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1. Agenda

1. Conventional Bending and Torsion Tests;
2. Under virtual Engine Operation

3. Super Crank
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2. Development cycle

Forging Tools
Finished Par
Development

Engine data

Ready-for-use
Crankshaft

Rough Machining

Fatigue Strength
Improyement
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3. Finished Part Development
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4. Technical Nomenclature

Pin Journal

Crank Nose

Oil Hole

Main Journal

Counter-weights

Crankshaft Throw

Main Fillet Web

Pin Fillet
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5. Bench Test

% Bench Bending Test % Virtual Bending Test Material Properties identification

\ based on experimental tests with
\ crankshafts under bending load

g S « Stair Case Method is applied for
. endurance limit evaluation
| « 10 million cycles
Crankshaft Throw
Eﬁ » The stresses are measured directly

in the bearings fillets by strain gauges
(positions 1, 2, 3 and 4)

-F| +F « Endurance limit is calculated for
_%7; <= | = Remote Force bearings fillets based on measured
Feripi data and statistical treatment

Material Properties

To Test Frome To Test Frame

T » SR: ultimate tensile strength

MP Stress Body (bending)
Type: Maximurn Principal Stress
Unit: MPa

* SE: yield tensile strength

 E: Young’s modulus

Time: 1
738.4 Max * Poisson
648,74 %
e ] * NC and NL: number of load cycles
o |" « SC and SL: endurance limits
. Shoker
o o~ | ,
11073 H’/ ’ \|‘j Stinger Fod ”‘ 2 SN Methodology
21,131 /] [ B N | o
-68.528 Min ,,fL “ / \\ e PUC Criteria
- I T

Bose Plate of Test Frame ]

Strain gauge
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5. Bench Test

MP Stress Body {bending}
Type: Maximum Principal Stress

Minimum SF=1 for
infinite life

Fatigue Safety Factor

2.333
2.667

3.667
3.333

1.667
1.333 2

112.5 ksi

Cl07,1ks1 ) «

g.nit: I\':Pa
Stair Case Method for Bending e
Table 1: Data Sheet po
SAMPLE | PIN #][ Stress in | # of cycles | Failure ot
ID# ﬂ;ﬁﬂ“ Location ffg;:
| 21,131
{k Si) -68.528 Min
1:3 3 120.,0 1.595.264 4
1:5 3 115,0 870.672 3
2:4 4 110,0 1.077.320 2
2:6 6 105.0 10.000.000 -
3:1 1 110,0 10.000.000 -
3:3 3 115.0 6.450.144 4
4:2 2 110,0 10.000.000 -
4:4 4 115.0 2.656.608 4
5:1 1 110,0 10.000.000
5:3 3 1150 10.000.000 -
SxN Curves
150.0 © Machining Line #11 Approval
® Machining Line #11 - Phase #1 and #2
_ 140,0 Machining Line 8
[ 4 Base Line - Inicial Approval
"5 130,0
E 120,0 iy O
1100 LE,'A eo - Table 2: Bending fatigue Results
1071_ 5-“;0“ “CITmMT CFs T g & =TT Results
' 50% (mean)
90,0 95%
00E+05 1'0E5{rig|ﬁue Life (# of c\.'cl1éong+mr 1/00E08 Std Deviation

N

Endurance Limit (SL) for 10

Endurance Limit (SC) for 1 million cycles (NC)
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5. Bench Test

& Bench Torsion Test & Virtual Torsion Test

N

Torsional Strain Gauge Position

Torque Strain
Gage

Max Principal Stress have excellent correlation with
strain gauge measurement
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Material Properties identification
based on experimental tests with
crankshafts under torsion load

» Stair Case Method is applied for
endurance limit evaluation

* 10 million cycles

» The stresses are measured in the
bearings center by torque strain
gauges

*Endurance limits are calculated for
bearings fillets, webs and oil hole
regions based on measured data and
FEA results extrapolation

» The number of specimen tested in
torsional stair cases is not enough to
allow statistical treatment. Thus, the
endurance limit is obtained from
critical specimen result

Material Properties
* SR: ultimate tensile strength
* SE: yield tensile strength
* E: Young’s modulus
* Poisson
* NC and NL: number of load cycles
» SC and SL: endurance limits

SN Methodology

* PUC Criteria
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5. Bench Test

Endurance Limit (SL) for 10

Stair Case Method for Torsion million c}ues (NL) @ strain gage
SxN Curves
B PIN Nominal Crankshaft Pin
£ mo olw Te Journals Torsional Shear Stress Failure
16.3 4 = - |- 4|t -+ T+ & - o= -4 # Moment (KNm) ksi MPa # of cycles | Location
1 : - e I:1 7.50 16.9 116,3 1.616.000f 0l hole
! 22 725 16.3 2752541 ol hole
5 ——t 35 1,00 15,7 108.5 20.000.000 )
= O Machining Line #11 - Approval. '
E 130 #Machining Line #11 - Phase #1 and #2 4& ?25 ] 53 ] ]24 Eﬂmﬂmﬂ )
M Base Line
1,00E+05 1_D0E+0§a“gue e (#cfcyde;) 00E+07 1,00E+08
269.11 Max 208.87 148.62 88.382 28.139
Endurance Limit (SC) for 1 million cycles (NC) e e e et
Type: Maximum Principal Stress
Unit: MPa
Time: 1

112 [MPa]
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6. Dynamic Analysis

MainBearing

O | pistol & | Pistol P | Pisto] 2| Pistof | Pistons& | Piston6

PistonPistonP Piston Piston PistonP PistonPinkR6
° P-Pinl ° P-Pin2 ° P-Pin3 ° P-Pin4 ° P-Pin5 ° P-Pin6

9 Sma" Smau Small Small SmaII SmallEnd6

w,
a
g

Conrod6

Conrod2 J[\Conrod3 /{\Conrod4 J|\Conrod5

Conrodl

6 BigEn BigEn BigEn BigEn BigEn BigEnd6

Crankshaft

e Ziad 6 vainBeari

BearingG

MainBe

Engine
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6. Dynamic Analysis

= oAb

Modal analysis Master Nodes &
Rigid connections

Marme Size | Tvpe
[—3.job File Folder
] Crankshaft. bdF 19,108 KB BODF File
Crankshaft_MFF.OUT4 8,184 KB OUT4 File
Crankshaft,oUT4 1,174 KE  OUT4 File
Crankshaft_x20a,0UT4 607,123 KB OUT4 File Dynamic Equivalent
e\ Crankshaft.MASTER 2,080 KE MASTER File )
N Crankshaft.oUT2 18,544 KB OUTZ File Substitute Model
Bl HSJIS Crankshaft, DOFT 2,599 KB DOFT File
y y Results from

Joints Definition

sub structuring

Torsional vibration

- MSC.=EA 2006 12 11-Sep-09 (8 04:49 4.00-CODf

Frnge: Cacter of Caety. web1 1e12fos, Gafety Mactor, ., (NON_LAYCRCD_2) 3.83-L0u

o o_z; = 366-007)

g 7 < 3.49-C0)

= 5 — 3.81-009)

@ o

E 015+ " 5.14-C0)

g 2 /""/ 2.97-C0)

g il 4;-4,/—’// . Order 3.0000(deq) 5 50-c01

= = Order 4.5000(deg) P
= ——= Order 6.0000(deg)

=) Order 7.5000(deg) BA-E

g: 0.05 Order 9.0000(deg) 228-C00)

e T ] Max Principal 211-009

i — e e St 1.94-C00)

n\df‘ﬂ ' ' IEI‘)U ' o 19‘00 T ZTIIHU ' "2‘()\" 2400 ' 2600 S R ress DLt

. ; Engine Spaed{rpm; . i o tress ecove ry - L 1.60-C00)

G I R It - 1 1 a o taa-cod

eneral Results Dynamic behavior ~  Safety Factor — o
- . . . Min 1.43-000 @Nd 29063
Dynamic behavior Dynamic behavior
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7. EFR Stress Theory
Sorted Principal Fatigue Criteria

Sorted principal stress
- Calculate Oypqy and O3y, over the engine cycle.
- Calculate mean and amplitude stress:

o = ({}-lmx _{}-Smiu) o = (Hlmax+f}-3m)

a 2 2 m 2
- (Calculate EFR stress:
O, = 9.
eff
9
1_ m
O

where gy — true fracture strength. 0; 0» 03 — principal stresses.

* PIRANER ILYA et. all, Cummins Crankshaft and Bearing Analysis Process, North American MDI User
Conference, 2002 18p.
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7. EFR Stress Theory
Equivalent von Mises Fatigue Criteria

Von Mises based EFR stress
- Calculate maximum and minimum for all individual components of the stress tensor.
- Calculate amplitude for all individual stress components and the average hydrostatic
pressure g, over the engine cycle.
- Combine the amplitudes of the stress components in the Von Mises amplitude stress:

aea

]. f 3 ¥ ¥
Oup = 5 "'u"l(o-al _O-az)h +(O-a2 _Uag)_ +{O-.:13 _Jm)_

Y,
- (Calculate EFR stress:
J - JHE
eff
_%
O

* PIRANER ILYA et. all, Cummins Crankshaft and Bearing Analysis Process, North American MDI User
Conference, 2002 18p.
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8. Dynamic Results
Crankpin forces (1/3 of total load)

p w Mﬁp

BC#1 BC#2 BC#3 BC#4

BC#5 BC#6 BC#7
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9. Unit Load Static Results
Equivalent von Mises stress

von Mises Stress

Force Boundary Condition

o Fz \‘ 0.42 MPa/kN
o Fy ) 0.70 MPa/kN
Moment Boundary Condition -

o Myl 0.087 MPa/Nm
o My2 0.087 MPa/Nm
o Mzl 0.044 MPa/Nm
o Mz2 0.044 MPa/Nm
O Mx 0.021 MPa/Nm
Counter Weight Boundary Condition

o Cwi 9 MPa/kN
o CW2 9 MPa/kN
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10. Dynamic Analysis
AVL Model NODG6 crankshaft (Shaft Modeler)

ML
Cranksnat

|-I-I'1l\

Flywheel

MainBearing1

: FaviREve g

Mode| Freq [Hz] | Dominant | %Torsion | %Tension | %Bending

- A T T T

119.37 bending 0.0 08.9
R 9 279.08 bending 2.3 25 95.2

P — 10 20267 bending 0.1 27.9 72.0
Enyine 11 34032 tension 15 577 407
12 39514 torsion 74.8 38 21 .4

13 502.54 bending 2.9 16.9 80.2

14  553.21 tension 3.2 56.6 40.2
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11. Dynamic Analysis
Input Loads

Cylinder Pressure

250
] CylPressure_1-0
—200
= i
@ i
o 150
[4}] 4
[ 4
= 100
o i
) i
- -
0o rmg -
I e e e L B B e e e e e B B e e e e e e e e
] 80 180 270 360 450 540 630 720
Crankangle [deg](-)
GEN_Crankshaft_Pin_6
100000 — — — —
50000 —‘“‘x,\ ]
] S L
0 X
é-—'-‘ 0uun T e =
o 100000 /J
0 ]
5 -150000 3
-2000040 5 Force_1-0
250000 B Forcc_2-0
] Force_3 0
S0 4———r————r—r— 71—+ " 1 T — T 7 T T T T T T T
a0 180 270 360 450 540 630 720
TimeiCrankangle [deqli-)
Miny  atx Max v  atx Mear v (arth.}
0 0 0 0 0
-2E83844 237) 521472 0 -44025.6
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GEN_Crankshaft_TVar

- -2000

20

L S e S S S B S S e B S e S S S e e s
180 270 380 450 540 830

Time/Crankanqgle [deqg](-)

at X
505

Max

1264.79

at X

458

Mean " (arith.)
-4078.82

ThyssenKrupp Forging Group M




12. Dynamic Results

Crankshaft angular velocity and acceleration

PREVIEW
Angular Velocity (1)

—2a2 -

% Angular Velocity (1 ,-(rﬂd.u's_f

m 230

278

=

[ ] I

=

[il]

=224

| .

i

gﬂ.—;g

o

4 oo — —— — T

3800 2850 aTed 2ETO a580 E- 4'1 4EI 4;3!! 4320
AngR(deg)
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PREVIEW

o Angular Acceleration (1)

=

in 4000

E 2000 Angular Acceleration (1 }rad/z"2}

= 7000

= 1000
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13. Fatigue Analysis
Von Mises EFR Stress

23.3333
46.6667
70
93.3333
116.667
140
163.333

186.667

IIElD
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14. Fatigue Analysis
Sorted Principal EFR Stress

=y
‘:‘g‘-‘-& — #

oy

0

22.2222
44,4444
66.6667
868.68869
111.111
133.333
155556
177.778

lzoo
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15. Conclusion

Gafety Factor
Twpe: Safety Factor

15 Max
35

3

2.5

2

1.5

1 Min
1]

safety Factor
Twpe: Safety Factor

15 Max
35

3

2.5

z

1.5

1.02 Min
1]

Failure mode

Failure mode

Torsion Bench Test
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I23.3333
46.6667
70
93.3333
116.667
140

163.333

186.667

lzlo

Supercrank

Failure mode

MSC.FCA 2006 12 11-ep-09 08:04:49
Fringe: Factor of Safety, web| | &1 2fos, Safety Factor, . . (NON_LAYERED_2)

fo{sjcete T
Mz 4 00+000fRNd 27706
Min 1.43+000 & Nd 29053

Crankshaft under
virtual Engine operation
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16. Final

Thank you!
Obrigado!

Danke schon!
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