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1. Crankshaft Development

[ Start of the Project ’1— INPUT DATA —ﬁ:ustonmr requirements and neeﬂs/

a

v
A >|PHASE1D Geometry Baseline lz

Irfor ration

Are the
requiraments
satisfied?

Geometry Model /

Infor mation

PHASE 2.0 Analytical Dynamic t

Arethe loads

ermitiod? Analytical loads & SF /

Infor mation

¥ PHASE 3.0 Virtual Fatigue Lab lt

Stress Level and Safety
Factors for Critical Regions

Irif or ration

Is the stress level
acceptable?

Main Analysis Data Base

Y

PHASE 4.0 Virtual Engine
Hexible results under
engine operation
. Irfar mation
PHASE5.0 | Documentation Report | | o

Are the resulis Analyses report with all
sufficient? information and conclusions

Y

Research for new informations and adapt it for the requirements list. Extend it and Improve it.

[ End of the Project }—OUTPUT—I Detailed Drawings
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2. Technical Nomenclature

Main Journal

Oil Hole

Crank Nose

Pin Journal

Main Fillet

Web

Counter-weights

Flange

Pin Fillet
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3. Bench Test
%, Bench Bending Test

MP Stress Body {bending)
Type: Maximum Principal Stress
Unit: MPa
Time: 1

736.4 Max
64,74
559.08
459,42
37977
290,11
200,45
110.79
21.131
-68.528 Min

ThyssenKrupp Forging Group

& Virtual Bending Test
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<= ! =) Remote Force

June’ 2010

Material Properties identification
based on experimental tests with
crankshafts under bending load

« Stair Case Method is applied for
endurance limit evaluation

+ 10 million cycles

*» The stresses are measured directly
in the bearings fillets by strain gauges
(positions 1, 2, 3 and 4)

» Endurance limit is calculated for
bearings fillets based on measured
data and statistical treatment

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

Strain gauge
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3. Bench Test
Stair Case Method for Bending

MP Stress Body {bending)
Type: Maximum Principal Stress

June’ 2010

Fatigue Safety Factor

Table 1: Data Sheet et
SAMPLE | PIN #| Stress in | # of cycles | Failure 7304 e
D # the Pin Location ——
Fillet o
{kSi} 290,11
1:3 3 120.0 1.595.264 4 ffg:j
1:5 5 115.0 870.672 3 23
2:4 41 1100 1.077.320] 2 oo
2:6 i) 105.0 10.000.000 -
3:1 1 110,0 10.000.000 -
33 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 | 110,0 10.000.000
53 3 115.,0 10.000.000 - Minimum SF=1 for
infinite life
SxN Curves
1900 0O Machining Line #11 Approval
@ Machining Line #11 - Phase #1 and #2
- 140,0 # Machining Line #8
2 ABase Line - Inicial Approval
:d:; 130,0
E 120,0 iy O
£ € AN 0] o
@ 110, ADO—ee o
107,14 £ Lo E EE R e~ M = |- H | o
. able 2: Bending fatigue Results o
%00 | Results o
100F405 1,oggﬁ%eue Life (# of cyclié(‘].a(;E+07 00508 50% [mea I1:I 1 F'_':" i ch
95%; QO?_.] ksi ..
Endurance Limit (SC) for 1 million cycles (NC) Std Deviation 3,0 ksi \\ Endur;e;n;enllete(ss(l.&s) r10 g
. >
ThyssenKrupp Forging Grou \ / =
y pp Forging P 738 MPa 6/18 =
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3. Bench Test

& Virtual Torsion Test

& Bench Torsion Test

i

Torsional Strain Gauge Position

Torque Strain
Gage

Max Principal Stress have excellent correlation with
strain gauge measurement

ThyssenKrupp Forging Group

June’ 2010

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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3. Bench Test

oo Endurance Limit (SL) for 10
Stair Case Method for Torsion CUELEE Cy'es (NL) @ strain gage
16.3 i o PIN Nominal Crankshaft Pin
0 R ot ol T p '2::.' mln Journals Torsional Shear Stress Failure
1 % # Moment (KNm) ksi MPa # of cycles Location
2 " 1:1 1.50 16.9 116.3 1.616.000 il hole
e: o o Machining Line #11 - Approval. " 22 ?=25 I El:j 8?82544 Qil hole
E 1309 #Machining Line #11 - Phase #1 and #2 3:5 ?,D‘D 1 5,? 108.5 20.000.000 -
Base Line
1?20&05 : 1005208 1,00E407 1,00E408 46‘ ?’25 I 6’3 ] I 24 Eﬂmjmﬂ -
Fatigue Life (# of cycles). .
Endurance Limit (SC) for 1 million cycles (NC) %Mau |zos.3?| E lss.ssz ﬂ
238.99 178.75 118.5 58.26 -1.9825 Min

Maximum Principal Stress
Type: Maximum Principal Stress
Unit: MPa

Time: 1

112 [MPa]

269.11 MPa
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4. Dynamic System

D | pisto] & | Pistof XD |Pistol P Piston5{ | Piston6

(N

(N
onrod5 onrod6
4
N

1
L/

BigEn BigEnd6

Crankst

Engine
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4. Dynamic Loads

20000 GEN_Crankshaft_Pin_1 Engine Loads - Moments @ 2600 rpm (2012 Pressures)
] 3000
] Force_1-0 ]
150000 Force_2-0 2000 3
] Force_3-0 1000
100000—: Curve . ]
— . = i e g P i ——— Z—
- 50000 E ] f—
E 1 = -1000
= 0] :‘/.2 3
g ] % 000 :
° -50000 g'3000—. Bending Moment[Nr]
] = 40003 Torque Left{Nm]
-100000 1
] -5000
-150000 ]
] -6000
-200000 ++———+———F+——F+——— 7000 }3—YY—+—1+— 7 +——7r—+——7+——1"—— 11+
0 0.005 0.01 0.015 0.02 0.025 0.08 0.035 0.04 0.045 0.05 0 90 180 270 360 450 540 630 720
Time/Crankangle [s](-) Crank Angle(deg)
Min Y at X Max Y at X Mean Y (arith.) MeanY (geom.) MeanY (int.dX) Min'Y at X MaxyY atX Mean Y (arith.) MeanY (geom.) MeanY (int.dX)
0 0 0 0 0 n.d. 0 -394.334 637 2577.04 487 -24.6401 n.d. -24.3419
-176054 0.0236538 19974.4  0.000448718 -22442.6 n.d. -22501
6461.54 0.0419872 176352 0.0236538  29382.5 21056.2 29396.1

Bending Force = 176352 [N]

Torque = 2 [kNm]
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i T @ 2600 rpm
185+ Crank Pin Fillet 1500 P
1.8 1
=175 1000
fe] ] |
[ &) ]
© 1.7 .
(s 1 ]
S1.65] & 500
8 "7 2
€ . > |
S 1.55 .
© 2
1.5 c
] <
. (7)) 4
1.45 — — -
1600 1800 2000 2200 2400 2600 &
engine speed(rpm)
Web1 Web5 Web9 1
Web2 Web6 Web10 -1000
Web3 Web7 Web11 1
Web4 Web8 Web12
-1500 +—/—"7"—1—F—"F—"7—"—"FT—"+—"—"—F+ """ """ T
-1500 -1000 -500 0 500 1000 1500
Mean Stress(Nmm’2)
12
104
— 8
=
o)
@ 6-
=
4
5]
1600 1800 2000 2200 2400 2600

June’ 2010

4. Dynamic Analytical - Safety Factor

Engine Speed(rpm)
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5. Flexible Analysis - Crankshaft Mesh

Modal analysis Master Nodes&
Rigid connections

Marne Size  Tvpe
I job File Folder

m Crankshaft, bdf 19,108 KB BDF File
Crankshaft_MFF,.OUT4 8,184 KB CQUT4 Fila
Crankshaft, QUT4 1,174 KB OUTH File

Crankshaft_x206,0UT4 607,123 KB QUTY Fila

Dynamic Equivalent

it \of =2 5] Crankshaft MASTER 2,080 KB MASTER File .
N ] Crankshaft, oUTZ 18,544 KB OUT2 File Substitute Model
R t—— ] crankshaft DOFT 2,599 KB DOFT File
Dynamic Analysis

Results from
sub structuring

Joints Definition

Torsional vibration

i ot oSt A Sl (100 ATEFER2) oo
8 e 366+000]
[0} 3 43+000f
5, o
g_ 297+000]
S s - Q.
% Orr 7 500(ceg) Max Principal ot RS
<€ 0.05 Order 9.0000(deg) Stress 2 23+000) E
e | v
0 T T T T T 1 77+000) x
1400 1600 1800Engine ;r:)o:ed(rpm)zzoo 2400 2600 Stress Recove ry — L B :
General Results - Dynamic behavior - Safety Factor — ...
Dynamic behavior Dynamic behavior U>"
ThyssenKrupp Forging Group =
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5. Flexible Analysis - Crankshaft Sub-structuring

Static Condensation
Retained Nodal DOFs for:

O Applying external forces
QO Coupling (joint connection)
QO Special result evaluation

Condensation

Dynamic Equivalent o
i Q.
Substitute Model “BDF, *MFF.OUT4, S
*0UT4, >

Elements: 280.000 *X20A.0UT4, c

Nodes: 75.000 * *

T)c/)ps:sPatran Tet4 OUT2, DOFT 8
(72
>
=
I—
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5. FEA Dynamic Results @ 2600 [rpm]

Von Mises Stress

L

Max Principal Stress

-
ThyssenKrupp Forging Group
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5. MSC Fatigue - Factor of Safety at oil hole & webs

4.00+000)

MSC.FEA 2006 12 11-Sep-09 08:04 49

MSCXEA 2000 12 08-Sep-08 13 04 24
5.65+000 Fringe: Factor of Safety, web11e1Zfos, Safety Factor, .. (NON_LAYERED_Z)

lhoe_lasfos, Safey Factor, .. [(NON_LAVERE

3.83+000)

Fringe: Raztor of Safety,

3.66+000

3 40+000

3.31+000)

3.14+000)

2.98+000
2. 81+000

2.97+000)

2.80+000)

o 4740000 2.83+000]

2.45+000_|

2.28+000)

2. 12+000
1.85+000
1.78+000
1.61+000

1 60+00¢]

1 .44+000.
default_Fringe : L 1.43+oool

Mex 4.00+000 @Nif 12504 defaut_Fringe

fin 1.44+000 @Nd 12699 m;xw4f§++oagj§§$;§9?o?§

2 11+000)

1.94+000 |

TA+000

ThyssenKrupp Forging Group
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6. Conclusion

Safety Factor
Tvpe: Safety Factor

15 Max
3.5

3

25

z

1.5

1 Min
1]

Failure mode

Failure mode

safety Factor
Twpe: Safety Factor

SC.FEA 2005 12 11-Sep-09 08.04.49 1.00+000)
Fringe: Factor of Safety. web11e12fos. Safety Factor. .. (NON_LAYERED_2) 3:83+000)

15 Max
3.5

3

2.5

z

1.5

1.02 Min
1]

Failure mode

Crankshaft under
virtual Engine operation

Torsion Bench Test
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6. Conclusion

Dynamic analysis:

v'Different boundary condition from bench test;
v'Equivalent failure mode under engine operation;
v'Better accuracy for predicting the behavior under engine operation;

v Great potential for optimization;

o
o
>
S
A
c
D
%]
7
>
£
-

ThyssenKrupp Forging Group
17/18 &



Dynamic evaluation of flexible crankshaft model under diesel engine operation

June’ 2010

7. Final

Thank you!
Obrigado!

Danke schon!
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