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Popis anglicky

BearDyn in version 4.5 is a software tool for solving problems of dynamics and
thermo-elastic-hydrodynamic plain bearings. Inputs are the properties of the oil, the
reaction force in the sliding bearing, the relative angular velocity and the stiffness
matrix of the pelvis and the pin. To solve the balance pin is used modified Newton
method with an estimated Jacobian based Boyden method. The pressure in the oil
layer is based on solving Reynolds equation by using the finite difference method
with consideration of the influence of pressure, temperature and shear stresses on the
viscosity and density of oil, the elastic deformation of the pin and pans, by
unevenness on the oil flow and contact bumps. The software includes a preprocessor,
solver and postprocessor. The solution of the kinematic quantities and deformation
structures and tribological parameters describing mixed lubrication.

Klic¢ova slova v originale
EHD, mixed lubrication, Newton method, slide bearing, reaction forces

Popis cesky

BearDyn ve verzi 4.5 je softwarovy nastroj pro reseni problémi dynamiky a termo-
elasto-hydrodynamiky kluznych loZisek. Vstupem jsou vlastnosti oleje, reakéni sily
v kluzném lozisku, relativni ahlova rychlost a matice tuhosti panve a ¢epu. Pro reseni
rovnovahy éepu je pouzita modifikovand Newtonova metoda s odhadem Jacobianu
na zakladé Boydenovy metody. Tlak v olejové vrstvé vychazi z feSeni Reynoldsovi
rovnice pomoci metody koneénych diferenci suvazovanim vlivu tlaku, teploty a
smykovych napéti na viskositu a hustotu oleje, elastickych deformaci ¢epu a panve,
vlivu nerovnosti na proudéni oleje a kontakti nerovnosti. Software obsahuje
preprocessor, IeSic¢ a postprocessor.

Vysledkem feSeni jsou kinematické veliciny a deformace struktur a tribologické
parametry popisujici smiSené mazani.

Klicova slova cesky

TEHD, smiSené tfeni, Newtonova metoda, Newmarkova metoda, kluzné lozisko,
reakénti sily, viskosita

Parametry technické

Vyuzitim nové verze software lze feSit pokrocilé problémy tribologie kluznych lozisek
spalovacich motortt a pomoci vysledkii optimalizovat jejich parametry. Vhodnym
nastavenim parametri kluznych lozisek lze dosdhnou nizsich ttrecich ztrat, které se
projevi nizsi spotiebou motoru a tim lepsi ekonomikou provozu.

Parametry ekonomické

Program je napsan v prostiedi Matlab véetné interaktivniho uzivatelského prostredi.
Software lze §ifit zdarma a pouZivat k nekomercénim ucelim. Uzivatel vSak neni
opravnén software ¢i jeho soucasti jakkoliv ménit. Pro komeréni vyuziti je tfeba se
obratit na autora:

doc. Ing. Pavel Novotny, Ph.D.

novotny.pa@fme.vutbr.cz

tel: +42 054 1142 271
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Prohlaseni

Ustav automobilniho
a dopravniho inZenyrstui

Prohlasuji, ze popsany vysledek napliuje definici uvedenou v Metodice hodnoceni
vysledku vyzkumu, experimentalniho vyvoje a inovaci pro rok 2010, a Ze jsem si
védom dtisledku plynoucich z poruseni § 14 zdkona ¢. 130/2002 Sb. (ve znéni
platném od 1. Cervence 2009). Prohlasuji rovnéz, ze na pozadani predlozim

technickou dokumentaci vysledku.

oc. Ing. Pavel Novotny, Ph.D.
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» Reseni rovnovahy éepu jako soustavy nelinearnich rovnic

w Analytické reSeni Reynoldsovy rovnice (RE)

w lteraéni FDM reSeni RE

w lteraéni feSeni RE zachovavajici hmotnost (Mass Conservative)
w Vliv elastickych deformaci

w HD feSeni s uvazovanim faktoru toku

=
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Teorie BearDYN 4.5
Reseni rovnovahy sil

=
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w Uvazuje se rovnovaha vnéjsich a vnitinich sil na plsobicich na ¢ep relativné k
pouzdru.

® Vnitini sily jsou sily v olejové vrstve.
w Setrvaéné, pruzné a tlumici sily jsou zahrnuty ve vnéjsich silach stanovené separatnim
reSenim.

F+F =0

=
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w Vychozi nelinearni funkce

f(x,y,2,9,¢,a,t)=

® Nové souradnice — Newton Raphsoniv algoritmus

Xk +1

yk+1

= X1 =X — a)EQ‘]_lfk
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m Jacobiho matice

of 01‘; of
OX OX OX OX OX OX
of of

of of
oo ox
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X
Normalovy tlak/sila Smykové napéti / tieci sila Fix F
m n m n - ) i
F = ZZ pCi,jdACOS(CDCi) - ZZTCi,jdASIn(¢Ci) P
i=l j=1 i=1 j=1
m n ) m n dA s Fly
F, = ZZ pCi,jdAsm(CDCi) + ZZTCi,jdACOS((PCi) Q; \
il j-1 i1 j1
: : R F..
F,=0 y
MX - ZZ pCi,j -dA- ZCi,j 'Sin((DCi) +ZZTCi,j -dA- ZCi,j -C ((PCi)
i=1 j=1 i=1 j=1
o AL . X
M, = ZZ Pei.; -dA- e | -COS(¢;) _ZZ Pei | -dA- Zeij -sin(eg;)
=1 j=1 i=1 j=1
M,=> > 7 RdA
i1 j-1

Pavel Novotny BearDYN - teoretické predpoklady a numerické feSeni



- - - &4 ” V & -

dA
pN — T(pi,j + pi+1,j + pi,j+1 + pi+1,j+1)
dA
Iy = 7 (Ti,j Tt T Ti+1,j+1)
Pi; Pis1,
@
PN
Pij+1 Pi+1,j+1
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Teorie BearDYN v. 4.5
Casova integrace soufadnic

=
Pavel Novotny BearDYN - teoretické pfedpoklady a numerické feSeni 9/55



- Kinematicke veliciny — prehled X

w Posuv éepu Rychlost ¢epu Zrychleni deformace
X | (v, | a, |
y Vy y
4 Vv ,
= X : = V - A
9 @, Eg
g W, ‘94
o | | o | &, |

w Zadané veli¢iny (deformaéni posuv):
®w a- Uhel nato¢eni Eepu v ose rotace vzhledem k panvi
® w - uhlova rychlost ¢epu v ose ¢epu vzhledem k panvi [ \i/ > Z

®w ea - uhloveé zrychleni ¢epu v ose cepu vzhledem k panvi T——
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- Kinematické veli¢iny - Newmarkiiv numericky algoritmus

w Posuv ¢epu v ¢ase t+Dt

Xk+1
yk+1
Zk+1
19 - X|(+1
k+1
é/k+1
_ak+l
® Rychlost cepu . ) B=0.25
Vk+1:Xk+l:L(Xk+l_Xk)_ 1_ Xk_ L_l AJ[)<k 7=05
PAt p 2p
® Zrychleni deforfnace 1. 1 )
Ak+1_xk+l 2(Xk+l_Xk)_— ' —-1 Xk
BAt BAt 23
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- Tecna a normalova rychlost mezery

» Teéna rychlost — zména olejové mezery v tangencialnim sméru U 9(ph)

(Couettav ¢len RE) 2 OX
U=wR-V,sInp+Vv, CoSp
. L L 9(ph)
®w Normalova rychlost — zména olejové mezery v radialnim smeéru ot
(transientni élen RE)
o(ph)

= ph+ ph = ph + pU
atPPPPn

U,=h=-v,cosp—-v, sing

n

®w Normalova rychlost - vliv naklopeni
U,=h=-v,cosp—V, sing—zw,Sing—zm,C0Sp

=
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Teorie BearDYN 4.5

Analyticke reseni hydrodynamickych sil
Resic¢: SOLH10

=
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- Hydrodynamika

w Separatni reseni pro tangencialni a radialni pohyb éepu vzhledem k panvi.

w Hydrodynamicky tlak pfi tangencialnim pohybu
Unesing (Bz 2]
Fla

p =
" Rc?(1+&cosg

m p=0 pro @=n az =2n
m Kavitace: Half-Sommerfeld

® Hydrodynamicky tlak pro radialni pohyb
2 2
Pr = 1 3ah(22—8 ]= o1 3(8h (c+e003¢)j(22_B_J:
c’(1+&cosg)” ot 4 ) c’(1+ecosg) \ ot 4

_ CcOospbne (ZZ—B—ZJ
c®(1+&c0osg) 4

R

w Zdroj:Stachowial Bachalor. Engineering Tribology
14 /55
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- Kinematicke veliciny

w Efektivni uhlova rychlost — tangencialni pohyb ¢epu

X

e+10°°

__ Y
e+10°

é; _ VXC — V_ng
e+10

w0, =m—20

U=oR

® Radialni rychlost v nejmensi mezere
€=V, C0S0+V, sino

=
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Teorie BearDYN v. 4.5

Iteracni reseni RE - hydrodynamika
Resi¢: SOLH2x

=
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® Reynoldsova rovnice v zakladnim tvaru

o ( ph® op N o ( ph® op _(U1+U2j8(ph) _(Wl +W2j8(ph) _O(ph) _ 0
ox\12n ox ) o0z\ 12n oz 2 OX 2 0z ot

w Tloust'ka olejové mezery
h=1+|ecos(¢p -6+ 7)+Bsin(p — & + x)tan(9) + Bcos(p — 5 + 7) tan(¢) |
X

h

Smér minimalni mezery

=
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- Uprava Reynoldsovy rovnice

® Reynoldsova rovnice — obecné HD feSeni

o [ ph® op N o ( ph® op U d(ph) o(ph) 0
ox\ 12n ox ) oz\12n oz 2 OX ot

m Parametr ¢ - loziskova vule /2
c=R-r=cl/2

w Bezrozmérné veli¢iny

h h _ _ z pH’ B 2B
H="r"¢ p=L g=lL ,-X 7L =P 2.2
-r ¢ Po 7y R B 7] D
pc’ — U ~_ U
- ,=-t=H U= wnn o
12R7, C 2R Mopnto P, Ty,
_X ,_2 B 2B
?=R B "R D
g Yy g-Y
12R%, " ¢ 2R
i
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- Uprava Reynoldsovy rovnice

» Klinovy élen P ng £ = f_’t'
o(phop)_ ., o, 0P 12R"n, 7
xl12n0x ) o0\ 00

o(phop)__ R0 (gapj_c 1 8 (gap)
o\ 12n0z) B2 oz\"ez )T ez \C ez
w Couettlv clen

U o(ph U o(pH —o(pH
(p):CpO (p )=Cp0U (pH)
2 OX 2R Op

m Transientni Clen

o(ph)
ot

=
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- Bezrozmeérny tvar Reynoldsovy rovnice

® Reynoldsova rovnice — bezrozmérny tvar

op\ " 0p ) v° 0L\ 0L oQ

5_ pC2 52 I5H3
12R*7, n

® Reynoldsova rovnice — bezrozmérny tvar, konstantni viskozita a hustota

0 §@P +12 6(§@PJ_UG_H_H:O
op\ " 0p ) v° 0L\ 0L oQ

2

pc 3
P = =H
12R%p, g

=
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Tieni

®w Smykové napéti v olejové vrstvé
hop Uy
20X h

T =

w Treci sila v olejové vrstve
F, = [ zdA
A

=
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- Diskretizace jednotiivych ¢leni Reynoldsovy rovnice

w Metoda koneénych diferenci (FDM)
w Diskretizace Poisseuilleova ¢lenu (tlakového €lenu)

oP oP
( 8 (éj 8P jj ~ (5 6¢ji+1/2,j (é: agpjillz,j

op\~ 0@ h

®»

m Vnitrni derivace

oP ~ Pi+1,j o Pi—l,j
Cfa_ = 5i+1/2,]j 2h
¢ i+1/2, ¢

m Kombinace

(i(éa_lajj ~ §i+1/2,J'Pi+1,J' B (§i+1/2,j + i—1/2,j)Pi,j + i—1/2,jPi—1,j
Op\~ 08 ) ), h?

=
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- Diskretizace jednotlivych ¢leni Reynoldsovy rovnice

w Vyjadreni x

é:i+l,j o é:i,j
2

é:i+1/2,j =

w Vyjadreni Couettova élenu (klinového €lenu)

Ua'EH ~J 1'5pi,jHi,j _2'Opi—1,jHi—1,j +0-5Pi_2,jHi—2,j
ij— “i,j
oQ h,
Pavel Novotny BearDYN - teoretické predpoklady a numerické feSeni
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- Diskretizace jednotiivych ¢leni Reynoldsovy rovnice

w Vyjadreni nestacionarniho ¢lenu
(PH +5H )= 5,Hi; +5H,

® Rychlost olejové mezery - Newmark

Hk+1 = L(Hkﬂ o Hk) _(l_j)l;lk _(L_letHk
PAL P 2p

w Zrychleni olejové mezery - Newmark

. 1 1 . 1 .
Hk+1:—2(Hk+l_Hk)_ Hk_ —-1 Hk
LAt PAL 23

® Rychlost hustoty - Newmark

- 7/ _ _ 7 - ]/ -
P =@(pm—pk)— E—l Py —(ﬁ—lj&pk

m Zrychlenl hustoty — Newmark
1 1 ( 1 1]"
k

Pk+1 BAt (pk+1 P)— BAL pk 23

Pavel Novotny BearDYN - teoretické predpoklady a numerické feSeni
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- Diskretizace jednotiivych ¢leni Reynoldsovy rovnice

w Dosazeni do Reynoldsovy rovnice

L(P )_ 68l+1/21 i+1, ] (95|+1/21 T 6, J)P "‘é 1/21 1,

h2
1 §| J+1/2 i, j+1 (é j+1/2 + I, ] 1/2)P +§| 1—1/2
02 h:
U 1-5,5i,jHi,j o 2/5i—1,jHi—1,j "‘0-5/5i—2,jHi—2,j
-U; | ”
o

_ﬁi,jHi,j _/—)i,jHi,j =0

o Konslanty 1 1 1
1 h2 = a =

w V SOLVERu oznaceno a,=rhx2, a,=rhz2, a,=rhx1, a,=rht1
®w Pozn. ¢len a3 zahrnuje rovnéz R, tedy v RE Ize pouzit U.
25/55
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- Diskretni rovnice - resic SOLH20

m Vypocet tlaku v bodé i, j +a1(§i+1/2,j Pi+1,j — (§i+1/2,j + fi-llz,j)Pi,j + é:i—llz,j Pi—l,j)
+a, (gi,j+1/2|3i,j+1 - (fi,j+1/2 + i,j—l/Z)Pi,j + & i Pi,j—l)
—<’:13Ui,j (1.5Hi,j — 2Hi_1,j + 0.5Hi_2,j)

- L = —H
Pi=PF,; _a)SORT: PIJ — Wsop

i,
_a1(§i+1/2,j + i—1/2,j) —a, (é:i,j+1/2 + i,j—1/2)

W mgor Underrelaxation koeficient (metoda SOR)
w Kavitace P. i < PC
N

I rRe§idum v bodé i,j
ij

+a1(§i+1/2,j Pi+1,j - (§i+1/2,j + é:i—llz,j)Pi,j + i—1/2,jPi—1,j) + az (5i,j+1/2 Pi,j+1 - (fi,j+1/2 + i,j—1/2)Pi,j + gi,j—l/ZPi,j—l)
—al, (1.5H,,—H_,; +05H,, ) —H,,

o "!ﬁcf)b—lan& i$1'/£,j + i—1/2,j) —da, (5i,j+1/2 + i,j—1/2)

=
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- Diskretni rounice - resSic SOLH21

w Vypocet tlaku v bodé i, +8,($12, 1P = (Giarnj + Ga2)P +802,Pa )
+a, (é:i,j+1/2Pi,j+1 o (§i,j+1/2 + i,j—1/2)Pi,j + é,j—l/ZPi,j—l)
-a\;,p, (1.5H; , —H_ ; +0.5H; )

i _p
= P, — Wsor

J

_15i,j Hi,j
_a1(§i+1/2,j + §i—1/2,j) —a, (é:i,j+1/2 + i,j—1/2)

Pi,j = F)Ij — Wsop

» Reseni probiha pro cely sloupec najednou.
w Kavitace
I:)i,j < Pc

® Residum v bode i,

+& (G010, P = (Giavoj T S22, ))P ) + i, P ) T (8 102P i = (G jare T 62 B + 6102 P 1)
_a3Ui,j/5i,j(1'5Hi,j B 2Hi—1,j + 0'5Hi—2,j) _ﬁi,jHi,j
w Jacobian v bodeé i,j

‘Ji,j = _a1(§i+1/2,j + i—1/2,j) —a, (5i,j+1/2 + i,j—1/2)

=
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- Diskrétni rounice - resic SOLH22

» Vypocet tlaku v bodé i,j (G101 Pran ) — (Giavz T i )R+ Si02,B )
T, (é:i,j+1/2Pi,j+1 - (§i,j+1/2 T i,j—1/2)Pi,j T i,j—1/2Pi,j—1)
_a3Ui,j (1-5,5i,j Hi,j - 2,5i—1,j Hi—l,j + 0'515i—2,jHi—2,j)
_(/Bi,jHi,j +,5i,jHi,j)

_a'l(é:m/z,j + i—1/2,j) —a, (5i,j+1/2 + i,j—1/2)

_p J_p
P','_P','_a)SORT_Pi,j_a)SOR

®w Residum v bodé i,j

r

i,j =

+& (G110, P = (Givoj T G2, )P + i, P ) T 3(8 102P i = (G iz T 6 j2) B + 6102 P 1)
-\, (.50, H;,—-2p,,;H,,;+0.5p,, ;H; ;) - (15i,jHi,j + 0 Hi,j)
w Jacobian v bodeé i,j

‘Ji,j = _a1(§i+1/2,j + i—1/2,j) —a, (5i,j+1/2 + i,j—1/2)

=
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- Diskrétni rounice - resic SOLFHD23

® Vypocet tlaku v bode i] +a1(§i+l/2,j P~ (§i+1/2,j + é:i—l/z,j)Pi,j + &y Pi—l,j)
+a, (é:i,j+1/2 Pia— (fi,jﬂ/z + é:i,j—llz)Pi,j +Gi i1 Pi,j—l)
—-a\J; (.50, H,;—2p,_, ;Hi,; +0.5p,, H,, )
_(IBi,jHi,j +15i,jHi,j)

=8y (a2 + Givo i) — 8 (G e TG ju2)

T Wes

» Reseni probiha pro cely sloupec najednou.
w Kavitace
I:)i,j < Pc

® Residum v bode i,|

+& (G010, P = (Giavoj T S22, ))P ) + i, P ) T (8 102P i = (G jare T 62 B + 6102 P 1)
-\, (.50, H;,—-2p,,;H,,;+0.5p,, ;H; ;) - (15i,jHi,j + 0 Hi,j)
w Jacobian v bodeé i,j

‘Ji,j = _a1(§i+1/2,j + i—1/2,j) —a, (5i,j+1/2 + i,j—1/2)

=
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Veli¢ina SOLH20 SOLH21 SOLH22 SOLH23
ﬁi = ANO NE NE NE
P =0 ANO NE NE NE
%P _ 0 ANO NE NE ANO
oX,Z
n="~f(p) NE ANO ANO ANO
po="Tt(p) NE ANO ANO ANO

Pavel Novotny

BearDYN - teoretické predpoklady a numerické feSeni
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BearDYN 4.5

EHD reseni
Resi¢: SOLEH3x

=
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Diskretizace jednotlivych ¢lenil Reynoldsovy rovnice - viiv elastickych
deformaci

w Vyjadreni nestacionarniho ¢lenu
opH _ 2 H=H"+H"

ot o ('O ) H: je mezera pro tuha télesa

®w Rychlost zmény olejové mezery a hustoty He je elasticka deformace mezery

0~ I A N O P L T O SRR N
a(pkﬂHkﬂ)—ﬂAt(PkﬂHkﬂ AH) (,B 1)8’[('0ka) (2,3 1jAtaz(pka)
=0 P (L HEL) =7 (2 HE) |- 0| (74 (W ) |- g{a (m(H“HE))}

0 [ A0 S(m) -0 2 ()]
oA AR a o) o) 2 (ar)|

v a5 el

=
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Diskretizace jednotlivych ¢lenil Reynoldsovy rovnice - viiv elastickych
deformaci

w Vyjadreni nestacionarniho ¢lenu
opH _ 0B OH e H=H +H,

=H—+p—=Hp+pH
ot ot o ot prp H, je mezera pro tuha télesa

H, je elasticka deformace mezery

® Rychlost olejové mezery
I;||<+1 = L(Hkﬂ o Hk) - 1_1 Hk o L_l Atl:lk
PAt p 2p

w Zrychleni olejové mezery

.. 1 1 . 1 ..
Hk+1_—2(Hk+1_Hk)_ Hk_ —-1 Hk
At BAL 23

=
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w Elasticka deformace struktury

Mhlil + Bhll<5+l + Khllirl

k+1

® Rychlost deformace

hk_y k+1h
,B( )—

w Zrychleni deformace

_hk)_

k+1 —

oo AR,
BAt 23
w Dosazeni do pohybjwé rovnice

“M+-ZL-B+K |h,, =
A pAL

W(hkﬂ

( 1jhk —[l—ljmh'k
p 2

K je matice tuhosti
M je matice hmotnosti
B je matice tlumeni

Elasticka deformace v
dalSim iteracnim kroku

e _
hk+1 = hk+1

Fk+1+M{ 12hk+ L hk+£i—1jh'k}+8{ihk+(1—1jhk+(i—ljmﬁk}
LAt BA 23 SBAt Vi 23

w Upravg, _ [ 1 I\/I+LB+K]

SAL?

Pavel Novotny
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- Elasticke deformace — HHT

w Elasticka deformace struktury

Mh;,, +(1-y)Bh;,, +yBh; +(1-w)Kh;,, + wKh; =

k+1 7

hk_y(k+1 h)

® Rychlost deformace
G
PAt p

7/ .o
———1|Ath
2 j ‘ K je matice tuhosti
M je matice hmotnosti

® Zrychleni deformace B je matice tlumeni

_hk)_

h,=—=(h., 1 11|h, Elasticka deformace v
PAL

—~ h, —

At " (Zﬁ dalSim itera¢nim kroku
e _

hk+1 = Iﬂlk+1

“M+-ZL-B+K |h,, =
A pAL

Fk+1+M{ 12hk+ L hk+£i—1jh'k}+8{ihk+(1—1jhk+(i—ljmﬁk}
BAC " pAt ¢ |28 st <\ B 25

-1
® Uprava, ! M+2ZBik| Q=A
“1[mw BA R=ARQ

=
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w Elasticka deformace v Sl jednotkach funkci sil [N]
hk+1 - AQ

Bezrozmérny tlak

P- S p-Lp
12R’p, " ¢,

m Komplexni zatizeni

Q= Fk+1+M_ﬂAt2 h, + At h, J{ﬁ_l hk}+8{@hk +(E—1jhk {E_ljmhk}

- ap+M[] 8= A28 Dp ml Jr8[.]- ZAR e [ 148 ]

A, je jednotkova plocha elementu

| — M+ B+K
BAC T BAL

o Kom(alexm’ matice poddjmosti

w Relativni elasticka deformace funkci bezrozmérnych tlaku [-]

h 1

— k+1l
Hk+1_ C+ _E

AQ

=
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- Elasticke deformace — SOLVER

m Relativni elasticka deformace

o= 2ag-a ZAR . ). Ll
cC ¢ C C
Aol (ol (e
BAt BAt 23 BAt Vi 2p
- AQ, =1AQ
C

® Relativni zatizeni

Qs =|c P+M{ 1 el VY +(i—1JH }+B{LHk+(1—1ij+(L—letHkD
BAt LAt 23 LAt B 2p

® Relativni rychlost elastlc(e defcjrmace

H,, = 2 (Hea—Hy) 1 ki-—(JK-—lJAuqk
PAL P 2

®w Relativni zrychleni elastické deformace
.. 1 1 ..
H  =— - —~ _1lH

=
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w Konstanta pro vypocet skuteéného tlaku z bezrozmérného
p=c,P
12 R2770

PP 2
C

w Konstanta pro vypocet relativni elastické deformace z bezrozmérného tlaku
Hea = AQq =A(C, P+ M[ f(H H H)]+B[ f(H,.H,H)])

_12R?%g, ( DB ]

¢ (m-1(n-1
1 y ' Aje komplexni matice poddajnosti
= >M+———B+K
DAt PAL
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- Pruek matice poddajnosti

w Relativni deformace z relativni komplexni matice poddajnosti

Hea =H=A(c,P+M[ f(H,H H)[+B[ f(H.H.H)])

m Parcialni derivace relativni elastické deformace dle bezrozmérného tlaku
OH, ; 0 |
> jJ :apij[A(cpaP+M[..]+B[..])] =c, A, =C,

i

w Pomérny prvek matice poddajnosti — rozmér matice A je (m.n) x (m.n)

C,B — Ci+m( j—1),i+m(j-1)-3 p je vzdalenost od diagonaly

®w Veliciny nutné pro SOLVER I
® Cp Co A, M, B, Cg Hii=c. > D APy

i'=1 j =1
»

=
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- Hydrodynamicke reseni nelinearni ulohy — novy tlak

m Gauss Seidel

~ I .
— 1]
I:)i,j T I:)ij a)GS aL(PIJ)
8Pi,j
w Jacobi r
B :I:N)i,j_a)JC -
OL(P) o[ (R OL(R)) OL(R)) OL(P))
aPlj aPi+1,j 8Pi—l,j aPi,j+1 aPi,j—l

®w Relaxace v obou pfipadech probiha pro cely sloupec najednou!
w Kavitace
P,>0

=
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- y v - ”~ - V 4 ”~

®w Funkce L
L(P) = 0 658P N 12 0 (ééPj_Ua(pH) B Hf)—ﬁH
op\ " Op ) v° 0L\ 0L op
® Vypocet nového tl?ku
R;=F;— & fjj
® Residuum shodné pro G-S a Jacobi

. =
1]

+‘3‘1(5”1/2,]'Pi+1,j o (‘fi+1/2,j T i—1/2,j)Pi,j T i—1/2,jPi—1,j)
+a, (5i,j+1/2 Pi,j+1 _ (fi,j+1/2 T i,j—1/2)Pi,j + é:i,j—1/2 Pi,j—l)
-al, ;;(L5p, H,,—2p Hi,;+0,50., H, )

_(ﬁi,jHi,j +,5i,jHi,j)

=
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®w Funkce L
L, =
n é:i+1/2,j Pi+1,j - (§i+1/2,j + é:i—l/Z,j)Pi,j + é:i—llz,j Pi—l,j
2
hco
n 1 gi,j+1/2Pi,j+1_(é:i,j+1/2 + i,j—llz)Pi,j + i,j—l/2Pi,j—1
2 2
v h;
g 1-5,5i,jHi,j _215i—1,jHi—1,j +O-5,5i—2,jHi—2,j
i h

4

_(ﬁi,jHi,j+ﬁi,jHi,j)

w Jacobian dle G-S
aLi,j _ (§i+1/2,j + §i—1/2,j) _ 1 (gi,j+1/2 T i,j—1/2)

ij = 2 2 2
' oR h v h,
_ 15p .. C.—-2p ... C.+05p ,..C .
_Ui’j IOI,j,k 0 pl_lll‘:’k 1 pl—Z,J,k z_ﬁi,j,kco_ﬁﬁi,j,kco
¢

=
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- L
i~ Ny
®w Funkce L OLRy) g 5| R, OLRy)  OLR,) | OLR))
R, | Py Ry By B
L. =
i,]
é:i+1/2,jpi+1,j _(§i+1/2,j + i—1/2,j)Pi,j + i—1/2,jPi—1,j 1 §i,j+1/2Pi,j+1 _(é:i,j+1/2 + i,j—l/Z)Pi,j + i,j—1/2Pi,j—1
" h? g h?
[ YA
~ 15p Hi;-2p jHiy ;+050, Hi,; - _—
-U; | - —(p, Hi;+p.;H:;)
P
w Diléi derivace funkce L ~ ~ ~
aI-i,j _ (égm/z,j +§i—l/2,j) (fi,ju/z + i,j—l/2) 1'5pi,jC0 _Zpi—l,jC1+0'5pi—2,jC2 5 C
P =— 2 - 2 - h ~ Piit>o
1] X z X
oLy Gap; 150G -2p,,C,+05p,,,C; .
=— _pi,j,tCO
PR.; h h,
al-i,j . gifllz,j 1-5,5i,jC1 _215i—1,jC0 +0'515i72,jC1 =
=— _pi,j,tCO
8Pi_1’j hw hw
al _1 Gz 19p;C =2p ;G +0.5p,,,C _5 C
aPi,j+1 UZ h§ h(p H
8Li'j _ i élj_m B 1.5,5”-Cl —ZEi_lijl +O.5,5i_2’jC1 —,5- c
P, U h h, M
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m Jacobian
J . =

]

—1.25£(§i+”2-i o) | 1 Gy th j—ﬂz)J

2 2
v h;

4

[1.5,1, ((C,—0.25(C, +C, +C, +C,)) - 2.05, , ,(C, —0.25(C, + C, +C, +C,)) +0.55,, ,(C, —0.25(C, +C, +C, +c1))]
h

4

w Zjednoduseni zapisu

dc,=C,-C, dC, =C, —0.25(C, +C, +2C,) dC, =C, —0.25C, - 0.75C,

w Vysledny vztah pro Jacobian

J. =_195 (§i+1/2,j +§i—1/2,j) _i_i (5i,j+1/2 + i,j—1/2) _ 1-5,5i,jdco _Z'Oﬁi—l,jdcl +O-5/5i—z,jdcz
. ' h? % hz2 h

@ @

=
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BearDYN 4.5

I:ID reSeni s uvazovanim faktoru toku
ReSi¢: SOLFH5x

=
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® Reynoldsova rovnice v zakladnim tvaru
0 (ph3 (3ijr 0 (phg ap]_ga(ph) _o(ph) _

ox\12nox ) oz\12noz) 2 OX ot

® Reynoldsova rovnice s faktory toku

9 ¢ph3 o, ph?op) U a(ph,) a(ph) U o4
ax\ " 121 ox 82 “12noz) 2 ox ot 2 0OX

® Primeérna tloustka olejového filmu

h,=h 223
O
h, = 2366(35+ z(128+z(140+z (- 7O+22(28—522))))) £<3
h
7=—
30

=
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- Uprava Reynoldsovy rovnice

® Reynoldsova rovnice — obecné HD feSeni

0fgpPh"0p 0f, phdp| Udlphy) aoh) U 04 _,
ox\ “12nox ) eéz\'"12noz) 2 ox ot 2 0OX

m Parametr ¢ - loziskova vule /2
c=R-r=cl/2

I Bezrogmérnﬁ veli€iny

r ¢ £ 7 R B R D
2 _ _
__pc UnzﬁzH Uzi 5="2_
12R%7, C 2R C,
_H3 —H3
£=g L & =9
n n

=
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® Primeérna tl. olejové vrstvy

223 H,=H
o
£< 3 H, = hCA = 235; (35+ 2(128+ z(l40+ zz(—70+ 22(28—522)))))
h
Z=—
3o

Pavel Novotny
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- Uprava Reynoldsovy rovnice

» Klinovy élen pc’ ¢ pH?®
P=rrr &=
o, Ph7op)_ iga_P HER 7
x| P 12nox )" P op| ™ 0 : _#oH
o( . ph®ap R2 1 0(. P 7
¢ ~opy | 6 e 62
oz\ " 121 oz "B2 oz v2 9Z\ " 6z

m Couettlv ¢len

Ea(phT)ZCpo U a(pHT)ZCpOGa('OHT)
2 OX 2R Op
m Transientni ¢len

o(ph . . . — N -
(atT) = phy + phy = phe + pU, = phy + pcU, =cp, (pH; +pH )
m Clen faktoru toku
U o U 0 _0
% _ =CpPy o 2 _Cpo 2
2 OX Co,2R O oQ

=
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- Bezrozmeérny tvar Reynoldsovy rovnice

® Reynoldsova rovnice — bezrozmérny tvar

a (5 GP} = (f aP]‘UG(EHT)—(ﬁHT+ﬁH)—052¢5 =0

op\ " 0p ) v*0Z\ "oz O )
pc’ pH’ pH> ~_ o - U

= x: X — Z: z — B U:_

12R%n, o =9 7 o =9 n Cpoy 2R

® Reynoldsova rovnice — bezrozmérny tvar, konstantni viskozita a hustota (SOLWHD50)

0 oP 1 0 oH, |, ~_09¢
2 &G U -0 o
op\ " Op U oL 8(0 oQ

§X:¢XH3 §Z:¢ZH3

=
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- Diskretizace jednotiivych ¢leni Reynoldsovy rovnice

w Metoda koneénych diferenci (FDM)
w Diskretizace Poisseuilleova ¢lenu (tlakového €lenu)

oP oP
i £ @ N (éx 6¢ji+1/2,j (eﬁx agp]illz,j
op\ " 0p . h

4

m Vnitrni derivace

oP ~ Pi+1,j B Pi—l,j
gx PR = Oxi+1/2,]j h
o i+1/2, 2

@

m Kombinace

i f @ ~ é:xi+1/2,jPi+1,j _(é:xi+1/2,j + xi—1/2,j)Pi,j + xi—1/2,jPi—1,J' —
op\ " op)) h,

al(é:xi+1/2,jpi+1,j _(é:xi+1/2,j + xi—1/2,j)Pi,j + xi—1/2,jPi—1,j)

1
&

h? o=
»
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- Diskretizace jednotiivych ¢leni Reynoldsovy rovnice

w Vyjadreni x

é:xi+l,j o §xi,j

g _ . 52i+l,j o é:zi,j
Xi+1/2,j — 2 §Zi+l/2,j _

2

w Vyjadreni Couettova élenu (klinového €lenu)
5,0HT | = — 1 5,0| jHTIj 2-O,5i—1,jHTi—1,j +0-5:5i—2,jHTi—2,j
i, j_
op h,
=aU, ; (1-5,5i,jHTi,j —2.0p;jH:i,;+0.50,, HTi—Z,j)

U

a,=——
> 2Rh,

=
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Diskretizace clenu faktoru toku RE

m Diskretizace ¢lenu faktoru toku

—_0¢ I W 3

Ug—=-| =~U. g 2t 2 —a U .o . —0. ..
8(0 g L) 2h¢ 41, ] I,j(¢$|+l,j ¢Sl—l,j)

g =1

* 4Rh,

=
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- y & ” - 4 W -

w Vypocet tlaku v bodé i,j +al(é:i+1/2,j Pi+1,j - (é:i+1/2,j + gi—llz,j)Pi,j + é:i—llz,j Pi—l,j)
+a, (é:i,j+1/2 Pia— (5i,j+1/2 + 5i,j-1/2) Bi+3 Pi,j—l)
_a3Ui,'(1'5HTi,j - 2HTi—l,j T O'5HTi—2,j)
= L = _H _aUI GI sitd,j  Psi-1,j
P_,_: ','_O)SORA:Pi,j_a)SOR J J(¢ 1j ¢ 1,])
J _a1(§i+1/2,j + é:i—llz,j) —a, (é:i,j+1/2 + é:i,j—llz)

W mgor Underrelaxation koeficient (metoda SOR)
w Kavitace P. i < PC

®w Residum v bodé i,j
b=

& (S (Pt — Gz T 62 )P T Gia2,iPsi) Y 32(& 1aoP i — (G H 602 Py 6 a2P )

—aU; j(1.5H j —Hyiy ; +0.5H ;) - H -aU; 0, (¢si+1,j _¢si—1,j)

LT

w Jacobian v bodeé i,j

ij _a1(§i+1/2,j + i—1/2,j) —a, (5i,j+1/2 + i,j—1/2)
=
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