar1 stiréSanu.

3) Energijas uzlades rezZima mehatroniskaja vadiba astes mijiedarbibas laukumu var mainit,
atverot vai aizverot perforacijas.

4) Petijums parada, ka inzeniertehniskajos aprékinos ir iesp&jams iegiit saméra vienkarSotus
diferencialvienadojumus objekta rotacijas kustibai un kustibai plakné Skidruma. Korpusa
atrums virziena uz prieksu ir lielaks, salidzinot ar atrumu atpakalgaita 3.17. un 3.18. att€ls.

5) Lai arf ieprieks apskatitie aprékini attiecas uz mazam, plakanam perforétam plaksném, tos
var attiecinat uz jebkura izméra un geometrijas plaksném.

3.3. Dubultplaksnes vibraciju analize fluida plisma

Verojot procesus daba, kad v€js iepiis koku lapas, sakas kustiba, ¢abona. Tapat, veérojot
tdens augu vibracijas up€ udens pliismas ietekme. Ir aktuali parbaudit Sadas vibracijas
netradicionalas energijas iegisanai (flapping sistémas) [63 — 75]

3.3.1. Dubultplaksnes modela eksperimenti véja tunelt
Objektu vibracijas apkarteja vide ietver kustibu fluida iekSien€, neliela atruma diapazona,
kad kustigas elementu dalas maina atruma virzienu. Sadu mehanisku sistému var analizét, ka

dubultsvarsta sisteémas vibracijas fluida pliisma (3.25. att.).

y

T =,

3.25. att. Dubultplaksnes shematiskais modelis.

Eksperiments ar Armfield zemskanas v&ja tuneli (sk. 3.26. att.) veikts RTU Materialu
Eksperimentalas Mehanikas zinatniskaja laboratorija. Merijjumi veikti pie pieciem dazadiem
plusmas atrumiem, kas noraditi nakamajos rezultatu att€los un apkopoti grafikos 3.32. —
3.33. attela. Kustibas analizei izmantota video kamera Xiaomi ar Samsung 48 MP ISOCELL
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Bright GM2 sensoriem un ierakstiSanas atrumu 240 kadri sekund€. Analizes mérkis ir noteikt,
ka mainas plakSnu kustiba viena svarstibu cikla pie dazadiem pliismas atrumiem.

3.26. att. Armfield zemskanas v&ja tunelis.

Plaksnes izgatavotas no preséta kartona 3 mm biezuma, tam ir kvadratiska forma ar
120 mm garam sanu malam. Savstarpgji plaksnes savienotas un brivi var rotét gan sava starpa,
gan savienojuma ar T veida stiprinajumu horizontalo dalu. Stiprinajuma vertikalas dalas
apaksa fikseta pie tunela galda pamatnes. PlakSnu viena cikla kustibas rezultati pie dazadiem

atrumiem paraditi nakamajos 3.27. — 3.31. attelos.

Flowd-smisfill | - Y

(Blu\,y -

3.27. att. Dubultplaksnes modela viens svarstibu cikls pie plismas atruma 4 —5 m-s™.
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3.29. att. Dubultplaksnes modela viens svarstibu cikls pie plismas atruma 8.5 m-s™.
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! Flow 10 m/s

ol 3\

3.31. att. Dubultplaksnes modela viens svarstibu cikls pie pliismas atruma 12.5 m-s™.
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Palielinoties plismas atrumam attiecigi pieaug plakSnu svarstibu cikla frekvence
(sk. 3.32. att.). Aproksim&jot ar otras kartas polinomu pie visiem plasmas atrumiem
korelacijas koeficients R? ir tuvu 1. Aproksimgjot visus punktus, korelacijas koeficients ir
nedaudz mazaks, salidzinot ar pirmo Cetru punktu aproksimaciju. Veicot eksperimentu,
noverots, ka pie lielakiem atrumiem, virs 10 m-s’l, plaksnu kustibu arvien vairak ietekmé
tunela sienas ierobezojumi. L1dz ar to objektivi sava starpa salidzinami pirmie Cetri gadijumi.

N 8 r 8 180 Bl ®@2 *

"{ 7 R2 =0,9951 o 150 F

[} ’ =

S 6 2A 2120 | .

) o~ 3 ¢ V'S L J

S5t - R?=09923 5 9o |

g yd - %_ = =

S 4 e -7\ g 60 + m =

%3 & c 30 M

= -

6 2 1 1 1 1 1 J %- O 1 1 1 1 J
3 5 7 9 11 13 15 4 3 5 7 9 11 13

Pldsmas atrums, m-s1 Pldsmas atrums m-s

3.32. att. Dubultplaksnes viena svarstibu 3.33. att. Rotacijas lenka @1 un @2 amplittida
cikla frekvence atkariba no pliismas atruma. pie dazadiem plusmas atrumiem.

No energijas ieguves viedokla, vislielaka rotacijas lenka amplitiida ir otrajai plaksnei pie
10 m-s™* (sk. 3.33. att.) pie kura ta veic gandriz 0.5 apgriezienus (rotacijas amplitida 166°).

3.3.2. Dubultplaksnes analitiskais modelis

Divu savstarp€ji piestiprinatu plakSnu un vienas savienotas ar pamatu ar rotacijas

Sarniriem analiz€, izmanto klasisko mehanikas teorija [76, 77]. Modelis tiek analiz&ts, ka
dubultais svarsts ar fluida mijiedarbibas sp€kiem un noskaidroti kustibas virziena mainas
punkti. Péc ka, nemot véra v€ja mijiedarbibas spekus, tiek izveidoti diferencialvienadojumi,
svarsta dubultas kustibas analizei.
Apskatitais modelis sastav no divam taisnstiirveida plaksném (3.34. un 3.35. att.). Skidruma
plismas mijiedarbiba ar dubultplaksnu svarsta tipa mehanismu laika mainigai plismai generé
stabilas svarstibas [78]. Divi sisttmas modeli (ka divas plaksnes ar garumu L1, L2 un
platumu B) ir paraditi 3.34. un 3.35. att. Pirmaja modeli plaksnes grieZzas ap horizontalam
astm z1 un z2 ar lenkisko atrumu o1 un ®2 (3.34. att.). PlakSnu pagriezienu var izteikt ar
lenkiem @1 un ¢2. Gravitacijas mijiedarbibas G1 un G2 notiek vertikala virziena, paraléli Oy
asij. Skidruma horizontalais pliismas atrums V pozitivais virziens ir paraléls Ox asij. Paradits,
ka rotacijas asu horizontalai parvietoSanai ir nepiecieSama vadiba sistemas orientacijai pret
plismu. Vertikalo asu gadijuma var pievienot rotacijas atsperi.
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3.34. att. Horizontalais dubultsvarsta modelis.  3.35. att. Vertikalais dubultsvarsta modelis.

3.3.3. slgidruma plusmas mijiedarbibas apreékini

Plismas mijiedarbibai ar plaksném tiek izmantota kvadratiska relativa atruma komponenta
sakariba (3.36. att.).

3.36. att. Skidruma pliismas mijiedarbibas speki: RV1, MV1 — galvenais vektors un galvenais
pirmas plaksnes mijiedarbibas speéku moments uz asi Oz punkta O; RV2, MV2 — galvenais
vektors un galvenais otras plaksnes mijiedarbibas spéku moments uz ass z2 punkta A.
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Pirmajai un otrajai plaksnei Skidrumu pliismas mijiedarbibas galvenos vektorus RV1, RV2
un galvenos momentus MV1, MV2 punktos O un A izsaka ar formulam (3.23), (3.24) [79]:

RV1= jO”(v -c08(¢l) — wl- £1)° -sign (V - cos(gpl) — col- £1)d £L

MV1= J‘OLl(V -€0S(¢l) — wl- 51)2 -sign (V -cos(¢pl) — wl- g]_) £1déL (3.23)

RV 2= jou(v .cos(gl) — wl- E1)° -sign (V -cos(gl) — el £1)d &L

My 2 = [ (V -cos(¢2) - wl- L1-cos(pl - p2) - w2-£2)° (3.24)
o -{sign(V -cos(p2) — al- L1-cos(pl— p2) — w2-£2)} - £2d£2

Gadijuma, ja apakSintegralas funkcijas (3.23) un (3.24) ir pozitivas uz robezam &1 =L1 un
¢2 = L2, piem&ram:

V -cos(¢pl) —wl-L1>0, (3.25)
V -cos(p2) —wl- L1-cos(pl—@2) —w2-L2 > 0. (3.26)
No formulam (3.23) un (3.24) var atrast:
L1 -1 |, . 2 2
RvV1=D1 —L1°-V1-¢l-cos(el) + L1-V -(cos(gol)) , (3.27)

L1 g1 2:LLV - gl-cos(gl)  LL*V*-(cos(el)
3 2

MV1=D1

, (3.28)

L2-(V -cos(¢2) — L1-¢l-cos(pl—2) )* +
RV2=D2| | n3 .2 , (3.29)
L23. 2 , .
—L2%-92-(V -cos(p2) — L1- ¢l- cos(¢pl - ¢2))

L2° -(V -c08(@2) — L1- ¢1- cos(pl— (/)2)2)

L2* . ¢2° N
MV2=D2 4 2 : (3.30)
2-1L2°-92-(V -cos(¢2) - L1- ¢1-cos(¢l- ¢2))
2
Pliismas atruma funkciju V (3.27) — (3.30) var izteikt Furjé rindas loceklos ka laika t funkciju:
V =VO0-(1+A-sin(pt) + A2-sin(2pt + a2) + A3-sin(Bpt + a3) +...), (3.31)

kur VO, 11, 12, a2, 13, a3 — konstantes.

Ja nevienadibas (3.25), (3.26) neizpildas, parametri RV1, RV2 un MV1, MV2 jaaprékina
skaitliski integréjot pec laika no (3.23) un (3.24) integraliem.

Mijiedarbibam ar linearu atkaribu var izmantot zema atruma plismam un plaksnu
svarstibam ar vienadojumiem:
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2 .
RV1= D1£|_1-v .cos(¢l) - "12 ‘pll;

L (3.32)
L1V -cos(pl) L1 -gle

2 3

MV1= Dl{

L22. 2

RV2= DZ[LZ-V -€0S(p2) — —Ll-LZ-gbl-COS(gol—goZ)}

(3.33)

2 3 . , .
MV 2 — DZE L2°-V -cos(p2) L23-¢)2 2 .(/,1,2(;03((/,1_(/)2)}

3.3.4. Kustibas diferencialvienadojumi

Lai atrastu sistémas kustibas diferencialvienadojumus ar divam brivibas pakapém, tika
izmantots virtuala darba princips [4]. Punktu A un C2 virtualie parvietojumi or4 un orC2 var
izteikt ka: SrA=L11-6¢l; SrC2=r2-6¢2, Kur S¢l, 592 ir virtualie lenkiskie parvietojumi
pirmajai un otrajai plaksnei.

Tad, ja 692 =0, bet 5pl+0:
MV1-M®Cl-ml-g-rl-sin(¢l) —dCIOt-r1+ RV 2-L1-cos(pl—p2) - DAOL - L1

—®C2At- L1-cos(pl—¢2) —DdC2An- L1-sin(pl—p2) —m2- g - L1sin(¢l) - MG1=0. (3:34)
Turklat, ja 6p2 =0, bet 5p1=0:
MV2-M®C2-DC2AL-r2—DdAOL-r2-cos(pl—p2)
+®AON-r2-sin(pl—p2)—m2-g-r2-sin(p2) —-MG2 =0. (3:35)
Seit
M®C1=J1-¢l; ®CIO0t = ml-rl- &l ®AOt =m2- L1- 1,
OC2At=m2-r2-¢2,  ®C2An=m2-r2-(¢2)?,
M®C2=1J2-¢2; ®AON =m2- L1 (¢l)?,

kur g-—brivas kriSanas paatrinajums; J1,J2 —attiecigas plaksnes inerce moments;
oL, 2,41, 2 — lenkiskais atrums un paatrinajums attiecigajam plaksném ar masu m1 un mz2;

MG1, MG2 — slapgjosa speka moments, pieméram, no generatora.

Péc (3.34) un (3.35) vienadojuma vienkar$osanas seko:

MV1-| J1+ml-r1® + m2-L1° |- gl—ml-g-rl-sin(epl)
+RV 2-L1-cos(pl— p2) —m2-12-$2- L1-cos(pl— 2) (3.36)
—m2-r2-(¢2)* - L1-sin(pl— ¢2) —m2- g - L1-sin(¢l) - MG1=0;
MV 2—(32+m2-r2)-$2-m2-L1-$l-r2-cos(pl—g2)

) (3.37)
+m2-(¢l)” - L1-r2-sin(pl—@2)—m2-g-r2-sin(p2) - MG2 =0.
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3.37. att. Speku shéma virtuala darba principam.

3.3.5. Modelesanas piemérs ar MathCAD un WorkingModel
Modelgjot vienadojumus (3.36), (3.37) ar linearas mijiedarbibas spéku (3.32), (3.33)

grafiskais rezultats paradits 3.38. —3.40. att€la ar parametriem VO =2 m-s’l, 11=0.2;
A2 =0.4; a2 =0, sk. (3.31). Komentari par kustibas ipasibam doti zemak redzamajos grafikos.

1y, 92,

3.40. att. Plaksnu kustibas
fazu plakne. P&c parejas
procesa kustiba otrajai

3.38. att. Plaksnu rotacijas 3.39. att. Lenkiska atruma
izmainas péc laika. Abam

lenka izmainas p&c laika.
Kustiba izteikti stabila ar plaksném lenkiska atruma
zemu parejas procesu. amplitida ir gandriz vienada plaksnei nostabilizgjas.
un svarstas viena frekvence.

Ar palielinatas plismas atrumu (VO =7 m-s?, A1=0.2; 12=0.4; a2 =0) model&sanas
grafiskais rezultats linearas mijiedarbibas spéku gadijuma paradits 3.41. — 3.43. attéla.
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®2

th ty 1y, 92,
3.41. att. Plaksnu rotacijas 3.42. att. Lenkiska atruma 3.43. att. Plaksnu kustibas
lenka izmainas péc laika. izmainas péc laika. Otrajai fazu plakne. Otrajai plaksnei
Otras plaksnes rotacijas plaksnei lenkiska atruma ilgs parejas process.
lenka amplitida samazinas. amplitida un frekvence
pieaug.

Modelésanas rezultati ar datorprogrammu WorkingModel 2D paraditi 3.44. attéla.

VO=2m-s!

2.0

$ vl [radss)
D) { va2 fradss) C)-

¥ rot! [rad] rat [rad)

. Vo [radds),
50 10

VO=7m-s?
20F 1 (el 108 [radds) 20t rot [rad)
a) o2 [rad) b)-— Wa2 [rad/s) C}

\ | , W [rad/s],
.0 50 10 15 -0 5.0 oo 50 10

Lz, 2l ! ! ! ! P el 5y

B -/ R |-
3.44. att. 2D plaksnu kustiba pie VO = 2 un 7 m-s™: a) plaksnu rotacijas lenka izmainas péc
laika; b) lenkiska atruma izmainas péc laika; ¢) Otras plaksnes kustiba fazu plakné.

Modelgjot ar WorkingModel, otras plaksnes svarstibas ir stabilakas pie lielaka plismas
atruma (sk. 3.44.att.c)) un ari samazinas rotacijas amplitida abam plaksném (sk.
3.44. att. a)). WorkingModel aprekins ir tikai informativs, jo programma nem véra tikai dalinu
vai objektu centra atrumu un v&ja virzienu, bet nerékina plismas mijiedarbibas ietekmi péc
kontakta ar objektu.
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3.3.6. Secinajumi par apakSnodalu

1) Reala skidruma pliisma (gaisa vai tidens) atrums nav konstants, bet mainas laika apgabala.
Sis pasiba rada stabilu vibracijas kustibu dubulta svarsta sistéma.

2) Seit izpétito sistému rezultati parada, ka §is vibracijas var izmantot energijas ieguvé no
fluida pliismas.

3) Piedavatas ierices realia pielietojamiba ir jaturpina pétit ar pievienotu generatoru jaudas
meérjjumiem.

4) Abu programmu (Math CAD un Working Model 2D) modelésanas rezultati apstiprina
teoriju.

3.4. Udens pretestibas pétijjums motorizéta SUP déla
piedzinas spuras formai

Promocijas darba zinatnisko publikaciju kopas dotaja apakSnodala p&tijums ir projekta
pirma dala, kuras mérkis ir izveidot optimalu spuras konstrukciju SUP (Stand Up Paddle) déla
motorizé$anai. Pirmais mehanikas inZenieru uzdevums ir novertét pievienota objekta
hidrodinamisko pretestibu un izvéléties dizainu, kas nodroSina mazaku tidens pretestibu.

Praktiskajas kugu hidrodinamikas rokasgramatas teikts, ka vilces speks un hidrodinamiska
pretestiba ir sarezgita probléma, un, lai to atrisinatu lietderigi izmantot CFD analizi [80, 81].
Sts lietas var tikt skatitas daliti. Ir liela iesp&ja pielaut kliidas aprékinos un nevajadzigi iztérét
laiku, apskatot visu objektu — SUP déli kopa ar spuru. Citos CFD pétijumos pieméram, par
zemudeném, paradija, ka zemudenes kopgja pretestiba palielinas, uzstadot tai piedeklus, bet
ietekme uz vilnu veidoSanos ir salidzino$i nieciga [82]. Tapéc darba piedzinas spuras
konstrukcija analizeta atseviski.

SUP delis ir ka mazs kugis un atklata dzenskruve parasti tiek uzskatita par vienkarsako un
vieglako piedzinas veidu [83], tacu Saja projekta, piedzina ir slégta tipa — TGdens metgja
princips. Ta ka SUP delis galvenokart tiek izmantots tiirismam dazadas tdenstilpnés,
dzenskruve ir jaaizsargd no dazadiem iesp&jamiem Udenstilpnes sveSkermeniem. Lidz ar to
korpuss vai plismas kanals kalpo arT ka aizsargbarjera, pasargajot no bojajumiem. Udens
met&ju var uzskatit par 1pasa veida dzenskriives tipu [84 — 87], ko detalizétak paredzets petit
vélakajos projekta posmos. Pievienotajai piedzinu sist€émas masai jabut pietieckami mazai, lai
nodro$inatu, ka netiek traucéta peldspgja. Udens met&js ar motoru ir integréti SUP standarta
spura ta, lai pec iesp&jas mazak biitu nepiecieSams investet papildus detalu izveidé un to
montéSana. Uzdevums ir izvéleties dizaina variantu, lidzsvarojot razoSanas vienkarSibu un
efektivitati. No projektésanas viedokla visvieglak razot ir ar iepliidi kanala sanos. ST opcija
tiek talak noverteta rezultatu sadala.

Nemot véra citu pétnieku ieteiktas procediiras [88,89] CFD fluida (Gidens) pretestibas
aprékiniem, tika izvirzita pétfjuma hipotéze, ka spuras motora dalas korpusa formas
optimiz&Sana uzlabos piedavata tidensdzingja risinajuma efektivitati. Hipotézes pamata bija
Hoernera sniegta teorija [51], kura pieradits, ka Skautnainu formu noapalosana nav perfekta,
bet joprojam ir efektiva metode, lai samazinatu pretestibas koeficientu. Rezultatu sadala
paradits, ka S1 hipotéze apstiprinas. Noapalotas malas nodroSindja samazinajumu par 35% no
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kop€jas motorizétas spuras pretestibas koeficienta (Drag), un péc papildus formas
optimizeSanas, tika iegiits papildu 10% samazinajums.
Dzenosas udens strikla reakcijas spékui un momenti mijiedarbiba ar korpusu [90] Seit
atseviski netiek izskatiti, bet nemti véra petijjuma kopuma.

Speki uz sistému apskatiti nakamaja 3.45. att€la. SUP délis parvietojas divos veidos —
tidenT un gaisa.

Fgravity

Fbuoyancy
Fh’ft Flift

» U=~
Fdrag Fdrag

—_—
Vstream >

3.45. att. Speki, kas iedarbojas uz SUP déli, bez piedzinas.

Udens vidé dominé hidrostatiskais spiediens un no ta izrietoais vertikali verstais izspiesta
Skidruma spéeks. Hidrodinamiskie speki darbojas uz déli, ka pretestibas speki: pret plismu
Drag un cglgjspeks Lift. Robezslana bides speki darbojas gandriz paral€li pliismas virzienam
un ta ietekme uz c€l&jspeku ir nieciga [91]. Déla formai pretestibas spéks lielakoties ir saistits
ar virsmas berzes pretestibas tangencialajiem spékiem [51].

Pretestibas speks, no §kidruma pliismas ar iepliides kanaliem palielina pretestibu [91]. Saja
darba apskatita tikai objekta argja forma, bez Skidruma iepludes ieksgja tilpuma. Pretestibas
speka Fp noteikSanai (sk. iepriek§ 2.1. apakSnodalu) izmanto (2.1) vienadojumu. Savukart
vilkmes speku T aprekina, izmantojot rokasgramatu [83], ka paradits (3.38) vienadojuma:

T=p-AN, (V- (3.38)
kur T-—sistémas raditais vilces speks, N; p—udens blivums, kg'm?; A,—sprauslas
Skersgriezuma laukums, m2; V2 —no sisteémas izejosa udens atrums, m-s'l; V1 — sistéma
ienakosa tidens atrums, m-s™.

Lai panaktu lielaku vilei, ir nepiecieSama lielaka atSkiriba starp tidens iepliides un izplides
atrumu. Tadgjadi izplides sprausla biitu japrojekte ta, lai panaktu lielaku tdens izejoSo
atrumu no sist€émas, savukart iepliides atveres konstrukcijai, gluZzi pret&ji, biitu janodroSina, lai
tdens ienakSanas atrums biitu iesp&jams tuvu dela peldéSanas atrumam. Ieplides
raksturo$anai izmanto attiecibu IVR =V, /V, (Inlet velocity ratio). SUP déli nav paredzéti
dinamiskai peldéSanai uz tdens, parasti, peldéSanas atrums bez motora ir mazaks par
pastaigas atrumu 6 km-h™. Planotais maksimalais elektriska SUP d&la atrums ir ap 9 km-h™.

Neatkarigi no ta, cik efektivs ir dzingja siiknis, biis zinami veiktsp&jas zaudéjumi, ko
izraisa plismas virpuli ieplideé un SUP déla korpusa robeZas slani. Lai samazinatu ieplides
zudumus, $aja nodala vispirms uzmaniba tiek pievérsta iepludes kanalu dizainam (stikna
hidraulisko Tpasibu un sprauslu konstrukcijas analize paredz&ta nakamajos projekta posmos).
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Robezslanis veidojas objekta saskaré ar kustigu straumi, tas ir plans viskoza Skidruma
slanis, kas atrodas tuvu cietajai sienas virsmai. Plismas atrums pie sienas ir nulle [51],
viskozitates de] veidojas ta saucama plismas “pielipsana” (sticks) sienai. Saja apaksnodala
apskatita objekta forma ir krietni sarezgitaka, un precizitates uzlaboSanai tiek veikta skaitliska
analize izmantojot laiktelpas aprékina metodi ar Navje-Stoksa vienadojumiem.

3.4.1. 3D motorizetas spuras plismas analizes eksperimentala dala

Modelis izveidots ar SolidWorks, ka kopsalikums no vairakam atseviskam detalam
(sk. 3.46. att.). Spuras forma pretskata ir loti plana un pliidena. Vislielako frontalo laukumu pret
plismu veido cilindriskas dalas motora vaks. Sakotn€jais motora vaka risinajums redzams
3.47. attela, ka orginala forma. P&c tam $i forma tika uzlabota, lai atbrivotos no ieks$gjam
Skautném un eksperimentali optimiz&ta ar mérki samazinat hidrodinamisko pretestibu.

Originala Uzlabota Optimala
forma forma

@

3.46. att. Motorizeta SUP dela spura: 3.47. att. Motora vaka formas modeli
cilindriskas dalas motora vaks (ar sarkanu)

Pie sakuma nosacijumiem tiek uzdots pliismas atrums vy = 2.5 m-s™. No laika atkarigajam
Navje-Stoksa vienadojum tiek izveidots pliismas tiklojums ar sakotn€jo galigo elementu
skaitu virs 7-10° (sk. 3.48. att.). Seit speciali tiek izdalits smalkaks tiklojums spiediena zonai
(sk. 3.46. att.).

AL

Front

Bo

[
3.48. att. Plusmas galigo elementu tiklojums ar fokusu uz spiediena zonu
motora vaka prieksa.
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Atskiriba no tradicionalas pieejas galigo elementu analizé, kur modelis tiek sadalits
noteikta skaita elementu (pieméram, tetraedros vai trijstiros), SolidWorksFlow pliismas
simulacijas tiek izmantota tehnika, ko sauc par galigo tilpuma pieeju (Finite Volume
approach). Izmantojot So metodiku, 3D modela lielums un forma un Skidruma telpa paliek
nemainigi, bet tiklojuma elements simulacijas laika var mainities un atjauninaties. Sadu
adaptivu risinagjumu sauc par solution - adaptive meshing, kura aprékina programma var
precizét tiklojuma elementa izméru un wuzlabot tiklojumu, nepartraucot rekinasanas
programmu. ST pieeja ievérojami palielina rezultatu precizitati Tsaka laika posma. Aprekinu
modelt spiediena zonai ir laika nemainigs, bet visam modelim adaptivs 4 tiklojuma
smalcinasanas ITmenis (sk. 3.48. att.).

3.4.2. 3D motorizetas spuras plismas analizes rezultati

Pliismas liniju un spiediena sadalijums ap motorizéto SUP d€la spuru apskatams nakamaja
3.49. attela. Redzams, lielakais pliismas raditais spiediens veidojas motora vaka priekSpuse.

- 107709.67
- 106160.65
- 104611.62
- 103062.60
- 101513.57

- 99964.55
- 98415.52
- 96866.50
-95317.47

- 93768.44
Pressure [Pa]

3.49. att. Plusmas Itniju un spiediena sadalijums ap motorizéto SUP dgla spuru

3.50. attela paradits, ka sakotn&ji piedavatajam dizainam ar iepliidi tunela sanos ir
ievérojami trikumi salidzinajuma ar iepliidi tunela priekSpusé. Tumsi zila krasa tunela sanos
norada, ka spiediens uz saniem ir mazakais, [idz ar to, iepliides tidens daudzums no saniem
biis daudz mazaks neka tidens daudzums, kas iepliistu no priekSpuses.

10452528
102892.01

103258 64
10262527
101891.90
10135853
N 10072515
100098178
98458 41
9882504
I 9819167
97558 30
Total Original design Improved design Optimal design
pressure, Pa Cp=0.40 Cp=0.27 Cp=0.22

3.50. att. Spiediena sadalijums no tdens plismas uz motoriz&tas spuras korpusa: originalajai,
uzlabotajai un optimiz€tajai formai.
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Hidrodinamiskas pretestibas koeficienta un pretestibas speka rezultati, kas iegiiti plismas
simulacijas, ir apkopoti 3.51. attéla, kur originala forma ar sana iegriezumiem ir apziméta ar
melnu punktu, bet uzlabota korpusa forma ir noradita ar sarkanajiem punktiem, kuri
aproksiméti ar otras kartas polinomu.

. 045
_E 0.4 ¢, Drag Coefficient reduction due
2 to round-off edge
% 0.35
8 03
g 0.25 Mremeees RRLTIIES [ -, (]
......... [ XTI
2 02 .
0 10 20 30
mm
B New Design ¢ Original =«s--:- Poly. (New Design)

3.51. att. Hidrodinamiskas pretestibas koeficients (pa kreisi) un pretestibas speks (pa labi)
originalajai un uzlabotajai motoriz&tas spuras formai.

Rezultati 3.51. attéla parada, ka motora vaka malu noapaloSana samazina pretestibas
koeficientu no 35 % lidz 45 %. Uzlabotas formas optimizacija, pretestibas koeficientam, rada
starpibu par 10%, kur kriterijs ir horizontalais augstums motora vakam h =0 lidz 30 mm
(sk. 3.47. att.) un tas tiek ierobezots ar spuras maksimalo pielaujamo horizontalo platumu.
Simulacijas aprékins veikts, Iidz plismas pretestibas spéks vairs nemainas, izpildas
konvergences nosacjums. Visas pretestibas koeficienta izmainas péc iteraciju skaita visiem
gadijumiem apskatiti 3.52. att€la. Parejas process beidzas pe&c 50 iteracijam un plisma
nostabiliz&jas uzlabotajai formai, bet process ir ilgaks originalajai formai ar $kautném uz
frontalas dalas virsmas.

0,5
0 mm
E 0,4 5mm
(6]
£ 0.3 10 mm
8 15 mm
[&]
o 0,2 —;O mm
o 5 mm
0,1
= —30 mm
0 —— Original
0 100 200

Iterations
3.52. att. Hidrodinamiskas pretestibas koeficienta izmaina péc iteraciju skaita.

Lai parliecinatos par modela precizitati, tiek veiktas papildus simulacijas ar lielaku
adaptiva tiklojuma pakapi, ko plasak izmanto pliismas dinamikas analiz€ pétot virpulus.
Iteraciju skaits tiek palielinats virs 2000 (sk. 3.53. att.). Simulacija veikta vienam gadijumam
pie h =0. Redzams, ka pliisma vairs nav stabila un aprékins kliist krietni komplicétaks un
laikietilpigaks. Lidz apméram 600 — 700 iteracijam vid&ja pretestibas koeficienta vértiba ir
loti tuvu iepriek§ noteiktajam ap 0.28 un atSkiriba ir 5% robezas. Parrékinot ari citus
gadijumus tendence saglabajas. Un var pienemt, ka lai noteiktu formas ietekmi uz pretestibas
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koeficienta izmainu, uzdevumu var risinat fokusgjot aprékinu uz noteiktu formas izmainas
vietu apskatitajam objektam. Sadi, butiski samazinot nepiecieSamos laika un datu
saglabaSanas resursus.

—— Higher adaptive mesh level

0.1 — — 0.265 Average (QOriginal design)
O L T T T T
0 500 1000 1500 2000
Iterations

3.53. att. Hidrodinamiskas pretestibas koeficienta izmaina péc iteraciju skaita ar lieclaku
adaptiva tiklojuma pakapi (zila Iinija) un vid€ja ieprieks noteikta (sarkana raustita linija).

3.4.3. Secinajumi par apakSnodalu

1) No 3D plasmas stimulacijam var secinat, ka plismas pretestibas koeficienta noteikSana var
izmantot divu veidu metodes. Pirmaja, fokusgjoties tikai uz lokalu apskatita objekta tilpuma
laukumu. Otraja gadijuma, apskatot visu objektu tilpuma ar automatiski preciz€tu — adaptivo
tiklojuma elementa izmé&ru. Rezultatu atSkiriba ir mazaka par 5 %, lidz ar to, pretestibas
koeficienta noteikSanai lietderigi izmantot pirmo metodi, vairakkartigi samazinot aprékina
laitka un datu saglabaSanas resursus, un samazinot iesp&u klidaini interpreté€t plusmas
turbulences ietekmes, ja tas netiek skatitas atseviski.

2) Plismas simulacijas rezultati lauj secinat, ka motorizéta spuras geometriska forma rada
ievérojamu frontalo pretestibu un to var samazinat, izvéloties optimalu motora vaka formas
dizainu.

3) Motora caurules korpusa iepliides konstrukcija ar rievam sanos ir mazak efektiva, par
frontalo ieplidi saglabajot pliismas virzienu.

4) Motora vaka malu noapaloSana nodroSinaja 35% samazingjumu hidrodinamiskas
pretestibas koeficientam un ir rekomendg€joSs uzlabojums, ko ieviest razoSana. Talaka formas
optimizacija samazina pretestibas koeficientu vél par 10%.

3.5. Secinajumi par nodalu

1. Stabilas konstrukcijas, piem&ram, astes sparna vai sparnu, svarstibas no pastavigas véja
plismas var izraisit, ja mehatroniska vadibas sisttma maina plaksnes darbiba laukumu.
Stacionaras svarstibas notiek loti atri, dazu ciklu laika. Iegiita generatora momentana jauda
nav liela, del maza perforétas plaksnes laukuma. Lai palielinatu efektivitati, obligati javeic
parametru optimizéSana.
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2. Zemiudens robotu ilgstoSas darbibas nodroSinasanai ir jabit iesp&jai parslégt mehatronisko
vadibas sistému no korpusa nirSanas cikla kustibas uz jaudas uzpildes cikla kustibu gaisa
plisma. Energijas papildina$ana ir iespéjama ari zem tdens. Saja gadijuma ir jaizmanto
zemildens straume. PEtijuma piedavata inzeniertehniska aprékina metode lauj analizét dazadu
objektu kustibas un Skidrumu mijiedarbibu. Metode lauj modelét objekta sarezgito kustibu
Skidruma.

3. Reala fluida plisma (gaisa vai Gidens) atrums nav konstants, bet mainas laika apgabala. S
ipasiba rada stabilu vibracijas kustibu dubulta svarsta sist€éma. Praktiskie eksperimenta
rezultati v&ja tuneli parada, ka modelim ir daudz iesp&ju turpmakiem pé&tijumiem: energijas
ieguves prototipa izveide; jaudas mérfjumi matematiska modela validacijai; generatora
vadibas optimizacija pie mainigiem pliismas atrumiem.
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SECINAJUMI

Promocijas darba (ka tematiski vienotas zinatnisko publikaciju kopas) pirmaja nodala
skaitliska modela izveide skeletonam ar brauc&ju uz slipas plaknes sniedz iespgju:
prognozet kustibu daudz garaka trases posma, nemot véra ledus berzes koeficientu,
aerodinamisko pretestibu, slieces elastibu raksturojoSos parametrus un virsmas profilu
(eksperimentos izmantotas stata estakades maksimalais garums ir 50 m, sportistu
sacensibas izmantoto trasu garumi ir vidgji 1200 m).

Izmantojot mehanikas likumus, ir iesp&jams analitiski noteikt ledus berzes koeficientu un
aerodinamiskas pretestibas koeficientu. Pie ievades parametriem nepiecieSams kustibas
atrums noteiktos laika vai parvietojuma punktos, pie laika mériSanas sensoriem, vismaz
divos etapos. Skeletona sporta un citos ziemas renes sporta veidos metodi var izmantot, ja
atrums parsniedz 6 m-s™ un apskatitie etapi pietickosi Isi, lai pienemtu, ka pretestibas
koeficienti etapos ir konstanti. Metodes novitate sniedz iesp&ju vienlaikus noteikt gan
ledus berzes koeficientu, gan gaisa pretestibas koeficientu, paverot plaSas iesp€jas tas
pielietoSanai prakse.

No praktiskajiem eksperimentiem var secinat, ka, palielinot slieces stingumu sportistu
izmantotaja skeletona kamanu slieCu spriegoSanas diapazona, berzes speku radito
svarstibu frekvence samazinas kustibas virziena un praktiski nemainas vertikalaja
virziena. Slieces stinguma izmainas praktiski neietekmé noteiktas skeletona kamanas
struktiiras pasSsvarstibu rezonanses frekvences 15 Hz un 71 Hz kustibas laika. Izstradatais
6BP matematiskais modelis skeletona kamanu passvarstibas frekvencu noteikSanai lauj
viegli un atri noteikt aptuvenas rezonanses frekvences, zinot skeletona kamanas un slieces
stinguma parametru vertibas. Eksperimentalos rezultatus papildus ietekme vides apstakli,
kuros mainas slieces elastigas 1pasibas (papildus Saja darba netiek apskatiti).

Promocijas darba otraja nodala ir izstradata jauna metode aptuvenas plismas un
nekustigas kermena mijiedarbibas aprékinaSanai: kustigam kermenim ar mazu gaisa
plismas atrumu, nekustigam kermenim gaisa pliisma un kustigai prizmai gaisa plisma.
Tiek pienemts, ka Skidruma plisma ir laminara, Skidrums ir nesaspiezams un fluida
viskozitate netiek nemta véra matematiskaja modelésana, bet ka alternativa tiek izmantots
mijiedarbibas koeficients (konstante).

Tiek iegts stabils rezultats energijas ieguvei ar mainiga laukuma prizmam (2.41. att.). Lai
ar1 iegiita jauda ir maza, piedavata teorija (superpozicijas princips) palidz identificét
c€loni un dod iesp&ju stradat pie efektivitates uzlabosanas. lerosinatais princips izskaidro
viegli saprotama un tie$a veida matematisko biitibu. Tika konstatéts, ka alternativa pieeja
cieta kermena un fluida (gaisa) mijiedarbibas paradibas energijas ieguves aprékinasana,
izmantojot vienkarSu matematisko modeli, ir praktiski pielietojama, neizmantojot
tradicionalas CFD virpula izraisitas vibraciju metodes.

Saja darba izstradata metode palidz vienkarSoti veikt analizes, optimizacijas un sintézes
uzdevumus objektu mijiedarbibai ar skidrumiem objektam translacijas kustiba. nemot véra
tikai kermena un $kidruma mijiedarbibas koeficientu. Teoriju var attiecinat uz jebkuras
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10.

sarezgitibas kermena Skidruma mijiedarbibu, ja tas paredz&ts matematiska rakstura
darbibam.

Promocijas darba tre$aja nodala apskatiti zemudens transporta lidzekli, kur stabilas
konstrukcijas, pieméram, astes sparna vai sparnu, svarstibas no pastavigas fluida plismas
var izraisit, ja mehatroniska vadibas sistéma maina plaksnes darbiba laukumu. Stacionaras
svarstibas notiek loti atri, dazu ciklu laika. Ieglita generatora momentana jauda ir neliela
dél mazo perforéto plaksnu laukuma. Efektivitates uzlaboSanai javeic parametru
optimizéSana.

Zemiidens robotu ilgstosas darbibas nodroSinasanai ir jabut iesp€jai parslégt mehatronisko
vadibas sisttmu no korpusa nirSanas cikla kustibas uz jaudas uzpildes cikla kustibu gaisa
plisma. Energijas papildinasana ir iespéjama ari zem tdens. Saja gadijuma ir jaizmanto
zemudens straume. P€tijuma piedavata inzeniertehniska aprékina metode lauj analizét
dazadu objektu kustibas un skidrumu mijiedarbibu. Metode lauj modelét objekta sarezgito
kustibu Skidruma.

Reala fluida plisma (gaisa vai Gidens) atrums nav konstants, bet mainas laika apgabala. ST
ipasiba rada stabilu vibracijas kustibu dubulta svarsta sistéma. Praktiskie eksperimenta
rezultati véja tuneli parada, ka modelim ir daudz iesp€u turpmakiem petijjumiem:
energijas ieguves prototipa izveide; jaudas mérijumi matematiska modela validacijai;
generatora vadibas optimizacija pie mainigiem pliismas atrumiem.

Péc 3D plismas stimulacijam var secinat, ka pliismas pretestibas koeficienta noteikSana
var izmantot divu veidu metodes. Pirmaja, fokusgjoties tikai uz lokalu apskatita objekta
tilpuma laukumu. Otraja gadijuma, apskatot visu objektu tilpuma ar automatiski
precizétu — adaptivo tiklojuma elementa izméru. Rezultatu atSkiriba ir mazaka par 5 %,
lidz ar to, pretestibas koeficienta noteikSanai lietderigi izmantot pirmo metodi,
vairakkartigi samazinot aprékina laika un datu saglabaSanas resursus, un samazinot
iesp&ju kliidaini interpretét pliismas turbulences ietekmes, ja tas netiek skatitas atseviski.
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1. pielikums

Publikacija Nr. 21

Unveiling ice friction and aerodynamic drag for faster sliding in winter sports: an accent
on the start

Izdosanas procesa zurnalam “Tribology international”
Lidzautori: Janis Viba, Karlis Agris Gross un Marins Cerpinska

Berzes spéku ietekmes kontrole renes zieas sporta veidos ir nebeidzams izaicinajums
sportiem, treneriem un tehniskajam personalam. Pareiza aprikojuma izvéle ir atkariga no
apkartéjas vides pretestibas spéku ietekmes prognozéSanas. lemesli, kapec slides berzes
koeficients uz ledus virsmas pie maziem atrumiem nav pietieckami pétits, tiek apskatits $aja
raksta. PEtfjuma dati par pretestibas koeficientiem tika iegtiti no laika sensoriem ledus tras€ un
no portativa paatrinajuma meritaja piestiprinata pie skeletona kamanam. Portativais
paatrinajuma meritajs Uz skeletona kamanam palidz€ja izp€tit parejas procesu no statiskas
berzes uz kinétisko berzi. Atrums, pie kura "stick and slip" (pielipsanas efekts) izzuda un
kustiba stabiliz&jas bija ap 6 m/s. Salidzinot ar citiem pé&tijjumiem, berzes koeficients, kas,
aprékinats pie atruma, virs 6 m/s, iegits 0,0045. Pirmais no trim braucieniem uzradija
lielaku berzes koeficientu 0,0067, kas saistits ar zemaku skeletona slieces temperatiiru pirms
uzsil3anas berzes procesa. Gaisa pretestibas koeficients iegiits 0,0004 pie atruma 8 m/s. St
pétijuma laika izveidota sensoru un datu analizes sist€éma ir gatava uzstadiSanai uz ledus
trasém, lai automatiskai noteiktu ledus berzes un aerodinamiskas pretestibas koeficientus.
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Abstract

Better control of friction on ice is an unending challenge in winter sports. Decisive improvements for the
upgrades of sport equipment hinge on precise prediction of the resistance forces. However, the reasons behind
changing sliding friction coefficient at low velocities is still insufficiently addressed. In this paper, accurate data
on the resistance coefficients was obtained from timing sensors on an ice track and a portable accelerometer at
the base of the skeleton. Data was collected by timing sensors as the skeleton slid down an ice track. A portable
accelerometer on the skeleton helped study the transient conditions at the start when static friction transitioned to
kinetic friction. The velocity at which the "stick and slip” effect faded and the sliding motion stabilized was 6
m/s. The friction coefficient calculated at velocities above 6 m/s was 0.0045, in agreement with other studies.
However, the first of three runs showed a greater friction coefficient of 0.0067, associated with a lower
temperature of the steel runner before warming by frictional heating. The air resistance coefficient was 0.0004
for velocities up to 8 m/s. The system of sensors and data analysis developed during this study is ready to be
installed on ice tracks and to provide automated calculation of friction on ice and aerodynamic resistance.

1. Introduction

Winter sport competitions on ice have noticeably lower friction that increases speed to make
winter sports more dynamic and exciting. Every hundredth or even thousandths of a second becomes
critical in sliding winter sports such as bobsled, skeleton and luge. An athlete’s skill, favourable
aerodynamics of the athlete’s body position, sportwear textile [1] satisfies initial conditions for being a
possible winner, leaving the sled’s sliding surface the last remaining consideration for sliding to
victory. The rules of the International Bobsleigh and Skeleton Federation (IBSF) [2] state that only
standard steel runners with specific composition and hardness are allowed in the competitions,
therefore additional improvements rely solely on lowering the sliding resistance. To decrease the
resistance, athletes and their support teams must understand the relative contribution and ways of
reducing the impact of two factors — ice friction and aerodynamic drag. This paper focuses on
resistance forces during start, because start times have specific importance on bobsled performance
[3].

1.1. Resistance forces

Both the ice friction and the aerodynamic drag need to be considered together to provide an
objective view of the resistance to sliding in skeleton. These resistance forces react differently to the
change in sliding velocity. Kietzig et.al. [4] showed that at higher velocities more frictional heat is
produced than at slower speeds, resulting in a greater melt water production and more lubrication,
which facilitates the sliding motion. On the other hand, Kietzig et.al. [4] acknowledged that the higher
velocity drag force outweighs the benefits from a thicker lubricating layer. The aerodynamic analysis
of bobsleighs conducted in the last decade are summarized by Shim et al. [5], where authors focused
on numerical research of variation in the drag coefficient of the bobsleigh with respect to a Reynolds
number.

As noted by Norheim et al. [6], friction is both material and system dependent. Material
dependency in skeleton is ruled by ice surface roughness and sled material. System dependency — by
sliding velocity, and frictional heating [4]. Ice friction has been researched experimentally, considering
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the deceleration of a moving sled, closely following the deformation of the slider, or conducting high
speed tribometer tests. Initial field experiments on timing sled sliding started in 1987 by Itagaki et al.
[7] and continued two decades later [8], Fig 1. In 1992, de Koning et al. [9] used strain gauges fixed to
an ice-skating skate and looked at vertical and horizontal forces. The same approach was applied to a
bobsled slider by Braghin et al. [10], but the calculated ice friction appeared too high. A high speed
tribometer provided the best insight into the ice friction up to 28 m/s [11] and later to 65 m/s [12] to
show a decreasing ice friction with speed. The left side of Fig. 1 summarizes previous research and
methods and positions the goal and methods to be used here.

Modelling of the sled motion was sought as an additional tool to understand ice friction. In 2014,
two independent research groups, Makkonen et al. [13] and Lozowski et al. [14]-[15] developed
numerical models of sled motions. The next high-speed 65 m/s tribometer experiments, performed in
2018 [12], correlated well with experimental results and model of friction based on frictional melting
and viscous shearing [13]. Very few studies though have compared numerical modelling with
experimental results during the start phase, a growing need within this new field of research.

Aerodynamic drag requires free movement of the sliding body relative to air. There are few
published studies, either in the wind tunnel, or by numerical modelling directed at skeleton sliding,
however, athletes are aware that understanding aerodynamics is a key to their success. Katie
Tannenbaum, Competitor on the Skeleton World Cup, imitated sledding inside the large wind tunnel
and admitted after training that she changed her body position and the way she prepares her sled
before a race [16]. The fundamentals of air resistance were addressed by Hoerner [17] considering
computational fluid dynamics and seeking validation by wind tunnel tests. The left side of Fig 1.
shows that initial studies were conducted in 2005 on flow visualization around the bobsleigh [18], later
viewed from the perspective of race car aerodynamics for reducing the drag [19], returning to the basic
design of bobsled for reducing the aerodynamic drag [5]. The bobsled bumper shape has been
optimized for a 3% reduction in drag [20]. Measurements in the wind tunnel [21] were made mainly
on the two-men training bobsleigh and addressed the side walls, nose angle and positioning of the
driver and brakeman for reducing the drag. Unfortunately, results from the wind tunnel and numerical
models rarely provide any absolute values [22]. Meanwhile, absolute values are necessary when
comparing aerodynamic drag with ice friction. Aerodynamic drag increases with the square of the
velocity as shown in our previous study [23], where ice friction coefficient fluctuated between 0.003
and 0.005. Fig. 1 (right) shows that the ice friction force is initially large and then is small relative to
the air drag force. During the first seconds of motion both forces are equally important. This is the first
study where both the ice friction coefficient and the air drag coefficient are simultaneously determined
at the start opening the opportunity for a complete analysis of the sliding situation.

Ice friction Our goal Force (N)
Free sliding \L
. - 4 100
~ Strain gauges 1
Tribometers | H Gravity force
ibometers | ; -
Modeling ! i This =77
—e ¢ i work et ,
L T T S0t : L~~~ Aerodynamic
1990 2000 2010 / drag
Aerodynamic drag e
Wind tunnel : ,v’l Ice friction
Modeling i . : t
e 0 50 100
1990 2000 2010 2020 Sliding time (sec)

Figure 1. Experimental and modelling studies on ice friction and aerodynamic drag (left). A
representation of forces acting on a sliding motion system (right).

In this study, modeling results are shown alongside experimental results from an ice track. The ice
friction and aerodynamic drag forces include coefficients that need to be determined. For this purpose,
differential equations describing the motion were formed and integrated. These equations will be
solved numerically to determine the resistance coefficients at different sliding conditions. To minimise
the effects from the gravity force, the track with small inclined plane angle o (@ = 4.5°) was chosen.
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The objective is to describe a method for numerical analysis of the resistance forces (ice friction
and aerodynamic drag) and experimentally determine these resistance forces at the Sigulda bobsled
push-start facility ice track in Latvia. This study will provide a functional method for determining the
skeleton resistance forces. The method will allow the determination of the ice friction coefficient and
the aerodynamic drag coefficient in real-time during sliding.

1.2. Ice friction at the start

During start the velocity of the sliding bobsled is low and is therefore dependant on friction
between ice and sledge more than on aerodynamic drag (Fig.1 (right)). For sliding slower than 10 m/s
air temperature influences sliding speed the most, while runner load and runner roughness has less
influence [24]. Frictional heating is minimal at low speeds [25]. Meanwhile, previous research of
Scherge et al. [11] and Makkonen et al. [13] suggested that at low speeds friction coefficient changes
rapidly as well. Scherge et al. [11] showed that the rapid change applies for the velocity under 3 m/s
for a bobsled. Makkonen et al. [13] showed a steady ice friction coefficient was observed for the
velocity over 6 m/s. These findings suggest that during the start when the velocity is low, there is a
rapid reduction in ice friction, which could not be explained by the frictional melting of ice.

The effect of frictional melting on sliding was revised in recent years. Electrical resistance
experiments quoted by Blau [25] used electrodes embedded in skis to show that surface melting which
occurs below —20°C is local and could not form a continuous water film. The recent study of Ovaska
and Tuononen [26] used white light interferometry to show that despite previous assumption that there
is a lubricating water film formed through frictional melting [27]-[28], there is no actual evidence of a
global melt layer on ice. Ovaska and Tuononen [26] found only minor signs of surface melting (in
form of refrozen meltwater droplets) immediately after an ice skate slided over ice instead of a water
layer acting as a lubricant. As noted by Formenti in the review paper on ice friction [29], pressure
melting is not anymore considered to be the reason for low friction of skates on ice regardless of
sliding velocity.

Considering the above, there should be another important physical phenomena other than
frictional heating during the start. The start of sliding is a transient condition, during which frictional
behaviour changes from static friction to Kinetic friction, and it appears that specific transient
condition lasts for some seconds. Bowden and Hughes [28] experimentally showed that static friction
is much higher than kinetic friction, specifically at low speeds showing that pressure melting
phenomena has no great effect on friction at low speeds. Bowden and Hughes [28] suggested that
surfaces at low speed are not sliding continuously, but are rather moving by a process of "stick and
slip". This study supports the latter explanation.

2. Calculation of resistance coefficients from data on the motion

Two numerical models will be compared with experimental data and determine both ice friction
and air resistance coefficients.

First, a functional mathematical model of a sliding object should be introduced. Researchers agree
that for the case of flat ice, the only forces acting along the direction of sliding x (Fig.2) are ice surface
friction and aerodynamic drag [8]. The lift force acts in the direction of normal force [23]. Thus, for a
one degree of freedom (1DOF) skeleton motion dynamics analysis, Newton’s second law can be
applied with forces acting on the object downwards to the right (direction x), as shown in eq. (1):

m-a=m-g-sin(a) — Ff — Fp, @
where m is the object mass; a is a body acceleration along the x-axis; g is gravitational

acceleration equal to 9.81 m/s%; o is an angle of an inclined plane; Fs is ice friction force; Fp is the
aerodynamic drag force.
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Figure 2. The model with one DOF on the inclined plane with the ice friction force - F4, the
aerodynamic drag force - Fp, and the normal reaction force — N for a body with mass —m, sliding
down a slope with angle « under the influence of gravity g.

Ice friction force F¢in eq. (1) considers the friction coefficient x, mass m, gravitational acceleration g
and cosine of a - angle of an inclined plane. Aerodynamic drag force Fp from eq. (1) can be written as

Fn = p'Z'A - v2 where p is the density of air; D is drag coefficient; A is effective cross section and v

the velocity of the sled.

For further analysis a new drag coefficient is going to be introduced, because all experiments used the
same sled and similar air conditions. A comparable modeling step was proposed by Poirier et al. [8],
where the drag constant during deceleration of the sled was introduced as a. In this paper « is used to

describe incline angle, therefore a new air resistance coefficient is going to be Bp. The difference of

our proposal is to include the mass into new coefficient, obtaining Bp = %_ Thus, eq. (1) rewritten

in differential equation form becomes (2.1):
m-¥=m-g-sin(a)—u-m-g-cos(a) —m-Bp - (%)% (2.1)

where X is acceleration, the second derivative of displacement in time t; x — velocity, the first
derivative of displacement x in time t.

For the following calculations function F(v’) should be defined using eq. (2.1) as follows in eq.
(2.2):

F(U,) =m-g- Sin(a) —-u-m-g- COS(a) —-—m- BD . (v’)Z’ (22)
where u is instantaneous friction coefficient between runners and ice; Bp is air resistance coefficient.

At this stage we acknowledge that the friction coefficient x is variable, but we use an
instantaneous value. To analytically determine coefficients x and Bp, the differential equation (2.1)
must be integrated. Two methods are developed here to determine the coefficients 1 and Bp. One
method takes into consideration the travelled time and the other method considers the distance
travelled. These methods allow calculating resistance coefficients with input data from instantaneous
velocity records with either time or distance records as presented on Fig.3 a) and b) respectively.

b) Distance and
Q}

To a) Time and
velocity records
to calculate p

velocity records
to calculate p

Figure 3. Model showing the forces acting on the sliding body and the three sets of data: a) time and
velocity; b) distance and velocity.
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2.1. Recording time and velocity

The differential equation (2.1) was directly integrated over time, giving the relationship between
velocity v and time t (3.1).
v dv
t(v) —ty=m 20 7@ (3.1)
where t(v) is a time at a given moment; v is a velocity at a given moment; v, and t, are the initial
velocity and time; respectively v’ is the parameter for integration.

Inserting F(v’) from eq. (2.2) into eq. (3.1) provides eqg. (3.2):
v dv
tw) —to = fvo g-sin(a)—u-g-cos(a)-Bp-v'? (3:2)
To solve equation (3.2) only time and velocity are required, as shown in Fig.3 a). The time was
measured using optical sensors. Velocity was calculated from measurement experiment by dividing
the actual distance slid with the actual time (measured with optical sensors) required to slide the
respective distance.

2.2. Recording distance and velocity
The differential equation (2.1) was directly integrated over displacement x, giving a relationship
between velocity v and displacement x (4.1):

v v'dv’
x(v) —xo=m 20 F ) (4.1)
where x(v) is a coordinate at a given moment; X, is the coordinate at the start, F(v’) is a function

defined in equation (2.2) above.
Inserting F(v’) from eq. (2.2) into eq. (4.1) provides eq. (4.2):
x(v) = xo = | o (42)

0 g-sin(a)—u-g-cos(a)-Bpv'?

2.3. Calculating coefficients with input data from instantaneous records

Time measurements at three locations on the ice track (as per Fig.3 a), make it possible to calculate the
resistance coefficients u and B, (shown later in the Results section table of Fig.5).
The differential equation (3.2) is integrated over time in two stages, with time and velocity data from
the experiment; TO, VO for the initial condition, T1, V1 during sliding and T2, V2 as the final condition
(Fig. 3 a)). For integration, a constant C; is required. To calculate C;, motion at time t, =05 is
analysed. Inserting a zero value at ty = TO and V;, gives an equation for calculating the first integration
constant C; as shown in eq. (5.0):

VBp Vo )

B \Bp-u-g-cos(@)—Bp-g-sin(a)

a tan(

The constant C; is then used to form a relationship between motion at the end of the first stage
of the sliding (5.1) and at the end of the second stage of sliding (5.2).

atan(— VBD'Vl) amn(— \/BD'VO)
Ju-g-cos(a)-g-sin(a) _ _ Ju-g-cos(a)-g-sin(a) (51)
JBD~u-g-cos(a)—BD-g-sin(a) 1 \/BD-u-g~cos(a)—BD~g~sin(a)'
VBp'V2 ) ( VvBpV1 )
t —_—_— t —_—_—
a an( u-g-cos(a)—g-sin(a) atan u-g-cos(a)—g-sin(a) (52)

\Bp-u-g-cos(a)—Bp-g-sin(a) - \/Bp-t-g-cos(a)-Bp-g-sin(a)’

where V,, V; and V, are velocity at the start, at the 2nd location and at the end. T; and T, were 7.6 s
and 1.2 s in this study. As a result, two equations (5.1) and (5.2) with two unknowns (x and Bp) are
obtained. For this study the calculation of coefficients x and Bp was done numerically using the
MathCAD software command "Given-Find".
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Similarly, the resulting differential equation (4.2) for the model presented in Fig.3 b) can be used
to determine the resistance force coefficients « and Bp. Then, the integration constant C, can be
calculated using initial velocity V, and position x, = 0 providing eg. (6.0):

(si —U- - Vo2
In(g-(sin(a) ;21;05(0()) Bpvo?) =0+C, (6.0)
‘Bp

The constant C, from the two sliding stages will provide the relationships at the end of the first stage
(6.1) and at the end of the second stage (6.2):

In(g-(sin(a)-p-cos(a))—Bp-v;2) In(g-(sin(a)—p-cos(a))—Bp-vy?) (6.
=—L; + ;
2‘Bp 2-Bp 1)
In(g-(sin(a)—p-cos(a))-Bpv,?) in(g-(sin(a)-p-cos(a))—Bpv1?) (6.
. = _L2 +
2-Bp 2:Bp ' 2)

where L; and L, are the distances of the first and second stages, specifically 35 m and 10 m in this
study. As a result, two equations (6.1) and (6.2) with two unknowns (x and Bp) are obtained, and
unknown coefficients could be calculated.

This section showed that by recording the sliding time it is possible to determine the friction and
air resistance coefficients without acceleration sensors on the moving skeleton. Nevertheless, Results
will show that the acceleration sensor provides supplementary information as sliding begins, to reflect
rapidly changing friction coefficients.

2.4. Numerical model

In this study, a numerical model in MathCAD software was continuously amended with data from
the sliding experiments. First, the differential equation of motion (2.1) was numerically integrated with
a small time step s = 2107 s, using the Euler step integration method. Calculations were performed
with MathCAD. The following parameters were used for modelling: mass of the moving sled and
slider m = 100 kg, plane inclination angle a = 4.5°, acceleration due to gravity g = 9.81 m-s?, friction
coefficient x4 = 6.7-10°%, aerodynamic drag coefficient B, = 2.1-:10™.

After the experiments were completed, the numerical test was run. The purpose of the test was to
evaluate the accuracy of the two analytical methods for determining parameters x4 and Bp by
comparing them both to the numerical results of direct integration of eq. (2.1). To do it velocities VO,
V1, and V2 were calculated numerically and compared in both analytical methods. The parameters at
5m, 40 m and 50 m checkpoints from ice track experiments were used. Calculation was made at the
following selected displacement points: starting point X, = 5 m; middle point x; = 40 m and end point
X2 = 50 m. Respectively, values of length for eq. (6.1) and eq. (6.2) were: Ly =35 mand L, =10 m.
Time intervals calculated for eq. (5.1),(5.2) were: T, = 7.5 sand T, = 1.2 s. In this numerical test the
resulting maximum errors for the two initially accepted coefficients x and Bp, did not exceed 1.3-10"
% for the first “time” method and 5.7-107 % for the second “distance” method.

3. Experiment setup

In the experimental study, the skeleton slid down the angled ice-track. Experiments were
conducted in Latvia at the Sigulda bobsled push-start facility with an added mass (ballast), Fig 4b.
Sliding experiments were conducted on a straight 50 m long ice track set at an angle a of 4.5°.

As a part of the study, an accelerometer was mounted symmetrically in the middle below the
skeleton's centre of mass to record the acceleration (Fig. 4.a)). The acceleration frequency data was
collected by a 3-axial portable accelerometer X16-1D at a 400 Hz recording speed. Experiment data
was filtered using the Box-Jenkins Predictor Model [30]. To determine the acceleration, three runs
(Runl, Run2, Run3) were made one after another in the same weather conditions and with the same
starting conditions. The skeleton was freely allowed to commence sliding and the timing sensors
registered the sliding times.
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Figure 4. a) the upturned skeleton showing the accelerometer fixed in the centre; b) a vieV\; of Bobsled
push-start facility in Sigulda showing the skeleton sliding down the ice track.

During the study, the ice track was equipped with 7 consecutive optical timing sensors that
collected the time on the straight part of the track at a constant angle of inclination over a distance of
50 mat 0, 5, 10, 20, 30, 40 and 50 m respectively. In the results section, these sensor positions will be
referred to as S1, S2, S3, S4, S5, S6 and S7. Velocity was recorded as the average between the
measuring points. The sled weight was 92 + 0.2kg. Ice temperature measured with a contact type
thermocouple was -5° £1°C. Air temperature was 3° +0.5°C.

4. Results and discussion
4.1. Experimental values of ice friction and aerodynamic drag coefficients
The forces acting on the sliding motion system, earlier shown in Fig. 1, suggested a greater ice

friction than aerodynamic drag as sliding starts. Indeed, the average resistance coefficients calculated
from measurement data (provided in the table in Fig.5) showed a greater ice friction coefficient than the
aerodynamic drag coefficient. The aerodynamic drag coefficients were about 10-fold smaller than ice
friction coefficient during the 50 m slide. A clear trend was observed — a decrease in ice friction
coefficient from Runl to Run 3 explained the shorter sliding time from Runl to Run3.

Resistance Sliding 9 -
coefficients time £ (s) = - = Runi -
01 9 —~ -=== Run2 e
i = [ v g {l-— R3]
B s - 8.8 é e
0.01 - > -~ a5
2 ® ¢ [ 86 '© ~ ci
0.001 1 [ 84 > d
; o A |82
— 0 : . .
0.0001 8
Run1 Run2 Run3 5 20 . 35 50
Position (m)
Parameters from experiments
ice track timing system (sec) Solved coefficients
Sm 40 m 50m 7} Bp
Run1 4.106 11.723 12.971 6.72°10°% 2.13-10%
Run2 4102  11.639  12.877 (4.6210° 4.76104)
Run3 4.097 11.602 12.835 (4.33'10° 3.8510%

Figure 5. The skeleton sliding times from Sensor 2 to Sensor 7, the sliding velocity from Sensor 2 to
Sensor 7, and the calculated resistance coefficients.

The table in Fig.5 summarizes the sliding time and experimentally obtained resistance coefficients.
The longest run time for Run 1 (12.971 s) showed the slowest final velocity (dot-dash purple line in
right upper corner, Fig 5). A comparison between the slowest and the fastest sliding times showed a
0.009 second difference (0.2%) at 5 meters, a 0.121 second difference (1.0 %) at 40 meters, and 0.136
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second difference (1.0 %) at 50 meters. The range in sliding times is highlighted as a shaded time range
on the right-hand sliding time axis in Fig.5 left upper corner, showing about a 0.1 second difference.

To estimate the average value of the ice friction coefficients x (varying from 0.00433 to 0.00672),
results of Run 1 should be excluded, because the velocity of Runl was lower than for Run2 and Run3
(the dotted purple line in Fig.5 stands out compared to green and brown dotted line). Thus, the average
value of coefficient of friction becomes 0.0045. Nevertheless, results of Runl show that slower motion
means greater friction. If the reason for a decrease in friction from Runl and Run2 was frictional
heating, we suggest associating it with warming of the slider from friction, not ice melting and
formation of the lubricating layer. Lubricating layer could only be formed close to the runner (the
contact geometry is explained explicitly by Lozowski et al. [15]), and skeleton runners are so thin, that
it would be highly unlikely that skeleton run three times on the same track. Analysis of time records
shows that the total saving of sliding time due to warming of the slider is 1 % or 0.1 seconds at 50
meters.

4.2. Adjustments to the friction coefficient should be made for the analytical models

The outcome from the analytical calculation resulting from eq. (2.1) is shown as a continuous red
line. For this calculation, the ice friction coefficient was adjusted to 0.0067, corresponding to the
experimentally obtained value for Runl. Experimental results are shown as blue dots in Fig.6.
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Figure 6. The numerical model showing the sliding velocity vs time (left) and sliding velocity vs
displacement (right). The blue dots represent experimentally determined average sliding velocities
from the time sensors on the bobsled push-start facility.

Since the ice friction force is not constant, the experimental blue points do not lie on the
theoretically expected red line in Fig.6. The increase in acceleration demonstrated in the next section is
shown for sensors S1-S5, Fig.6. A closer view of the sliding velocity vs time showed that three points
(S2, S3 and S5) provided the most accurate result; the experimental points are on the curve for the
analytical time model from eqg. (5.1) and (5.2). The numerical model (red line) showed a linear
relationship between the velocity and time. This supports the observation from Fig.1 (right) that at the
start point for sliding, aerodynamic drag is negligible. Points S6 and S7 positioned above the straight
line (Fig.6 left) suggest that higher acceleration was achieved after six to seven seconds of motion,
confirming a decrease in friction.

In the plot of sliding velocity vs displacement, Fig. 6 (right), points of sensors S2, S6 and S7 from
the experiment are located very close to the red line (analytical model result). A decrease in the
friction that was expected at higher speeds ensured that points S6 and S7 fit the curve. Although for
the differential equation we chose the greatest friction coefficient obtained during the sliding the entire
50 m length, the first set of experimental points were still lower from the analytical curve, suggesting
that the friction force and respective friction coefficient for the initial period (up to six seconds of
motion) was even greater than 0.0067.
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4.3. Ice friction coefficient decreases at the start of sliding

A set of experiments were completed using the portable accelerometer placed in the centre of
gravity on the underside of the skeleton (Fig.4.a). The objective was to track acceleration during the
start. The change in acceleration during the slide over the 50 m distance for three runs (referred as
Runl, Run2 and Run3 in Fig.7) was recorded. In Fig.7 all experimental acceleration curves start at the
acceleration value close to 0.4 m/s?, and then increase up to 0.7 m/s? in six seconds, but after six to
eight seconds the rapid increase in acceleration no longer exists. Therefore, six to eight seconds are
critical for the competitive advantage during start. This time, however, may change depending on the
venue, ice conditions, the load on the slider, and texture on the slider.
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Figure 7. The comparison of curves of the acceleration records obtained on site and numerical
modeling.

Following eq. (2.1), the increase in acceleration for the object with constant mass, shape on
the slope at the constant inclination angle could be achieved by a decrease in the friction force. The
aerodynamic drag force depends on the shape of the object and sliding velocity. The shape of the
object did not change during study, materials did not change, while the velocity increased during start,
which in fact would increase drag force. It follows from the eq. (2.1) that an increase in acceleration
was achieved from a decrease in ice friction, which is possible due to the decreasing ice friction
coefficient. Frictional heating is minimal at low speeds [25] and could not explain decrease in ice
friction coefficient. Therefore, the explanation has mechanical nature. Surfaces at low speed are not
sliding continuously, but are rather moving by a process of "stick and slip™ [28]. Experimental results
of Fig. 7 shows that the friction coefficient decreases as the velocity increases and the undesirable
"stick and slip" effect disappears after 6 seconds of sliding.

If the ice friction coefficient would be constant, the acceleration would be a straight horizontal
line in Fig.7. This line is depicted as the straight line from the Numerical modeling in Fig.7.
Subsequent adjustments to resistance coefficients were made as follows: instead of assuming a
constant ice friction coefficient of 0.0055, it is 0.0067 for Runl, 0.0046 for Run2 and 0.0043 for Run3,
according to the table presented in Fig.5.

Based on this study, for initial sliding from the numerical models we suggest implementing a
decreasing friction coefficient for the first six to eight second period for the acceleration to be
constant. Future work can numerically determine the value of the coefficient of friction to provide a
constant acceleration.

4.4. Comparing the friction coefficient with other studies

For comparison with other studies it was decided to calculate the average of the coefficient of
friction from Run2 and Run3 giving a value of 0.0045. This value is ten times less than the value
presented by Blau [25], but in a good agreement with the data presented by other investigators.
Reading Figure 5.8 [25] (figure adapted from Tribology Handbook of 1991) shows that the friction
coefficient for stainless steel and ice at -5°C is about 0.03. Meanwhile, Poirier et al. [8] found the
coefficient of friction to be around 0.0042. Makkonen et al. [13] used experimental data on ice friction
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with verification of a mathematical model over a wide range of ambient conditions. The comparison of
this study with Makkonen et al. [13] is illustrated in Fig.8. In this work, the ice friction coefficient u
was 0.0043 for Run3 at -5°C. Analysis of slide movement by Makkonen et al. [13] at an end velocity
of around 8 m/s at -5°C showed the ice friction coefficient 4 to be around 0.0045.

The friction coefficient presented by Scherge et al. [11] was greater. The specific friction was obtained
during experiments with a bobsled that was heavier than the skeleton in this study, explaining the
greater friction. The difference can be viewed in Fig.9, a modified figure from Scherge et al. [11].

0.025 . . . i 0.07
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Figure 8. Modelled friction coefficient .  Figure 9. Friction coefficient x versus velocity with results
steel-on-ice as a function of velocity at of this work and of others, modified from Scherge et al.
different temperatures, modified from [11]

Makkonen et al. [13].

In Fig.6, within the previous section, experimental velocity data points are compared to the
numerically modelled curve. The last experimental point is taken at 8 m/s. However, acknowledging
the speed above at which friction coefficient will decrease slowly only due to frictional heating, we
can expect that at speeds greater than 8 m/s, the numerical curve alone would provide good prediction
of the sliding velocity. We conclude that numerical methods developed in this study offer a new tool
for predicting the motion at a velocity > 6 m/s. This conclusion is supported by Scherge et al. [11], as
shown by the horizontal line in Fig.9.

4.5. Application of the results and notes for future research

If a time measurement system could be introduced on the ice track and an automated
calculation made of the resistance coefficients along a straight section of the ice track, then such a
facility could be practically used by athletes during training and competitions. Further development of
such a system could investigate sliding at different slopes and within the bends of the ice track. Since
the friction force in contact with the base will have an additional transverse component, then the
influence of the centrifugal force in the bend could be assessed. Given the centrifugal force in the
bend, an increase in the friction force is expected, that could play a decisive role in the total sliding
time. The trajectory into different radius bends and the angle of inclination could be investigated. Such
information is presently not available, and this new measurement system, using both a numerical
model and timing sensors, provides a mechanism to determine the effect of frictional forces on sliding
on a large number of ice tracks. To confirm warming of the steel runner, a wireless thermocouple
could be installed. Such suggestions have been previously given in a review paper by Formenti [29].
The quoted experiments of Colbeck et al. from 1995-1997 showed that temperature of the blade
increases with velocity, but temperature was measured underneath the skates [29], because wireless
technologies to measure temperature directly were not available at that time.

5. Conclusions

We have studied the friction between ice and skeleton runner on the small slope, with a focus on
changes in the friction coefficient at the start of sliding. The main findings of our study are:

1. A portable accelerometer on the skeleton is a necessary tool to study the transient condition
during the commencement of sliding, when static friction changes to kinetic friction.
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2. The first skeleton slide more friction compared to the following runs, most probably from
frictional warm-up of the skeleton runners. The shorter sliding time from warm-up phenomena
is 1 % or 0.1 seconds at the 50 meters distance mark.

3. The velocity at which sliding motion becomes stable, and "stick and slip™ effect faded was
found to be 6 m/s. A comparison of the numerical model with experiment results show that the
friction coefficient is not constant at the start, but is constant when the sliding speed is faster
than 6 m/s. The value of the friction coefficient was 0.0045, in agreement with other studies.

4. The air resistance coefficient remained close to 0.0004 for the studied velocities up to 8 m/s.
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2. pielikums

Publikacija Nr. 24

Analysis of the skeleton sled sliding motion induced vibrations with different runner
stiffness’s on an inclined ice track

Publicésanas procesa konferences rakstu krajuma “International Conference of Vibration
Problems 2019~
Lidzautori: Janis Viba, Karlis Agris Gross un Marins Cerpinska

Viens no ziemas olimpisko sp€lu sporta veidiem, un vienigais sporta veids, kur ir
iespgjams mainit saskares laukumu ar ledu, mainot slieces stingumu, ir skeletons. Stingums
palielinas, saspiezot slieces galus, ka rezultata veidojas mazaks kontaktvirsmas laukums ar
ledu. Maz pieredzgjusi sportisti izmanto slieci ar zemaku spriegojuma pakapi, lai nodroSinatu
lielaku stabilitati. Lielaks spriegojums palielina slidéSanas atrumu, tau tas samazina
skeletona kamanas kontroli uz ledus. P&tfjuma meérkis ir identificét skeletona kamanas
konstrukcijas struktiiras vibracijas un raksturigas slides kustibas berzes spéku raditas
vibracijas, un salidzinat tas ar dazadiem slieces stingumiem. Izmantojot CAD simulacijas
programmatiiru, tika noteiktas pasSsvarstibas frekvences skeletona kamanai. Veértibas tika
salidzinatas ar laboratorijas méraparattras datiem. Praktiski eksperimenti tika veikti ledus
trasé Siguldas bobsleja un kamaninu starta ieskr&jiena estakade.

Eksperimenti tika veikti uz taisnas 23,7 m gara ledus trases posma ar kritumu o = 12°
lenkd. Slides kustibas laiks tika mérits ar optiskiem laika mérisanas sensoriem. Laiks no trases
tika izmantots, lai kalibrétu akselerometra datus. Skeletona kamanas vibracijas tika meéritas ar
portativo 3-asu akselerometru, tas tika piestiprinats pie skeletona pamat plaksnes apaksas.
Dati tika apstradati ar spektralo analizi. legtitas raksturojosas frekvencu vértibas. Rezultati
tika analizeti, salidzinot datoru aprékinu simulacijas ar praktiskiem eksperimentiem.

Paatrinajuma datu analize apstiprinaja, ka, mainoties skeletona kamanas slieces
stingumam, passvarstibas frekvences vertiba konstrukcijai nemainas. 3D modeléSana
apliecindja, ka izmainas ir minimalas, ja netiek mainits savienojuma veids. Izveidotais
matematiskais modelis passvarstibu frekvencu noteikSanai, lauj atri un precizi noteikt pirmas
konstrukcijas paSsvarstibas vertibas.

117



Analysis of the skeleton sled sliding motion induced vibrations with different runner
stiffness’s on an inclined ice track

Martins Irbe™?", Karlis Agris Gross', Janis Viba®, Marina Cerpinska®
'Riga Technical University, *‘Biomaterials Research Laboratory, Latvia
’Riga Technical University, Institute of Mechanics and Machine Building, Latvia
Martins.Irbe@rtu.lv, Karlis-Agris.Gross@rtu.lv, Janis.Viba@rtu.lv, Marina.Cerpinska@rtu.lv

Abstract. The skeleton is one of the winter Olympics games sports and it is the only sport where is possible to
alter the degree of contact with ice by altering the runner stiffness. Stiffness increased by compressing the ends
of the runners resulting in less contact with the ice. Beginners prefer a runner setting with a lower stiffness for
greater stability. Experienced winter athletes will select a higher stiffness for higher speeds, but this comes at the
cost of less control of slider motion on the ice. Sliding motion induced vibrations are not very obvious but can
play a quite positive role in reducing the sliding friction. The purpose of this research is to identify skeleton sled
vibrations that are characterized by natural frequencies of the structure and which are characterizing sliding
motion friction forces and compare them with different runner stiffness’s. Analyzing the effect of structural
vibrations from the sliding mation on the ice surface first is clarified how the sliding object responds on forced
oscillations. Using CAD Simulation software the first natural frequencies were detected for skeleton sled and
runners. Values were compared with laboratory measuring equipment data. Practical experiments were
performed in ice track at the bobsled push-start facility in Sigulda, Latvia and it was conducted on a straight 23.7
m long ice track angled at o = 12°. The sliding time was measured with optical sensors at the top and bottom of
the incline after the skeleton starts from sliding from a stationary position. This sliding time was used to calibrate
the accelerometer data. Measurements were made with portable accelerometer, it was fixed to the base plate of
skeleton. Data was processed by spectral analysis. Then motion and structure characterizing frequencies were
obtained. The results were analyzed by comparing computer calculations and simulations with practical
experiments.

The acceleration data analysis confirmed that the natural frequency of skeleton sleigh structure does not change
as the sleigh’s runner stiffness changes. 3D modeling certified that the change was minimal if the connection
type was not altered. The created mathematical model for determining natural frequencies allows to quickly and
accurately determine the first modes of the oscillations of the structure.

Keywords: Winter sports: Skeleton: Structural vibrations: Induced vibrations: Sliding motion
1. Introduction

The structure of the skeleton sleigh is designed so that both it’s runners act as tensioned springs between the
rider and the ice surface. This is a fundamental difference to other winter sliding sports’ equipment’s. This
means that the runners are exposed to complex loads during the race, i.e.: there are considerably greater local
deformations; - the runners are pressed and bent at the entrances and exits of the track curves; - they are exposed
to various vibrations while overcoming the undulations of the ice.

One of the peculiarities of the skeleton runner’s construction is that it is possible to adjust the tension of the
runners within a certain range before the race, by tightening the ends of the runners with a compression screw,
resulting in a change of radius of the curvature.

For example, young athletes initially select the radius of runner’s curvature to be r = 6 mm, while
experienced athletes who participate in significant races choose the curvature between 11, 12, and even 13 mm.
This means that the bigger the radius of the curvature, the better the slideability — because the contact surface
area reduces. But the payback for reduced contact area is a decreased ability to control the skeleton sleigh on the
track curves. Athletes often risk and improve the slideability, but therefore lose some ability to control the sleigh
and may even fall. Meanwhile winter sliding sports have certain constructive rules, which are regulated by the
international federations and institutions of the respective sports. In skeleton it is FIBT [1].
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This study was conducted at the Winter Sports Center in Sigulda Bobsled push-start facility, in co-operation with
the Latvian Olympic Skeleton team. The main task of the study was to determine how the change of stiffness of
the skeleton runner affects the natural of the skeleton sleigh structure. Experimental measurements of
acceleration were performed for skeleton sleighs on an inclined 24 m long ice track. After the processing of the
experimental data the main dominant frequencies were obtained. In the analysis of the data, frequencies related
to the frictional motion processes and additional frequencies related to the structure’s induced oscillations were
identified. All experiments were performed at different runner’s stiffness values, which were regulated on the
experiments with radius of the curvature r. In parallel, the results were compared and analyzed with computer
simulation in 3D. In addition, a simplified mathematical model of natural frequency determination in 1D space
for 6DOF chain type system has been developed.

Previous studies have been launched at the Winter Sports Center in Sigulda, modelling the dynamics of skeleton
sleigh’s sliding motion [2]. In this work two-dimensional mathematical model describing the movement skeleton
sleighs was created. The model has been verified experimentally on the ice track with acceleration measurement
data. In this model, the influence of many parameters on sliding velocity has been studied in depth, such as: ¢ -
stiffness of the skeleton sleigh’s runner; p - coefficient of friction of ice; CD - the force of aerodynamic
resistance. The started research work continued with in-depth analysis of runner’s stiffness changes. For this
purpose, the runner was divided into several elements connected with rotational spring pins. The parameters of
the spring stiffness were changed and their impact on sliding was analyzed. The results showed a high degree of
nonlinearity.

Studies related to sliding improvement in winter sports have been explicitly discussed and summarized by
Braghin et. al. [3]. In all winter sliding sports, the main task is to reduce the time spent on the track. Research
began with a review of present literature on the impact of vibration on slideability. In works [4, 5] it has been
experimentally proven that at high loading frequencies the friction coefficient between ice or snow and the
surface of the test sample significantly reduces. It was also proven mathematically. There are vibrations excited
by the dynamic component of an externally applied normal load. The average normal contact deflection during
oscillations is smaller than the static deflection under the same average load that calls Hertzian stiffness [6, 7]. It
is shown that the maximum average friction reduction without contact loss is approximately ten percent.

A large-scale study on skeleton sports has been carried out in the Ph.D. thesis [8]. It was analyzed how the
athlete runs the start-up run and lands on the sleigh surface and how the motion was influenced by the sliding
trajectories. The accelerometer was used for measurements of overall values, but no vibration data was analyzed.
As the skeleton's sleigh differs significantly from the rest of winter sliding sports’ sleighs, they were not
discussed in detail in this Ph.D. thesis.

In this study theoretical materials [9-13] were used for the vibration analysis to accomplish working with the 3D
modeling software SolidWorks Simulation and mathematical calculations. Using SolidWorks Simulation the
first natural frequencies were detected for skeleton sled. Every structure has its natural frequencies of vibration
called resonant frequencies. Each such frequency is characterized by a specific shape of vibration time wave.
When excited with a resonant frequency, a structure vibrates and acquires specific shape, which is called
vibration mode. In statics natural frequency is calculated knowing the relation between the mass properties of the
structure and its stiffness. During the resonance, inertial an elastic stiffness are neglected. The sole factor
controlling the vibration amplitude is damping. If damping is low, the amplitude may rise dramatically. In real
life, a structure has an infinite number of natural frequencies and only a few of the lowest modes are important
for analysis of the response of the structure to the dynamic loading.

119



2. Experiment of the Skeleton on the Ice Track and Runner Compression Test

The experiment was conducted on a straight 23.7 m long ice track angled at a = 12°. Figure 1 on the left shows
the location of the accelerometer fixed to the underside of the skeleton at the center of mass. For the frequency
analysis, data was collected by 3-axial portable Accelerometer X16-1D. The data recording speed was 400 Hz.
The skeleton together with added mass was slid down the ice track at the Bobsled push-start facility in Sigulda,
Latvia.

Fig. 1. Skeleton with portable accelerometer and the Bobsled push-start facility in Sigulda, Latvia

The mass of the sled is 35 kg, the added mass is 65 kg and the weight of the measuring device is 48 g. The
sliding time was measured with optical sensors at the top and bottom of the incline after the skeleton started
sliding from a stationary position. This sliding time was used to calibrate the accelerometer data.
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Fig. 2. The runner tension schematics Fig. 3. The runner compression test results

Figure 2 shows the reference position when radius of the curvature is zero, r = 0 mm, the runner is completely
non-tensioned, F = 0 N; and runner compression displacement is zero, A = 0 mm. There were 11 stiffness
positions selected based on the athlete's experience. Defined range was from 7 mm to 12 mm with a step of 0.5
mm. In each stiffness position, 3 runs were performed, 33 runs in total. Experiments were designed to be done in
the shortest possible time interval, in the middle of the day, in similar weather conditions.

The Skeleton lobe was later tested in the laboratory to determine stiffness parameters. The experiment was
performed using the material tension/compression equipment Zwick/Roell Z600. The Skeleton runner was
fastened to the measuring device by fixing both of its ends. Deformations were measured after compressing the
ends of the runner to compression distance A, registering the changing radius of curvature r and the compression
force F (Fig. 2). The resulting numerical values are shown in Figure 3.

3. 3D Frequency Analysis for Skeleton Sledge

Analyzing the effect of vibrations on the sliding motion on the ice surface it must first be clarified how the
sliding object responds to the forced oscillations. To perform frequency analysis, it is necessary to simplify the
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model. In the Fig.4 a simplified finite element skeleton sled model is showed. The screws used for runner fixing
at the front are replaced by a pin connection in the model. The spring connection is used for runner stiffness
modelling. The Direst Sparse solvers were used to consider the effect of loading on the natural frequencies and
model have widely different material properties for skeleton sled parts. For FEM mesh type is Curvature based
mesh selected with more than 4.9e4 elements.

Fig. 4. Skeleton sledge Model with simplified connections

4. Mathematical Link Model of Resonant Frequencies for the Skeleton and Slider

For the determination of the natural frequencies of the Skeleton sleighs, a simplified one-dimensional model
with 6 elements, which can be seen in Figure 5, was created analytically. In this type of Link system elements
are connected to each other by spring connections. The combined mass of sleigh and slider is M = 100 kg. It is
divided symmetrically into two parts: M/2 = m1 = m6. The masses are flexibly connected with the spring of
stiffness parameter c, describing the skeleton sleigh stiffness. The mass of the skeleton’s runners is formed as
m2 = m3 = m4 = m5 = 0.3 kg. The runners’ elements are connected flexibly by the spring with stiffness
parameter c;.

¢,
1 W 6
C, ¢
2 M3 M 4 MW 5
C, C, C,
[ <€—P(-sin(®-t)
X

Fig. 5. The Skeleton and Slider Link Model

In order to calculate the natural frequencies, the system of equations for all spring connections was compiled. In
addition, some harmonic force was added to one element, in Figure 5 example, the m3:

P, =P0-sin(w-t), "
where PO —applied force, N;
o —angular frequency of the oscillations, rad's™;
t —time, s.
Adding a harmonic force to the system initiates the forced oscillations. The magnitude of the force is not of
critical importance in this case and therefore PO was chosen to be PO = 1N. Since there is no damping in the
system, all elements oscillate harmoniously with one angular frequency ®. Therefore, there is no need for the
first derivation of the system to get the velocity. Obtaining the second derivation, the accelerations of the Link
elements will be:

% =—A @ -sin(w-t),
I 1 ( ) 2)

Where A —amplitude, mm;

i =1, 2, 3, sequential number of mass elements.

From Newton's Second Law, for the Link system, after simplifications done the system of equations is obtained:
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B (Aa?) = (A =)o (A A,
m-(~Ay -0 )= ¢, (A~ A)=cr- (A — A )
m-(~Ay- 0 )= —¢,- (A=A ) =61 (A = Ay );
m~(—A4-a)2):—c1-(A4—A3)—c1-(A4—A5)+PO; 3)
m~(—A5~w2):—c1-(A5—A4)—c1-(A5—A6);
%'(—As 0)2)——01'(A6—A5)—Cz (A —A)

By solving the equation system (3), it is possible to find accelerations for all elements of the amplitude outside
the resonant frequencies. Accordingly, in the resonant zones, the amplitudes tend to infinity. This means that the
determinant of the system (3) is equal to zero. From the equation of this determinant, by inserting ¢, = F'r* and
c, = F'A™ (Fig. 3) one find:

-4.100625e71- ' +1.7027063782696177062e78 - '°-2.3305500067588630372e84 - c0° (
+1.173048438913584662e90 - 0° -1.655977938480901193€95 - o +2.2677913365951951128699 - > =0,  4)
where @ — equation (4) roots, that correspond to the resonant frequencies.

5. Results and Discussion

Accelerometer recording signal from experiments on the ice track was processed using the Fast Fourier
Transform (FFT) software. The resulting spectral graphs are shown in the following Figures 6, 7 and 8. In
experimental studies, the resonance frequencies characterizing the skeleton's and athlete's motion were recorded
by an accelerometer. They correspond to the first peaks in the graphs of the acceleration components Ax, Ay and
Az and those are around 5 - 8 Hz.

The main factors influencing the occurrence of these resonant frequencies are the variable stiffness of the runner
associated with environmental conditions, such as ice and air temperature, changes in air pressure and humidity.
The resonant frequency values vary nonlinearly and their shape is wavy if depending only on the stiffness. Only
oscillations affecting the construction's structure were analyzed in this study. For example, Figure 6 shows that
the acceleration component Ax has no resonant peaks in the data signal. Accordingly, in the next Figure 7, the
transverse acceleration component Ay has a significant peak shape at 15 Hz. It is important to note here that the
experiment was carried out on the ice track with a specially grooved control groove at a depth of about 2 cm
(Fig. 2). This is necessary to ensure that the sleighs moved in a straight line. Thus, there is an explanation why
the acceleration component Ay in the y-axis direction has relatively high acceleration values, i.e., oscillations
affecting both motion and construction forms appear.
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Fig. 6. Acceleration spectrum in x-axis direction Fig. 7. Acceleration spectrum in y-axis direction

From the analysis of experimental data records, the highest and most significant acceleration values are formed
from the contact with the base. This is observed in the spectrum of the vertical component Az shown in Figure 8.
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It has been experimentally determined how the runner's stiffness's parameter r influences the dispersion of the
natural frequency measurements (Fig. 9). From the result obtained it can be concluded that the oscillations are on
average with a frequency of about 71 Hz. The distribution of the mean value of the natural frequency is smaller
and falls within the confidence interval.
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Fig. 8. Acceleration spectrum in z-axis direction Fig. 9. Measured frequencies for skeleton sled structure
vibrations in the z-axis direction depending runner stiffness
radius r

In this study, the experimentally obtained resonant frequencies 15 Hz and 71 Hz acceleration Ay, Az
components were compared to the 3D model simulations. The results obtained are summarized in Figure 10. The
simulation has been done for five different cases. That is, the runner's tension r and the runner's stiffness A were
varied from Low r = 6 mm and A =3 mm to High r = 13 mm and A = 7 mm. The diameter of the runner cross-
section, dr = 16 mm, was also taken into account when determining the stiffness of the runner. Results showed
that changes in runner stiffness have a negligible effect on the natural frequency of the whole skeleton sleigh
structure.

The results of 3D modeling show that increasing the spring tension increases the natural frequency. First twenty
natural frequencies of the model were determined (Fig. 10). Similarly, 3D modeling results confirm that there is
a good correlation between the natural frequencies' 15 Hz and 71 Hz locations in the entire range of the 20
modes (Figure 10).
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Fig. 10. Results from 3D skeleton sled frequency analysis with different spring stiffness and rigid connection (fixed runner)

The following additional conclusions and discussion points can be made from 3D modeling results:

1. A different result is obtained if the runner's spring's connection to the skeleton sleigh is replaced by a
latching joint (curve 1_5). Here, the stiffness of the construction's structure increases and the number of
low natural frequencies decreases. This is due to the elasticity of the skeleton's runner. The elastic
behavior can be verified by observing the modes' shapes, while knowing that the first natural frequency
of the runner is at 120 Hz (determined previously after detaching the runner from the system using a
certified measuring device from the Microlog Gx series).

2. Modes from 7 to 10 at 15Hz (see Fig. 10) and refer to the runner's oscillations in the axial direction as
well as one rotational oscillation in the longitudinal direction. This proves that in the physical
experiment, because of the ice grooves, the skeleton's runners produce such transverse oscillations that
show the first natural frequency of the model.
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The created program calculates different forms of oscillation, but only those that correspond to
measurements from physical experiment are examined in detail.

The second natural frequency is the most significant, most pronounced frequency of self-oscillations,
which is determined in the physical experiment at 71 Hz, and coincides with the calculated 3D model.
This is also confirmed by the form of oscillations shown in Figure 11 below.

Fig. 11. Skeleton sled Mode shapes depending on connection type

This picture shows two cases in which the skeleton runner on the left is connected to a tensioned spring, while
the runner on the right side is fixed to the frame. Accordingly, in the fixed case, the frequency increases by 1.5
Hz. Here, for the sake of visibility, the displacements are magnified.

The results of the analytical solution from the mathematical chain method model (Fig. 5) were obtained by
solving equation (4) with the angular velocity ® argument function intersections with zero (Fig. 12).
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Fig. 12. Angular velocity function cross points with zero and resonance frequencies

All six natural frequencies of the model were analytically determined. The first is equal to zero because there is
no external elastic force. The second is 19.6 Hz, which is 4 Hz higher than that found in the physical experiment
and 3D simulations. In turn, the main third natural frequency, which is 71.13 Hz, coincides with both physical
experimentation and 3D simulation calculations. To explain the discrepancy should be noted that the
mathematical model is 1D and does not consider transverse oscillations.

Conclusions

From the results of the experiment, it can be concluded that when changing the tension of the runner, the
skeleton sleigh's structure's natural frequencies 15 Hz and 71 do not change in the time of the mation.

The results of 3D modeling show that changing the stiffness of the runner reduces the number of free
oscillations.

The developed 6DOF mathematical model for determination of natural frequencies of the skeleton sleigh
construction allows easy and quick determination of approximate natural frequencies knowing the skeleton
runner's stiffness' values.

The accuracy of the proposed mathematical model can be improved by increasing the number of DOFs and
additionally adding damping.

An algorithm has been developed which allows setting the optimum runner's tension of the skeleton sleigh
before start, depending on the athlete's weight.
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3. pielikums

Publikacija Nr. 22

OPTIMIZATION OF ENERGY EXTRACTION USING DEFINITE GEOMETRY
PRISMS IN AIRFLOW

Publicgsanas procesa zurnala “Latvian Journal of Physics and Technical Sciences”
Lidzautori: Janis Viba, Igors Tipans un Sravans K. Vutukuru

Aprakstita analitiska metode kustigu vai nekustigu kermenu (prizmu) mijiedarbibas
analizéSanai un kustibas sint€zei gaisa plisma, neizmantojot telpas-laika programmeéSanas
skaitliskas metodes. Tam noltikam inZenieru aprékiniem izmantots vienkarSots fluida (gaisa)
dalinu un cieta kermena mijiedarbibas matematiskais modelis, izmantojot kustibas daudzuma
izmainas likumu. Cieta kermena (prizmas) un gaisa mijiedarbiba apliikota dazados gadijumos:
— kustigs kermenis (prizma) gaisa; — nekustigs kermenis (prizma) gaisa plisma; — kustigs
kermenis (prizma) gaisa plisma. Cieta kermena (prizmas) un gaisa mijiedarbibas sarezgito
uzdevumu vienkarSo, izmantojot superpozicijas principus, t.i., nemot véra pliismas augspus
un lejpus cieta kermena apgabalus. Noskaidrots, ka Sajos divos apgabalos rodas spiediena un
stikSanas zonas ar analitiski aprékinamiem gaisa spiedieniem, kas atkarigi no pliismas atruma
kvadrata un kermena formas. Visi vienadojumi tiek veidoti, pamatojoties uz klasiskas
mehanikas likumiem. Veidojot aptuveno matematisko modeli, viskozos spekus neieveéro. Tiek
salidzinati dazadu prizmu un gaisa plismas mijiedarbibu skaitliskie rezultati un tiem detaliz&ti
apskatiti teorétiskie rezultati. Matematiskais modelis $aja darba ir piemérojams tikai tiem
kermeniem, kuriem tiek veikta taisna translacijas kustiba. Analitiska metode salidzinata ar
skaitliskiem rezultatiem, kas iegiiti dazadu formu nekustigam prizmam pie nemainiga gaisa
atrumam. Aprékinos izmantots Reinoldsa vidgjais Navjé — Stoksa (RANS) vienadojums,
izmantojot k-e realiz€jamo turbulences modeli. Piedavats detalizéts skaidrojums aptuvenas
metodes pielietojumam, izmantojot skaitliskos rezultatus, kas iegiiti ar ANSYS aprékiniem.
Darba pédgja dala piedavata metode tiek izmantota energijas ieguves sint€zes un
optimizacijas uzdevumos, nemot véra mainiga parametra prizmas kustibu gaisa plisma.
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An approximate method for analyzing and synthesis of moving rigid bodies (prisms) in airflow
without using numerical methods of space-time programming techniques is described by using
fluid (air) —rigid solid body interaction concept for engineering applications through a
straightforward mathematical model. The interaction of rigid body (prism) and air is encountered
in different cases — moving body (prism) in air; stationary bodies (prism) in air flow; moving body
(prism) in airflow. The complicated task of rigid body (prism) and air interaction is simplified by
using superposition principles, i.e. by taking into account the upstream and downstream rigid body
(prism) and air interaction phenomenon which was found to be different under varying speeds.
Numerical results obtained for various forms of prisms are shown for constant air — speed, where
the steady state Reynolds-averaged Navier—Stokes (RANS) equation is solved by using k-¢
realizable turbulence model. A detailed explanation to support the proposed approximate method
was given by using numerical results obtained in ANSYS computations. All equations are formed
based on laws of classical mechanics; the interaction of viscous forces is neglected in forming the
mathematical model. Numerical results for different model prisms are compared and the
theoretical results discussed in detail. The mathematical model in the present work is applicable
only for bodies that undergo rectilinear translation motion. In the final part of the present work, the
proposed method is used in synthesis and optimization task of energy extraction by considering the
motion of a variable parameter prism in airflow.

Keywords: Rigid body (prisms), superposition principle, space -time programming.

1. INTRODUCTION

The theme of the interaction between the solid (rigid) body and fluid still plays an important role
in science, technology, production processes and in everyone's life.

In the present work three possible cases of fluid-rigid body interaction is studied: stationary rigid
body in air, non-stationary body in air and non-stationary body in airflow. Though good research
pertaining to Non-stationary rigid body — fluid interaction in fluid flows is available, no one can deny
the fact that understanding the phenomena requires advanced programming skills (space -time
techniques) along with in-depth knowledge in CFD and core engineering mathematics. General mesh
deforming and re-meshing techniques are time consuming and strictly have geometry constrains and
many times are computationally expensive. A better method compared to moving and deforming
techniques with no restriction on closeness between objects and their complex motion is studied were
continuity and momentum equations include motion effects [1]. Different types of mesh moving
techniques for fluid -structure interaction was studied and compared. A new use of space-time
discretization that could be extended for a full-time space Galerkin discretization was examined [2].
Fixed mesh technique by using arbitrary Lagrangian - Eulerian approach for flow problems in moving
domain were studied and for every time step results were displayed on a background mesh [3-7]. An
algorithm for space-time finite element meshes was used to obtain numerical results for transient
Navier-Strokes equations for an adaptive moving mesh in time was presented [8]. New XFEM
approach was proposed based on fixed grid method, which does not take into account most of fluid
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unknown characteristics, this method is advantageous as simulations of deforming structures could be
performed effectively [9]. Easily understandable and less complex method for space-time mesh that
allow for refinement of selected locations within the domain was proposed [10]. Advantage of saving
the computational time and to account for flexibility of unstructured meshes and improving the scope
of compressible fluid flow was mentioned [11]. Solution for non-stationary fluid body problems by
using high-order finite element method based on space-time discontinuous Galerkin (DG) procedure
was proposed and extended to explain the dynamics of parachute motion [12]. A simple method using
the concept of zones, averting the space time programming techniques and extending the concept for
energy extraction for simple form objects were performed [13]. In the present work, without using any
numerical space - time programming techniques and in a straightforward way using the averaged
principle of superposition, fluid interaction with rigid body is explained. The entire work specifically
focuses solely on rigid body —fluid (air) interaction, do not consider flow reattachment or flow —
separation phenomenon and offers an alternative to vortex induced vibration concept [14-16] and the
same work is further extended for energy extraction by using variable parameters of definite geometry
prism. The main basic idea of the complete article is to have a simplified approach for interaction
phenomenon and to offer an alternative to Vortex induced vibration techniques through a
mathematical model that do not consider the viscous effects of fluid (air) but the viscous effects are in
a way indirectly come-out into the mathematical model by considering the output from steady state
numerical simulations (RANS by K-¢ turbulence model) in ANSYS.

2. MATHEMATICAL MODELS FOR FLUID (AIR) STRUCTURE INTERACTION.

Keeping in view the much-required tasks of analysis, synthesis and optimization that are needed
for many engineering applications, offers an averaged mathematical model approximately assuming
laminar flow for the incompressible fluid. However, the mathematical model does not include the
viscous nature of the fluid under consideration.

Suction zone, downstream upstream, pressing zone

Fig. 1. External relative flow over moving - prism in very low speed airflow.

The space around the body under consideration when subjected to fluid is carefully studied; very
straightforward mathematical model using classical laws of mechanics is explained based on a fluid
structure interaction phenomenon.

Mathematical model is described in the case of definite geometry shaped prism (Fig. 1 - 3).
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Fig. 2. Interaction of the rectilinear translation Fig. 3. Model of air interactions with
(non-rotating) motion body in windless air. stationary prism.

Considering the very small air element in the pressure zone, we use the momentum change in the
differential form. According to the principle proposed in the present work (superposition principle),
taking in the projection of the area normal nl, before and after collisions (fluid - body interaction), we
obtain (1): from Brownian interaction to prism:

m10-VB1— (-m10-VB1) = —N1-dt,
ml10 =VB1-dt-dL1-B- p,

Ny

dL1 B’

()
p10

where m10 — Brownian interaction mass; VB1 —an average air normal velocity in pressure zone;
N1 — normal force to small element from air; dt — infinitive small time interval; dL1 — width of small
element; B — prism height, perpendicular to the plane of motion; p — density of air; p10 — atmospheric
pressure in pressure zone.

From prism air interaction at wind — ward side (pressure side) (2):

ml-v-cos(fl) —0=—-AN1.dt,

ml=v-cos(f1)-dt-dL1-B- p,
AN

dLl-B’

)
Apl=

where ml - prism and air interactions boundary layer mass; v — prism velocity; g1 —angle between
velocity v and normal n1; AN1 — additional normal force, acting to prism; Apl — pressure increase in
pressing zone.

From the system of six equations (1), (2) it is possible to find six unknowns. The two unknowns
are required to solve the following calculations:

pl0=2-VB1? . p-dt, 3)
Apl= ,o-dt-v2 -[cos(,Bl)]z. (4)

Accordingly, it is possible to apply equations like (1) — (4) in the suction zone (leeward side).
However, the task is little complicated with the amount of momentum differentials in the suction zone:
it is not clear how to simplify the equations in differential form. Therefore, it is suggested to use one
or the other hypothesis. Hypothesis should be tested experimentally or by using computer applications
programs.
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The first hypothesis

In suction zone pressure reduction Ap21 over the entire surface is constant and proportional to the
square of the velocity v.
We get:

Ap21=—p-C1-v?, ®)
= . 2 . . N
p20=2-VB2“ - p-dt; (6)

where C1 — constant, found according to experimental or numerical modeling; VB2 — average air
normal velocity in suction zone.

The second hypothesis.

In suction zone pressure reduction Ap22, over the entire surface is not constant, but is proportional
to the square of the velocity v, and also depends on the normal n2 to the surface area and also position
angle 52, thereby obtain (7), (8):

Ap22=—p-C2-v?.cos(52), )
p20=2-VB? . p-dt, (8)

where C2 is a second constant, found in the same way as C1.

The obtained differential relationships (3) — (8) can be used in engineering analysis and synthesis tasks
in the low speed range. To do this, the prism parameters of the given configuration must be used along
with the solution for the integral equations for the object surface.

For practical engineering calculations, it is recommended to adopt VB1 = VB2 for low velocity
v << VBl and v << VB2 ranges. Then p01 =p02 = p0, where p0 is the mean atmospheric pressure
around a given prism.

3. STATIONARY BODY (PRISM) IN AIRFLOW

Looking into the interaction phenomenon of airflow with a fixed prism (Fig. 3.), it appears to be
that the interaction process might be different, as discussed above for rectilinear translation motion.
This is because air particles have extra velocity and extra kinetic energy. However, taking the concept
of interactions in relative motion, the formulas previously obtained (3) — (8) can then be used in the
engineering calculations, were v is a air flow velocity.

4. MOVING BODY (PRISM) IN AIRFLOW
Two cases of prism motion discussed above (i.e., a rectilinear translation motion of prism in still

air and a fixed prism in airflow) allow the formulation of the interaction of a moving prism in a
moving air stream (Fig. 4).
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Fig. 4. Model of moving prism in airflow.

For this purpose, the relative motion velocity Vr vector in the pressure zone must be recalculated
by determining the angle y from the elementary parallelograms with normal directions nl and n2
(Fig. 4.). By plotting the vectors V and VO on the x and y-axes, we obtain (9), (10):

Vr = (V0 cos(ar) —V)? + (-V 0-sin(a))?, ©)
cos(y) = -V0-cos(x) -V |
J(EV0-cos(a) -V)? + (~V0-sin(a))? (10)

where Vr —relative velocity module; VO — wind velocity as vector; V — prism rectilinear translation
motion velocity as vector and « is a VO flow angle (Fig. 4.).

By using obtained relationships (3) — (8), it is possible to solve various technical tasks of fluid (air)
and prism motion for engineers. For example, it is possible to carry out motion analysis tasks where
airflow resistance forces can be obtained. It is even more important for solving the problems of energy
extraction from a fluid (air) stream. Additionally, it is also possible to optimize the shape of the object
(prism) in order to obtain the desired effect (criterion) along with motion control task optimization and
real system synthesis by using mechatronic systems.

5. NUMERICAL EXPERIMENT

Accordingly, in the proposed airflow interaction averaging superposition method, the engineer
calculations require the selection of an approximation model, which in turn requires numerical values
of constants C1 or C2.

Thereby, in this direction 3D-RANS equation was solved by using K-¢ realizable turbulence
model. The sharp prism with two sides (other than longest side) measure 0.16 m and the depth was
maintained constant at 0.16 m. Fig. 5. in addition, the equilateral triangular prism in Fig. 6. with side
and depth 0.16 m.

In the given numerical experiment, knowing the total flow force Fx, a constant C1 was found
according to the above formulas. The numerical values of Fx and constant C1 are given in Fig. 5 — 6.
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Fig. 5. Sharp right-angle Isosceles prism (angles 45° , 45°, 90°) with leading vertex 45° in
stationary airflow. Quality distribution of pressure in suction and compression zones.
Fx1=1,8942 N; C1 =0,238.

Fig. 6. Equilateral triangle (angles 60° , 60°, 60°) sharp prism in airflow, with leading vertex 60°.
Distribution of pressure in suction and compression zones. Fx2 = 1,3680 N; C1 = 0,245.

6. CONCLUSIONS OF THE 3D NUMERICAL SIMULATION.

1. Theoretical calculations for the 2D model is different from the 3D numerical-simulation.
2. Visually, the first and second hypotheses (C1, C2) come true because the pressure in the suction
zone is approximately the same at all locations (Fig4->5.).
3. Pressure zone in different local places pressure is different.
4. In spite of the deviations of the pressure from the constant along the edges of the pressure zone of
the prism, the total force can be found according to the methodology proposed here, for a constant
narrow range: 0.238 < C1 < 0.245 (Fig. 5—6.).

5. It is known from scientific experimental studies that the difference between 3D and 2D drag
coefficients is about twice. So C = 0.5 should be used in approximately 2D calculations, this value is
further used in all future calculations.

7. OPTIMIZATION OF TRIANGLE PRISM IN RECTILINEAR TRANSLATION MOTION IN
AIRFLOW

The motion model with given length and angles is shown in Fig. 7. where R® and Mz(e) are the

external forces and moment, providing rectilinear translation motion of triangle prism.
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Fig. 7. Triangle prism movement in the wind direction Vr // V /I x.

The optimization task should determine the prism braking velocity V that provides the maximum
power in the mechatronic system. The differential equation of motion will be (11):

m-x=—(V0-V)?.C0+Q. (11)

Here, C0=B-p.[(cos(ﬂl))3-L1+C2-(cos(,821))2-L21+C2-(cos(,822))2]-L22,Where m is a

prism mass; X — constrained acceleration along x-axis; Q — braking force.

The task of optimization is following.

Given for motion parameters C0O, m for stationary motion, when acceleration is zero (X = 0). The
force Q of the prismatic braking mechatronic system shall be found to provide the maximum power P
produced by the airflow force.

In the given case, without limitation, there is one an optimal solution as given by (12):

3 3
V:V?o, P=4 C0-vo , Q=4 C0-vo .

27 9 (12

As can be inferred from equation (12), (if the flow rate VO changes) the real system requires a
mechatronic force control Q system.

8. MOTION OF A SHARPENED PRISM IN A VERTICAL PLANE

We observe the movement of a sharp prism in a vertical plane, when angles are equal
p22 = p21 = p1 (Fig. 8.).

According to the first model theory mentioned above (use of a constant C1), the motion of a
sharpened prism in a vertical plane is described by differential equations (13), (14):

m-X=—p-L-B-(x-sin(e) - y-cos(x))? - (1+ C)-sin(a) (13)
-sign(x-sin(a) — y - cos(a)) - sin(a)],
m-y=[p-L-B-(X-sin(a)-y-cos(a))?- 1+ Cl)-sin(x)

-sign(x-sin(a) — y - cos(a)) - cos(a)] —m- g, (14)

where, X and y are acceleration projections; o — angle between normal and vertical direction; sign is
a =1, depending of function in brackets; g — free fall acceleration.
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The obtained equations allow solving analytical and parametric optimization problems for a given
non-stationary motion case. In addition, it should be noted that this movement is close to the bird's
gliding or diving movement in the air.

Example of diving motion calculation is shown below Figs. 8. — 11. All parameters in system Sl:

p=125L-B=0.04;m-g=2; C1=O.5;a=%.

1040, K &
¥n 0 .";‘ 4
= vo,
100+1- - —_
P " 100 B 2

— 200,
—300 —-200 -100 1] |}D 2 4 6 8 10
iy tn

Fig. 8. The trajectory of the center of mass motion Fig. 9. Speed projection on prism normal.
in the vertical plane, starting from the coordinates
(%, y) = (0, +100).
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Fig. 10. Frontal force of air interaction Fig. 11. Total acceleration of prism fall and

lateral slip. The figure shows that the viscous
forces mentioned at the beginning of the article
are not taken into account.

The obtained modeling results show that the velocity projection perpendicular to the sharp prism
reaches the terminal value and does not change further. However, there is no acceleration component
in this direction. Accordingly, the acceleration in the tangent direction becomes constant, but the
velocity component increases linearly with time. This means that in real-world applications, viscosity
must be observed or a real prism with a blunt front surface must be considered.

9. SYNTHESIS AND OPTIMIZATION TASK OF ENERGY EXTRACTION

For the description of the given problem we will use the previously obtained relation for the sharp
triangular prism 1, whose motion is relative to the wind flow 2 (Fig. 12.). The movement is along the
X-axis an angle o to the flow. We consider the case where the prism is attached to a base with an
elastic spring 3. The energy is obtained by an electro-dynamic braking system 4. According to
expressions such as (11), the differential equation of motion is (15):
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m-X=—f(X)—D(X)—A-p-(VO-cos(f— )+
+%X-cos(f3))? - sign(V 0-cos(B — &) + X - cos()?,

where f(x) — spring characteristic; D(x) — force of electro-dynamic braking system; A — prism area of
pressing zone, as before: A=L-B.

(15)

[

h
A *//\
% 4 \/L
Fig. 12. Model showing the working principle for energy extraction using phenomenon of air —

body (prism) interaction with sharp triangular prism 1, wind flow 2, elastic spring 3, and electro-
dynamic braking system 4.

A

The resulting equation (15) allows to solve all kinds of analytical, optimization and synthesis problems
if a criterion with given constraints on system and control parameters is formulated.

As an example, we solve synthesis problem where there can be change in area A, realized by using
perforated plate. When taking into account case of linear spring. With a linear electro dynamic braking
system, equation (15) is expressed as (16):

m-X=—c-X—b(X)-X— A(X,X,t)- p(V0-cos(B — a) + X - cos(3))*
-sign(V0-cos(8 —a) + x- cos(B)?,

where ¢ — elasticity of spring; b(x)—electro dynamic systems control force; A( x,x,t )—area
variation control action, depending on synthesis task of velocity, coordinate and time.

(16)

The energy optimization task should analyze the power P of the electro dynamic system (17):
P =d(x)-x2. 17
10. MODELLING OF VARIABLE AREA PRISM IN AIRFLOW
Consider the possibility of obtaining energy from the flow if the change of area occurs
instantaneously when opening or closing the perforation. Assume the simplest direction of the wind

flow parallel to the prism motion axis a« =0 and with optimal angle =0 (Fig.12.). Then the
differential equation of motion will be (18):

m-X=—-c-x—-b-x—(1+C1)-A-(a0—al-sign(x + Av))

- p(V 0+ %)% - sign(-V 0 —x), (18)

where b, C1, a0, al, Av are constants.
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The equation (18) has to be solved numerically by estimating the efficiency of energy production by
criterion (17) as power.

Modeling example for small plate is given below, all values used in SI system. The results
obtained are shown in Fig. 13— 16 for parameters: m=0.5kg; c=80kg-sec? b=0.5kg-sec’;
C1=0.5;A=0.04m% a0=0.75; al = 0.25; Av=0.5msec?; p = 1.25 kg m™>; VO = 10 m sec™™.

01 2 T T T T
i+ ]
0
Xy Y 0 N
-01
—1F m
-02 _" 1 1 1 1
o 2 4 6 8 10 0 2 4 6 8 10
[1'. [r_
Fig. 13. Displacement with respect to time for Fig. 14. Velocity with respect to time for
variable area prism variable area prism.

i) -01 0 0.1 1] 2 4 ] H] 10

Fig. 15. Phase plane motion. Fig. 16. Power generated for the given time
interval.

From the graphs in Fig. 13 — 16, the following conclusions can be drawn:
1. In the aerodynamic system it is possible to initiate a stable oscillation movement by changing the
interaction area of the perforated-plate.
2. The opening and closing of perforations may be affected by a mechatronic system.
3. There is a second mechatronic system for generating energy, which breaks the speed of oscillation
and generates power.

11. RESULTS AND DISCUSSION

In this work we have developed a new method for calculating approximate flow and rigid body
interaction for: moving body in low speed air, stationary body in air flow and moving prism in air
flow. The fluid flow is assumed to be laminar, incompressible and viscous nature of the fluid is not
taken into account for the mathematical modelling, as an alternatiive the coefficient of interaction
(constant) is introduced from numerical simulation results. Stable result in case of variable area prism
for energy extraction is observed Fig.15. Though the power obtained is small , the proposed theory
(superposition principle) helps identify the cause and make a way for overall better efficiency as the
nature of the proposed principle is purely mathematical and is explained in an easily understandable
and in a straightforward way. Good and satisfactory results are obtained both for moving prisms in air
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flow and energy extraction by using variable area prism. An alternate approach for solid body fluid
(air) interatcion phenomenon other than the traditional vortex induced vibartion techniques was found
to be succesful in calculating energy extraction using simple mathematical model.

12. CONCLUSIONS

The method developed in the present work helps to perform tasks of analysis, optimization and

synthesis for the interaction of objects with fluids in a simplified way, only for rectilinear translation
motion of body. The proposed techniques in the work help to overcome the extensive space-time
programming methods. The analysis, optimization and computer modeling examples discussed in this
paper illustrate the effectiveness of the proposed method in engineering calculations.
The present work also establishes the fact that there exists an alternate approach to vortex induced
vibration phenomenon for the energy extraction process considering just the body — fluid interaction
coefficient into a straight forward mathematical model. The theory can be extended to any complex -
body fluid interaction as the work is purely mathematical in nature.
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4. pielikums

Publikacija Nr. 23

DRAG FORCE REDUCTION FOR PROPULSION SYSTEM OF A MOTORIZED
SUP BOARD EQUIPPED WITH WATERJET

PublicéSanas procesa zurnala “Latvian Journal of Physics and Technical Sciences”
Lidzautori: Marina Cerpinska, Andrejs Pupurs, Kaspars Burbeckis un Maris Eiduks

Darba ir apkopoti datora simulacijas rezultati pretestibas spekam, kas iedarbojas uz SUP
delim pievienotajam detalam. SUP delim ir pievienota papildus piedzinas sist€éma. Izveleta
piedzinas sist€ma ir ar dzenskriives mehanismu. Dzenskriives korpuss ir pievienots SUP
spurai. Tika piedavatas dazadas iesp€jas piedzinas mehanisma korpusa uzbiivei. Simulacijas
testi tika veikti ar SolidWorks Flow programmatiiru, izmantojot divu tipu simulacijas,
spiedienu uz objektu un plismu ap objektu. Darba mérkis bija izveidot sakotngji stiirainai
iepludes sistemai plidenu apveidu, lai izvél€tos pievienotas detalas variantu ar vismazako
tdens pretestibu, ta rezultata palielinot Gidens iepliides atruma koeficientu. Simulacijas
rezultati paradija, ka pievienojums biitiski palielina tidens pretestibu spurai uz tas frontalo
virsmu. Aprékinu rezultata secinats, ka, noapalojot piedzinas mehanisma korpusa sturus, ir
iesp&jams tdens pretestibas spéka koeficientu samazinat lidz pat 35%, un, izveidojot korpusa
plidenu apveidu, samazinat fidens pretestibas spéka koeficientu par papildus 10%. Plismas
simulacijas rezultati noradija uz to, ka dzenskriives mehanisma iepliidei biitu jaatrodas uz
korpusa frontalas virsmas, nevis uz korpusa saniem.
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This paper provides the simulation results of the SUP (Stand Up Paddle) board appendage
resistance. The additional propulsion is added to the SUP board. It is equipped with the waterjet.
The waterjet is attached to the board rudder. The variable design options for the waterjet duct were
proposed. The simulation tests were performed using SolidWorks Flow software using two types
of simulations, namely, the pressure on the body and the flow around the body. The objective was
to streamline the bluff duct of the waterjet and thus to create the appendage design with minimum
drag force from fluid flow and possibly greater Inlet Velocity Ratio. Simulation results showed
that appendage accounts for significant frontal resistance. Calculations showed that rounding-off
the edges of waterjet duct accounted for 35% of drag coefficient reduction, while further
streamlining reduced it to additional 10%. The flow simulation results suggested that the waterjet
intake should better be on the front of the duct, not on the sides of the duct.

Keywords: waterjet, SUP board, propulsion, resistance, drag coefficient.

1. INTRODUCTION
This study is a first part of a project aiming to design the optimal waterjet to motorize the SUP (Stand
Up Paddle) board.
The idea of motorizing SUP boards for leisure activities is lucrative for two reasons. Firstly, it
provides existing users new experience. It allows relaxing on the water and organizing adventurous
board trips for longer distances. Secondly, it attracts new users previously not interested into SUP
boarding because of the slow motion of the board or necessity to paddle actively to get propulsion.
Motorizing the leisure activity brings in the dilemma, as discussed in a book by Jennings devoted to
Motorized Water Sports [1]. It is necessary to consider damage to the local environment. Yet, author
stresses, that motorised boards provide a lot of positive emotions, broadens tourism offerings and as a
result provide economic benefits for local and regional community [1].
The goal of the project is to attach a waterjet to the SUP fin (rudder). There could be three fins
installed on one board, but the design with one fin is more usual. This project involves two teams
working together. The team of electrical engineers is responsible for the selection of motor and control
system for propulsion. The team of mechanical engineers is responsible for the design of propulsion
components. The first challenge for the mechanical engineers is to evaluate the hydrodynamic
resistance of the attached object and to choose the design which ensures less resistance. On the other
hand, resistance should be evaluated together with the propulsion capacity.
The handbook on practical ship hydrodynamics states that propulsion and resistance is a complex
problem, and to solve it solve CFD analysis is preferred [2]. In ship hydrodynamics theory rudder is
one of the appendages. The resistance of the appendages under service conditions are tested separately
or not tested at all. The difference account for a small error in resistance calculation. The chapter on
"Resistance and propulsion” of the book [2] states that the significance of the resistance created by
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appendages depends on their size compared to the ship size. Thus, the more complex appendages are
installed on the floating object, the more important it is to evaluate their resistance. For the CFD study
on submarines Shariati et. al. showed that the total resistance of a submarine increases by fitting
appendages on it [3]. Authors used Star CCM+ software, developed based on finite volume method. In
that study the major influence of appendage resistance was detected on the viscous part of the total
resistance, while wave making resistance was not affected significantly [3].

The SUP board is a small craft compared to the ships. As noted by Carlton, for small craft propellers
are usually considered the simpler and lighter propulsor [4], but in this project waterjet were chosen as
a safer option than open shaft propeller. Since SUP board for tourism is mainly used on the rivers,
propulsion needs to be protected from the water plants. Sometimes the bottom of the board is floating
very close to the underwater stones. Thus, the case or duct of the waterjet is supposed to be the barrier
which saves propulsion from damage. Propeller could still be used as a SUP board propulsor, only the
duct is needed to protect it. Cooper et. al. suggests that waterjet could be considered as a special type
of ducted propeller [5], and therefore in later project stages it is still possible to compare waterjet and
ducted propeller performance, and choose the best propulsor given the design of the duct and inlet.
Nevertheless, the procedures in the waterjet propulsion test and propellers (to confirm the self-
propulsion point) are the same, and the skin friction correction force should be applied for both [6].
The typical SUP board weights around 13-14 kg. Depending on style and size there could be lighter
versions starting from 7 kg and some as heavy as 18 kg. The added mass of a propulsion system
should be small enough to ensure that buoyance is not disrupted. Therefore, the pump details were
made of light material — the polymer — using 3D techniques.

The waterjet is attached to the SUP fin or rudder in the following way: the rudder is cut into two parts,
and the waterjet is in between — far enough from the SUP board to provide space for the charging
battery. The waterjet case is a natural barrier for water plants, fish and stones. On the negative side, it
is a barrier to the water as well. As noted in the review paper [7], efficient inlets for the waterjet are
crucial for the successful performance of the system. The task is therefore to choose the design option
balancing between ease of manufacturing and efficiency. The design option that would be easiest for
manufacturing suggests creating water inlet on the sides of the duct. This option is further evaluated in
Results section. The effects of fin erosion are temporary neglected and will be considered in the last
project stage with model experiments.

In this study we investigate the drag using Solidworks Flow Simulation. Two types of simulations (the
pressure on the body and the flow around the body) are tested and compared for precision and
computational time. Albeit computer simulations are time consuming, the importance of CFD
modelling specifically for waterjets is stressed in the Procedures of The Specialist Committee on
Validation of Waterjet Test [8]. The Specialist Committee in the report of waterjets published review
on updated literature about Intake Design and Analysis [8]. Authors quoted analysed waterjet inlets for
large watercrafts, yet, their research stressed the importance of CFD simulations and provided
guidance on proper boundary conditions to be applied to a model.

Bulten in his PhD thesis, quoted by reference book [4] compared numerical methods with waterjet
industry leaders Wirtsild Propulsion Netherlands BV and he found that the simplified method to
describe waterjet installations is not correct, because existing computer programs do not calculate the
influence of the hull in the vicinity of the waterjet inlet and the pressure distribution acting on the
stream tube [9].

The hypothesis of this study stated that optimizing the shape of the waterjet would improve the
efficiency of proposed propulsion solution. The hypothesis was based on theory provided by Hoerner
[10]. Hoerner showed that rounding-off edges in blunt shapes is not perfect (compared to complete
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streamlining procedure) but still efficient method to reduce drag coefficient. Results section show that
this hypothesis was true. Rounding-off edges provided 35% of drag coefficient reduction, and
additional reduction of 10% was obtained after applying streamlining solution.

Waterjet in operation induces reaction forces and moment and waterjet/hull interaction stern force
[11]. These forces are out of the scope of this research, but the velocity effect will be discussed in the
discussion section.

2. THEORY
Forces acting on the body
According to the goal of this study, the hydrodynamic resistance of the modified rudder should be
minimized to ensure propulsion efficiency. In this study we minimize it by controlling the drag force.
Following the equation from fluid mechanics fundamentals on the external flow [12], the drag force
acting on a body is given by equation (1):

1
Fp =~ pV2CpA, 1)

where Fj, — drag force, N or kg - m/s?; p— fluid density, kg/m3; V- relative velocity, m/s; Cp—
drag coefficient, dimensionless; A —frontal area of the body, m?. The term %pVZ is called the

dynamic pressure [12].
Please see Fig. 1. for the demonstration of the acting forces. Figure 1 shows that the SUP board and a
person standing on are moving in two medias — the water and the air.

FbuoyancyL

Vsup i
A

—

Verean o =998.0 kg/m®

Fig.1. The forces acting on the SUP board (green colour), the person driving the board (clear
colour) and SUP board appendage, including the waterjet (red colour) attached.

According to Equation (1), the drag force depends on the frontal area of the body. Figure 1 suggests
that the area of the modified rudder (red colored area) would be small compared to the area of the
person (clear colored area). On the other hand, water density is more than 800 times greater than the
air density [12]. Therefore, the appendage under water increases the total drag force of a SUP board
more than the appendage above the water would do. It is also desirable to minimizing the drag force
for the appendage, because it would lessen the stresses on the attachment of the SUP fin to the board.
We acknowledge that manufacturers of SUP boards do not design the attachment of the fin to
experience great frontal drag force, and therefore additional calculations to check the attachment
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strength would follow in the next project stages. The knowledge about the drag force the appendage
experiences would be of special importance then.

In the water media the hydrostatic pressure and resulting buoyancy force is dominant. The
hydrodynamic drag and lift forces are acting on a board, but for such a slender body as a SUP board
the shear force acts nearly parallel to the flow direction, and thus their contribution to the lift is small
[12]. The drag force for such a slender body is mostly due to the skin friction drag, which is a
tangential force [10] and is also small. Therefore, for the streamlining purposes we are going to
analyse the hydrodynamic pressure locally on the fin, where the waterjet is attached (see the red circle
on Fig.1.). The drag force a flowing fluid exerts on a body in the flow direction [12] increases as we
add a waterjet duct. Since at the beginning of the project we were going to be flexible about the inlet
position and possibly allow it to be on the sides of the duct, the drag force acting on a duct was going
to be similar to the drag force acting on a flat plane. In this scenario the drag force depends on the
pressure only and is independent of the wall shear.

The part that is due directly to pressure is called the pressure drag or form drag because of its strong
dependence on the form or shape of the body [12]. The pressure field of the SUP board causes
deformation of water surface, and a wave system originates behind the board. The wave resistance
force is normal to the body [10].

Waterjet design

According to the handbook on propulsion systems the waterjet design could be simplified to the "three
main components: an inlet ducting, a pump and an outlet or nozzle" [4].

The physics of waterjet propulsion is described in reference book [13]. It states that water is drawn
through a ducting system by an internal pump which adds energy after which the water is expelled at
high velocity. The unit’s thrust is primarily generated as a result of the momentum increase imparted
to the water [13]. The mathematical expression for the description above is provided by Carlton [4] as
shown in equation (2):

T = pA;V,(Vy — V) @)

where T — propulsor thrust produced by the system, N; p — density of the water, kg/m3; A, — cross-
sectional area of the nozzle, m?; V,— velocity of the water leaving the system, m/s; V; — velocity of
the water entering the system, m/s.

No matter how efficient the internal pump is, there are going to be some performance losses caused by
flow distortion on the intake and ship hull or SUP board boundary layer. The latter is described in
separate section for more clarity. Therefore, to minimize inlet losses, this paper first focuses on the
inlet design, and the pump hydraulic characteristics and nozzle design analysis are going to follow in
next project stages.

The inlet ducting consists of "tunnel, inlet and supporting structures™ [4]. Equation (2) suggests that
achieving more thrust requires greater difference between the water inlet and outlet speed. Thus, outlet
nozzle should be designed to produce greater speed of the water leaving the system, while the inlet
design, in contrary, should ensure water entering speed to be possibly close to the ship speed. To
describe the particular inlet feature there is a special ratio called the inlet velocity ratio.
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Inlet Velocity Ratio (IVR)
The special committee suggests using symbol IVR (Inlet Velocity Ratio) when describing intake
working point [8].
The IVR is calculated according to equation (3) [4]:
Vi

IVR = v (3)

where V;— the water inlet velocity, m/s; V;— the craft velocity, m/s.

Following equation (3), as the water inlet velocity decreases because of some constructive barrier, the
IVR decreases and the flow rate through the waterjet decreases. Intuitively, the greater the area of the
inlet, the greater the barrier for the flow velocity and resistance force from fluid flow.

Boundary Layers

A boundary layer is a thin layer of viscous fluid close to the solid surface of a wall in contact with a
moving stream. The flow velocity at the wall is zero [10], since the flow “sticks” to the wall because
of its viscosity.

According to Ledoux et. al., jets form "a special group of mixing boundary layers", because there is
outer boundary layer and inner boundary layer. Author suggests using numerical approach for jet
problems [14].

The behaviour of differently shaped objects in the flow was presented by Vutukuru et. al. [15].
Authors used ANSY'S software, and the study suggested that the pressure in the suction zone along the
boundary layer is independent of the shape of the object [15]. Considering the results above, in this
study we focus on the resistance independent of boundary layer.

3. EXPERIMENTAL PART

The goal of the project is to develop a full-scale model of the waterjet using available 3-dimensional
(3D) printing techniques and test it in water. Meanwhile, before the optimal design parameters are
known, the tests were performed using SolidWorks Flow simulation software. The 3D simulation,
performed in SolidWorks Flow Simulation, discretizes the time-dependent Navier-Stokes equations
and solves them on the computational mesh. Please refer to section "Mesh size" for more clarity. The
simulation for the experimental part was performed twice. First, the simulation focusing on the
pressure zone on the appendage was completed. Then, the simulations with focus on the whole object
(the uniform body) was finished.

Rounding-off edges and streamlining

For the uniform body study, the waterjet tunnel is optimized in SolidWorks to reduce resistance force
from fluid flow. The part subjected to analysis was intake chamber — motor cover as shown in Fig.2.
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§°

Original design

Fig.2. The fin and waterjet view before (on the left side) and after (on the right side) modifications,

rounding-off edges and streamlining in SolidWorks.
Fig.2 shows the initial (original) design of the waterjet and the optimized design. The area marked by
red circle shown on the appendage is further streamlined — for the chosen optimal design of the fin, the
drag coefficient for different fin length is studied. Please refer to circle A and circle B on Fig.2 for
illustration of the difference in fin length. On the left side the fin is shorter than appendage connection
(L1), on the right side its length is similar to the appendage connection (L2 = L1 + 30 mm). For the
streamlining study the simulation of flow pressure was performed with the step (difference in fin
length) of 5 mm. The results of the drag coefficient depending on rudder length are shown in results
section.

Mesh size

For meshing the model SOLIDWORKS Flow Simulation uses a technique called the Finite VVolume
approach.

Generated mesh consists of more than 7-10° cells. The local mesh is intended for resolving the mesh
around the highest pressure in the frontal cylindrical region. Please see the example of the mesh in
Fig.3.

Front

[T

=

Fig.3. The illustration of the mesh size provides the example of the front cut plot of initial global mesh
domain with refinement level four (4), zoomed view for local mesh at cylindrical part in front (red
frame) and bottom (yellow frame) planes.
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4, RESULTS

Some of the three-dimensional simulation results are given in this section, but the main emphasis is
put on drag coefficient analysis results. The simulation results for the flow around the body were
completed and the example is given in Fig.4. The complete animation for the flow around the body is
available contacting the corresponding author.

3D simulations were performed in SolidWorks Flow Simulation. This simulation discretizes
the time-dependent Navier-Stokes equations and solves them on the computational mesh as shown in
Fig. 5. The convergence goal is the force Fp (see Eq.1) from fluid flow. The initial condition specified
as fluid flow inlet velocity 2.5 m/s.

- 107709.67
- 106160.65
- 104611.62
- 103062.60
- 101513.57

- 99964.55
| 9841552
- 96866.50
- 95317.47

- 93768.44
Pressure [Pa]

Fig.4. The example of the simulation of the flow around the body. Pressure distribution and
streamlines.

10452538
103882.01
103258 64
10262527
101881.90
10135853
10072515
100081.78
099458 41
9552504
9318167
9755820

Total Original design Cp = 0.40 | Improved design Cp = 0.27| Optimal design Cp = 0.22
pressure Pa

Fig.5. The pressure on the front surface for original blunt body, round-off edges and streamlined body

Fig.4 and Fig.5 shows that the originally proposed design with the inlet on the sides on the
tunnel has major disadvantage comparing to inlet at the front of the tunnel, because velocity of the
water is greater at the front. The dark blue color on the sides of the tunnel indicate that the pressure on
the sides is the smallest, therefore the amount of water entering the inlet will from the side be much
smaller than the amount of water entering the inlet from the front.

Drag coefficient and resulting force

The results obtained from simulations are summarised in Fig.6., where the design of blunt body
is indicated with black dot, and the improved design of streamlined body is indicated with red dots.
The second order polynomial approximation is used for the streamlined body drag coefficient results.
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Fig.6. Drag coefficient and Drag Force reduction after rounding-off the edges of the waterjet duct

The results on Fig.6 show that rounding the edges of waterjet duct reduces drag coefficient for 35 % to
45 % depending on the length of the appendage, so this improvement is strongly suggested for
manufacturing. Meanwhile, further streamlining accounts for 10% difference in drag coefficient (See
Fig. 2 for illustration of difference between the appendage length from L1 to L2 =30 mm), so it is
recommended to apply it if manufacturing capacity permits. Fig. 6 shows a summary of the average
drag coefficient, obtained from the simulation of 200 iterations in SolidWorks. Please refer to Fig.7 in
the discussion section for a complete illustration of drag coefficient simulation.

According to Fig.6 the average drag coefficient and drag force decreases as the fin length
increases, but for the fin length which equals 30 mm (this limit is set by the size of the attachment) the
gained decrease is almost equal to design of 25 mm, so the further streamlining attempts would be less
efficient. Fig. 6 suggests that drag coefficient could be further reduced by prolonging the fin for more

than 30 mm, but we would not recommend prolongation, because it could disrupt manoeuvrability of
the board.

5. DISCUSSION
Drag coefficient results from different simulation methods
In this study two types of simulations were performed to predict the drag coefficient. First type of the
simulation was for the pressure on the body. The second type of the simulation was for the flow
around the body. The results slightly differed for both methods, because for the simulation of type 2
on the flow around the body the mesh size is smaller. Fig. 7 illustrates the difference of simulation
results for the drag coefficient change during the simulation of the pressure and simulation of the flow.
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Fig.7. Drag coefficient values from simulation results for each iteration in SolidWorks - comparison of
drag coefficient values calculated from pressure and from the flow around the body

To compare measurement results from two simulations, zeta-scores test [16] for the design of ~0 mm
prolongation (no streamlining) was performed. For the simulation of type 1 (the pressure on the body)
the mean value of the drag coefficient is 0.27, while for the simulation of type 2 (the flow around the
body) the mean value is 0.3. Uncertainty at standard deviation level was calculated to be 0.08 and 0.11
for simulation of type 1 and type 2 respectively. The absolute value of the zeta was calculated to be
0.22. 1t is below 2, which means that the results are not in disagreement. From this analysis we
concluded that the simulation of type 1 should be preferably used to explore different design options,
because it requires less time to complete. For comparison, the simulation of type 2 takes around 17
hours, while simulation of type 1 could be completed in a couple of hours. Thus, for the study of drag
coefficient the simulation of pressure is explicit enough. The Simulation of type 2 on the flow around
the body should be used when more information about the changes of the drag coefficient in time is
needed.

The data in Fig.7 suggest that during the simulation of the flow around the body the following
phenomena occurs: as the flow first meets the rudder, the drag coefficient is larger, then drops to its
lowest value, but then it remains stable.

The simulation of the flow around the body could later be used for further studies of vortices around
the body. The flow simulation is also helpful to describe the cavitation effects that may occur in the
pump or in the intake during operation of the vessel. Cavitation does not affect the powering
characteristics, but it causes possible erosion effects [8].

Inlet design

After the study of uniform body is completed the analysis of best inlet position could be discussed.
First, the design easy to manufacture was proposed - the water could enter the jet through the grooves
cut on the side of the tunnel. Looking at figure 6 and 7, this design has a disadvantage — the flow is
small compared to the front plane. Therefore, we propose to create the waterjet inlet at the front of the
tunnel, and in order to protect the various internal waterjet components, to fit it with a guarding mesh,
keeping in mind the following principle - the smaller the guarding mesh of the inlet, the better
protection.

148



The velocity effect on drag coefficient

For the purpose of simulation the velocity was estimated to be 2.5 m/s or 9 km/h, which resulted from
the estimation of SUP board moving speed. According to external flow theory, the drag coefficient
depends on the Reynolds number, specifically below 10°. At higher Reynolds numbers, the drag
coefficients is expected to remain constant [12]. In this study Reynolds number was calculated to be
Re ~475000, therefore the obtained drag coeffcient would be similar for moving speeds that differ
from the estimated speed. When the waterjet will be in operation, the speed of the board will increase,
but given the Reynolds number calculated the drag coefficient will not differ significantly.

6. CONCLUSIONS

1. The study showed that predicting the drag coefficient for the object in fluid could be done via two
types of the simulation in Solidworks Flow. First type is the pressure on the body. The second type is
the flow around the body. Both simulations provided clear results and the results of them agree well.
The results slightly differ because for the simulation of type 2 the mesh size is smaller. Simulation of
type 1 requires less computational time and is therefore preferable for study of drag coefficient in the
future. Simulation of type 2 is preferred when the drag change in time and vortices around the body
should be studied.

2. Simulation results showed that appendage accounts for significant frontal resistance and the drag
coefficient could be controlled by choosing the optimal design of the waterjet.

3. The inlet design of tube with the grooves on the side is less efficient than the inlet design of tube
with the mesh on the end. The flow simulation results suggest that the jet intake should better be on
the front of the duct, not on the sides of the duct.

4. Rounding-off the edges of waterjet duct accounted for 35 % of drag coefficient reduction, so this
improvement is worth applying the necessary manufacturing effort. The further streamlining
accounted for 10 % decrease in drag coefficient. In total, 45% in drag coefficient could be obtained by
working on the design on the waterjet frontal plane.
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