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Uvod - zadané parametry motoru

Pocet valci i, =2
Vrtani valce D = 76.5mm
Zdvih pistu Z = 86.9mm
Kompresni pomér €=95
Otacky motoru N4 = 5000min !
Rameno kliky r = 43.45mm
Délka ojnice 1 = 138mm
720°
Zapalovani P = — @ = 360-°
i
\%
Taktnost motoru T=05
TFDZ 3
Objem jednoho valce V = T-Z V =399.423.cm
Objem vélcé V. = Viiy V, = 798.845-cm’
. M 3
Kompresni objem Vi = — Vi = 42.044-cm
€
Celkovy objem véilce Vel = Vi+V Vool = 441.467-cm’
;g o . 3
Celkovy objem motorQ Vcelkovy = Vierly Vcelkovy = 882.934-cm
Uhlova rychlost klikového htidele W = 2-7n,,4 w = 523.599-sec_1
‘rr-D2 2
Plocha pistu Sp = o Sp = 45.963-cm
Klikovy pomér X = { X = 0315
-1
Stfedni pistova rychlost Vps T 220454 Vps = 122t



1 Kinematika klikového mechanizmu a teoreticky vykon

Nacteni namétenych hodnot tlakti dodanych vedoucim DP

Volba kroku vypoctu (nato¢eni KH)

Naméteny tlak

Tl =
tlak.dat
np = Tlo np = 360
1200 last(T1) = 360
krok = =2.°
"p
1 =O..np—1 o = 1-krok

pi = Tlj+1-bar

Prumérna hodnota atmosférického tlaku T2 =

Sila na pist od tlakd plynt

Dréha pistu

1. harmonické slozka drahy

2. harmonick4 slozka drahy

Rychlost pistu

1. harmonicka slozka rychlosti

2. harmonicka slozka rychlosti

max(p) = 8.51-MPa

min(p) = 0.106-MPa
atm.dat
Patm = T2-MPa Patm = 0.1-MPa
Fp. = (Pi~Pam)'Sp ~ max(Fp) = 38.654-kN

min(Fp) = 0.026-kN

o = |1 oo + 21 co(204)

max(sa) = 86.9-mm

min ( SOL

sl

o r-(l - cos(oq))
o -(1 - cos(2-oq))
Vai = r-w-(sin(oq) + %-sin(Z-oq)j

max(v

s2 I

B

)

min(VOL)

Q

= r-w-sin(oq)

= r'w'?sin(}oq)

) = 0-mm

= 23.767-m's

1

_23.767-m'5 .



Zrychleni pistu %, T T wz-(cos(ai) + >\-c0s(2-oq))
max(aq) = 15.663 x 107 ms™

min(aa) = 8479%x 10°-ms 2

1. harmonické slozka zrychleni aly, =r wz-cos(ai)

2. harmonicka slozka zrychleni aly = TrwX cos(2-0q)

Draha pistu v zavislosti na natoceni KH

Dréaha pistu

0 I90 1I80 2I70 360
Q4
deg
Natoceni KH



Rychlost

Zrychleni pistu

m-sec
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Rychlost pistu

Q4
deg
Natoceni KH

Zrychleni pistu
1.6x10°

1.2x10*
810°F

4x 103“

_4x10%}

— 8x 103“ \_/
_12x10M
Q4
deg
NatocCeni KH
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Sila tlaki plynii

1.6x10%
1.2x104
8101

4x10°]

— 4x 103'

— 8x10°

_12x10M

Dréha, rychlost a zrychleni pistu

Q4
deg
Natoceni KH

Sila od tlakti plynii piisobici na pist

ﬂ

90

360 450 540 630

Q&

180 270 720
deg

Natoceni KH



P - alfa diagram

Tlak plynt

0 90 180 270 360 450 540 630 720
Qj
deg
Uhel nato¢eni KH

Indikatorovy diagram

Okamzity objem Vo = Vi+Spyse  max(Ve) = 441.467-cm’
1 1
min(V,) = 42.044-cm’
P - V diagram
8._
6__
% b
= MPa 4t
2._
0 .%0 IIOO 1I50 2IOO 2I50 3IOO 3I50 4I00 4I50
Voi
3
cm
Objem



Vypocet prace obéhu z indikatorového diagramu

Prace vykonand sanim

Prace vykonana kompresi

Prace vykonana expanzi

Prace vykonana vyfukem

Vysledna indikovana prace obé¢hu

Stfedni indikovany tlak

Indikovany vykon

Efektivmi tlak a vykon
Efektivni vykon pro tfivalec HTP

89
Pi+1 + Di
W.. = — (V. -V
sa Z{ 2 (Oi+1 Oi):|

i=0
W, = 58.161]

179
{pm +pi

W, = V. -V
ko Z 2 (Oi+1 Oi):|

i=90
Wi, = ~263.684]

Wy = 983.178]

358
B [pm +Pi

vV, -V
2 (Oi+1 Oi):|

1=270
Wy = —123.917
Wi = Wex - |Wk0| - |Wsa+wvy|
W, = 653.745]
W-
i
pj = v pj = 1.637-MPa
T =2
P, = ——— P, = 27.239-kW
T
Pefe3 = 732kW
13 = 3
P T
efe3
= = 1.466-MPa
Pefe Vo i3 Pefe
Pefe V' hzad
Pofe = —T Pem = 24.4-kW



Efektivni vykon pro dvouvélec Pofoc = Peofe’ly Peofoc = 48.8' kW
Litrovy vykon V| = 1000cm’
Petoc V1
Pl = ——— Ppi = 61.088-kW
Vi,
. Pu .
jedno% = Too jedno% = 0.028-kW

Pokud je primérna ztrata na tfeni v hlavnich loziscich 25 % celkovych ztrat, pak pouzitim
valivych loZisek klesnou ztraty na 12 %.

Efektivni vykon s valivymilozisky  Pefocyal = 2 Pj— (Py = 12:jedno% |
pro oba valce

Pefecva] = 49-481-kW



2 Sily a momenty pusobici v klikovém mechanizmu

Hmotnost pistni skupiny

Hmotnost ojnice s loZisky panve
Hmotnost posuvné ¢asti ojnice
Hmotnost rotacni ¢asti ojnice s lozisky
Celkova posuvna hmotnost

Celkova rota¢ni hmotnost (polovina HC, bez vyvazku, mor)
Setrvaéné posuvné sily Fspi = My

Odstiediva sila rota¢ni ¢asti ojnice F

Odstiediva sila redukované hmotnosti
e L Fdzrnr-r-w
do ojni¢niho ¢epu 0

Fodoj

10

myist = 0.285kg

m, = 0.443kg
Moy = 0.109kg
m,,. = 0.334kg
my, = Mpist + Mop
m,. = 1.2143kg

max (Fgp) = 3341 kN
min(Fgp) = ~6.171-kN

Fodoj = 3-979-kN

Foq = 14.465kN



Setrvacné sily posuvnych ¢asti 1. fadu

FslIi = mp-r~w2-cos(0q) min(F

=
o
P
—
]
w2
—
[—
~—
Il
7=
[©)]
\O
o
=
Z

Fo. = Foir — Fgr
1 1 1

Setrvacné sily prvniho fadu
6__

Q4

deg
Natoc¢eni KH

Setrvaéné sily posuvnych ¢asti 2. fadu
2
F = m, 1w -Xcos(2-04
sl Hi My, ( 1)

min(Fgyyp) = ~1.478-kN
max (Fypp) = 1.478kN
Fs2Hi = myr wz-k-cos[Z-(oq + 1800)]

min(Fgpyp) = ~1.478-kN

max(Fgppy) = 1.478-kN

11



max (Fgjy) = 2.955-kN

Setrvacné sily druhého fadu

4__
Fim,
2._
kN
..... \\
F
> S2Hi
YT kN 0
Fsr,
_ 2—-
kN
4
Q4
deg
Natoceni KH

Setrvacéna sila 4. fadu
3

Fsirv, = —mp'f'wz-%-cos@-ai)
1
min(FSHV) = —0.037-kN
max(FSHV) = 0.037-kN

FSZIVi = —myr W cos[4 ( i + 180°)]
mln( IV ) = —0.037-kN

max(Fgppy) = 0.037-kN

S

Fory = Fsirv + Feory - min(Fgpy) = ~0.073:kN
max (Fgpy) = 0.073kN

12



Setrvacné sily ctvrtého fadu

0.17

-0.1-

deg
Natoc¢eni KH

Posuvné setrvacné sily

Q4

deg
Natoc¢eni KH

13



Celkové sily plisobici na pist F. =F max(Fc) = 32.995-kN

min(F;) = ~5.567-kN

Sily ptisobici na pist

407
F

E pl 30._

£ _1

7 kN

Q_‘ —

5 I

2 Fyp 201

:V)

S kN

2 107

= Fci

2N - - -
—_— Or(/ 90 180 720

~1

Q4
deg
Natoceni KH
Setrva¢né momenty
Vzdalenost os pistl b = 40.8mm

Setrvaény moment 1. fadu
2 b
M = T W -—-CoS| Oy
FsIli m, 2 ( 1)
max (Mg ) = 95.744-N-m
min(Mggp;) = ~95.744-N-m

Mg, = —mp-r-wz-gcos((xH 180°)
1
max(Mggpp) = 95.744-N-m
min(Mggpp) = ~95.744-N-m

MFin = MFsIli + MFslzi

max(Mggj) = 191.489-N-m

14



Priibéh momenta setrvacnych sil prvniho fadu

2005
Mg,

S Nm 1O0F

g .....

g MFsIZi

>

)8 N-m

OB memecme

g

5 MFin

% — 100t
N-m

-200-

Vyvazovaci hridel

Vvt

W vt

Polomér t€zist€ vyvazku zadni Casti
Rameno vyvazku piedni ¢asti

Rameno vyvazku zadni ¢asti

Hmotnost vyvazku pfedni ¢asti

Hmotnost vyvazkli zadni ¢asti

Hmotnost ¢tyt vyvazki

Q4
deg
Natoc¢eni KH
er = 10.11mm
Iy, = 14.87mm
pr = 75.8mm
bVZ = 73.9mm
e Mrs)
= 5 vp = 0- g
4-rvp-w -bVp
M) ke
4t whb v
Tyz W Byy

MyMFsI = 2'(mvp + mvz)

Moment vyvazovaciho htidele pfedstavujiciho klikovy hiidel

2 2
MVKHi = —(mvp-rvp-w by + My, Ty, W -bVZ)-cos(OLi)

max ( MV

min(Mygp) = ~95.744-N-m

15

KH) = 95.744N-m



Moment vyvolany vyvazovacim hiidelem
2 2 .
MVVHi - (mvp-rvp-w 'bvp +my,, Ty, W 'bVZ>'COS(OLi + 180 )
max(MVVH) = 95.744-N-m
min(MVVH) = —95.744-N-m

Vysledny moment vyvazki MVi = MVKHi + MVVHi

Vysledny moment posuvnych sil prvniho fadu

MFSIVi - MFin + MVi max(MFSIV) = 0-N-m
min(MFSIV) = 0-N-m

Vyvazeni momentu posuvnych sil prvniho fadu

&4
deg
Natoceni KH
. N 2, b
Setrvaény moment 2. fadu Mgy, = my, 1w -X-E-cos(l(xi)
1

max (Mg ) = 30.146-N-m
min(Mggpy;) = -30.146-N-m

MFst. = —mp-r-wz-x-g-cosp-(ai + 180")]
1
max(MFSHz) = 30.146-N-m
min(MFSHz) = -30.146-N-m

16



MEsini

E
8

Mgq112 i

MFsHi = MFsIIli + MFsti

max(MFSH) = 0-N-m
min(MFSH) = 0-N-m

Moment posuvnych setrvac¢nych sil druhého fadu

E
=]

Mg .

Setrva¢né momenty

Moment odstredivych sil

Rameno piisobeni m,

Q4

deg
Natoc¢eni KH

2
Msrl = MW 'bod
M, = Zp
sr2 = Mpr-W -Dyq

Msr = Msrl + Msr2

Vyvazeni pomoci programu ProEngineer

Rameno piisobeni m,

Hmotnost vyvazku

2
le = m,Tw 'bvz
M., = Zp
y2 = My W by,

My = My + My,

17

bod = 27.396mm

M| = 396.278N-m

My = 396.278-N-m

Mg, = 792.556-N-m
bVZ = 36.94mm
m,, = 0.9kg

M| = 396.028-N-m
M, = 396.028-N-m

M,, = 792.057-N-m



Sily pfenasené malym okem ojnice

Uhel odklonu ojnice Bi = asin(k-sin(ai))
Fc.
Sila plisobici v ose ojnice F.. = . max(F ;) = 33.152-kN
P ) OJ; cos(Bi) ( OJ)
mln(Foj) = —-5.567-kN
Normalova sila na pist Npi = Fci-tan(Bi) max(Np) = 4.009-kN
min(Np) = —1.198-kN
Sily plisobici v malém oku ojnice
30T
Foj. 201
=
7 Np 10
K M
0 90 180 270 360 4I50 540 630 720
- 10~
Q4
deg
Natoceni KH
Sily pifenasené velkym okem ojnice
Radidlni slozka ojnice Fri = Foji-cos(ai + Bi) - Fodoj
max (Fy) = 26.405-kN
min(F,) = ~10.14-kN
Tangencidlni slozka ojnice Fy = Foj.-sin(ai + Bi) max(Ft) = 16.088-kN
1 1

min(Fy) = -3.167-kN

18



Tangencidlni a radialni sila

28T
187
= X
5] Fr.
1
KN /\ :
= =2r 90 180 60
- 12
Q4
deg
Natoceni KH
Totivy moment My =Fr max(My) = 699.034-N-m
1 1
min(My) = ~137.591-N-m
, Sil’l(OLi + Bl)
Klopny moment motoru My = -Fo | t———F—=—
i i cos(Bi)

max (M) = 137.591-N-m
min(Myg) = ~699.034-N-m

19



Toc¢ivy moment a klopny moment

Momenty

N-m

—— 3007

Tocivy moment

- 50071

- 700~

70071

53071

20t

180 0 450 54

Q4
deg
Natoceni KH

Priibéh ojnicni sily a to¢ivého momentu

- 150~

90

18 27 60 450 SW \zzo

-—10

Q4
deg
NatocCeni KH

20

L.
o

20

Ojni¢ni sila



Sily zatéZzujici hlavni a ojnicni ¢ep

Froj, = Ft

F, .. =F
Olii360 G

Tangencidlni sila 1. ojni¢niho Cepu Ftoj 1. - Ftoji

Tangencidlni sila 2. ojni¢niho ¢epu FtOjZi - FtOji +180

Fcroji - Fri

F...; =F
TOliy360 T

Celkova radialni sila na 1. ojni¢nim ¢epu F crojl, = Fcroji

Celkova radiélni sila na 2. ojni¢nim ¢epu F croj2, = Fcroj.

1+180

max (Fyoi) = 16.088-kN

min(Fyoi1) = 3.167-kN

max (Fyoiy) = 16.088-kN
min(Fyoin) = ~3.167-kN

max (Foroi1) = 26.405-kN
min(Fepoip) = ~10.14-kN
max (Foroin) = 26.405-kN
min(Fpoi) = ~10.14-kN

Priibéhy tangencialnich sil na ojni¢nich ¢epech

FtOj li 101

Z

Tangencialni sily

F‘[oj2 ; J

kN

Q4

deg

Natoc¢eni KH

21

450
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Priibéhy radialnich sil na ojni¢nich ¢epech

20t

crojl ; }

croj2,

e

w
z
>

e

Tangencialni sily

2

ﬂ

Tocivy moment na 1. ojni¢nim cepu

Tocivy moment na 2. ojni¢nim cepu

04
deg
Natoceni KH
My = Myc
=M
KPisg0 K

Myj1. = M, max(My,i1) = 699.034-N-m
min(M;1) = ~137.591-N-m
Myoja. = Migp. max(Myip) = 699.034-N-m

min(Mjip) = ~137.591-N-m

22



Fazové posunuty tocivy moment

8007
6007

5 Mkojl.

= ! i

g 4001

= N-m

S

N M 1

= koj2.

3 i 200f

‘= /N /\

\/ 90 Iy 2} 450 SW\IZO

- 200~
Q4
deg
Natoc¢eni KH
Priibéh kroutictho momentu na hlavnich ¢epech
1. hlavni ¢ep My 1he. = ON'm
1
2. hlavni &ep Miahe, = Mkine, + Mkoj1, + Mkoj2,

max (M) = 582.678-N-m
min(Myopc) = ~265.724-N-m

Maximalni rozsah momentu 2. hlavniho Mkhcmax = maX(Mk2hc) + |min<Mk2hc)|
cepu

Mhemax = 848-402-N-m

23



Kroutici moment

Mklhci

N-m

Mkzhci

N-m

Kroutici moment na hlavnich ¢epech

600T
4201
2401
of Nl A
0 90 1 27 360 450 5 630, 720
- 1201
- 300"
Q4
deg
Natoceni KH

24



3 Torzni kmitani klikového mechanizmu

Vlastni frekvence

Moment setrvacnosti predniho konce KH ka = 1.827-10 3m2-kg
Moment setrvacnosti zadniho konce KH Ly = 106.8- 10 3-m2~kg
Moment setrvacnosti ozubeni Iy, = 1.1173: 10 3'mz-kg
Moment setrvacnosti stfedni Casti I = 9.9618 10 3 mzkg
Moment setrvacnosti 1. hlavniho ¢epu KH Lihe = 1.7804 10 4m2-kg
Moment setrvacnosti 2. hlavniho ¢epu KH Iy = 1.7295- 10 4m2'kg

Redukce momentii setrvaénosti

1 : 2
Redukovany moment posuvnych liranr = E(mp + mop)' L+ 7 )7
hmotnosti 4 5
Lipanr = 4866 x 10 "m™-kg

, s Ihe -3 2
Redukovany moment setrvacnosti I, = ka + — I; =1916x10 "m™-kg
predniho konce KH 2

I +1
1h _
Redukovany moment zalomeni I, = st he +Lpanr o =5.556% 10 3m2-kg
I +1
st ™ “2hc -3 2
I3 = ———+ iy I3 =5554x10 "m kg

, . Dhe 2
Redukovany moment setrvacnosti Iy =L +—+1,, I4 = 0.108m™-kg
zadniho konce KH 2

Redukované délky
Redukce na pramér hlavniho klikového ¢epu Dy,
Délka ptedniho konce KH lpk = 55mm
Priimér ptedniho konce KH Dpk = 25mm
Primér diry pfedniho konce KH dpk = 14.5mm
Primér hlavniho ¢epu D = 50mm
Otvor v hlavnim ¢epu dp. = 10mm

25



Délka 1. hlavniho ¢epu
Délka 2. hlavniho ¢epu
Primér ojni¢niho Cepu
Primér otvoru v ojni¢im cepu
Délka ojni¢niho ¢epu

Délka spojovaciho ramene
Délka ramene

Poisonovo ¢islo

Modul pruznosti v tahu

Modul pruznosti ve smyku

Redukovana délka predniho konce KH

Redukovana délka 1. hlavniho ¢epu

Redukovana délka 2. hlavniho ¢epu

Redukovana délka ojni¢niho cepu

Redukovana délka ramene kliky

Nejvétsi sitka spojovaciho ramene

lhe1 = 27mm
lheo = 33mm
D,. = 42mm
dye = 16mm
1ojc = 20.8mm
I, = 20mm

l. = 17mm

p =03

E = 2.05-10°MPa

E
_ = G = 7.885 x 10*-MPa
2-(1+p)
4
Dhc
Dhc _dhc
4
Dhc
Lhe = 1hcl'ﬁ Li1pe = 27.043-mm
Dhc _dhc
4
1 Dhc
ohe = he2 =777 1oy, = 33.053-mm
Dhc _dhc
4
Dhc
]_rOC = IOJC- 2 ]'roc = 42.677-mm
Doc _doc
4
3 G Dpe
]'[T — g Trfr 3
Dhc + Doc
3 Iy
]_IT = 74.363-mm
b.. = 54mm

ST

26



D
. 3 G h

Redukovana délka spojovaciho g = = T0—-1 ¢ 3
ramene kliky 8§ E Dy + Dge + by

3 sr

ligr = 63.208-mm

., . Dpe +Doe

Redukované délky podle Geigera Ly = 5 L] = 46-mm

L =04

Redukovana délka ojni¢niho ¢epu, ramene kliky a poloviny ojni¢niho ¢epu

(10jC + 0.41T)-—4 y )

r1Gr = > + (lhcl + 0411‘)'?

oGy = 2.36-%(r— L-Dhc)-

Lgr = bigr+ogr ke = 142.565-mm

Redukovana délka stfredniho ramene a ojni¢niho ¢epu

4 4
D D
hc G hc
Lase = (loje * 0.41T)-—4 7t 2.36-5(r— L'Dhc)- ;
Doc - doc (Doc + Doc + bsr]
-1
3 ST

LGse = 124.966-mm

Redukovana délka poloviny ojni¢niho ¢epu, ramene kliky a druhého hlavniho ¢epu

(10jC + 0.41T)-—4 y )

G2 = > + (lhc2 + 0'4]r)'—4

27



b = ke tlogre ke = 148.575°mm

D
G hc
loGry = 2.36—(r=vDy)
E Dp.+D.\>
hc oc lr
2
Lerc - lrpk"' kGr
Torzni tuhosti
7T'Dhc4
Polarni moment setrva¢nosti Ip =
redukovaného hiidele 32
G~Ip
Torzni tuhost pfedniho konce KH ¢ =
erpc
G-I.p
Torzni tuhost ramen Cyp = ——
ersc
G-I.p
Torzni tuhost konce KH €3 =
lGr2
I, 0 00
0L, 00
Matice momentu setrva¢nosti M, =
0 0 I3 0
0 0 O Iy
S| -1
_Cl Cl + (32
Matice tuhosti Cc =
0 —CZ
0 0
Ctvercova matice A = Mm_ 1-CC

28

0 0
—C9 0
C2 + C3 —C3
3 4

liGpe = 197.654-mm

I, = 6.136 % g

o1 = 2.448x 10°-N-m-rad '
¢y = 3.871 x 10°-N-m-rad '

¢3 = 3256x 10 N-m-rad '




2237x 10°
. 1288x10° |
Vlastni ¢isla X = elgenvals(At) X = S
2.029% 10" s
—4.076x 10~ °
1.496 x 10
- 4
1.135% 10
Vektor vlastnich Ghlovych rychlosti € = /X Q= [Jad
4505%10° | S
2.019ix 107 °
Modalni matice Wi, = eigenvecs(At)
0.731 0549 0405 -5.529x10°°
w T _| 0846 —7.067x10° -0.533 0.013
=
~0.714  -0.601  —-0.354 0.062
0.5 0.5 0.5 0.5
q=0.3 1
W, 0.841
Prvni tvar vlastnich torznich vychylek a; = . a; =
a W, 0.496
0,2
~0.087
1_
0.5
a
e
0 1 2 \3
-0.5
q
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1
w 3

m . —_
Druhy tvar vlastnich torznich vychylek ay = q.1 ay = 8.355x 10
a W ~0.63
0,1
0.015
1_
a t
-1t
q
1
Wm_ ~0.751
Tteti tvar vlastnich torznich vychylek a3q — < q, ay = 0554
Mo 0 .
-7.563x 10
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0.57

a3

-0.5T

Vlastni frekvence

Prvni vlastni tthlova rychlost

Prvni vlastni frekvence

Doba jednoho kmitu

Druh4 vlastni tthlova rychlost

Druha vlastni frekvence

Doba jednoho kmitu

Tteti vlastni thlova rychlost

Tteti vlastni frekvence

Doba jednoho kmitu
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Q. = 4.505x 10°-sec '
2
Ny = 716.942-Hz

T = 1.395x 10 °s

Qy = 1.135x 104-sec_1
1
N2 = 1806.362-Hz

Ty =5536x10 s

Qp = 1.496 x 104-sec_1
0

N3 = 2380.494-Hz

Ty = 4.201x 10~ *s



Vynucené torzni kmitani

Fourierova analyza to¢ivého momentu v komplexnim oboru

Pocet harmonickych slozek

Ilk = 40
kh = Ol’lk
n, = 360

i=0
Re(Hkh) Im(Hkh) ‘Hkh‘
0 N-m B N-m B N-m B
0 0 104.302 0 104.302
1 0.5 -103.645 -68.611 124.297
2 1 56.054 150.618 160.71
3 1.5 -12.038 -117.154 117.771
4 2 -2.373 -0.056 2.373
5 2.5 16.969 -80.025 81.804
6 3 -18.762 15.631 24.42
7 3.5 24.379 -47.895 53.742
8 4 -23.256 30.259 38.164
9 4.5 21.529 -24.618 32.704
10 5 -20.292 18.063 27.166
y 11 5.5 18.391 -11.375 21.624
RUNEY 6 -16.881 6.319 18.025
2 13 6.5 13.935 -3.15 14.286
14 7 -11.973 0.971 12.012
15 7.5 10.481 0.873 10.518
16 8 -8.237 -2.487 8.605
17 8.5 7.147 2.924 7.722
18 9 -5.931 -3.902 7.099
19 9.5 4.37 4.126 6.01
20 10 -3.652 -3.758 5.24
21 10.5 2.621 4.03 4.808
22 11 -1.946 -3.634 4.122
23 11.5 1.261 3.654 3.866
24 12 -0.726 -3.408 3.485
25 12.5 0.251 3.125 3.135
26
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Absolutni hodnoty Fourierovy analyzy to¢ivého momentu

150 .

01 2 3 4 5 6 7 8 9 1011 12 13 14 15 16 17 18 19 20
kp
2

Rad harmonické slozky

Rezonan¢ni otacky motoru

k =0.5,1..20

Ny
Rezonanéni otacky pro N, (K) = —
1. vlastni frekvenci K

Nj
Rezonan¢ni otacky pro N (K) = —
2. vlastni frekvenci K

N3
Rezonanéni otacky pro n.,3(K) = —
3. vlastni frekvenci K
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Nez3 (k) _

. =1
min

285659.256

142829.628

95219.752

71414.814

57131.851

47609.876

40808.465

35707.407

31739.917

28565.926

25969.023

23804.938

21973.789

20404.233

19043.95

17853.703

16803.486

15869.959

15034.698

14282.963

13602.822

12984.512

12419.968

11902.469

11426.37

10986.894

10579.972

10202.116

9850.319

9521.975

9214.815

8926.852

8656.341

8401.743

8161.693

7934.979

7720.52

7517.349

Nrezl (k) _ nrezZ(H) 3

K = min~ ! min~ !
0.5 86033.082 216763.405
1 43016.541 108381.702
1.5 28677.694 72254.468
2 21508.27 54190.851
2.5 17206.616 43352.681
3 14338.847 36127.234
3.5 12290.44 30966.201
4 10754.135 27095.426
4.5 9559.231 24084.823
5 8603.308 21676.34
5.5 7821.189 19705.764
6 7169.423 18063.617
6.5 6617.929 16674.108
7 6145.22 15483.1
7.5 5735.539 14450.894
8 5377.068 13547.713
8.5 5060.77 12750.789
9 4779.616 12042.411
9.5 4528.057 11408.6
10 4301.654 10838.17
10.5 4096.813 10322.067
11 3910.595 9852.882
11.5 3740.569 9424.496
12 3584.712 9031.809
12.5 3441.323 8670.536
13 3308.965 8337.054
13.5 3186.41 8028.274
14 3072.61 7741.55
14.5 2966.658 7474.6
15 2867.769 7225.447
15.5 2775.261 6992.368
16 2688.534 6773.856
16.5 2607.063 6568.588
17 2530.385 6375.394
17.5 2458.088 6193.24
18 2389.808 6021.206
18.5 2325.218 5858.47
19 2264.028 5704.3
19.5 2205.976 5558.036
20 2150.827 5419.085

7324.596
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Rezonan¢ni otacky

Rezonanéni otacky

Rezonan¢ni otacky prvni vlastni frekvence

200007
180007
160007
140007
120007

100007
8000t
60007
40007
20007

01 2 3 4 5 6 7 &8 9 1011 12 13 14 15 16 17 18 19 20

K

Motorovy fad

Rezonan¢ni otacky druhé vlastni frekvence

01 2 3 4 5 6 7 &8 9 1011 12 13 14 15 16 17 18 19 20

K

Motorovy tad
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Rezonan¢ni otacky teti vlastni frekvence

Rezonan¢ni otacky

01 2 3 4 5 6 7 8 9 1011 12 13 14 15 16 17 18 19 20
K

Motorovy tad

Vydatnost rezonanci

Pocet valct v=1.2 v =
1
0 2
Rozestupy zazehu v=| 0 [deg
360
Vydatnost rezonance pro prvni vlastni frekveci Hkh = 0.5-ky,
Vydatnost rezonance pro fady 0.5 az 19.5
2 2 2
€| = Z (al -sin(m-vv) Z (al -COS m vv))
\'
VvV = =
ey = 0.345
Vydatnost rezonance pro fady 1 az 20
2 212 2
€y = a-sinﬂ-v + ay -cos| kp-v
2= || 3 (mysinlea)) | +] 3 (o sos(saw)
v=1 v=1
€y = 1.337
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Vydatnost rezonance pro 2. vlastni frekvenci

Vydatnost rezonance pro fady 0.5 az 19.5

2 2

€ = Z (az -sin |<;1 UV) + Z (az -COS m UV))

v=1 v=1
e’y = 0.622

Vydatnost rezonance pro fady 1 az 20

2 2
€y = Z (azv'Sin(sz'Vv ) + Z (az -COS Hz UV))
v=1

2

v=1
g’y = 0.639
Vydatnost rezonance pro 3. vlastni frekvenci
Vydatnost rezonance pro fady 0.5 az 19.5
P 2
e’ = Z (a3 -sin m Vy ) + Z (a3 -COS |<;1 vv))
v=1 v=1
e’ = 1305
Vydatnost rezonance pro fady 1 az 20
2 2 2
€y = Z (a3v-sin(H2-vV)) + Z (a3v-cos(n2-vv))
v=1 v=1
€7y =0.198
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€1 =

€ =

38

€3 =




2._
) 1.5T
2
<
=)
o
N
8 €
v S0l 1
o
g
<
he)
>
> 0.5

81 81
€'y €79
61 61
€2 €2
€ €’
82 82
€1 €1
82 62
81 81
€'y €79
81 61
€9 €7

Vydatnost rezonaci pro prvni vlastni frekvenci

5 10 15 20

K

Motorovy tfad
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Vydatnost rezonanci pro druhou vlastni frekvenci

2._
© 1.57
Q
g
g
S
= fm Iy
£
% s
>
> 0.51
0 I5 IlO i5 éO
K
Motorovy fad
Vydatnost rezonanci pro tfeti vlastni frekvenci
2._

3 L.5T

5

g J*

= 3 1

£

)

=

0 5 10 15 20
K

Motorovy fad

40



Vydatnost rezonanci

20

15

10

K
Motorovy tad

hridele

ch vychylek volného konce

Vypocet torzni

i=0.39

€ = 2.IN-m-se

Velikost tlumicich odport

iho torzniho kmitani

Amplituda rezonan¢n

41



¢QH P01

rad-10"° deg

0 1.942 0.111
0.5 8.959 0.513
1 2.993 0.171
1.5 8.488 0.486
2 0.044 2.532°103
2.5 5.896 0.338
3 0.455 0.026
3.5 3.873 0.222
4 0.711 0.041
4.5 2.357 0.135
5 0.506 0.029
5.5 1.559 0.089
6 0.336 0.019
6.5 1.03 0.059
7 0.224 0.013
7.5 0.758 0.043
8 0.16 9.181:10-3
8.5 0.557 0.032
9 0.132 7.574:103
9.5 0.433 0.025
10 0.098 5.591-10-3
10.5 0.347 0.02
11 0.077 4.398:10-3
11.5 0.279 0.016
12 0.065 3.718°103
12.5 0.226 0.013
13 0.054 3.07-10-3
13.5 0.18 0.01
14 0.041 2.324°103
14.5 0.132 7.566°10-3
15 0.031 1.772:10-3
15.5 0.108 6.181°103
16 0.027 1.527-10-3
16.5 0.094 5.396°103
17 0.021 1.197-10-3
17.5 0.068 3.885°103
18 0.014 8.233:104
18.5 0.053 3.049:10-3
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Torzni vychylky v rezonanci prvni vlastni frekvence

Hodnoty vychylek

01 2 3 45 6 7 &8 9 1011 12 13 14 15 16 17 18 19 20

K

Harmonicky tad

Torzni vychylky v rezonanci prvni vlastni frekvence

Hodnoty vychylek

01 2 3 45 6 7 8 9 1011 12 13 14 15 16 17 18 19 20
K

Harmonicky rad

|Hj| '€Q2j

Amplituda rezonan¢niho torzniho kmitar )y =

J Qol.g. Z (a2q)2

q
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Hodnoty vychylek

¢Q% ¢Q%

J
2 rad-10"° deg
0 1.948 0.112
0.5 2.383 0.137
1 3.001 0.172
1.5 2.258 0.129
2 0.044 2.539-10-3
2.5 1.569 0.09
3 0.456 0.026
3.5 1.03 0.059

Torzni vychylky v rezonanci druhé vlastni frekvence
3.5T

2457

217

oloy) I

— 175]

rad- 10 ]

=
N

1.057
0.7
0.357

0601 2 3 45 6 7 & 9 1011 12 13 14 15 16 17 18 19 20

K

Motorovy tad
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|Hj| '€Q3j

Amplituda rezonan¢niho torzniho kmitar 3 =

J Qoo.g. Z (a3q)2

q
. d03. b3,
I ) _ J _
2 rad 10" deg
0 2.316 0.133
0.5 0.418 0.024
1 3.569 0.204
1.5 0.396 0.023
2 0.053 3.019:10-3
2.5 0.275 0.016
3 0.542 0.031
3.5 0.181 0.01

Torzni vychylky v rezonanci tteti vlastni frekvence

4__
3.6T =
3.2t

% 2.81

)

% 241

> P03

Z — 2]

2 rad-10

5

o

ani 1.2
0.8
0.4

0601 2 3 45 6 7 &8 9 1011 12 13 14 15 16 17 18 19 20
K

Motorovy tad
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Piidavné torzni napéti

Nejvétsi vychylka pii provoznich b1, = 0.013-deg
otackach 14

MtOI'Z = (1)9114C3 MtOI'Z = 72.838-N-m

Torzni namahani pomoci Syntézy

Tabulka dat z programu Syntéza

Q =
.. \TABBIKA.dat

Radky
s = 1..181 s2 = 367..547 s4 = 733..913
sl = 184..364 s3 = 550..730 s5 = 916..1096
s6 = 1099..1279
Otack
Y 1 1 1
oty = Qs, 1"—— ot = Qg2 1"—— otsg = Qg4,1"——
min min min
1 1 1
ots] = Qs1,1"—— ots3 = Qg3,1"—— otss = Qg5,1"——
min min min
1
ots6 = Qs6,1——
min
Pribéhy vychylek
Absolutni vychylky b1 = Qs,2
S
b = Qst,2
sl
¢,3 = Qs2,2
s2
Gag = Qs3,2
s3
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Priibéhy absolutnich vychylek

1(}\
\
¢ 81
y alS \\
2 aneoame
>
'8 d)azs] 6T \
\i\‘ .....
>
S P 4 \\
g \
m 3.4S3 \
—-= 4l ~o
\-\_‘
1000 2000 3000 4000 5000
otg otg] otg2 otg3
N D B B |
min min min min
Otacky
Pribéhy vychylek v kladné oblasti
o1 = Qs,3 O3 - = Q2.3
S s2
oo = Qs1,3 bra = Qs3,3
sl s3

Pribéh vychylek v kladné oblasti

8__
\
\
¢
y klS 6+ \\
>
g by, \
? ___S \
2 k3 \\
Q s2 \N
£ --- .
o) N\,
= ¢k4532_ \\s\
\“\“-ﬁ.-_ — e
1000 2000 3000 4000 5000
otg otg] otgn otg3
-1’ -17 . -1’ -1
min min min min
Otacky
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Hodnoty vychylek v zaporné oblasti
(I)Zl = QS ,4
S

b,n = Qs1,4
sl

Hodnoty vychylek v zaporné

¢,3 =0Qs2,4
s2
¢,y = Qs3,4
s3
oblasti

2000

3000, commem === GOT= """ """"5000
el

1000
d)le 2t //")'
P oo ~
= 7~
> q)zz ,rf
S sl — 4t /
\;\ ..... /
\% ¢Z3s2 -6 /
= /
) ¢Z43 /’
=8 ]
/
- 10*%
otg otg otgn otg3
S I e R |
min min min min
Otacky

Torzni momenty
Torzni momenty pro prvni isek redukovaného KH
Absolutni moment Miap = Qs4,2’N'm
s4 ’
Kladny moment Mi1 = Qs4,3:N'm
s4 ’

Zaporny moment My, A = Qs4,4'N-m
S

48

max (M) = 82.789-N-m

min(M,) = ~87.5N-m



Torzni momenty v useku 1

1007
M
lab ,
N-m 5071
>
g o,
8 S ¥ } } '
2O N-m 1 2000 4000 5000
Mz,
s4 501
N-m
- 100
Ots4
. —1
min
Otacky
Torzni momenty pro druhy tsek redukovaného KH
Absolutni moment MZabSS = Qs5,2’N-m
Kladny moment M2klSS = Qs5,3-N-m maX(MZkl) = 690.48-N-m
Zéaporny moment M2zas5 = Qs5,4'N-m min(Mzza) = —330.392-N-m

Torzni moment v useku 2
7007

/hs.ohs_/ \—J’\_— /I\\
Mpap - - - ~
a
s5
N 4257
= M
Qé 2k1SS
g Nom 1507
= ae... . . . .
MZzaSS 121 00 2000 3000 4000 5000
Nm W/\/\/
—400-
Otss
. —1
min
Otacky
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Torzni momenty pro druhy usek redukovaného KH

Absolutni moment M?aabS6 = Qs6,2'N-m
Kladny moment M3k1S6 = Qs6,3'N-m maX(M3kl) = 679.814-N-m
Zéaporny moment M3zas6 = Qs6,4'N-m min(M3Za) = —-469.511-N-m

Torzni moment v useku 3
7001

' )\_ ~
M [ encan e e aw am I/ -/ - \vv/\ os/l\\‘
3ab, -
N-m 4001
= M
g 3le6
1007
§ Nm } } } t
-1\/;3 - 1000 ~n00 3000 4000 5000
Za
S6 _ 200__
N-m
- 500+
.1
min
Otacky
Kladné torzni momenty useki 1,2 a 3
s pe——
N-m
g5 My 5 4007
8 S
s _Nm
M
31ds6 2001
N-m

1000 2000 3000 4000 5000
Ots4  Ofg5 0ts6

=17 =17 =1
min min min

Otacky
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Moment

Zaporné torzni momenty usekii 1,2 a 3

51

1000 2000 3000
M
lzaS 4_ 100F
N-m
M —2007
2zaS5
N-
— 30071
M
3zas6
N-m —4007
- 500~
Otsq otg5 ots6
I U |
min min min
Otacky
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4 Kontrolni pevnostni vypocet analyzy napjatosti KH
max(Fj) = 33.152-kN

Maximalni sila ptisobici na klikovy ¢ep Femax = max(FOj) - Fodoj

Famax = 29-174-kN

Minimélni sila plisobici na klikovy ¢ep F &min = min(FOj) -F 0doj

Femin = —9-546-kN
Analyza napjatosti klikového hridele
Materialové charakteristiky
Mez pevnosti R, = 835MPa
Mez kluzu v tahu R, = 980MPa
Mez tinavy v ohybu Oco = 470.4MPa
Mez unavy pro tlak - tah o, = 352.8MPa
Pouzité konstanty
Vliv velikosti soucasti
Primér ojni¢niho Cepu d =42
N = 1.189-d "7 m_ = 0827
Vliv velikosti sou¢asti vy =09
Priimér zkusebniho vzorku dy, = 7.5mm
Dhe
Loziskova viile “ = T000 & = ULUG-iin
O.S-max(Fp) N
Stanoveni tuhosti ke = ———— k. = 483179.425-—
0.8-c mm

Napéti ziskani pomoci MKP (Ansys Workbench)
Stav A OymA = 351.45MPa
oA = 344.82MPa
o3p = 59.8MPa
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Stav B OympB = 182.56MPa
o|g = 118.67MPa
o3p = —107.5MPa

Pomémy gradient napéti Oex = 351.18MPa
Oox] = 55.387MPa

Vzdélenost mezi hodnotami gradientu XX = 5.538mm
1 [ %X~ %Xl
XR = :
O'eX |XX1|
Xg = 0.152-mm™ '
Xy = 0.269
o
_°
Gc
Korekeni soucinitel fg=1+——Xxr fg=119
dyz
Re
- 0.35+810 P
Pomér B/a Bla = 1+ [x, 10 e
Bla = 1.022

Ekvivalentni napéti

Maximalni ekvivalentni napéti O max = sign(ol A)'Uvm A
Oo max = 391.45-MPa
Minimalni ekvivalentni napéti O min = sign(GlB)-vaB
Oc min = 182.56-MPa
(o) —Oa i
Amplituda ekvivalentniho napéti Oc amp = c_mhax 5 .
Oc amp = 84.445-MPa

53



o3 + 00 i
o ) ) " e max ' “e_min
Stredni hodnota ekvivalentniho napéti o = =

e st~ >
Oc st = 267.005-MPa
. [ Ge_amp 0-e_st -
Bezpecnost k = | Blo- +
9coMoVolG  Rm
k = 2.086
Bezpecnost pii kaleni radiust kial = 1.3°k Kia) = 2.712
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5 Jemné drazkovani

Velikost drazkovani

Pocet zubu
Hlavova kruznice
Patni kruznice

Dovoleny tlak

Modul

Primér modulové kruznice

Sila ptisobici na zub

Minimalni délka drazkovani

Skuteéna délka

Maximalni mozna ptenesena sila

Maximalni mozny pfeneseny moment

Urceni rezervy My

velikost 40

z = 38
Dla = 44mm
D2a = 40mm
pp = 70MPa
D D
1 2
h—-_2 -2 h = 2.mm
2
D.,+D
1 2
Dy = — = D = 42-mm
2
2.My
F| = max(Fy) = 1.752-kN
0.5-Z-DS
min(F}) = ~0.345kN
By
| _ max| | = 12.514-mm
lzk = 15mm
Fimax = Lxhrp Fimax = 2-1-kN
Fmax-0-52 Dg
Mimax = >
Moy = 837.9'N-m
maX(Mk)
Mkl% = T Mkl% = 6.99-N-m
Mkmax — max(Mk)
rezerva =

My 19
rezerva = 19.865 %
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