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NUMERICKE SIMULACE NARAZOVYCH ZKOUSEK SILNIENICH ZACHYTNYCH SYSTEMU

Numerické simulace byly vyuZity v oblasti bezpeénosti dopravy
pro analyzu certifikaénich zkousek konstrukci zadrinych
systému resp. svodidel.

V CR je podle intenzity provozu a vyznamu silnice stanovena
minimélni Uroven zadrZzeni z hlediska ochrany ucastnika
silni¢niho provozu a ochrany okolniho prostredi.

Podle technickych podminek vydanych ministerstvem dopravy
je moino osadit na komunikace svodidla, ktera prosla
certifikaénim procesem a oznacuji se jako ,schvélend”.

Certifikani proces definuje provést obvykle dvé uspé&iné
zkousky svodidla.

http://aum.svsfem.cz

Rozdéleni svodidel podle tirovné zadrzeni

Rozdéleni drovni

Uroveri

Uroven Zadovane\ B )
- - Y Poiadované testy
zadrieni zadrZeni testy zadreni
Nizké tho.ve T 1821 .
zadrieni
T2 [ 8 22 1 -
T3 TB41aTB 21 =
Béiné zadrieni N1 1B 31
N2 TB32aTB11 = )
Vyisi zadrzeni H1 TB42aTB 11 L1 TB42aTB32aTB11
H2 TB51aTB 11 L2 TB51aTB32aTB 11
H3 TB61aTB11 I L3 TB6laTB32aTB 11
Velmi ké
em ok Haa \TB71aTB11 |/ L4a TB71aTB32aTB 11
zadrieni
H4b \PSlaTB 11 L4b TB 81 awﬂ 11

Nﬁl‘azoMsvodidel

Oznageni narazu | Narazova rychlost | Uhel narazu | Celkova hmotnost] Kineticka energie

(test &) [km/h] [stupné] vozidla [kg] Ek )

TB 11 100 20 %0 | 406

TB 21 80 8 1300 ’ 6,2

TB 22 80 15 1300 21,5

T8 31 80 20 1500 33

TB 32 110 20 1500 819

TB 41 70 8 10000 36,6

TB 42 70 15 10000 126,6
851 70 20 13000 | 2875

TB 61 80 20 16000 1 462,1

TB 71 65 20 30000 572,0

TB 81 65 20 38000 7246 ]

/
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NUMERICKE SIMULACE NARAZOVYCH ZKOUSEK SILNICNICH ZACHYTNYCH SYSTEMU

Vyuzivame ¢tyii jedouci modely vozidel
pro simulace nirazu do silni¢nich
zachytnych systémi pro vys$si tirovné
zadrzeni H2, H3 a H4a, H4b.

1. Osobni automobil o hmotnosti 900 kg.
Rychlost p¥i narazu je 105 km/h. Pouziva se pro
turovné zadrzeni H2, H3, H4.

2. Autobus s hmotnosti 13 t. Pro trovei zadrzeni
H2 je rychlostjedouciho vozidla 70 km/h.

3. Nakladni automobil s hmotnosti 16t. Pro
drovenl zadrzeni H3 je rychlost nakladniho ’

automobilu 80 km/h. Pro zadrzeni tirovné H4a Osobni automobil. Hmotnosti 900 kg. Autobus. Hmotnosti 13t.

je hmotnost nakladniho automobilu zménéna Urcen pro trovenzadrzeni H2, H3, H4aa H4b. Urcen pro urovei zadrzeni H2.
piidanim zavazina 30 tun a rychlostje 65 km/h.
4.Taha¢ s navésem pro zkousku tirovné zadrzeni
H4b. Hmotnost soupravy je 38 tun a rychlost pii
néarazuje 65 km/h.

Nakladniautomobil. Hmotnost 16t nebo 30t. Tahac s navésem. Hmotnost 38t.
Urcen pro trovenzadrzeni H3 nebo H4a. Urcen pro troven zadrzeni H4b.

NUMERICKE SIMULACE NARAZOVYCH ZKOUSEK SILNICNICH ZACHYTNYCH SYSTEMU

V nasich vypoétech simulaci narazu vozidel do svodidel nebyly pouzity modely osob.
Pouziti téchto modelt by znamenalo sniZeni velikosti ¢asového kroku, problém s ptipojeni modelu osoby
do vozidlaa vneseni dal$ich nejistot do vypoctu.

h_Drop_Yaw_Pulse

Model 70 kg dospélé osoby.

A : Model 6 letého ditéte.
Kalibrace vypoétového modelu

Time tma)

http://aum.svsfem.cz
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NUMERICKE SIMULACE NARAZOVYCH ZKOUSEK SILNIENICH ZACHYTNYCH SYSTEMU

Vyuziva se explicitni varianta metody koneénych prvka, kterd se vztahuje predevsim ke zpuasobu c¢asové integrace
pohybovych rovnic.
M-u(t)+K-u(t)=F(t)
M matice hmotnosti
K matice tuhosti

F vektor zatiZzeni

. 1
utzﬁ'(F:*K'uz)

Metodou centralnich diferenci se provadi integrace pohybovych rovnic,
U ar =1, at+ i At Velikost €asového kroku v zavislosti na velikosti sité
s —z koneénych prvki od 1,095.10% [s] do 9,995.10% [s]

Uppar = Up + ﬂHE - At

Zakladni charakteristikou algoritmu je:

1. Posuvyv éase t ziskidvdme z pohybové rovnice pro ptedchozi ¢asovy krok (explicitni algoritmus)

2. Algoritmus nelze vyuzit pti zanedbani matice hmotnosti. Neni mozno fesit statické ilohy.

3. Vyhoda explicitniho feSeni se projevi pii pouziti diagonalni matice hmotnosti M. Soustava pohybovych rovnic se fesi
jako samostatné nezavislé rovnice a proto je rychlost fe$eni ¢asového kroku explicitniho algoritmu o nékolik fada
rychlejsi, nez odpovidajici krok implicitniho feseni s inverzi matice tuhosti.

4. Omezenim explicitni formulace je podminéna stabilita FeSeni. Stabilni vysledky dostaneme pouze pii dodrzeni
dostatetné malé velikosti casového kroku At < At,,. At., je kritickd délka ¢asového kroku zavisi na hustoté sité a
rychlosti §ifeni zvuku nebo napétovych vin zkoumanym prostiedim At,,.= ‘/EL_" . Pri typickych rozmérech prvki v

)
béznych analyzach a rychlosti &iieni napétovych vin v oceli ¢ ~ 5000 m/s vychazi ¢asto délka ¢asového kroku velmi
mal4, At=10"%+10""s.

NUMERICKE SIMULACE NARAZOVYCH ZKOUSEK SILNICNICH ZACHYTNYCH SYSTEMU

Viechny wvypoclty jsou nelinedrni, nelze wvyuiZit
soudinitele spolehlivosti ani pro pouzity material ani
pro stanoveni zatiZzeni. Proto je nutno pro kaidy
konstrukéni prvek pouZity ve vypoltovém modelu
odhadnout nelinedrnichovani materialu.

o mmmmmmmpannad-

1. Pro ocel je pouZit bilinearni pracovni diagram s
definovanou a proménnou mezi kluzu a mezni
hodnotou pomérného pfetvoreni.

1
E E » &\p
ay =|0p +ﬁmgeff 1+ c

2. Pro beton je dispozici nékolik typd nelinedrnich
materidlu. Obvykle je pouZit materidlovy model se
spojitou plochou plasticity. Materidlovy model je
vhodny viechny betony, které jsou charakterizovany

= Y .

Tension

Z-siress (MPa)
I

pevnosti v tlaku od 30 do 60 MPa. 25 i 1 i f
30 —
Plasticita betonu pfi vypoctech je popsanafunkci R g = x :
f(IIIJZI]?ﬂ K) = 12 - szszc Z-strain (E-03)

Pracovnidiagram betonu

http://aum.svsfem.cz
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NUMERICKE SIMULACE NARAZOVYCH ZKOUSEK SILNICNIGHEAGHWENYCH SYSTEMU
Zkouska TB11. Naraz maléh bniho automobil T

Contours of Effectve

Pri zkousce se sleduje nésledujici:

1. Vozidlo nesmi piekonat piekazku (nadjetim, podjetim, pietrzenim
podélnych prvka).

2. Vozidlo musi zistat v jizdnim pruhu.

3. Nesmi byt prekrocena piipustna zrychleni (pfetizeni) osob jedoucich ve
vozidle.

Naraz malého osobniho automobilu je soucasti certifikace kazdého svodidla.
U zobrazeného ocelového svodidla se zkoumala maximalni vyska svodni
nad vozovkou. 1803 bametvec
Konstrukce svodidla se svodnice s konstrukéni vyskou spodni hrany 900

mm nad vozovkoubyla u malého vozidla prekondna podjetim.

V CR se pouziva pro tyto testy napi: Ford Ka, Citroen Saxo. V technickém LS-DYNA user input r—

priikazu musi maximalni hmotnost vozidla 900 kg. s e o
463623, st elemd 1236136 - '
== . i e ety

Podjeti svodnice.

1463 frametsec

NUMERICKE SIMULACE NARAZOVYCH ZKOUSEK SILNICNICH ZACHYTNYCH SYSTEMU
H2, TBS1, vA4
Zkouska TB 51. Naraz autobusu, Groven zadrzeni H2. bl

Predmétem numerickych analyz bylo zvétSeni osové vzdalenosti kotevnich
nosnych sloupkii. Pivodni rozte¢ sloupka byla 2 m. Nové navrhovana vzdalenost
byla3 m.

Cilem bylo zvyseni tinosnosti stavajictho konstrukéniho uspofadani pomoci dalsi
svodnice nebo doplnénim ocelové tyce z vysokopevnostniho materialu.

Pri zkousce je sledovano piredevsim:
. Prekondnisvodidla.
2. Pretrzenipodélnych nosnych prvka (nékteré vlivy nelze spocitat).
3. Pracovni §itka svodidla. Jedna se o maximalni hodnotu vodorovného prithybu
konstrukce béhem nérazu.
4. Neni sledovano porueni svislych prvki (sloupki) a poruseni jedouciho
vozidla.

Nadjeti autobusu nad svodidlo..

Z hlediska vypoctu ndrazu je nutno vhodné odhadnout a definovat pracovni
diagramy ocelovych materidlt s ohledem na rychlosti pretvareni. Ur¢it hodnoty
maximalnich meznich pretvoreni jednotlivych prvki. Vhodné definovat interakce a
vazby mezijedoucim vozidlem a svodidlem.

Vypoctem jsou sledovany predevsim kotevni sily ve sloupcich a hodnoty podélnych
sil ve svodnicich nebo ty¢ich.

0.4.H2.TB51,v.27. treni 0.15. lano 26, dist 20

Node Ids
f A 2000001

e
o

Poruseniaroztrzenisvodnice.

Xforce (E+6)
°
9
-

°

IN.‘»“ k (Y - i

» Hodnoty sil vkotveni sloupkii do betonu. Max.

Ladant~ ANA AT

http://aum.svsfem.cz
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NUMERICKE SIMULACE NARAZOVYCH ZKOUSEK SILNICNICH ZACHYTNYCH SYSTEMU

Zkouska TB 61, TB81. Betonové svodidlo pro uiroveii zadrzeni H3 resp. H4b.

Piedmétem je pouziti stavajiciho svodidla s virovni zadrzeni H3 na tdroven
zadrzeni H4b. ZkouSeny systém je navrzen ze 30 Ctyfmetrovych betonovych
blokt spojenych ocelovymi zamky v horni ¢asti, které jsou volné uloZeny na
Vozovce,

Systém byl testovdn na ndraz nakladnim autem o hmotnosti 16 tun jedouci
rychlosti 80 km/h a tahatem s navésem o hmotnosti 38 tun jedouc rychlosti 65
km/h.

Hlavnfm nezndmym parametrem bylo stanoveni vodorovného prithybu (pracovni
§irky) a inosnost ocelového zamku (spoje).

Pri zkousce jsou sledovany stejné parametry jako u ocelového svodidla. Navic je
kontroloviano oddéleni maximdlni libovolné konstrukéni &asti o maximalni
hmotnosti 2 kg (stanovit vypoctem Ize velmi omezensg).

Celkem byly provedeny Ctyfi vypotty dva pro tiroveil zadrzeni H3 a dva pro
uroveil zadrzeni H4b. Vypoéty se lisily medelovanim interakce mezi svedidlem a
vozovkou pomoci soucinitele tfeni 0,1 a 0,2.

Pro oba pripady narazu byla stanovena vypoéty maximalni Ginosnost zamku na
550 kN (odpovida provedenym statickym zkouskam). Byly sledoviny maximdlni
vodorovné prithyby konstrukce béhem narazu.

http://aum.svsfem.cz

Vypottovy model svodidla s vozidlem.
Timinky typ |

Vjztu2 910

Viztuz 012 Timinky typ I

Koneénéprvkovy model zimku svodidla s
betonarskou vyztuzi
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NUMERICKE SIMULACE NARAZOVYCH ZKOUSEK SILNICNICH ZACHYTNYCH SYSTEMU

777 matia

_A_Comb. kinetic_energy
280,281,1,2.3,4,6,7,89,10,1
12,13,195,196,197,198,199

200,201,202,203,204,205,20¢
120,121,122,124,126,127,12¢

Kinetic_energy (E+9)

1.

130,131,135,136,137,139,141
142,144,145,146,110,111,112
113,15,116,117,150,151,157
154,155,156,81,82,83,84,85
86,87,88,89,90,91,92,93,94

Konecdéje

18,19,20,21,53,54,56,56,58
61,62,63,64,67,68,69
70,71,72,76,76,77,180,181

in=A(1.
pusier

6,1.67e+09
3.88¢+09)

1.néraz

05 182,183,184,186,187,188,18¢

190,192,193,194,185,191,21C
211.220.221.222.223.224.22¢

H3,TB61, Kineticka energie ndkladniho
vozidla16 tun, 80 km./h

Extrémni hodnota pfi

Soucinitel tfeni 0,1 [-] Soucinitel tfeni 0,2 [-]

g | 0,750 1496 1417
o H ! 2207 1837
Y Y | 2609 1959
PP S S S B ) 2772 1992
e AN R R 2792 1987

max=B(1.39,5.97e+05)

H3, TB61, sily pienasené ocelovym

Pri¢né posunuti v zavislosti na ¢ase havarie a souéinitele
zamkem, max. hodnota 590 kN

tieni mezi svodidlem a vozovkou

NUMERICKE SIMULACE NARAZOVYCH ZKOUSEK SILNICNICH ZACHYTNYCH SYSTEMU
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EXPERIMENTALNI A NUMERICKE STUDIE VISKOELASTICKEHO CHOVANI
POLYMERNICH KOMPOZITU
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Experimentalni a numerické studie

viskoelastického chovani polymernich kompozitt
(Creep — relaxace — konstrukce a vyuziti Prony rad)
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CAE analyzy kompozitnich materidlovych struktur s rozptylenym plnivem LENAM

S.r.0.

Souvislosti, soucasné a budouci navaznosti a moznosti

1. Ve stavajici praxi prediktivnich CAE simulaci je zpravidla hodnoceno a posuzovano namahani konstrukénich

2.

kompozitnich materidlovych struktur a jejich sestav podle urovni deformace a napjatosti v pruiném
anizotropnim / ortotropnim kontinuu, p¥ipadné elasto — plastickém izotropnim kontinuu.

Je patrné, 7e prostfednictvim zminénych materidlovych modell nelze odhadovat, jak se stavy napjatosti a
deformaci se v téchto materidlech vyvijeji za predpokladu jejich viskoelastické odezvy vyvolané predeviim
provozni teplotou, resp. pfi testovacich teplotné klimatickych podminek (PV1200, PV2005 aj).

Vybrané varianty klima testd, T [°C] vs ¢as [h]

| = P\ 1200 [temperature *C] VW PV 2005 Var. A —.—VWP’VZCDSVar.B|

1 i 1\
. /T

NS Vo

6.10.2022 22-246

CAE analyzy kompozitnich materialovych struktur s rozptylenym plnivem LENAM

8.1.0,

3.

Souvislosti, soucasné a budouci navaznosti a moZnosti

PoZadavkem a potfebou ke kvalifikovanym CAE predikcim je znalost viskoelastickych materidlovych modeld,
véetné napt. kritérif selhdni konstrukénich kompozitl z dlouhodobéjsich hledisek s vlivem teplot.

Pozadavky primyslového vyvoje vyzaduji aplikovat CAE pfistupy, které by umoznili predikovat a ocenit ¢asovou
odezvu konstrukci obsahujicich hybridni struktury slozené z konstrukénich polymernich kompozit, véetné
lepicich systémd, z E4sti nahrazujicich tradiénf konstrukce z ocelf a neZeleznych kovd, tj. creep, relaxaci, Gnavu,
selhani s uvazenim teploty, Ci jinych klimatickych podminek.

Potfebou je diskutovat a upozornit na pfistupy a moZnosti CAE analyz hybridnich sestav s adhezivy, které
respektuji tasové nebo frekventni viskoelastické chovanf materidlll za provozné standardnich teplotnich
podminek, zpravidla v intervalu teplot 23 aZ 90°C.

6.10.2022 22-246

http://aum.svsfem.cz
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Reologické projevy latek a materidlii pri zatézovani LENAM

5.1.0.

Reologické projevy latek jsou mimo jiné spojeny s jevy oznafovanymi jako viskoelasticita / creep (teleni,
plouZeni) a relaxace (ochabovani). Tyto jevy jsou samovolné/spontilni materidlové procesy aktivované
doddnim energie z vnéjiku a posléze transportem energie (tepla, fyzikdlné chemické jevy).

Creepovd odezva materidlu na procesy zatéiovdni, kdy je aplikovana vétSinou konstantni sila F = konst.
(nebo napéti o = konst.), se projevuje jako postupné zvét3ovani, pfipadné zmen3ovani rozméril télesa
(deformace, pfetvoieni) v Ease ,t".

Takové chovani Ize charakterizovat prostiednictvim funkce creepové poddajnosti j(t)

J®) = jo+w(®) = ? [MPa!]

kde j, je poddajnost odpovidajici okamzité elastické deformaci

w(t) je funkce teéeni (creepova funkce), viz obr.

j(®)
—w (1)
= Jj(®
Jo
t=0 T=1t>0 t
6.10.2022 22-246
Reologické projevy latek a materiala pri zatéZovani LENAM

Relaxace je chdpana jako pokles napéti (intenzit vnitfnich silovych uginki) v Ease ,t“ pii aplikované
konstantni deformaci (pfetvofeni £ = konst.). Toto chovani materidlu je popisovdno funkci relaxaéniho
(nap&tového) modulu g(t)

00 =0+ =22 mpa

kde g, je ,dlouhodoby” rovnovainy modul pruZnosti.

£(t) je relaxaéni funkce, viz obr.

g(t)

g(0) je poéateéni {okamZity / dynamicky) modul pruZnosti

£(@) q
oo
JL g(®) .

Uvedené jevy creepu a relaxace probihaji v redlnych materidlech s rlznymi intenzitami zdvislymi na
provoznich podminkich dané konstrukce (droveii a rychlost zatiieni — pFetvofeni, teplota, dal3i obecné
agresivni a klimatické podminky vedouci k degradaci materidll apod.).

t=0 T=1t>0

6.10.2022 22-246

http://aum.svsfem.cz
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Zakladni reologické modely latek LENAM

5.1.0.

Linedrné elasticky model materidlu (spring element) — modeluje chovani télesa, které se po
odstranéni zatiZeni bezezbytku vraci do plvodniho stavu. V pfipadé&, Ze vztah mezi napétim a
pomérnou deformacije linearni, plati Hookelv zakon: | = E ¢

3

Nelinedrné elasticky model materidlu (nonlinear spring element) —‘iedna’ se o pripad,| kdy vztah mezi
napétim a pomérnou deformaci je nelinedrni, nicméné po odstranéni zatizeni se material rovnéZ vrati do
plvodniho stavu.

V technické praxi se nelinearni zavislost mezi o a £ nahrazuje zavislosti po €astech linearni, tedy tabulkou,
pticemZ se na sousedici body jakoby ndhradni kiivky aplikuje néktery z interpolaénich algoritmd, aby se
ziskaly — dopocitaly hodnoty uvniti pfislusného intervalu .
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Zakladni reologické modely latek LENAM

5.r.0,

Idediné viskézni model materidlu (tlumié, angl. dashpot) — modeluje linearné viskdzni kapalinu Fidici se
Newtonovym zakonem viskozity, podle néhoZ je napéti pfimo imérné rychlosti deformace. Koeficientem
umérnosti je veli¢ina nazyvana jako viskozita ., 77, zplisobujici disipaci energie. Je obvyklé rozliSovat mezi
viskozitou ve smyku , 77, (shear viscosity) a viskozitou v tahu resp. v tlaku (elongational viscosity) ,77%,
pfipadné v objemu a rovnéZ nelinedrni viskozitu. Pro takovy idealné viskézni model plati:

F F
Sdt’ dt’ s A w
’?S n ay ,.1 Ff
ds O oo m ()= 22 - > a
nebo pri - . Pro g{t=0)=0 plati E(E:)— - t v kS . arctanﬁ ¢
F F _
gy =10

Idediné plasticky model materidlu, tzv. idedlni tuho-plastickd litka (suché tieni, angl. sliding frictional
element) — modeluje latku, ktera se chova jako tuha (angl. glassy state), pokud napéti o nedosdhne jisté
mezni hodnoty. Tato mezni hodnota se oznauje jako mez teceni oy (yield point). Po jejim piekroceni nastava
plastickd deformace bez viskozity a zpevnéni pii konstantnim napéti.
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Elementarni viskoelastické modely materiali

LENAM

S.r.0.

Zakladni reologické modely latek pro svoji jednoduchost nemohou popsat realnou odezvu v technické praxi
vyuZivanych materidlil. Proto se tyto modely vzdjemné kombinuji ve snaze se realité pfibliZit. Toto Siroké
téma se stalo soucasti edukaéniho oboru oznacovaného jako ,materidlové inienyrstvi®.

Zakladem takovych aktivit je fyzikdini experiment, na ktery navazuji analytické a numerické metody, které

teprve spoleéné mohou uspokojivé identifikovat chovani pfisluSného materialu za provoznich podminek
(obecné klimatickych podminek, pracovniho rozsahu teplot, rychlosti deformace, dlouhodobosti provozu,

agresivity prostfedi, radiace apod.).

V ramci souvislosti je vhodné si pfipomenout nékolik vybranych reologickych modeld, které jsou dal3im
krokem k pfedstavé o chovani materidl(i v zavislosti na ¢ase. Jejich detailné&jsi popis byl sou&asti kurzu

»Kurz_5-cast_A_MKM_Materialove ModelyKonstrukcnichMaterialu_®©LENAM_AnP_190722.pdf":

Dvouparametrické modely:
— Ve E_. = Maxwellliiv model

= Voigt — Kelviniiv model -

Triparametrické modely:
E
Al "’.:.ﬁ m i_ JI““,;I‘II"'L’___ n

Dalsi viceparametrické modely:

Standardni model

= Zeneriiv model

A
,‘.;,L |_J_

0 el . - . .. . . e P £y
Burgersiv ctyr parametricky model €asto pfisuzovany adhezivim | ey #M_m_m_m__ l:j -
= Zobecnélé modely sloiené napi. z Maxwellovych nebo z Kelvinovych skupin e o

a matematickd reprezentace zobecnélych modelii pomoci Prony fady, viz ddle.

Geaeralized F
Mavmell Modcl I

ol

:

Ceneralized
Kelvia Chain
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Boltzmanniiv princip superpozice jako zaklad teorie linearni viskoelasticity
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LENAM

8.1.0,

1. Boltzmanniv princip povaZuje zatéZovaci Ui€inky na viskoelastické prostfedi nezdvislé a aditivni, pficemz
odezva prostfedi na tyto uginky je linearni. Lze jej aplikovat na oba procesy creepu (teéeni) a relaxace.

2. Pokud aplikujeme na prostiedi charakterizované funkci creepové poddajnosti j{t) zatiZeni ve dvou
naslednych krocich o{0) v €ase t=0 a Ag v ase T, viz obr., pak celkové pietvoieni bude jejich souttem:

et)=a(0)jt)+Acj(t—1)

T T
3. UvéaZime-li b&€hem zatéZovani nekoneény poéet infinitesimalnich pfiristki zatizeni do; miiZeme psdt

£(t) = 0(0) j(t) + ) doy j(t— )

lze vyraz zapsat ve formé tzv. integrdlu deformaéni dédi¢nosti (angl. Hereditary Integral for Strain):

da (1)
at

&(t) = fj(t—‘r) dt B.1

(1]

a g Ao j(t—1)
Ag 1 -
a(0) a(0) j (1)
t : ‘ t
Protoie v limit& suma ve vyrazu piejde v integral J‘j(t —1)do
oft) g do,
7|
r| |r+dr t

4. Jestlize analogickou uvahu aplikujeme na proces relaxace dostaneme integral dédicnosti pro napéti

a(t) = fg(t - T)?dr

0

B.2

(angl. Hereditary Integral for Stress)

6.10.2022
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Boltzmanniiv princip superpozice - matematické souvislosti LENAM

5.1.0.

Vztahy B.1 a B.Z jsou matematickym vyjadfenim Boltzmannova principu superpozice a v literatufe jsou
oznafovany jako Boltzmann — Volterra integrélni rovnice, nebot teorii t&chto rovnic rozpracoval Volterra.

Vzhledem k tomu, Ze v pfechozich integralnich vztazich jsou obsaieny funkce poddajnosti a relaxace, Ize je
chapat jako zobecnéni jednoduchych dfive uvedenych creepovych a relaxaénich experimentd.

UvéZime-li ,skokové” procesy deformovani viskoelastického materidlu zatizenim o, nebo &; dostaneme vyrazy

JdH 5

y f(t)=oofj(t—r) agr)dr=ooj‘j(t—r) 6(1) dt = g, j(t)
; 0 0
t aH E

o(t) = f ot Dr = g, f 9(t— 1) 8(1) dt = £ g(t)
0 0

kde H(t) a 8(i) jsou Heavisideova a Diracova funkce, viz https://cs.wikipedia.org/wiki/Diracovo_delta

Definice Heavisideovy a Diracovy funkce Mezi funkcemi plati vztah

X

0 proz<0 o — dH(t

HP[I} =4 p proz=0, dx) = {—0—90 proz =0 H(J’C) = f5(t) dt Tesp. 5@) = ( )

0 proz#0 dt
1 proz >0 —&m
6.10.2022 22246
Boltzmanniiv princip superpozice — matematické souvislosti LENAM

5.r.0,

Mnohdy se vztahy B.1 a B.2 uvadéji ve tvarech, které lze ziskat jejich integraci per-partes. Plati

fuv’ =uv—fu’v

t

£(t) = j(0) o (t) + f slt—1) %m B3

0

t

o(t) = g(0) (t) + f g(t—r1)

4]

dg9(7)

—d B.4
at t

kde j(0) a g(0) jsou po&ateéni hodnoty funkce poddajnosti (creep compliance) a relaxaéniho modulu.

Z pPedchoziho je patrné, ie creepové a relaxaéni chovani materidld spolu souvisi a tedy, Ze mezi
materidlovymi funkcemi creepové poddajnosti a relaxaéniho napé&tového modulu existuje vzajemny vztah.
Tento je zapisovany v integrdlni formé, ktery je vysledkem vyuZiti Laplaceovy transformace.

t t

fg(r)j(t—r) dt=t resp. fj(r) git—1n)dr=t B.5
0 0

6.10.2022 22-246
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Viskoelastické materidlové modely implementované do CAE sw produktii LENCAM

Uvedeme postupné jejich zakladni vztahy. Parametry, které obsahuji tyto vztahy se zpravidla
pfisuzuji materidlim ve stavu pevném, tzv. ,solidam* (angl. Solid State).

Prony fada — vychazi ze zobecnélych modeli sloZenych z mnoha Maxwellovych skupin

G(t) = G + XN, G exp (f i) . (PD)

kde G, je dlouhodoby ,rovnovainy” modul, ktery odpovida ,iplné” relaxaci (za nekoneéné
dlouhou dobu), 7; a G; jsou parametry Prony fady a t je ¢as.

Pokud zavedeme okamiity tzv. ,dynamicky” modul Gg, ktery pfedstavuje tuhost materialu
bezprostfedné po zatiZeni (v ¢ase t =0)

\ Go=G(t=0)=G6+3IV.G (P2 \
dostaneme Prony fadu v ekvivalentnim tvaru

N
60 =6y alt-ew-D| @

Poznamka: Parametry Prony fady ,G“ a ,T“ se stanovuji na zdklad& vhodnych experimenti (tah, tlak, smyk,
objemové, &i biaxidlni testy) a zpracovanim takto naméfenych dat prostfednictvim numerickych regresnich
postupi (fitting curves, napi. metodou nejmensich ¢tverct) do uvedené formy, viz dale.

6.10.2022 22-246

Casové teplotni zkousky a materidlové modely viskoelasticity LENAM

8.1.0,

1. Predikce viskoelastické odezvy produktii z polymernich materidléi vyZaduje v technické praxi realizovat
experimentalni relaxacni nebo creepové experimenty v zavislosti na teploté.

2. V uréitych pfipadech lze vyuZit tzv. éasové—teplotni superpoziéni princip (TTSP), ktery umoifiuje zkratit
dobu experimentalnich méfeni, viz schéma vlevo a urcit relaxacni modul jako funkci ¢asu ve formé tzw.
Master kiivky, reprezentovanou matematicky Prony fadou a to spoleéné s Williams—Landel-Ferry
empirickym vztahem (shift faktorem), viz obr. a dile objasnénymi pojmy ,Thermorheological simplicity /
complexity“.

¢asovy rozsah e 40C @ W'C e 0'C —2FC —40C 60°C ——80°C
- " experimentu 5000 -
\- ' T ... 0
. . 2000 1
_ log ar, T, - e
% To=Ta E 3500 -
= lOg ar, - E’ g, 3000 4
3 T: 3 .
E Ty E 2500 |
= logar, g 2000
g k|
T Master kfivka & 15001
prireferencni 1000 -
Te e teploté T,=T, 0]
- logar, r : - - o : . .
Ti<T:<..<Ts s 20 15 10 5 0 5 10 15
log €as [s]
log €as [s]
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Co je ,,Thermorheological simplicity / complexity” LENAM

S.r.o.

U polymernich materidli je nutné rozliSovat zda se jednda o materidly vykazujici tzv. thermo-rheologickou
simplicitu (jednoduchost) nebo complexitu (sloZitost) pfi jejich provoznim zatéZovani.

V prvnim pfipadé lze vyuZit ¢asové — teplotni superpozi¢ni princip (master kfivku), ale v druhém nikoliv. Pfi¢inou
jsou odli3nosti v jejich molekuldrni struktufe, ktera spoéiva v pohyblivosti materidlovych ,elementi” v zavislosti
na teploté, viz napf. https://www.youtube.com/watch?v=YG53m6roxR8

Time te o7 5 Q S B WLF equation
ime temperature superposition —elir=ip)

log (ar) = m Z
2 3
Abhijit P Deshpande * Glass transition temperature T,
» G ~ 50; Fictitious temperature at which all mobility ceases T ~ T — 50
Department of Chemical Engineering, Indian Institute of Technology Madras -G (T = )
log (ar) = -—[—T—_—T—]‘— ’
B

abhijit@iitm. ac.in

1E+03 1E+03
£ 1E+02 .\ ER
g : k
£ % |- %
g g . :
F 1E+01 S 1E+01
3 3
Z Z
1E+00 1E+00
1E+00 1E+01 1E+02 1E+00 1E+01 1E+02
Time, s Time, s
Thermorheologically simple Thermorheologically complex
6.10.2022 22-246

Typické oblasti a rozsahy mérenych slozek komplexnich modulii DMTA LEN(AM

Tg <0
Gl Regi
FRSESHESE 1 Transition | :
g \ Regop Rubbery !
&~ ' ' Plateau ' X z
& ! ' Region ! Terminal Region
w _— - ! : '
o ' v — Viscoelastic——»
(% ' ) ! iquid
— Very hard and : PN H
<) rigid solid | T
I-.LI ' '
o . Stiff to Soft rubber
1
o : '
H " \
" \
e—— Storage Modulus (E' or G") :
——— Loss Modulus (E" or G") -
Temperature
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Priklad vysledkii méreni viskoelastickych vlastnosti polymeru

LENAM

S.r.o.

PP-copo Polypropylen, heterophasiges Copolymer
g 60001 -— - 200
Woow } !
Le—C—1 1 {
H H-C-H ! }
Ho _ 1 Liso®
© { =
% 4000 ! 204 -
Probe g Q1 3
PP-Spritzgussprifkérper (Hostalen PPR 1042) 3 e é
$ T [%%
3 o f I -5
Versuchsbedingungen g ! ‘ [ =
Messzelle: Dynamisch-mechanischer Analysator DMA 2980 % —024} |
Single Cantilever 50 |
Probengeometrie DMA-Prifkérper (17,5 x 10 x 2) mm®
Messprogramm: Heizrate 3 K/min von -100 °C bis 200 °C { !
Frequenz 1 Hz, Amplitude 20 ym T !
Atmosphare: Stickstoff i e ——— T 1
0 - i o [ =9
B PR L -
6.10.2022 22-246
- wg 5 [LENAM|
Co naznacuje ,,Deborah“c islo, resp. pomeér LEN.A

Linear viscoelastic materials

Relaxation process

Deborah number

A

texp

De =

A — relaxation time of the material
texp — time-scale of interest or experimental time or time-scale of observation

De <<1
A ~ 0 or tey ~ 00 — relaxation process would lead to dissipation of energy

De >>1
A ~ 00 Or texp ~ 0 — relaxation process would lead to storage of energy

6.10.2022 22-246
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Poznamka 1: Stanoveni konstant C1 a C2 ve Williams—Landel-Ferry (WLF) vztahu LENAM

5.1.0.

Pro CAE simulace creepové & relaxaéni odezvy termo-reologicky jednoduchych polymernich materidlowych systéma na
zatiZeni, tzn. jejich materidlowych modeld, je kromé konstrukce master kfivky (list 12) aproximované napf. Pronyho fadou, viz
déle, nutné stanovit koeficienty C1 a C2 ve WLF vztahu, ktery je nutnou podminkou vyuZiti zminéného €asové — teplotniho
superpoziéniho principu v CAE analyzach: —c1 (T-Tg)
Log(ar) = (1)

C2+(T—Ty)

Vyraz ,Log(a;)” je oznacovan jako ,shift” faktor ,posunu®, ktery se odhaduje pfi zpracovani realizovanych experimentélnich
méfeni (viz list 12) a mGZe jich byt tak odhadnuto né&kolik, tj. minimdlné dva, lépe vice, a to souvisejici teploty ,, T

Vzhledem k tomu, Ze potfebujeme uréit dvé konstanty ve vztahu (1), postaci k jejich stanoveni vybér dvou ,,shift” faktord pro
pfisluiné teploty, napf. T, a T, a volba vhodné referenéni teploty , T;" z rozsahu realizovanych experimentd pro T [20;90]°C.

Plati: 1
_ —CL(T,- Ty —Cl+4 e
Log(ary) = T, Ty — C2iA  kdeA=(T,—Tg)
_ —C1(T, Ty —Cl1+B P
Log(arz) =T, T, C2iB .kdeB=(T,—Tg)
Refenim soustavy t&chto dvou rovnic vzhledem k Cl a C2 mifeme WLF Logshift faktory [s] vs teplota [°c]
zkonstruovat graf WLF vztahu (1) jako funkciteploty, vizobr. 2 2> 2> > > [ i et oo okl iy
Pozn.: Za referenéni teplotu ve WLF vztahu lze taky povafovat tzv.
prechodovou teplotu ,zeskelnéni“ 7, = T,, viz listy 13-15, ktera je .
konstrukénich polymer( nizkd, zpravidla T, < 0, nad kterou se pfedpoklads, T

ie polymer bude vykazovat reologické vlastnosti. Tato teplota, stejné jako
dal$i technologicky vyznamné teploty (zkapalnéni) se stanovuje

experimentalnimi metodami DMTA a DSC. . -
6.10.2022 22246
Poznamka 2: Stanoveni konstant C1 a C2 ve WLF vztahu regresni metodou LENAM

5.r.0,

Podle schématu na listu 12, je master kfivka sestavena s vyuZitim zmin&ného €asové — teplotniho superpozic¢niho principu z
vice experimentélnich méfenii=1,2, ..., cof dédvd moZnost odhadu vice ,schift” logaritmickych faktor( pro souvisejici teploty
T;, tedy

‘ Exp[Log(ar;)],i=1,2,..N ‘

V takovém pfipadé Ize vyuiit regresnich metod k uréeni konstant C1 a C2, napf. ,metodu minima nejmensich étvercd”

=

2

—C1L(T;-T _
; (ﬁ - EXP[L“-‘J(“T&)]) = {min}i—12_n

Log Shift faktor [s] vs teplota [°C]

‘ ©  loglaT) [¢] - experiment  ===== log(aT) [s] - analyticky O log(aT) [s] - regrese

Pfiklad porovnani vysledk( rekonstrukce WLF vztahu (1)
jako funkce teploty s experimentdlnim odhadem é&tyf 6., _
logaritm ,shift” faktorGjenacbhr. 2> 22> 2> 2> > 2> > | o, |

Pozn.: Je nutno brat na zietel, Ze vidy bude zaleZet na 10 |
tom, v jakém teplotnim rozsahu, napf. [-10; +80]°C a ! T B i
tasovém rozsahu (doménéch), se realizuji a nasledné - 8. | |
zpracovdvaji experimentdlni pozorovdni uréené pro Oy

souvisejici prediktivni CAE simulace. 27? . g

6.10.2022 22-246
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Dalsi reologické modely metriadlii uzivané v CAE numerickych simulacich

LENAM

5.1.0.

Model s linedrnim mocninnym vztahem — tento model se uZiva pro popis relativné kratkodobych deformaci

polymerii. €asovy pribéh relaxaéniho modulu je aproximovan vztahem
Erel (t) =At™
kde A a n jsou materidlové konstanty at je €as.

Creepovi moduly G pre polypropylen (MPa] vs logltimal

’

+

Vy&e pfedstavené modely zaFazujeme do kategorie linedrnich viskoelastickych materidlovych modeld. Parametry obsafené
ve vztazich pro ¢asovou zavislost modulu E(t) nejsou funkci napéti a predpoklada se, Ze deformace v €ase ,t“ je linedrné
zavisla na napéti. Pokud takovy predpoklad neplati a jakykoliv parametr je funkci napéti, je material nelinedrné

viskoelasticky.

Takovymi materidlovymi modely jsou napfiklad modely s mocninovymi vztahy, tzv. Power Law modely

‘::cr(t) =A Q(t)n tm

écr (t) = K q(t)" (pro tzv. sekunddrni creep)

kde &.,.(t) je creepova rychlost deformace, A, n a m jsou materidlové konstanty, q(t) je ekvivalentni napéti

atje cas.
G’Sell - Jonas model (1981)

Tento materidlovy model je vhodny pro termoplasty. Parametry ve vztahu lze stanovit prostfednictvim

tahovych krivek.

=K exp (';—?) “[1 —exp(—w - &)] exp(h-&?)- (Ei)

Vliv teploty je zohledfiovan vztahem Arrhéniova typu, tedy Kp=K-exp (g)

6.10.2022

Matematicka reprezentace viskoelastického modelu Prony casovou radou
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LENAM

V pfechozimtextu uvedené aproximativni vztahy experimentalnich méreni creepu a relaxace

N
G(t) = Gy + ZG" exp (— Ti) 1)

N
t
6(5) = Go— ) G [1 —exp(— o)
i=1 ‘

(P3)

jsou do sw nastroji (ANSYS, Abaqus, MSC.MARC aj.) implementované zpravidla jednou
nasledujicich normalizovanych (bezrozmérnych) forem:

G(t) = Go [afo + X, af exp (— %)] a G(t) =G, [1 — ¥V af exp (1 _ Ti)]

6_ G
i

o =
Go

1

kde 7; je uZivatelem volené tzv. relaxaénf casové spektrum v grafickych interpretacich obvykle
zobrazovanév logaritmickych éasovych dekdddch, napF. log(s) [0;7 - 10], viz ddle.

Jak bylo vyse naznaceno, relativni hodnoty (moduly) Prony fady «; se stanovuji zpracovanim experimentalné
naméfenych dat prostfednictvim numerickych regresnich postupili (angl. fitting curves), napf. metodou

nejmensich Etvercl, viz déle.

6.10.2022
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Matematicka reprezentace viskoelastického modelu frekvencni formou

LENAM

5.1.0.

Viskoelastické chovani materialu miZe byt uréovano dynamickymi vibraénimi experimenty, tzv.
metodou DMTA (Dynamickd Mechanickd Teplotni Analyza). V t&chto experimentech je materidl
vystaven malym deformacnim vibracim pfi rlznych maodech excitace. Vysledkem méfeni jsou
redlnd G’ a imaginarnisloZka G”” komplexniho modulu G{®), které jsou funkcemifrekvence .

Lze ukazat (bez odvozeni), Ze mezi parametry Prony fady pfedstavené vye v ¢asové doméné a
frekvencni reprezentaci linedrni viskoelastické odezvy materialt plati nasledujici vztahy:

N N

G’(m) =Gy |1- Z (a:; . aiG (IL'GG"’)Z ) G" ((U) =G, Z ( affiﬁ) 2) Im Komplexni rovina
& 1+ (tfw)? = 1+ (tfw)

Pro komplexni modul G{ @) a ztratovy (loss) faktor ,tgq @) plati, viz obr.: me =¢"

8
_ Gn(w) X’ Re
G(w) =62 (w) + ¢"* (@) tgd(w) =7 (—
ReG =G

Z predchoziho vyplyva, ie pokud stanovime hodnotu G, a normalizované parametry a; z
experimentdalnich dat regresnimi metodami (fittovanim) prostfednictvim vy3e uvedenych
matematickych vztahdQ (v dase, resp. frekvenci), miZeme materidlové zavislosti vzajemné
konvertovat. To je ale podminéno platnosti superpoziénich principt (Boltzmann + TTSP), viz
thermo-rheologicky jednoduchy material a souvislostmi mezi obéma doménami ¢asu a frekvence.

6.10.2022 22-246

Poznamka: Ekvivalence a alternativy vztah pro slozky komplexnich moduli LENAM

G'(w) =Gy |1

gec)

_;af( 15:(:)):,))

ot (Fw)?

N
7+ Go 27
Z“; 1+(rw)2

et =ofi-3 (o

1=

G'(w) =Gy |1

- . G;
pro bezrozmérny parametr modulu:a:‘f = G—; - Gi=G, af
N N N
T¢w)? Gi (16 w)?
6@ =6 61- 1(( ))2) PO P o ol (G0
i=1 + T @ i=1 i=1 1+ (ri (l))

u af'rsm
6" (@)= Go ). (7“ e m)z)

i=1

6.10.2022 22-246

http://aum.svsfem.cz

20



29th SVSFEM Ansys Users' Group Meeting and Conference 2022 SVSFEM s.r.0

Poznamka: Regresni analyzy experimentalnich dat pro [f;;f]a [T,;T,] LENAM

5.1.0.

G'(w;),G"(w; ) — experimentdné stanovené slozky komplexnich modulli pomoci
metody DMTA pro frekvence (j=1, 2, ... K) a pro teploty (k=1 2, ... L),

kde w;=2 zf;, resp. fi=05w;/ 7

76

i — vhodné zvolené Casove spektrum [s] Prony fady v relaci k ,f;“ [Hz]

G_f — hledané moduly Prany fady ve zvoleném ¢asovém spektru

2

5w [ S et oS o) ) - e

nebo
2 2\ 2
N N N
Gi(tfw,; ,)? Gfrfw,
Z \/G'z(w W+ G (w ) - Gogji — — R+ Z — = {min};;
£ J, j k) £ A 1+(rG w, 1) £ 1+(t“w, AE i
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Fyzikalni experiment — podminka a zaklad poznani viskoelastické odezvy mater

5.r.0,

Pro identifikaci éasové odezvy pevnych materidlii (tedy ne kapalin a plynii) na vné&jsi zat&Zovaci ucinky je nutné si
uvédomit radu souvislosti vyplyvajici z teorie mechaniky pevného kontinua. Zékladem je, Ze u homogenniho
izotropniho materialu Ize deformaci a napjatost viskoelastického télesa, stejné jako elastického télesa, rozdélit
na dvé sloZky (bez odvozeni, viz literatura), které charakterizuji

1. zménu tvaru elementdrniho objemu materidlu (viz pojmy a vztahy pro devidtory napéti a deformace),

2. pomérnou zménu objemu elementarniho objemu materidlu (viz kulové tenzory napéti a deformace),

a kdy mezi veli¢ginami K, G, E a u plati vztahy: K(t) = 2600 A+p®) _ _GOE® _ E(®
3(1-p() 336(D-E@®)  3(1-2u(r)

Pro identifikaci viskoelastickych vlastnosti materidlii jsou na zdkladé téchto poznatkli jsou wvyuZivany

experimentalni techniky, zpravidla zaloZené na nasledujicich experimentdlné ovéiovanych predpokladech:

a) materidl se pFi smykové a objemové deformaci chovd identicky, tzn. Ze plati:
n(t) = p=konst.< 0.5
E(t)y _ E
G G

a) materidl je pruzné stlacitelny (vlastnosti jsou ur¢ovdny jednou konstantou a jednou funkci asu):

K(t) = K = konst.

E(t) _ (1-2p())

E (1-2p)
a) materidl je nestlacitelny: K(t) — oo, E(t) = 3 G(t), p(t) = konst.= 0.5

6.10.2022 22-246
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LENAM

Pouzivané experimentalni metody - testovaci médy metody DMTA L
Tension Compression Shear (Sandwitch)
Movable Clamp Movable Semple
Stationary Clamp Stationary
Clamp Clamp
Sample Sample

(film, fiber,or thin sheet)

Maovable clamp

Single Cantiliver Beam

Stationary clamp

3-point bending Beam

Dual Cantiliver Beam

Sample Sample
Sample
Stationary Stationary Fulerum
Clamp 4
dap | gﬁmam Foree - Moratie” Stationary
clamp L mo damp Clarm
6.10.2022 22.246

DMTA test v reZimu 3-bodového ohybu nosniku

LENAM

S.r.o.

= Creep test in DMA Q800 — 3-Point Bend deformation mode:
1. In this mode, the sample is supported at both ends and constant force is applied in the middle.
2. 3-point bend is considered a “pure” mode of deformation since clamping effects are eliminated.
3. Sample size: 50 mm (supports length), up to 15 mm (width), cca. 3 mm (thickness).

_ moveable clamp

e

e a8
e Nl
r

fixed clamp

_~ tested specimen

6.10.2022
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Podminky a vystupy DMTA creep testu pro teploty 40, 60, 80, 100 a 120°C LENCAM

DMA Displacement [pm)] e T[°C] - DMA Strain [%] = = FEM Stress [MPa]
250 10
7 re
200 - R { g
I e [
150 L ( ( P { i -6
P . 120 r_ N 1. _ _ i
r ( " 8o ‘/ﬁm ~ e | [T [ =" r4n >
100 * ) 1 Ll ] L] ] ] - a
L~ 60 4 . } I, ! ! [ I A
w /—40 P . 4D—|l L) I ] ¥ | , ) . L,
= LS R AR R R
LN - UL S I S I By B R .
o 25 50 75 100 125 150 175 200 225 o 25 50 75 00 125 150 175 200 225
Time [min] Time [min]
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Creepové moduly pro teploty 40, 60, 80, 100a 120°C LENAM

8.1.0,

40°C == == Recovery 40°C 60°C 40°C = = Recovery 40°C s0°C
- - # - -
Recovery 60°C 80°C Recovery 80°C — — —Recovery 60°C 80°C — — —Recovery BOFC
100°C = = =Recovery 100°C 120°C e
7 000 - i
6500 -
o o
o o 6000 -
2 £
;5 3 5500 -
4 5
o o 5000 4
] =
a o il
a o 4 500
o w
- =
© Y 1000
3 500 T T T T T 1 3500 T T T T T T 1
o] 200 400 500 800 1000 1200 0,0 05 1,0 15 2,0 25 3,0 35
Time [s] Log Time [s]
6.10.2022 22-246

http://aum.svsfem.cz



29th SVSFEM Ansys Users' Group Meeting and Conference 2022

SVSFEM s.r.0

Konstrukce Master kFivky a Shift faktor

LENAM

5.r.o.

Master curves Log shift faktor [s] vs teplota [°C]
Prova 3 Recovary Prova 3 [ o tostam s - experiment  —-—-- loglaT) [s] -analyticky  © loglaT) [¢]- regrese |
7000 &
é . ‘a“&‘ i rrr
3 g e
E '] | 40 0 | Ji\‘,‘&h_& [ 80 100 120 140
a 4500 \ 20 4 / ‘0.~‘
S o0 N\ e,
r T T 3568 T T T T T T 1 ) Ao . . c]
e
40 30 -20 10 00 10 20 30 40 50 60 70
0 50 20 10 0D 10 20 30 40 50 O 7, N ©g
log Time [s]
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Numericka simulace DMTA testu v reZimu 3-bodového ohybu nosniku

s.r.o.

FEM model 3 bodového ohybu nosniku (symetrie

Casovy prabéh zatiieni

—=—T[C] - +-Korekee F_FEM/4 [N] |

Materialové modely viskoelasticity

Prostfedi sw ANSYS umoZfiuje wyuZit dvé definice
materidlovych modeld viskoelasticity s wuZitim Prony
fad:

1.Vice sad Prony koeficientl, p¥i€em? kaZdd sada
pfedstavuje viskoelastickou odezvu pro jinou
teplotu (napt. T=20, 30 ... 95°C).
V tomto pfipadé se wvyuZivaji experimentalné
naméfené Udaje o viskoelastickém chovani
materidl( pro kaZdou teplotu zvI4st.

o -4 ¢ -4 -9 -9 v 2.Pokud materidl vykazuje vy3e zminénou thermo-
i S . : X J X v reologickou simplicitu/jednoduchost (TRS) pfi
el B ] T v viskoelastické  odezvé, lze wyuZit predem
T R P o8 zkonstruovanou ,Master kfivku“ pro jednu z teplot
80 X l L B 0.6 spolu se sestavenou funkci posunu, tzv. ,shift
40 - A B 04 faktorem” pro simulaci viskoelastické odezvy pfi
20 e : : 0,2 ostatnich teplotach.
o bbb -4 a4 ey . 00
] 5000 10 000 15000 20000 https://forum.ansys.com/discussion/2206/alternative-to-curve-fit-prony
Time [s]
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Engineering Data — Isotropic Elasticity pro teploty 40, 60, 80,100 a 120°C

LENAM
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Engineering Data — Shear Modulus pro teploty 40, 60, 80, 100a 120°C

LENAM

5.r.0.
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5.1.0,
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Engineering Data — Master Prony Fada + W-L-F Shift Function

LENAM

S5.1.0.
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Numericka simulace DMTA testu v reZimu 3-bodového ohybu nosniku

LENAM

T =40, 60, 80, 100a 120°C

Animaton B> B | W1 @] Qs rame: - 2Seciautol - IC
013746
08
|
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691450
o 2300, 000, 500, 10008
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Porovnani vysledk( FEM vs DMTA experiment

LENAM

5.r.o.

T = 40, 60, 80, 100 a 120°C

PronyGK(T)lower_NoFix_40-120-40,korekce DMA zatiZeni+gravitace PronyGK(T)lower_NoFix_40-120-40,korekce DMA zatiZeni+gravitace
FEM_UZ [um] DMA Displacement [pum] +-T[°C] | | FEM Strain [%] DMA Strain [%] = = =FEM Stress [MPa]
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200 /:-_ ] -8
&1
ot 0,10 L 1 -7
i r f’ { .
150 - { 0,08 -6
ﬂ! { . 80 B flm./lzo. == '|——I Sl iy T -5
100 - ' o | Py 0,08 ' I [0 N o ra
a0 60 * a0 0,04 Y A A A -3
I s * s T
Sl S — Y : i I 4 | om T T I L ! k: 2
h ! | | I F1
0 l'--v---— k----._ E___ e 0,00 ﬁ_'_'_kgm E"'_"‘é h‘:‘r [ g o
o 25 S0 75 100 125 150 175 200 225 250 275 300 © 25 50 75 100 125 150 175 200 225 250 275 300
Time [min] Time [min]

6.10.2022

Porovnani vysledkii FEM vs DMTA experiment
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LENAM

S.r.o.

Master Prony fada + W-L-F Shift Function

Master PronyG_ANS_40-120-40_E(40), korekce DMA zatizeni + gravitace Master PronyG_ANS_40-120-80_E(40), korekce DMA zatiZeni + gravitace
FEM_UZ [um] DMA Displacement [pm] +-T[°C] | | FEM Strain [%] DMA Strain [%] == == FEM Stress [MPa]
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Demonstrace CAE simulaci viskoelastické odezvy zadnich dvefi vozidla

LENAM

S.r.0.

Casové prabéhy zatiZeni
——— Gravitace [mm/s2]  —— Plynova vzpéra [N] Teplota [*C]
12 000 - 90
I 80
10 000 [ 1
L 70
8000 60 .
- o
= o=
& 6000 £
N s
4000 30 F
L 20
2000
+ 10
0 0
0 20 000 40 000 60 000 80 000 100 000
Cas [s]
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Demonstrace CAE simulaci viskoelastické odezvy zadnich dvefi vozidla

LENAM

S.1.0.

Deformace podél linie spodni hrany dvefi
0,00
500 1 1500 e Gravitace;t=3600s
0,02
E 0,04 — = Gravitace + GF1400N; t= 7
—_— 200s
N -0,06
2 Gravitace + GF1750N +
o -0,08 CLTE; t= 10800 s zatatek
2 cyklu
2 010 - Gravitace + GF1750N +
c— CLTE; t= 93600 s konec
0,12 PSS e cyklu
0,14 |
Délka hrany [mm]
Zbytkové posunuti podél linie spodni hrany dvefi
——t=(93600-10800) s ——t=(97200-7200)s
0,000
T 0 200 400 600 800 1000 1200 1400
£ -0,005
o
4 0,010
) \—/
=
3 0,015 \_///
o
-9
0,020
Délka hrany [mm]
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Dékuji za pozornost

Thank you for your attention

6.10.2022 22-246

Zdroje pro ppt LEI}T;AM

210830_DMArecoveryANS_Prova3_PH_to FEM_AnP.docx

210901_DMA_vs_ANSporovnani_Prova3_PH_to_FEM_210810_PeH_AnP.xlIsx

22029-01_MBo_CAE_5dv_VW_T7_California\FEM\Modely\220708__Vyhodnoceni.xlsx
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SIMULATION OF GASKETS IN HYDRAULIC UNITS

MATEJ PETROVIC

DANFOSS POWER SOLUTIONS

ENGINEERING
TOMORROW

Simulation of gaskets in hydraulic units

Matej Petrovi¢, November 10t 2022

b e
l

Danfoss o 7§l Danfoss = Danfoss
Power Solutions Climate Solutions o Drives
#2 Market position #2 Market position #2 Market position
- 19,061 employees « 11,235 employees - 4,582 employees
- 53 factories in 19 countries « 34 factories in 15 countries - 9 factories in 7 countries
« 3.2bn EUR annual sales* « 2.9bn EUR annual sales « 1.4bn EUR annual sales

43% 39% ® 189%
of Group sales of Group sales of Group sales
in 2021 in 2021 in 2021

*In 2021 - including five months of legacy Eaton Hydraulics sales

2| Danfoss ENGINEERING TOMORROW M
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Our customer promise is as relevant as ever and drives our
competitive advantage
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Danfoss Power Solutions a.s. in
Povazska Bystrica

Start of operation in Slovakia

1995 Sauer-Mechanikaa.s. Povazska Bystrica
1996 Sauer-ZTS a.s. Dubnica nad Vahom
2004 Sauer-Danfoss a.s.

2013 Danfoss Power Solutions a.s.

2015 Consolidation into one plant in Povazska
Bystrica

2022

Number of employees 829

Engineers 80
EUSC 123

4 | Danfoss

ENGINEERING TOMORROW M{

http://aum.svsfem.cz
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Simulation Engineering in PovaZska Bystrica (PX)
Leader: Ing. Michal Masny, PhD.

10 ...structural simulation engineers in Slovakia - Povazska Bystrica

Centralized global simulation support of whole segment of Power Solutions in:

+ R&D (New product development and Technology projects),

« current product portfolio

under global organization - ,Center of Excellence™ / Center for Simulations and NVH (CfSN).

ENGINEERING TOMORROW M

CfSN - Simulation Capabilities

Structural Mechanics | Structural Dynamics Flow and Thermal

Fluid Flow, Heat Transfer

BT

Stress, Deformation & Dynamics, Vibrations & & Tribolo Material Selection, Dynamic Responses,
Fatigue Acoustics (Hydrodynargn);cs) Manufacturing Process Efficiency & Performance
2 +
b = |

3. 2% A

Responses of components &

Stress, strain, deformation, Flow characteristics, pressure

contact pressures, reactions, Eigen frequencies, harmonics, drops, cavitation, thermal and Support manufacturing, Material systems; controllability,
bolt assessment and fatigue dynamic reactions, responses, advanced micro gap analysis, analysis & selection (e.g., stability, duty-cycle efficiency:
predictions structural born noise hydrodynamics strength vs. cost), REACH, RoHS 1D level

Optimizations & Coupled Simulation

Parametric & non-  1- & 2-way coupling
parametric
Toolsets p
-
- - SIEMENS oalrs
\nsys MSC ASoftware &, Simerics S %' Polymod <\ MarLas

6 | Danfoss ENGINEERING TOMORROW M
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ENGINEERING
TOMORROW

Product engineer motivation

Product introduction
Challenge
Impact

Product introduction
H1P Running Cover

8 | Danfoss ENGINEERING TOMORROW M{

http://aum.svsfem.cz
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Challenge

Flat rubber Design does not seal properly

Challenges
- Adapter surfaces sealing insufficient

- Running Covers for whole product family
planned

- Required design iterations
- Tooling Costs

9| Danfoss ENGINEERING TOMORROW M-{

Impact
Improved Design

Benefits from simulation

- Less design iterations

- Cost reduction (3600$ to 4300%$ per tool)

- Reduced development time (for new covers)

A

10 | Danfoss ENGINEERING TOMORROW Ml_

http://aum.svsfem.cz
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ENGINEERING
TOMORROW

Agenda

Simulation motivation
Simulation of gaskets in hydraulic units

* Problem statement

« Simulation procedure - material
model and FE-model

« Show cases with test results

« Conclusion

Motivation and aim

Rubber coated

Gasket is a complex challenge N

- nonlinear behavior

Designing of an assembly regarding to
sealing capability, bolted joints, stress and
deflection of coupled parts with a gasket
is a complex challenge due to nonlinear
behavior of the gasket component. Gasket
and rubber coated parts are linked with
hyperelastic material behavior.

Simulation

Aim of the presentation is to share our takeaways/knowledge
* how to select material models

» gasket simulations’ cases and verifications (Fuji film test)

Scope: Rubber coated covers

12 | Danfoss ENGINEERING TOMORROW M-ﬁ

http://aum.svsfem.cz
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Problem statement
Why are the material properties so important?

» Non-linear material properties

* Many mathematical material models of hyperelastic materials are available.

» Testing of material with tensional loading only
* Unknown compression behavior for material model

Clamping forces
p g 0.42192 Max

0.37562
0.32932

Rubber coated metal-bead
gasket

Wrong simulation behavior
Compression of NBR layer of metal-bead
gasket with Mooney-Rivlin 2 par. model

Stress (.10 (Pa)

Hyperelastic material model

Fuji film paper test (reminder)
How it works?

ENGINEERING TOMORROW M

» Pressure measurement film

* When the pressure threshold is reached,

the microcapsules break

A-Fllm q Polyester base
‘ ‘ ‘ i ' Micro-encapsulated
C-Film i:_ }_l-— Sg:yc;m b;g, layer

color-forming layer

e Limitations of test

‘1Cut the Prescale Film into the
required shape. With the Two-sheet
film, make sure the coated sides on
A-Film and C-Film face each other.

14| Danfoss

http://aum.svsfem.cz

(2)insert cut Prescale Film into area 1o
be measured and apply pressure.

(3)Remove film and observe p:esws‘
distribution.

ENGINEERING TOMORROW M
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Simulation procedure

Geometry preparation

1. Model preparation and simplification

2. Material models
{which mat. model to be used for FEA)

3. Debugging and solving

4. Post-processing and test results

15 | Danfoss ENGINEERING TOMORROW M

Material model

Mat. source

Hyperelastic &
rubber like materials

Material Simulation
model model
Test data

Hyperelastic
experimental data
Closure vs Pressure
Stress-Strain data

Which mathematical mat. model is the best?...

Mooney-Rivlin, Ogden, Polynomial, Yeoh, ...

16 | Danfoss ENGINEERING TOMORROW M

http://aum.svsfem.cz
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NBR (nitrile Buthadien Rubber) materials - Hyperelastic material
How to find out the best mathemat. model for simulation

Test data » Material model creation

Incompressibility P8 )X Delete Curve Fitting
AOMﬁmi Sd\'l\Cl.I’Vlﬁ‘
[EI Hyperelastic Experimental Data ] = g ::::;: Copy Caladated Vaues ToProperty
77 Uniaxial Test Data A Bl Tes i:?::;:;:::
/2] Biaxial TestData g :;::c —
/2] Shear Test Data . B
7] VolumetricTestData
2] Simple Shear Test Data E B )
©4 Uniaxial TensionTest Data e 2 ) /“(/
$4 Uniaxial Compression Test Data i5 & i p——

ENGINEERING TOMORROW M

NBR materials - Hyperelastic material
How to find out the best mathemat. model for simulation

Qur add-on...

Verification via simple simulation - study case

1. Simple FEA comparison through the several mat. models (Mooney-Rivlin, Yeoh, etc.)
2. Same loading/displacement: tension & compresion
3. Checkrule - Hyperelasticity = volumetric change to be ,zero™!

ers (initial)

Mooney-Rivlin 2-p

Mooney-Rivlin 5-p S I
Mooney-Rivlin 9-parameters |
Yech 1st order

Yeoh 274 order

y-Rivlin
Yeoh 34 order —parameters(as new
from measured data)

--__4'

ENGINEERING TOMORROW M

http://aum.svsfem.cz
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NBR materials - Hyperelastic material
How to find out the best mathemat. model for simulation

Results

Difference of volume [%]

Used material

model 50% Tension  |50% Compression
Money-Rivlin
2-parameters

Money-Rivlin
5-parameters

’ Yeoh 2" Order

Money-Rivlin

9-parameters

Yeoh
1st Order
Yeoh
2nd Order
Yeoh
3rd Order

Minimal volumetric change

19 | Danfoss ENGINEERING TOMORROW

Additional follow-up simulation model set-up - Tips

Rubber coated covers

Dacfoss

B x%® Omng

x®@ Sokt
JRRY 3] Cormands (2700

Commands (

P71, mavid, €.1

Linear hexahedral mesh

Analysis settings

Normal stiffness factor
Newton-Raphson Residual Force
Time stepping

ENGINEERING TOMORROW

http://aum.svsfem.cz

Dacfoss
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Additional follow-up simulation model set-up - Tips - Don’ts

Rubber coated covers

use different
hardness of rubber

use supports
for stabilization

import
material w/o check

ENGINEERING TOMORROW M

Show case: Rubber coated cover task review (yeoh 21 order)
Key is the to be focused on contact pressure level

Small leakage -
Corrosion on flange

Donut seals pressed P
the outer outside.

22 | Danfoss ENGINEERING TOMORROW M{

http://aum.svsfem.cz
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Seal ring analysis (Yeoh 2nd Order)

Contact pressure [MPa] Total deformation [mm]

Total Deformation 2
Type: Total Deformation
Unit: mm

Type: Pressure
Unit: MPa
Time: 2
30.7.2021 947

Time: 3
30, 7. 2021 9:52

2.4069-M

20.00(mm)
—

ENGINEERING TOMORROW M

23 | Danfoss

Aux pad cover (Yeoh 2nd Order)

with plastic ring

Contact pressure [MPa] Total deformation [mm]

Pressure
Type: Pressure
Unit: MPa
Time: 3
3.9,202110:28
Max
Limit

Min

-]

v

ENGINEERING TOMORROW M_

24| Danfoss
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SAE-C running and shipping cover (Yeoh 2" Order)

Contact pressure [MPa] Total deformation [mm]

Type: Pressure Type: Total Deformation
Unit: MPa Unit: mm
Time:

26633 Time: 3 (Unconverge,
3.9.202112:24 3.9.2021 953

25 | Danfoss ENGINEERING TOMORROW M_

Verified tasks (Yeoh 2nd Order)

26 | Danfoss ENGINEERING TOMORROW M

http://aum.svsfem.cz
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Conclusion

Tips for materials Tips for models

» Correct test data from supplier or database » Mixed U-P formulation

» Simple FEA comparison of available s Linear hexahedral mesh

mathematical models. . .
» Set volumetric ratio
» Check the material behavior

¢+ Distributed solution can cause discontinuity

of results

27 | Danfoss

ENGINEERING
TOMORROW
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LARGE OBJECTS MEASUREMENT AND FEM PRESTRESSED FOOTBRIDGE

LADISLAV KLUSACEK, ADAM SVOBODA, JAN KOLACEK, JIRi BURES, PETR
GAJDOS, MICHAL VAJDAK

X-SIGHT, VYSOKE UCENIi TECHNICKE V BRNE, FAKULTA STAVEBNI

of concrete and masonry structures

7 FACULTY OF CIVIL
XSIGHT -r ENGINEERING
. D

Mt o s

In operationsince 1984 :

WY
T i \\\\/

FACULTY OF CIVIL

ENGINEERING

of concrete and masonry structures

Large object measurement and FEM

PRESTRESSED FOOTBRIGE

http://aum.svsfem.cz

PRAGUE - TROJA
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FACULTY OF CIVIL
XS IGHT -r ENGINEERING

of concrete and masonry structures

INSPECTION
* Visual inspection
* Geodeticleveling

* Dynamic measurement

: FACULTY OF CIVIL
Xs IGHT -r ENGINEERING

of concrete and masonry structures

Strand cable DIA 15.7 mm (150 mm?)
Preload equal to 29 mm bridge lift-up

Stress @ operational load 600 MPa (UTM 1860 MPa)

Preload = 1620 kN
Capacity 3,32 kN/m?

Design @1985 = 4 kN/m?2
Design @1985 = 700 Mpa (UTM 1800 Mpa)

http://aum.svsfem.cz

Semi destructive vertical probing 6x
Chemical analysis
Non-linear Analysis ANSYS

STRENGTHENING
DESIGN

46
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: FACULTY OF CIVIL
Xs IGHT -r ENGINEERING

of concrete and masonry structures

New external prestressing cables
(Stress @ operational load 600 MPa)
(Preload = 1620 kN)

(Lift up equal to 29 mm)

: FACULTY OF CIVIL
Xs IGHT -r ENGINEERING

of concrete and masonry structures

Sagging 2.58 m (dropping 0.97 m)

Stress in external cables:

1046 MPa << UTM 1860 MPa

http://aum.svsfem.cz

STRENGTHENING
ANALYSIS

BEAM 188
NLGEOM
PRESTRESS

STRESS STIFFENING

Ultimate limit fulfillment
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ENGINEERING

XS|GH‘|' -r FACULTY OF CIVIL STRENGTHENING
of concrete and masonry structures ANALYSIS

Loading by 1566 kg in the middle of 63 m bridge
ANSYS model deflection=-4,6 mm

N.DICSYSTEMS.COM

ENGINEERING

'SIGHT FACULTY OF CIVIL FINAL REHABILITATIO
-r of concrete and masonry structures CO NTROL BY USI NG DIC

12 MPx camera under the bridge
10 fps

ALPHA DIC SW H?
Laptop §
Real-time evaluation

http://aum.svsfem.cz

DICSYSTEMS.COM
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X IGHT T ENGINEERiNG N DIC MEASUREMENT

of concrete and masonry structures

Measurement - under bridge Measurement - under bridge

Time [min] Time [min]

Deflestion [mm]

Defiection [mm]

¥ =-0,0783x - 0,1612

e
T R BN
\

ny

X IGHT = oo i DIC MEASUREMENT

of concrete and masonry structures

Measurement - under bridge Measurement - under bridge

Time [min] Time [min]

AT ES W g, & ° I 4 L 3 c5

a0 50
M s

-

IS
Deflection [mm]

Deflection [mm]

n

&

http://aum.svsfem.cz
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: FACULTY OF CIVIL
XSIGHT -r ENGINEERING

of concrete and masonry structures

1LC=3,087 mm [-3.15 mm]
2LC=3,113 mm [-3,35 mm]

1UC=-0,016 mm [+0,1 mm]
2UC=-0,135 mm [-0,1 mm)]

One measurement per 5 minutes
A manual correction based on the previous day
Unique glass markers need to be installed

Deflection [mm]

Long-term measurements (specific by removing the
system and putting them back) are limited by unique
targets required to be installed.

FACULTY OF CIVIL

ENGINEERING

of concrete and masonry structures

Rehabilitation price
640 kEUR @ service
life 50 years

vs
New bridge price

2 600 kEUR service
life 50-100 years

http://aum.svsfem.cz

DIC MEASUREMENT
GEODETIC MEASUREMENT

Measurement - under bridge
Time [min]

FINAL REHABILITATION
CONTROL BY USING DIC

50
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ZABERY MESTSKE POLICIE. ~ *

VIDEO NEOBSAHUJE ZVUK

YsieHT
Ol ALPHA SW Release 2022 NEWS

ALPHA 2022 integrates:
. Large Object deformation measurements 37 new features
. Enhanced performance of recording 88 minor improvements
. Probe functionality enhancements
. Poisson’s Ratio by ASTM, ISO, DIN

UPDATE POLICY:

The process of ALPHA development
follows the company’sR&D plan. Every customer
can participate by suggestions to our technical
support at tecs@xsight.eu or direct discussion
with X-Sight company representatives.

http://aum.svsfem.cz
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7SIGHT
Ol ALPHA SW Release 2022 NEWS

1. Large Object deformation measurements

3D Composite Calibration allows the measuring of large objects
such as bridges, towers, and high scale experiments.

7SIGHT
Ol ALPHA SW Release 2022 NEWS

1. Large Object deformation measurements 3D Composite Calibration allows set-up separately:
+ Camera model
* Lenses distortion
+ L/R camera pose

Camera model Lenses distortions L/R pose
(Focal Length & Principal pointlocation) (Barrel and Pincushion coefficients) (Rotation matrix & Translation vector)

Pincushion Barrel

xX.rz) Distortion Distortion )

origin

e * principal axis
principal point
cenwe - image plane

camera

(optical
center)

http://aum.svsfem.cz
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7SIGHT
Ol ALPHA SW Release 2022 NEWS

1. Large Object deformation measurements

Any recorded camera image pair can be used for 3D system
recalibration and adjustment of the coordinate system.

Detect Pose: match the left and right camera Scale factor and coordinate system needs to be defined

SIGHT
[ _svsrem | Ol ALPHA SW Release 2022 NEWS

1. Large Object deformation measurements

MODIFY [ oy O A S S S

http://aum.svsfem.cz
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SIGHT
[ _svsrem | Ol ALPHA SW Release 2022 NEWS

..IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII.‘
2. Enhanced performance of recording = The recording FPS can be set independently from the
camera/computation FPS. This is useful to reduce

the amount of recorded data for slow processes.

YessssssssssEssssEsEssEsEEEssssEsEssssssmsmmsmemmna?

RECORD

Next

e ] PP 599GB @ 0.4MB/s = 9%h 48m
Post-Process - Saving Buffer:

Pre-Trigger functionality allows Recording
the recording of camera images
before the trigger event occurs.

SIGHT
[ _svsrem | Ol ALPHA SW Release 2022 NEWS

2. Enhanced performance of recording

OUTPUTS AVERAGING

Threshold settings
“Triggered Recording Mode" for conditional recording
over time allows switching between two modes of
recordings based on the numerical condition of the P10 - AXY [mm] .
chosen measured value.

Source / Value Condition Value

Ln0- Length [mm] >= - 0.2
The function allows to “record faster if something

happens” or “record only if something happens” (in

. . . Triggered Recording Mode
case the primary recording FPS is set to zero).

RECORD ; pp  599GB@ 0.4MB/s = 99h 48m
Next Post-Process - Saving Buffer:

http://aum.svsfem.cz
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IGHT
Ol ALPHA SW Release 2022 NEWS

Probe functionality enhancements

Improvement of the DIC Area by setting a physical mesh step size instead of the pixel size.
DIC Area now reflects the real size of the measured surface with respect to the required mesh element size.

IGHT
Ol ALPHA SW Release 2022 NEWS

BLO: Strain Distribution % »

0.125

http://aum.svsfem.cz
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SIGHT
[ _svsrem | Ol ALPHA SW Release 2022 NEWS

4. Poisson’s Ratio by ASTM, ISO, DIN

The Alpha Software has implemented real-time Poisson's
ratio measurement method.

Using the curve fitting method ALPHA reaches a highly
accurate Poisson’s measurement

Even with a 2D system

Evaluation is according to most of the standards
(150527, ASTM D638, ISO 10113, ASTM E517...)

SIGHT
[ _svsrem | Ol ALPHA SW Release 2022 NEWS

4. Poisson’s Ratio by ASTM, ISO, DIN
¢ With using the Trans Line probe

. » a
Tra I'IS L 1 n e Poisson's Ratio

[J] R-value

Advanced

Offers a multi-positional
transversal measurement with

averaged and max,/min width Abs Upper Strain Threshold
0.2 -

Abs Lower Strain Threshold
0.05 %

functions.
Smoothing Window Size [fr
100 frames

¢ High framerate at elastic part of deformation recommended

http://aum.svsfem.cz
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Ol ALPHA SW Release 2022 NEWS

O, DIN

SVS FEM
on

's Ratio |

Poi

]
=]
2
<]
]
a

http://aum.svsfem.cz
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NEW ADVANCED CAPABILITY BY ACT IN ANSYS - DIGITAL TWIN TO CYLINDER
BLOCK STRUCTURAL SIMULATIONS

RICHARD PETRECH

DANFOSS POWER SOLUTIONS

ENGINEERING
TOMORROW

New advanced capability by ACT in ANSYS - Digital Twin to
Cylinder block structural simulations

Richard Petrech, 2022-09

Danfoss X = Danfoss

Power Solutions Climate Solutions
#2 Market position #2 Market position #2 Market position
« 19,061 employees « 11,235 employees - 4,582 employees
« 53 factories in 19 countries - 34 factories in 15 countries - 9 factories in 7 countries
- 3.2bn EUR annual sales* - 2.9bn EUR annual sales - 1.4bn EUR annual sales

43% 39% ® 180,
of Group sales of Group sales of Group sales
in 2021 in 2021 in 2021

* In 2021 - including five months of legacy Eaton Hydraulics sales

2 | Danfoss Power Solutions - Global RD&E - Centers of Excellence - CfSN ENGINEERING TOMORROW M

http://aum.svsfem.cz
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Our customer promise is as relevant as ever and drives our
competitive advantage

Johnson #))I(,

Controls SAINT-GOBAIN

LEADING APPLICATION
KNOW-HOW

SUSTAINABLE
INNOVATION

(

‘d 5
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—l ? /\ N E Tobe the partner Differentiate through
TECHNOLOGIES of choice technology, adding
ow-carbon products
& circularity @
4
A SANY COMPETITIVE DAIKIN
~ ADVANTAGE
INDUSTRIAL
xeme LEADING EENE BELIER REF
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Exploit scale and
operating
model
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RIVIAN
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Industrial Technoloaies*

)( KRONES SIEMENS Gamesa

RENEWABLE ENERGY

ENGINEERING TOMORROW %_

Danfoss Power Solutions a.s. in
Povazska Bystrica

Start of operation in Slovakia

1995 Sauer-Mechanikaa.s. Povazska Bystrica
1996 Sauer-ZTS a.s. Dubnica nad Vahom
2004 Sauer-Danfoss a.s.

2013 Danfoss Power Solutions a.s.

2015 Consolidation into one plant in Povazska
Bystrica

2022

Number of employees 829
Engineers 80
EUSC 123

4| Danfoss Power Solutions - Global RD&E ~ Centers of Excellence - CfSN ENGINEERING TOMORROW M{
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Simulation Engineering in PovaZska Bystrica (PX)
Leader: Ing. Michal Masny, PhD.

10 ...structural simulation engineers in Slovakia - Povazska Bystrica

Centralized global simulation support of whole segment of Power Solutions in:

+ R&D (New product development and Technology projects),

« current product portfolio

under global organization - ,Center of Excellence™ / Center for Simulations and NVH (CfSN).

ENGINEERING TOMORROW

CfSN - Simulation Capabilities

Structural Mechanics | Structural Dynamics Flow and Thermal

Fluid Flow, Heat Transfer

BT

Stress, Deformation & Dynamics, Vibrations & & Tribolo Material Selection, Dynamic Responses,
Fatigue Acoustics (Hydrodynargn);cs) Manufacturing Process Efficiency & Performance
2 R —
b = |

Flow characteristics, pressure Responses of components &

Stress, strain, deformation,

contact pressures, reactions, Eigen frequencies, harmonics, drops, cavitation, thermal and Support manufacturing, Material systems; controllability,
bolt assessment and fatigue dynamic reactions, responses, advanced micro gap analysis, analysis & selection (e.g., stability, duty-cycle efficiency:
predictions structural born noise hydrodynamics strength vs. cost), REACH, RoHS 1D level

Optimizations & Coupled Simulation

Parametric & non- 1- & 2-way coupling
parametric
Toolsets ;
-~
\nsys for MSC ASoftware Simerics SR &f' \Maria
e Teowmoioay i orsen tc
& op gl

ower Solutions - Global RD&E - Centers of Excellence - CfSN ENGINEERING TOMORROW M_
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ENGINEERING
TOMORROW

New advanced cappability — Digital Twin to Cylinder block simulations

Flexibility for Speed
Digital twin of test for CB+HUB+Shaft assembly

Case of an hydrostatics swashplate design pump Case of an hydrostatics swashplate design fixed motor

Snapshot

@ The Need!!! Designing a kit assembly to sustain the required cyclic loading in
""" application based on requirement

A systematic methodology to predict fatigue damage based on given duty
cycle

Methodology

éé Case-study Ongoing validation of methodology on first real examples

leading to cost & time saving
» Scalability to include all sizes and various applications of hydrostatic
pumps & motors

/ + ‘Analysis first’ approach to drive decisions right from concept phase
@ Impact

8 | Danfoss Power Solutions - Global RD&E — Centers of Excellence - CFSN ENGINEERING TOMORROW M
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Problem description

* The heart of axial piston pump is the rotating KIT: Pistons, Slippers, Cylinder block connected
with shaft by splining.

[- Splining connection of the cylinder block and shaft is undergoing cyclic loading ]

ENGINEERING TOMORROW

Problem description

» The standard approach to cycling fatigue with maximum and minimum load is not suitable for
the combined loadings:

L1 LXK

10 | Danfoss Power Solutions — Global RDSE - Centers of Excellence - CFSN ENGINEERING TOMORROW M

http://aum.svsfem.cz
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Problem description

» Load from pressure is recalculated to axial and radial forces acting on pistons
» Interaction between pistons and cylinder block is substituted by contact pressures between
the two

(L X2 KL L [

a2

Cylinder Biock

er Solutions - Global RD&E ~ Centers of Excallence - CFSN ENGINEERING TOMORROW %

Problem description

Too much portion
of model build up

36 steps to simulate one reversal

» 18 steps of solution are needed for one
revolution, so together 36 steps to simulate
one reversal

Tons of manual work

* Each step needs its own commands to
generate load

*» 162 coordinate systems have to be defined
for the pressure distributed load definition

Waste of simulation resources

¢ 48 hour pre-processing
* 33 hours comp. time on 12 cores

er Solutions - Global RD&E ~ Centers of Excallence - CFSN ENGINEERING TOMORROW M
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Problem statements summary & asspiration

» One static position of kit was simulated in past (no revolution based loads/simulation)
» Simulation of kit was time consuming for preprocessing of loading

« Transition to fatigue calculation require to keep the exact same mesh

» Radial forces loads and torque loads have different frequencies

» The Fatigue calculation was not feasible before 5 Howwiecan Biosecas

FHIP 10 ShaAL @ b Lines FNER mesh. High pressure

Tt 480bar
[T
4

Pressure distribution from pistons causing moment on C8

13 | Danfoss Power Solutions - Global RD&E — Centers of Excellence - CfSN ENGINEERING TOMORROW M{

How to make it efficient and add value

» Feasibility check
» In-house approval
* Three months development - both way cooperation - Extension inside ANSYS “CBL"”

+_ ur partner in computing — ﬁ)

Structural simulations CB One Revoluti...

14| Danfoss Power Solutions - Global RDSE - Centers of Excellence - CFSN ENGINEERING TOMORROW M
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How the CBL works?

New modeling features and Workflow guide in help

Muttiple Systems - Mechanical [ANSYS Mechanical Premium]

2020

FEMPAT

Home Seletion  Automation

N ren i@ =

Graph Mesh Anahysis Settings Help www.svifem.cx
Settings

Enviconment  Display

Polar  CBOne
Extend Revolution Losd

@ % - QA AQ Sdct kMode- ITH BB/

VR Ansyss Setogs o BModficdShutt
3 Bal bearig P o
Y8 nesde by

75 wag

Ereiote

73, rout dich

58§ CB One Revoluton Load (CB.2020)
,:Jshee

£ Solston Informaton
[ Static Structural 2 (€5)
/R Analyss Settngs v
Details of "Stage” - 80ox
= Ordering A
index 1
Piston Pressure Curve of Values
Objed Selection Pressure Values
Pressure Object 1D 23
Pressure Modfication No
= Analysis Time and Stepping
Previous Pump Rotation Angle |0 (dea)
€nd Pump Rotation Angle 360 [deg]
Steps of Rotation 0 s v 8 X Tabular Data
Angle Step Sze 20(deg] v [Text ~

wer Solution:

ENGINEERING TOMORROW

AAWin® to real test
Flywheel Swashplate design's kits

Stress level over the revolution

prediction
ANSYS X CB One Revoluti_.
ACT Extension
Duty cycle creation
FE model One revolution load - (fly wheel)
Kit model + BCs Duty cyclesin HP and LP side y No. revolution vs. Load levels

CBL &0 Fatigue S

N i

No. of revolutions
per one duty cycle split
forHP and LP

Load split
forHP and LP

Duty cycle J

@ HP, @ LP side )

CBLS

Digital Twin

Fatigue life
prediction

Note: CBL = Cylinder Block Loading ACT extension

Fatigue prediction outcome
(no. cycles to damage)

ENGINEERING TOMORROW

http://aum.svsfem.cz
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Loads and revolutions split

A pump port
B pump port

FEIILELIAL:

i

= \ ﬁ
: |\~ Vv
S ) { i
- \\
\
- A\
- \ .
/ \\\ /7//
. I AN /s ‘
10 A — ./

ENGINEERING TOMORROW

. . 220 revolutions
Loads and revolutions split in total

Load #i for 1 rev. Load #1

A: HP peak bar
= B: LP bar

Load #2
A: HP bar
B: LP bar

(AAAL]

Load #4

A: HP peak2 bar Load #5

B: LP2 bar A: HP2 bar
B: LP2 bar

1L

Load #3
A: LP bar

B: LP bar

2 rev. g 104 rev. 1 rev. @0 rpm, 3 rev. 110 rev.
0.25s- 1.45s 0.25 s - 1.45s

@500 rpm @1900 rpm g;"}”g_”';p;”"gg“f”" @600 rpm @2000 rpm

+1.15s to due to better +1.25s
@3000 rpm computational @3000 rpm

transition.

ENGINEERING TOMORROW
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A fixed motor Simulation (CBLS applied)
Damage
Hub at Cylider block
survive
What's happened
During the specific cyclic test the -5% difference
failure (crack) has occurred on to tested
the kitof a new flxed moter no. of cycles Critical place: keel pin area

under development).
( P ) carresponding to the test results

The test was running at very
severe conditions pA=380bar,
pB=170bar with switching mode.

Test | Displacement Pressure cycle
No. [ce/rev] [bar]

Speed Failed Target | Application
[rpm] cycle cycle
3000

1# 24 380 /170 < 170 / 380
(over load!)
20 24 380 /170 = 20/170 550 3
> 3d 24 330/170 & 20/170 500 3000 refference General
390 /150 540
th
4 2 330/110 440 s

ENGINEERING TOMORROW M

Simulation (CBLS applied)

Damage
Hub at Cylider block

survive % i

-6% difference to
tested

no. of cycles Critical spot: Sp!meroots

= Each fatigue crack originated at the
spline’s right filet root radius near the
top of the hub.

No. cycles to
damage [rev.]

Test flat root Steady state test
4 580 30 refference Result = average no. cycles
0.2 mm
from 6 tests

20 | Danfoss Power Solutions - Global RDBE ~ Centers of Excellence - CFSN ENGINEERING TOMORROW M
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Conclusion

Fatigue life prediction - differentiator

Added value - Features, Model adaptability, Ease of use and
model check, visual error proofing

Cylinder Block A highly d ded tool) t lied for desingi
e e H?Jg/?(?tgm;?)ﬂn(eslg y demanded tool) to applied for desinging
New approach ‘

*Used in e.g. H1P pumps, MP1 pumps and motors, BMVT series, T90 series

Speed up in concept development phase

«Virtual tests - steady state and flywheel

Time saving 2 30-50% faster than old manual approach

’
ENGINEERING TOMORROW M

ENGINEERING
TOMORROW

http://aum.svsfem.cz
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Time saving vs test (in values)

Model build up and Sim: 6 days
FE model build up: 3 days (initial model)
FEA computation of loads: depends on no. load sets (one set = 18 hours)
Fatigue computation: 6 hours
VS.
Real flywheel test of one product: 3x units in sequentially, 5 man*days, total time of measures ~ weeks

23 | Danfoss Power Solutions - Global RD&E ~ Centers of Excallence - CFSN ENGINEERING TOMORROW Mg

Problem description
* Model build up for loading cycle

ol 2
. . . . {1
+» Radial and axial force on piston is calculated based on == Wl
geometry, swashplate angle and system pressure r— HlY I ol
“ LH N
Cylinder Block — Lo ——

» Pressure distribution between pisto"\s\*d cylinder block is
derived from the radial load o'°

P
¢ Pressure distribution is c- A7 uted for each piston based on j
cylinder block positior x€piston position with respect to B
cylinder block be\z
,00
¢ The pressu;‘o stribution is defined by a macro in FEA model

+ To check the correctness of loading, every time the moment
reaction around axis of rotation and sum of all transversal
forces have to be evaluated

wwer Solutions — Global RD&E - Centers of Excellence - CFSN ENGINEERING TOMORROW %_

http://aum.svsfem.cz
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DPS / Global RD&E / Center of Excellence / Center for Simulation and Noise (CfSN)

Richard Petrech . .
Simulaten engineer Simulation Capabi

(=18l 5. COIT]
Structural Mechanics Structural Dynamics Flow and Thermal

Fluid Flow, Heat Transfer
& Tribology
(Hydrodynamics)

:'w”#‘ﬁ

:
.
.
.
,
i : L =%
! - 8.0 5;*”
H Stress, strain, deformation, Flow charactaristics, pressure V
:
.
.
.

Stress, Deformation & Dynamics, Vibrations &
Fatigue Acoustics

Material Selection, Dynamic Responses,
Manufacturing Process Efficiency & Performance

Education

Department of application mechanics
Slovak University of Technology -
2007

" Experience
- Total Years of Experience : 15 Years
Danfoss Experience : 15 Years

contact pressures, reactions, Eigen frequencies, harmanics, drops, cavitation, thermal and | Support manufacturing, Material
bolt assessment and fatigue dynamic reactions, responses, advanced micre gap analysis, analysis & selection (e.g.,

predictions structural born noise hydrodynamics strength vs. cost), REACH, RoHS
& Coupled Sii

Interests — Technical par':':::;f::""' 1-8 2-way coupling

n |
Flj Multi Body Dynamics and vibration —
Fatigue analyses N— Pz -
I EE \nsys  mmm wsisoae  GpSimeries  “UEF.  E,  rged v
Interests — Personal ; -

Nightscape photography, hiking &
travel,
Sports

Excellence - CFSN ENGINEERING TOMORROW

ENGINEERING
TOMORROW

2022 ANSYS users meeting
New advanced capability — Digital Twin to rotating kit — Axial piston SWP design pumps

Problem description of OLD approach

New approach - how it works intro

Simulation prove cases

Conclusion

http://aum.svsfem.cz
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STRESS-STRAIN ANALYSIS OF THE INFLUENCE OF VARIOUS TOTAL KNEE
ENDOPROSTHESES ON TIBIAL BONE TISSUES

X-SIGHT, VYSOKE UCENi TECHNICKE V BRNE, FAKULTA STROJNIHO
INZENYRSTVi

Stress-strain analysis of the influence of
various total knee endoprostheses on
tibial bone tissues

FAKULTA
I STROJNIHO SVSFEM
INZENYRSTVI _—

HT
Total knee endoprostheses

. . Femoral component
* Zimmer Biomet NexGen CR

* Different designs of the ' | Polyethylene
tibial component insert

2 |

* Common femoral component Tibial component

FAKULTA All-polyethylene TKA Metal-backed TKA
-r STROINIHO
INZENYRSTVi

http://aum.svsfem.cz
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Solution — Models of Geometry

* Creation of geometry models of
technical components using a 3D

scanner (Hardware: Shining3D EinScan SE — 3D
scanner with structured light, Software: ANSYS

SpaceClaim)

* Creation of models of the geometry of
cortical and cancellous bone tissue of

the tibia from CT images (Software: STL
Model Creator, MATLAB, ANSYS SpaceClaim)

FAKULTA
I STROJNIHO
INZENYRSTVI

z FAKULTA
XS|GHT I STROJNIHO
INZENYRSTVI

All-poly TKA Metal-backed TKA

Assembled Geometry Models

Frontal cut AP TKA Frontal cut MB TKA
Femoral

component

MB component

AP component

Bone cement
Cancellous bone

Cortical bone

http://aum.svsfem.cz
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'SIGHT == o vino
. . . X INZENYRSTVI
Geometry discretization

All-poly TEP Frontal cut AP TEP Frontal cut MB TEP Metal-backed TEP

Elements: SOLID187, SOLID186, CONTA174, TARGE170

Element size: 1.5—-0.8 mm

XSIGHT T iy
. . VWX E INZENYRSTVI
Material model of technical components

Part Material Color E@Pa) p(-)
AP component UHMWPE . 670 0,46

Metal component of MB TEP ’ , . 114000 0,24

Polyethylene parts of MB TEP UHMWPE [l 670 0,46

Bone cement Palacos R 2891 0,40

Femoral component Zimalo . 210000 0,29

http://aum.svsfem.cz
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Material model of the bone tissues

* Models of bone tissue Tibia
material were
determined by CutA
measuring 45 sets of CT &
scans

* All patients had the
same indications for
implantation of TEP of ¢yt c
the knee joint

ut B

* (In cooperation with
FNUSA)

V BRNE

Material model of cancellous bone

FAKULTA
-r STROJNIHO
INZENYRSTVI

XSIGHT

HU measurement

FAKULTA
I STROJNIHO
INZENYRSTVI

XSIGHT

(Software: CTPixelMapper)

<;3 ’y— A . G =
: E of cancellous bone

_ 0,51'pA1'3

Max \

10 350 \ A
7200

1000

500

250

50 Min

Hounsfield Units [-]

E [MPa]

http://aum.svsfem.cz
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200
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100

u
o

o

- (GPa)
Group 60 years

Group 65 years
Group 70 years

.

Age [Years]
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Material model of cortical bone tissue

FAKULTA
' STROJNIHO
INZENYRSTVI

’SIGHT

* The model was divided into 3 parts — each has its own prescribea t

1600
1400
1200
1000
800
600
400
200

0
Position from the tibial cut (-)

Hounsfield units (-)

Apparent density of bone tissue
mX0d0-25(mm) pa=114+0916-CT (-3
m Y od 25 -45 (mm) E cortical bone tissue

Z0d45-200 (mm) | E= 3842+ 0013 ps (GPa)

Distance from the tibial cut Color E(MPa) u(-)
0-25 mm (X) B 7500 0.30
25-45 mm (Y) [ 10 500 0.30
45-200 mm (2) 15000 0.30

z FAKULTA
XSIGHT I STROJNIHO
INZENYRSTVI

Constraint and Load Model

MF (70 %)

Force

MF (70 %) — Medial force

LF (30 %) — Lateral force

PLF - Patellar ligament force

http://aum.svsfem.cz

LF (30 %) \ Tibial component

Femoral component

Value (N)
1680

720
760 Frictional: f=0,05 (-)
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; FAKULTA
XSIGHT -r STROJNIHO
X i INZENYRSTVI

Pathological

Frost hypothesis

overload

Amount of bone tissue

£ (10°)

50-200 1500-2500 3500-4000 =25 000

SIGHT = Sooie
X -r- INiENY'RISTVl
Results - Equivalent strain (von Mises)

AP 60 AP 65 AP 70 MB 60 MB 65

AP MAX AP MIN
= T
MAX—-E+32 %
MIN-E-41%
AP — All-poly
MB - Metal-backed

L s |
0 50 250 750 1000 2000 3000 4000 (pe)

http://aum.svsfem.cz
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7SIGHT = S
X T INiENY'RISTVl
Results - Equivalent strain (von Mises)

AP 60 AP 65 AP 70 MB 60 MB 65

> 2 4

Q;;Q &9 Qg’»;g | \‘\@ 4 Q\? A 4

NS

~—r——

AP MAX AP MIN MB MAX MB MIN
- ~ " \} r . Y
- ‘e ‘F“\* ‘} MAX-E+32% (SN )
¥ - \.3 MIN-E-41% = N
g k AP — All-poly ) 2
MB - Metal-backed

L s
50 250 750 1000 2000 3000 4000 (pe)

X FAKULTA
XSIGHT ' STROJNIHO
INZENYRSTVI

Results - Equivalent strain (von Mises)

MAX—-E+32 %

MIN-E—-41%

AP — All-poly
Metal-backed

http://aum.svsfem.cz
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Contact pressure (MPa)

0

SIGHT = T,
x -r INiENY'RISTVl
Results — Contact pressure

50
45
40
35
30
25
20
15
10

5

All-polyethylene TEP Metal-backed TEP

Medialni strana Lateralni strana 0o 4 7 11 15 19 22 26 30 43 (MPa)
AP MIN AP 70 AP 65 m AP 60 B AP MAX
MB MIN MB 70 MB 65 B MB 60 m MB MAX

WSIGHT TF Srnoavis
. ) INZENYRSTVI
Results — Equivalent stress (von Mises)

All-polyethylene TEP Metal-backed TEP

Q D)

[ [ . ]
1 2 4 6 8 9 10 (MPa) 0 25 5 10 20 30 40 58 (MPa)

http://aum.svsfem.cz
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XSIGHT -r

Experimental analysis - DIC
*FreeD M12

Resolution: 12.3 MPx (4096 x 3000 px)

Frame rate 23 FPS at full resolution
> 40 FPS at 6 Mpx

> 300 FPS at 1 Mpx

max 1k FPS at 4096 x 128 px

In-Plane subpixel resolution: < 0.008% (>
122 GPx resolution equivalent) &

XSIGHT -r

Experimental analysis - Specimens

http://aum.svsfem.cz
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Alpha SW- All-poly analysis

" 0.0422%|" 00136%|"  0.0799%
DAO - Average E1 DAO - Average E2 DAOD - Max E1

suondo ¢

Alpha SW- All-poly analysis

" 00283%|" -0.0643%|®  0.1680%
DAO - Average E1 DAO - Average E2 DAO- Max E1
B x

Series

suondo ¢

http://aum.svsfem.cz
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XSIGHT I STROJNIHO
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Image + Golor Map FE%]

¢ FAKULTA
XSIGHT I STROJNIHO
INZENYRSTVI

- s Otepey b
Image + Coldr Map

P}
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Alpha SW- Metal-backed analysis

" 0.0218%|" -0.0119%|®  0.0615%
DAD- Average E1 DAO - Average E2 DAQ - Max E1
: F =" v
| 4 ’

=

Series

suondo ¢

ose | E1 (%]

°
8
i

|
® ®
3 2

Y(SIGHT =
Alpha SW- Metal-backed analysis

" 0.0366%[" -0.0394%|"  0.1370%
DAO - Average E1 DAD - Average E2 DAO - Max E1

& s

Series

G 8 -

suondo ¢
]

K2
P34
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YSIGHT = 2,
Conclusion .

* Similar resulting values of equivalent tibia strain to applied load for both
assessed TKA

* All polyethylene component creates generally more favorable conditions
for modeling and remodeling periprosthetic bone tissue

* As a result, this analysis could change the indication criteria for the
implantation of All-polyethylene TEP

* Partial results of the work published in the scientific journal Computer
Methods and Programs in Biomedicine

FAKULTA
' STROJNIHO
INZENYRSTVI

FAKULTNI ®

Thank you for
your attention. NEMOCNICE

V BRNE

svsrem [ L

SIGHT.EU

)\
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HYDRAULICKE POVRCHY S “GLOFOVOU” STRUKTUROU

TOMAS KRATKY, JAKUB STARECEK, ANTONIN PANZO, DAVID SVEC

CENTRUM HYDRAULICKEHO VYZKUMU

Hydraulické povrchy s
»golfovou” strukturou

Tomas Kratky, Jakub Stareéek, Antonin Panzo, David Svec

CENTRUM HYDRAULICKEHO VYZKUMU spol. s r.o. Univerzita Palackého v Olomouci
Jana Sigmunda 313, 783 49 Lutin 17. listopadu 1192/12, 779 00 Olomouc
t.kratky@sigma.cz
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Obsah

+ Uvod — motivace pro strukturované hydraulické povrchy
* Cile
* Vyzvy

* Tvorba geometrickych struktur v ANSYSu

* Vysledky a diskuze

» Zaveér

http://aum.svsfem.cz
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Motivace — golfovy micek
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zdroj: Vojtéch Spalensky, Dalibor Rozehnal, ,,CFD simulation of dimpled
sphere and its wind tunnel verification.“MATEC Web of Conferences 107,
00077 (2017)

Cile
* ,Proslapat cestu” (pro ndvrh ¢erpadel se strukturovanymi hydraulickymi
povrchy)

* Vyzkouset Cerpadlo s lopatkami se strukturovanym hydraulickym
povrchem.(Pro zacatek) inspirace povrchem golfového micku.

* Zvoleno axialni ¢erpadlo n=890, stavitelné lopatky, ovéfena
vyrobitelnost technologii kovového 3D tisku (spoluprace s TUL a FZU)

http://aum.svsfem.cz
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Vyzvy
* Tvorba geometrie
* Tvorba vypocetni sité (standardni nastroje, jako TurboGrid, nefunguiji)
* Vypocetni naroénost

* Nenijasné, jaké struktury jsou vhodné (tvary, rozmisténi na lopatce, ...)

Reseni s vyuzitim ANSYSu

* Geometrie: SpaceClaim + Python

* Opakujici se velké mnoZstvi povrchovych struktur (stovky az tisice) nelze
tvofit manualné. Lze ale vyuZzit Python skript( ve SpaceClaim

* Vypocetni sit: ICEM (bloky)

* Vypocty: CFX + HPC cluster

http://aum.svsfem.cz
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Tvorba souradnic dulkt (Python)

* Python script (mimo SpaceClaim):
* -nacteni dat z .crv souboru (BladeGen — profily fezu lopatky)
* - interpolace tvaru lopatky pomoci splajnt

* - vysledny skript umi pro libovolnou dvoijici relativnich soufadnic (poloha
bodu mezi vstupni a vystupni hranou, a mezi nosnym a krycim diskem)
spocitat souradnice bodu leZiciho na povrchu lopatky (ve 3D).

» (saci a tla¢na strana jsou feseny zvlast)

* - nasledné jsou dle zadanych parametr( (pocty bodl v jednom a ve
druhém sméru) vypocitany viechny soufadnice, a uléZzeny do souboru

SpaceClaim

* Python script:

* - nacteni soufadnic ze souboru

* - vytvoreni koule o zadaném praméru pro kazdou souradnici
* - odecteni viech kouli z télesa lopatky (= ,,vykousnuti” dalkd)

e - zaobleni hran

http://aum.svsfem.cz
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BladeGen

l## ExportPointsl
# Profile 1 at

061091801e-002
043521088e-002
018414536e-002
984025943e-002
944071727e-002
907244831e-002
885775192e-002
871624360e-002
867260899e-002
867634666e-002
872340265e-002
882120649e-002
904944251e-002
929148118e-002
955533790e-002
983076144e-002
027180910e-002
072730211e-002
165824049e-002
353413403e-002
566882542e-002
774492761e-002
958003877e-002
130945439e-002
274914336e-002
344112533e-002
410562486e-002
442726185e-002
500928382e-002
555444721e-002
605540826e-002

WWWWWWWWNNNNNNNRRRERRREBRERREBREBEBBEBRERENNN

0.5000%

199462323e-002
206117945e-002
214897224e-002
226318097e-002
238954142e-002
249986165e-002
256013332e-002
259548043e-002
260035258e-002
258989443e-002
255663535e-002
250718173e-002
239802364e-002
227178312e-002
212318121e-002
196615815e-002
170252063e-002
140791922e-002
075420385e-002
918299340e-002
694170269e-002
423646876e-002
130955631e-002
798670512e-002
469106427e-002
291995112e-002
106136451e-002
009387817e-002
820718978e-002
624908337e-002
422066582e-002

WWWARBRRARUUVUVOOAOONAOGONGONGOONOGONOGOMNOG O G O

FRNNNNWWAPRU OO NN NN N N 00000 00 0 00 0 00 0 00

203650667e-002
232169681e-002
253355201e-002
267481311e-002
269324187e-002
256368150e-002
237927508e-002
212809878e-002
186934053e-002
160288602e-002
111005467e-002
062825972e-002
967174875e-002
858544963e-002
750551032e-002
641731775e-002
475547119e-002
310648227e-002
983237427e-002
336231768e-002
607997112e-002
891114278e-002
240045514e-002
605291353e-002
057814673e-002
791431091e-002
530065940e-002
400277694e-002
158461906e-002
922061007e-002
690820403e-002

SpaceClaim

target_body = GetRootPart().Bodies[0]
r=1.04
r_edge = 0.33

f =open('...",'r")
data_file = f.readlines()

for line in data_file:
data.append([1000 * float(i) for i in line.split(";")])

for coor in data:
SphereBody.Create(Point.Create(MM(coor[@]), MM(coor[1]), MM(coor[2])),

no_edges_original = len(target_body.Edges)
no_grooves = len(data)

targets = BodySelection.Create(target_body)
selection = BodySelection.Create(GetRootPart().Bodies[-no_grooves:])
tools = selection

options = MakeSolidsOptions()

Testovaci vypocet

* Golfovy micek vs hladky micek

* Cca 22 mil. uzld, stacionarni, SST model turbulence

http://aum.svsfem.cz
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Golfovy povrch na lopatce
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Golfovy povrch na lopatce

Golfovy povrch na lopatce
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Zaver a budouci plany
* Umoznéno diky spojeni SpaceClaimu s Pythonem
* Dalsi plany:

* CFD simulace, dale pravdépodobné optimalizace povrchovych struktur

* Porovnani s experimentem

Podékovani

Realizovano jako dilci projekt v rdmci Narodniho centra kompetence

TN01000038 MATCA

(,Ndarodni centrum kompetence pro materidly, pokrocilé technologie,
povlakovani a jejich aplikace”)

A s podporou projektu

€z.02.1.01/0.0/0.0/17_049/0008408
~Hydrodynamicky design ¢erpadel”
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