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Introduction
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Engine Development (I)

Historical Perspective

4

4.5m
2.5m
1897: 1st diesel engine by Rudolf Diesel 2023: MAN 12V35/44G TS
Power: P, = 15 kW/cylinder, efficiency factor n = 26% Power: P, = 12x620 kW/cylinder, efficiency factor n ~ 50%

Issues in new and continuous engine development:
Efficiency, power density, emissions, multi-fuel capability, comfort

MAN Energy Solutions
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Engine Development (II)

Automotive Sector vs. Large-bore ICEs

I concept, Design, Purchasing, Production
P TestBlock 0
P TestBlock 1
P TestBlock 2
R Vehicle test
[ series release

Product life
cycle / hrs

200 - 500 Field test engines || 500 —1.000

Concept, Design, Purchasing, Production

Test1.000 hours [
2 -6 engines fieldtesta 6.000 hours  [—"m—

Series release [

Product life

cycle / hrs

Adapted from [LKBR2020] Jochen Lang, Gunter Knoll, Peter Bohm und Alexander Riefl3. Thermo-Elastohydrodynamic Connecting Rod Simulation of a Four Stroke Medium Speed
Engine. In: Liebl, J. (eds) Experten-Forum Powertrain: Simulation und Test 2020. Springer Vieweg, Berlin, Heidelberg, 2021.
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Giga [107] Mega [109] Kilo [103]
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5°000°000°000

. . G \
Load cycles for a typical large-bore engine during its lifetime. '
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Large-bore Internal Combustion Engines

Applications
Marine Systems Power Plants / Microgrids
fa i
,42\ 1
5
e

— Long-time continuous operation at medium load — Peaker and Base Load Application
— Short bursts of full power demand — On demand: Frequent start/stop and steep load

ramps with high share of full load
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Large-bore Internal Combustion Engines

Multi-physics System — Multi-physics Simulation

Multibody Simulation Bearing calculation
Newton’s Equation of motion

Mii+Du+Ku=F

Impedance

Piston

Piston skirt
Piston pin

4

Conrod smalleye Local stress T m— Safety factors

Conrod

Conrod big eye
Crankshaft
Crankshaft

Counterweight
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2 Future Fuel Challenges
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Future Fuels

Market Expectations

Which type of fuel are you planning to use for your next new-building project?

Othere — Customers expect a variety of fuel options,
Hydrogen including multi-fuel capability

Biofuel (HVO, FAME. DME)
Pure electric { only batteries

Ammons B =wosoke | — This poses great challenges, especially for
e me . " Foursroke injection systems, tribology and combustion
MGO.ULSFO.VLSQFO e development

Heavy fuel oil (HFO + scrubber)

0% 10% 20% 30% 40% 50% 60%

— For structural strength, higher firing pressure

Which fuels do you see most relevant for your new-building project in 2035 onwards? and tem peratu re are the most important issues
pere — Corrosion and material degradation (e.g.
Vethzno hydrogen embrittlement) add further challenges for
Pure electric / only batteries m Two-stroke some fU6| types

Hydrogen

Biofuel (HVO, FAME. DME)
LNG / SNG / Biogas

MGO, ULSFO, VLSFO

Heavy fuel oil (HFO + scrubber)

m Four-stroke

0% 10% 20% 30% 40% 50% 60 % . .
’ ’ i i i i i MAN ES customer survey (n=504, multiple answers possible)
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Future Fuels
Strength Challenges (I)

Scattering of peak firing pressure

— A
SNG/
Biogas

Pressure [bar

Piston
Piston skirt
Piston pin

Conrod small eye

Conrod

Conrod big eye
Crankshaft
Crankshaft
Counterweight

[
|

DG Crankangle [deg]

Firing

MAN Energy Solutions

Temperature Changes

Flame Temperature

+ additional effects (e.g. quenching distance, heat of vaporization etc.)
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Future Fuels
Strength Challenges (II)

Embrittlement

1600

1200

800

Stress [MPa]

400

i 1.4418 A (X4CrNiMo16-5-1)
Bruch, Luft
i s
| A
Bruch, H2 10 bar
1 I 1 I 1 I 1 I 1 I 1
0 5 10 15 20 25 30

Strain [%]

Stress [MPa]

3000
2500

2000 !
1500 !
1000 !
500 !

- 1.4112 ESU (X90CrMoV18)

/
Bruch, Luft

Bruch, H2 10 bar

0 1 2 3 4
Strain [%]

Reduction of strength, especially of static properties (tensile strength,
elongation at fracture)

G. Schauer, Auslegungsansatz fir Stahlbauteile bei Ermiudungsbeanspruchung in Druckwasserstoff-
atmosphére, Dissertation, MPA Universitat Stuttgart, 2018

MAN Energy Solutions
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Corrosion

Methanol

Ammonia

Hydrogen

Formaldehyde

Formic Acid

Residual fuel

Water content

+ additional effects (e.g. fuel-lubrication interaction)
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Hydrogen Effects in FEMFAT

Material Generator

Define Material Parameters
Select Material Class:

General Structural Carbon Steels

TE|General Structural Carbon Steels
Higher Strength Weldable Structural Carbon Steels
Fine Grained Steels J
Heat Treatable (Tempered) Steels I 0.0
I
I
I

Case Hardening Steels

Grey Cast lrons 0.0
Compacted Graphite Irons CGI 0.0
Modular Castlrons 00

Also these parameters are defined: Young's modulus, elongation at
rupture A5, cyclic hardening coefficient K, cyclic hardening exponent
n', slope of 3-M curve, cycle limit of endurance, survival probability,
thickness of specimen, roughness of specimen, temperature of
specimen, fatigue strength coefficient.

O Cancel
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Hydrogen embrittlement is strongly dependent on material class

High-strength steels most affected

Safety factors can be raised to conform with existing hydrogen

standards

For a quick estimation of static effects, the elongation at rupture

can be reduced or set to 0%

May 11, 2023
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Simulation of Future Fuel Components

Safety Factors

Future fuel designs

SNG/
Biogas
Synthetic
Diesel

Vast knowledge and experience

Conventional designs ‘ Emission-optimized designs ‘

SNG/
Biogas
Synthetic
Diesel

New emissions regulations
(e.g. IMO Tier IlI)

Fast adaption to new boundary
conditions

MAN Energy Solutions
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3 Simulation Strategy
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Simulation

Investigated Model

B: Static Structural

won-Mises) Stress

= 2 . 5 m m 520.74 Max

462.89
405.05
KLyl
280.38
23152
173.68
115.84
57.002
0.14959 Min

A Fixe K
Mo

445 Nm

0.000 15.000 30,000 {rmm}
I I 1

7.500 22,500

0.00 20,00 40,00 (mrm}
[ EEEEEEa—. .|

10.00 30,00

In order to illustrate our workflow we will mostly use a rounded bar (34CrNiMo6)
with K, ,=2 at a fatigue failure load of M=+/- 445 Nm (St1, 50%).

Reference: Dirk Harste, Disseration: Untersuchungen zur Auswirkung von Uberlasten auf die Dauerschwingfestigkeit, Technische Universtéat Clausthal, 1996

MAN Energy Solutions Public | Averbeck, Petz, Riess, Wolter, Boehm, Waldenmaier | Efficient Structural Durability Assessment Strategy for Future Fuel Engines

May 11, 2023 16



Simulation

Requirements

« Democratize and Automatize the use of FEMFAT

- Strength assessment as close as possible to FKM Guideline*)

E FEMPAT 2023 - femfat™

File View Analysis Options

Templates

o B HEESE

TransMAX
. FE Entities
i Groups
G'ﬁme Steps

Influence Factors
General Factors gurface Treatment WELD SPOT
Stress Gradient

Gradient Computation Method

Current Working Directory: ..rste_Bending_Owverload/calcfemfat/calc42T0001/fat/exec

m}

|[FEMFAT]|

|Vecerecnnstru:1mn

o1 | sterial Data Endurance Limit Slope / Cycle Limit |FKM—GuideIme ‘/‘

- Double Strength Assessment for Fatigue with open Haigh D s S
. . - 1 Strain Gauge Data

diagram and Static (global and local failure mode) e oo g -

* Required safety factors j to compute consumed load

i3
Scratch Setting

ﬁ Qutput

O PLAST

Mean (and Amplitude) Stress Rearrangement

Mean: Without Sequence Influence

Report Equivalent Stress History Rearrangement Neuber
C Cit — - / Sf E:>Analyze [ Modified Haigh Diagram (Ultimate Tensile Strength) Stress Gradient Influence
a a a. - [] Technological Size Influence FKM-Cuideline
d\f\suahzalluﬂ
Statistical Influence |Gauss (Logh) v‘
- Isothermal Temperature Influence |FKru|—GuideIme v‘
« Stress gradient support depends on type of strength
Effective Plastic Strain Method of Variable Slopes
asseSS m e nt [] Tempering Influence (for Tempering Steel only)
Surface Residual Stresses
BASIC o
[] Boundary Layer
- - ChannelMAX [] Fiber Orientation Logarithmic interpolation
» User define ten perature influence for all assessments s
ESHSNESS [] Rotating Principal Stresses Influence FEMFAT 4.2
HEAT Sehitoglu [ User Defined Nodal Stress Factor and Gradient
1 SPECTRAL
Modification Method for Multi-Segment S-N Curve
odify Slope k1 (Lov o Fatigue)
SPOT Remeshing WModify Slope k1 (Low Cycle Fatigue)
Wodify Slope k2 (Very High Cycle Faligue)
STRAIN Calc X
Combination Method Influence Factors FEMFAT 2023 ~

« Efficient Reporting

Results Manager

X

Although FEMFAT allows various options for a

strength assessment we needed to develop some
enhancements to meet our requirements

*) FKM Guideline, ANALYTICAL STRENGTH ASSESSMENT OF COMPONENTS,
Made of Steel, Cast Iron and Aluminum Materials in Mechanical Engineering, 6t (2012) and 7t edition (2020)
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-

NZ? NumPy ::C_);- NetworkX |:EI pandas §°

Network Analysis in Python SymPy

Simulation @ python’

_ _ @SC"PY % matplotlib jlil PIOtlY @ lteatn
Democratize and Automatize

_"T_ SimWorkflow

— O >
@ simWorkflow’

results (file.rst) Proces Moddes  8X|  reveaT Harste o001 3

Type Mame Status Information FEMFAT Harste. T000 L.input.rstFil 8 x
S et p ro p 1 { .. Settings ++* READ ONLY of an already executed or currently running task *+* - E_TS LT
g rou p_n ame A L L m eS h (fi I e . Cd b) Yo fj:::i: f:z:: Waorkdirectory |E:\,E\,OUO\,GeneraI\ZOZU-O5—18_Harshe_E'ending_OverIoad\mlc\femfat\a\mz\moo1 | B - ﬁ "t) f 0 t .
. - or the strength assessmen
matid 1 V';ODN :'”'5: Input —— subﬁeﬂuent parameters are
a inis| -
R Z 2@ . . fat finish ratFile bng_OverIoad,.’calcﬂ-iarsbe Bending Test_ﬁlesfdpD,.’SYS,.’MECH,.’ﬁle.rst| _I _I EI &I neede
-t em p 26 te m pe ratu re (fl I e . I IS) meshFile I_Overload,.’calcﬂ-(arsbe Bending Test_files/dp0,/5Y5-1/MECH/fle.cdb | _I _I EI &I v 10— FEM
3 Qutput .
S.l ze 2 5 . moduleLibpath |C:,IPrograms,FIST;'MAN_toolsfmodffemfatfcombinaﬁcn\conﬁg.py' | J J E E 2 ’SS:IZ::l,tEthe appropriate file for the
Jm 2 . O aSSIgnment moduleRevision |RE\-‘ 3249 | FE results
j p 1.5 user [MD-MAN\sacuco | ?ﬁf : -rst
. Abaqus: .odb
J -F 1 . 5 . ( - ) hostname |DTDEAUGPW2[JD31? | file
} ma‘terlal flleﬁd initime [Fri apr 28 13:17:1 2023 | -
starttime |Fri Apr 28 13:17:19 2023 | Select the appropriate file for the
" | v mesh that i[r;c_ludea all relevant
aaaaa Fri Amr 7% 172:21:17 077 groups used In props v
S et 1 0a d S t e p S { 1 2 } Ioa‘d Ste ps Filter: |:| +f-Label | FILTERED: Inp: 0007044 | Out: 000/017 | Importinput | | Exportinput Apply < 3

Current Logs: FEMFAT Harste, TO001

infl Technological Size FEMFAT COMBINATION REPORT g

< > Time: Tue, 02 May 2023 21:05:37 +0000
‘Working directory: C:\Programs!SimWWorkflowSVMN'Wser'data Module Revision: REV 3240 using FKM edition 7

Tabular Node Summary

infl Rotating Stress s Tk

ress

| =Bk | amk | . asi| 23K | 2K | oask | st stress | iface | technological | temperature material | material
Many “expel,,t” Stop Task node | dess | ja | *CF | 5, ioesRp | jesim | 727 | Kpkt| Spotd|_Spote | mises | _pseuia | _pseudo | SO |'S5NEIS TPerae® | trestment | et | moteral) & | Rp | s | S0
= H H| | B B H Cfre| B [ ] | 23] [MFa] | [MP3] [um] [mm] ] H [ [ | MPa] | MPs] | [MPa] | [MFP3]

Delete Task 21902 | minstasi|1.50 (1605 [ 1607 | 12z| zoo|77a| 7eo| =4 1a0|-27e 4723 0.0 5.0 25.0 200 - 1| Harste| 1700 1000| 4es| 385

parameters StreSS Selection Method Run all selected Tasks 220130 | min fat sf I:E‘D 169.9 | 1645 182 200|552] e 203 19.5)-5220 576.0 0.0 50 260 200 - 1| Harse| 1100| 1000 405| 385

Resource Manager

Show Cache o

Our in-house program simWorkflow offers a

Only ~10 input parameters are required to
simplified and efficient interface to several CAE softwares.

configure a strength assessment
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Simulation

Double Strength Assessment and its Combination

sf

50

Input
& simWorkflow’

MAN Energy Solutions

‘Node Label 229178

Endure_SF_A:0.8834
1/SF_A:1.132
Rel.Str.Grad: 0.9566
Stress Ampl.; 572
Mean Stress: 0

Str. Ratio R: -1
LocFatigLim: 505.3
IF FL Grad.: 1.121

IF FL Rough.: 0.8862
IF FL M.Str: 1

IF FL T_Size: 1

IF FL Stat.- 1

IFFL Temp.: 1

IF FL RotPrSs: 1

IF FL Total: 1.021

IF FL ShPeen: 1

IF FL Roll: 1

IF FL Carbur: 1

IF FL Nitrid: 1

IF FL IndHar: 1

Fatigue [fps]

[FEMFAT]

+

+

Public | Averbeck, Petz, Riess, Wolter, Boehm, Waldenmaier | Efficient Structural Durability Assessment Strategy for Future Fuel Engines

" Mode Label: 229178
Static_ SF_A: 3446
1/SF_A:0.2902
Rel Str.Grad: 0.9566
Stress Ampl.: 519.1
Mean Stress: 0
Str. Ratio R: -1
LocFatigLim: 1789
IF FL Grad.: 1.626
IF FL Rough.: 0
IFFL M.Str:-0
IF FL T.Size: 1
IF FL Stat.: 0
IF FL Temp.: 1
IF FL RotPrs: 0
IF FL Total: 1.626
IF FL ShPeen: 0
IF FL Roll: 0
IF FL Carbur: 0
IF FL Mitrid: 0
IF FL IndHar: 0

Static [fps]
[FEMFAT

a=j/sf

sf (j=1.5)

30 5.0%
5.5 27.3%
5 30.0%
4.5 33.3%
4 37.5%
35 42.9%
3 50.0%
25 60.0%
2 75.0%
15 100.0%
1 150.0%
0.8834  169.8%

S

j: required safety

a: consumed load capacity
BK: Fatigue

SK: Static

FF: FEMFAT

FKM: FKM

KpKt, FF: Global failure
Spot: Local failure

Postproccesing

& simWorkflow’

RESULT: Result 2

SCALE: LINEAR
MIN: 5 MAX: 170

Visualizer 2023 - ._analysed with FEMFAT 2023) I FEM FAT
a
Mode Label: 220178 =%
1d: 1.5
aBK_FF: 169.8 10
| aBK_FKM: 164.7
. JgesRp: 1818 s

- Temperature: 20

aSK_FF: 58

aSK_KpKt FKM: 406 e
aSK_Spotd_ FKM: 29.1
shMean: 0 50 T
sAmplitude: 572

Combined [fps]

[FEMFAT/

May 11, 2023
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Simulation
Required Safety

Table 3.5.1  Basic safety factors
im Consequences of failure
Jp
. . moderate
Jmt high
gt
2.0 1.75
Probability . 1.5 1.3
of the occur- | high 1? 5 1’_ 3
rence of the 1.0 1.0
stress or the ; :
stress com- 1.8 1,6
bination low ¥3 1,35 1.2
52 1.35 12
1.0 1.0

1 moderate consequences of failure of a less important component in
the sense of "no catastrophic effects” being associated with a failure;
e.g. due to a load redistribution towards other members of a statically
undeterminate system. Reduction by a factor of 1.15 (rounding 0.05).

*2 generally with reference to the magnitude of the load. not the fre-
quency. Reduction by a factor of 1,10 (rounding of 0,05).

-3 including exactly estimable loads which can safely be assumed to
occur infrequently due to e g. the testing and assembling conditions.

Table 451  Material safety factorsjp for non-welded
steel and for wrought aluninum alloys

Consequences of failure 1

]

F severe |mean |moderate
Regular inspec- [no 1.5 I1,4 13
tions ¥2 yes |135 |1.25 J1.2

“1 Severe consequences of failure: loss of human life.
Mean consequences of failure: loss of the entire structure. reduction by
about 7,5 %o.
Moderate consequences of failure: loss of secondary components;
possibilities for load redistribution in statically indeterminate system.
reduction by about 15 %,

2 Regular inspection in the sense of monitoring for early detection of
damage: reduction by about 10 %.

MAN Energy Solutions

safety-relevant
higher strength
requirement

other locations:
lower strength
requirement
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[ FEMFAT 2023 - femfat®

File View Analysis Options Templates Help

- [m] X

E> B n ﬂ Current Working Directory: __rste_Bending_Overload/calcfemfat/calc42/T0001fatlexec

TransMAX
[ Fe Entities
i Groups
GTime Steps

[‘f:NG Material Data

.*r, MNode Characteristics
S Influence Factors
‘ Strain Gauge Data
? Analysis Parameters

% Scratch Setting

o Output
Report
> Analyze
.i\lisua\izatmn

BASIC
ChannelMAX
TransMAX

HEAT Sehitoglu
SPECTRAL
SPOT Remeshing
STRAIN Calc

Results Manager

Node Characteristics
Group Selection

1- FATIGUE

CALL 2-ALL
Mumber of Nodes: 197475
Mumber of Elements: 97173

Check Node Label: -

Assign Node Material/Characteristics

Material [1-Harste ~]

Surface Roughness: ‘Userdeﬁned v|| 20.000| [um]

Technological Size at 3D Nodes 25.000( [mmj]
Range of Dispersion (10% to 90%): 1500

Temperature Process Influence WELD Local Material Properties Misc.

Isothermal Temperature
ANSYS | ) 80.000 [°C]

|[FEMFAT

FPS Setting for Visualizer Display
Material

Temperature
Surface Roughness
Technological Size

Range of Dispersion

Assign Node Material/Characteristics

Material: |1 -Harste

Surface Roughness: |Userdeﬁned

~|| 20.000| [um]

Range of Dispersion (10% to 90%): 1500

Technological Size at 30 Modes: 25.000| [mm]

Temperature Process Influence WELD Local Material Properties Misc.

& Isothermal Temperature

The required safety factor j is a node dependent value.

We “use” the parameter range of dispersion to store this
information.

ANSYS ~||

=} 80.000) [*C]

May 11, 2023
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Simulation

Fatigue Strength Assessment — Open Haigh diagram

Specimen Haigh Diagram
Specimen Haigh Diagram
750 —

o

E 500 —H

E

Z

i

= ]

@

a5

2

2

£ 250

0 -k . T i
T u I u
-2000 0
Mean Stress [N/mm2]
wf=1 - Harste @ 2.88e+@5 cycles
Allowable stresses for FKM
=Jm=1 - Harste, userdef(T/C) @ 2.88e+86 cycles
= ml - Harste, userdef(5) @ 2.8B8e+B8 cycles Compared to FEFMAT
=] Close

3 3 harste‘frﬂ‘user‘ffd - TortoiseMerge — m} =
3 Edit syie - @ @
harste.ffd "‘ ‘ harste.ffd.mser.ffd |"
28 E 1 1 -1.00 0.00 0.00 7.50 1.00
27 12, 27 12.00 2000000 455.00 0 0.00 0.00 0.00 97.
28 0. 28 0.00 a
28 z0 29 2.00 -1.00
30 -1 30 -1
431 -1
3z 217
433
<34 My Haigh according to user defined with tau racio of 1.74%
35
+36 Tension/Compression Haigh Diagram
W37 ]
lb38 —4401.0000 0.0000
l33 -4400.0000 692.1915 s
. lb40 -693.1815 &92.1915
-I-&l -692.1915 €92.1915 3 3 3 3
S P e s -I-EG Tension/Compression Haigh Diagram
lk43  385.2500 335.2500 +3']r =]
+‘1‘1 984.9169 328.3056
45 2400.0000 328.3056 +33 —4401.,0000 Q.0000
-t 439 -4400.0000 €92.1815
+3: Shear Haigh Diagram ' -
a9 5 +&U —683.18915 692 _.1815
450 -2515.6116 0.0000
451 -2515.0400 187.6585 +41 —-682.19135 692.18915
+52 -562.9785 187.6595
Fea 230.2088 220.2085 -I-&Z 0.0000 455.0000
54 LDy Hi 2 +&3 385.2500 385.2500
+55 220.2089 220.2089
456 562.9785 187.6595 +44 984 .91e9 328.3056
+57 2515.0400 187.6595
458 2515.6116  0.0000 +45 4400.0000 32B.3056
i 446 4401.0000 0.0000
< > < __.Lq,"lr
M- -1
Left View: ASCIl - CRLF ~ Spaced - Right View: ASCIl -~ CRLF - Space4 ~ +30

# Activate user specified haigh diagramm from the material file to eliminate static limit
# the corresponding material file need included user spec. haigh diagram

setValue {} {} InfluenceMeanStressMethod 39

# switch off the extention on static limits within haigh diagram - like plastic notch factor K p

setValue {} {} InfluenceOnHaigh O

# [AUTO] -- [Automatically added due to: openHaigh = 1 (=yes)] -- END

We make use of user defined Haigh diagrams to generate an “open” Haigh diagram (no static limit for fatigue strength assessment).

MAN Energy Solutions
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G Hooke's line
g=¢E

Limit curve for local critical strain

Tt _...{a)\/Neuber's Hyperbola ,

Tt
Ry Eerer =4
p " fertr =

Simulation

Critical strain ¢, depends on
€ =  (elongation at break A, material group),

0) @ elastio-
ideal plastic
material law

. . g, = f (material group) und , Example: 42CrMod Cra—— P

Static Strength Assessment - Stress gradient support = Giycstancl O .

& 10
£

€., firh<1/3 7 \
3h ‘T
Fere = £0+O,3{7£"B;£°} firh>1/3 o AN
NEUBER stress limit is defined by the stress-strain curve and ultimate tensile . ’ ‘_§ *
strength. Thus the influence of the local relative stress gradient is limited. MMAGNA g
Stress limit for ultimate tensile strength criterion " 03 08 08 2 5

degree of multiaxiality h

Oadmissable 11 YT T il :
= Admissave 38| LTIy l
» Known points from specimen Tests " SFareax OFE max Ken 16 J:‘I b =0, 1)4“'( { € B }Mb
7] o IS : :I .
St O 4 -'_~7 : V'bl:l nI:Mln E'E-t/R ,K
] . b 34 14 ertr/ f'p P
© NEUBER Stress Limit 12 _./__ -+
2 “ NEUBER Hyperbola 3'0 1
2 “ o -¢& = const ’ 0,08
£ 2,8 | ]
2 «—— Oyie. Strength Bending 26 ; ;
< Oyit. Strength Tension S nonlinear AL ._.0,]2
S material 24 = T1
S behavior 2,2 il 11 ]
¥ q. EEREE
Data from ffd 2,0 == Jol"l !
. 18- EE I
, ; >/ "/ . 1.6 L 0,4 —T
0 2 Local relative stress gradient y’ A5 Strain " p ~0,6 om
’ ¥ ' i
September 2022 1:2 : 1 - ; i
I

Size of specimen

from ffd Data from ffd

A5 adjusted to
match €EFKM

Data from ffd

FEMFAT Break does not consider the size of a component

where the stress gradient is apparent.

MAN Energy Solutions

Figure 4.3-1:

1,0 L L ] 1
1,01214161,82,022242,6283,0

B/b

Stress concentration factor for the substitute

structure in accordance with Figure 5.2-15, B/b high

Adjustment of the actual influence according to FKM-guideline
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Simulation

Static Strength Assessment - User defined Temperature Influence in Static Strength Assessment

— User defined temperature influence is useful in high-

_ temperature applications, especially when experimental
Information 261 S \ . .
IqBREAKl»IoduIa only following influence factors can be considered: materlal data are avallable

Stress Gradient (see remark below)
*Mean Stress
*Constant Stresses

@ vt e ot user deined) — Solution: Replace temperature influence value

*Tempering Influence

‘Sutac Resiual Stesses according to FKM by user-defined value according to
1o e FIH-Guldaine s not possibe. Instead a stress gradant Concapt (s experimental data
applied.
— Relevant for following components:
« exhaust gas piping

FKM « cylinder head

It_err_1|oelrature « valves and valve seats

it

~
~
N \\

0 7 T>600°C
0 100 200 300 400 500 600
Temperature / °C

Adjustment of the actual influence according to user definition

during post-processing
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Simulation

Combine FPS: Create Template

[=] combination ffj E3 |

Eile Edit Search View Micoding Language Settings Teols Macre Bun  Plugins  Windew 2

cDHEERGA| smbh| dpelhy xx|BE

IJ EAEYDD0N Generalh 2020-05-18_Harste_Bending_Overloadcalc\femfat\calc42\ TOD0 T\ combinati... — O

= 1 EO

- [m] x

set dir {.}

# Fill data with dummy wvalues

=

# Export fps
setValue {} {} GUI_ResManager
lsetVa lue {} {} GUI_ResManager

[UI U U X T O T O T T T O O R O

[N ]

setValue {} {} GUI_ResManager:
9] getValue {} {} GUI_ResManager:
setValue {} {} GUI_ResManager:

2 setValue {} {} GUI_ResManager:
3 setValue {} {} GUI_ResManager:
4 setValue {} {} GUI_ResManager:
& setValue {} {} GUI_ResManager:
& setValue {} {} GUI_ResManager:

setValue {} {} GUI_ResManager:
setValue {} {} GUI_ResManager:

=1 setValue {} {} FemfatVersionMNumber {FEMFAT 5.4.1}

4 setValue {} {} HMAXmod

5 setValue {} {} GUI_ResManager:FpsFile "§dir/../../fat/exec/femfat.fps"
& setValue {} {} GUI_ResManager:CombinationMethod

7T setValue {} {} GUI_ResManager:ReadFpsFile

8 setValue {} {} GUI_ResManager:FormulaName © {jd}

g setValue {} {} GUI_ResManager:FormulaName | {aBE_FF}

10 getValue {} {} GUI_ResManager:FormulaName - {aBE_FEM}

11 getValue {} {} GUI_ResManager:FormulaName : {jgesRp}

12 setValue {} {} GUI_ResManager:FormulaName < {aSE_FF}

11 setValue {} {} GUI_ResManager:FormulaName 5 {aSE_EpKt_FEM}
14 setValue {} {} GUI_ResManager:FormulaName ¢ {aSK_Spot0O_FEM}
15 setValue {} {} GUI_ResManager:FormulaName 7 {sMean}

16 setValue {} {} GUI_ResManager:FormulaName {zamplitude}

17 setValue {} {} GUI_ResManager:FormulaName {Temperature}

that are replaced by Python

Formula © {[File 1l:Endure SF_A]}
Formula 1 {[File_ l:Endure SF_A]}
Formula 2 {[File_ l:Endure_SF_A]}
Formula = {[File_l:Endure SF_A]}
Formula ¢ {[File 1l:Endure SF_A]}
Formula 5 {[File 1l:Endure SF_A]}
Formula © {[File l:Endure_ SF_AL]}
Formula 7 {[File_ l:Endure_ SF_L]}
Formula 2 {[File_ l:Endure_ S5SF_L]}
Formula {[File_1l:Endure 5F 4]}

:ExportFile "Sdir/result.fps"
:WriteFpsFile

length: 1634 lines:32 Ln:31 Col:1 S5el:0]0

Windows (CRLF)  UTF-8

INS

[F]
File View Anslysis Options Templates Help
=3 =~ B ] ]  cumentwarking Directory: ...ding_O T000 )

Results Manager Result Combination

mo
= Result Combination Input FPS Files Formulas Output FPS File

Formula Definition

[FEMFAT|

MAN Energy Solutions

Name Formula Criical Critical Position from
Result
Jia |[iFite_1:Endure_sF_A [[Max ~] [FormulaOutputResut  ~|
[aBK_FF | [Fite_1:Endure_sF_a [[Ma ~|  [Formula OutputResu |
[aBK_Frm | [iFite_1:Endure_sF_a) [[Max  «| [FormulaOutputResut |
JigesRn |[iFite_1:Endure_sF_A | [max ~|  [Formula Output Result ~]
[ask_FF J[IFite_1:Endure_sF_4] |[Max -] [FormuiaOutputResun  ~|
[aSK_KpKL_FKM |[IFile_1:Endure_SF_A [[Ma ~| [Formula OutputResut |
|asK_spoto_FKn|[[File_1Endure_SF_A) | [max | [Formula output Result ]
[stean |[iFite_1:Endure_sF_A [[Max  ~] [Formula OutputResut |
[sampituge |[[Fite_1:Endure_sF_A] [[wax — ~| [Formula OoutputResut |
[Temperaturs |[iFite_1:Endure_sF_A [[Max ~] [FormuiaouputResur |
Labels Results Functions
Endure_SF_A ~ D sing || eost || tan( || asin(
Rel Str.Grad acos( | atan( | logl0( In(
SPOT_detRes exp( san sign( rint(
Stress_Ampl abs( min( max( sum(
Mean_Stress avg( ift )
LocFatigLim EETS
IF_FL_Grad and or xor =
IF_FL_Rough - = = -
IF_FL_W.SHr < + =
BASIC
IF_FL_T Size . ! -
ChannelMAX
TransMAX
HEAT Sehitoglu
SPECTRAL
SPOT Remeshing
STRAIN Calc
Results Manager
May 11, 2023
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Simulation

Combine FPS: Insert actual data

m.logger.info("Cpen FP5 file and
OuE = hopy.File(resultFP5, "=+'")

-]

initialize™)

BB B

058
(o]

allNodes = out["Structure;

nodesInStructure = allModes[:]

resultNodes = out["Results/BaselNodes/LAYERINFC"]
nodesInFpsFemfatIndex = resultNodes[:,0]

results = out["Resulcs/ AYERRESULTS"]
# Clear data with zero results

results[:,:] = np.zeros{results.shape)

m.logger.info{"Generate Mapping FEMFAT <-> FE™)
nodesMapping = []
=] for i, femfatNodeIndex in enumerate (nodesInFpsFemfatIndex) :

- nodesMapping. append (nodesInStructure [femfatNodeIndex] )

m.logger.info( "Store results with shape %3" % str(results.shape) )
outData = []
— for i, n in enumerate (nodesMapping) :
try:

# Store the results node by node from the report pickled results
— outData.append( [

float (fatigue[n] ["3d4"]1),

31

2 np.round (float (fatigue[n] ["aBX FF"]) *#1000. y/f10.,

232 np.round (float (fatigue[n] [ _FEM"])*1000.) f10.,

233 float {(static[n] ["JgesEp"]) .,

234 np.round (float (static[n] ["a5% FF"])*1000.)/10.,

235 np.round (float (static[n] ["a! Kt FEM"])*1000.)/10.,
236 np.round (float (static[n] ["a: otO_FEM"])*1000.) f1o.,
237 float (fatigue[n] ["stress_ps mean™]),

238 float (fatigue[n] ["=st: = amplituds"1),

235 float {(fatigue[n] ["temperature

2490 | 1)

241 [H except:

242 m.logger.error{ "Error during step %d at node 4" % {(i,n) )

243 o raise

244 # Store everything

EhE results[:,:] = np.array(outData)

246 = out.close ()

The h5py package is a Pythonic interface to the HDF5 binary data format; https://www.h5py.org/
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et e e e e e HE %k e

I R B R

[T es)

Ei Visualizer 2023 - E/\E\0D0\General 18_Harste_Bending_Ov

|| Eile View Options Tools Welding

rerload\calc\femfat\calc4,

combination\exec\result.fps (analysed with FEMFAT 2023) — m]

*

Help

e ee@do ol

EREEY-Y  =XEIET

E$

s :s;? ‘f =

Nla)(b 1

A=Y It AP

B

| Result Selecior |
Category: IW, RESULT: Result 3

= OTHER SCALE: LINEAR

jd MIN: 4.8 MAX: 165
aBK_FF
o v
jgeshp
aSk_FF
aSK_Kpkt_FKM
aSK_Spot0_FKM
shean
shmplitude
Temperature

Show Results

[¥ Base material

I WELD seams (Shell
I™ SPOT joints

I LAMINATE

Result Position

Shell/Boundary Layer
ICriticaI hd
]
Test Course Dist: 1

L.,

Visualizer 2023 - .. 2\T0002\combination\exec\result fps (analysed with FEMFAT 2023)

j: required safety
a: consumed load capacity

BK: Fatigue
SK: Static

FF: FEMFAT
FKM: FKM

KpKt, FF: Global failure
Spot: Local failure

Node Label: 229178
jd:1.5

aBK_FF- 1698
aBK_FKM: 164.7
JgesRp: 1.818
aSK_FF:58
aSK_KpKt_FKM:- 406
aSK_Spot0_FKM: 29.1
sMean: 0

sAmplitude: 572
Temperature: 20

‘ Ready.

Nodes:

[FEMFAT/

above -
400

150
100

75

25

0
below [_|

197475 Elems: 97173 Groups: 2 Weldseams: 0 @
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Simulation

Reporting: Result-Table

FEMFAT COMBINATION REPORT - T0002

Tirne: Tue, 02 May 2023 21:05:37 +0000
Warking directory: Co\ProgramsiSimWerkflowSWiserdata Module Revision: REWY 3248 using FEM edition 7

Tabular Node Summary

noda desc jd a_lElzg _aFE::;‘H jmesRp | jpesRm a_gg __%‘:p;:ﬁt __%;;{%Iﬂ __;::pil:t:tﬂE mises _EEEEQEEE __;E%E,Eu _;E:ﬁﬁ:ss tﬂﬂhf:?:'.!ﬂical tmlﬁ?:-r;;um treatment Eﬂﬁﬂr n:ﬁ?n.::? Rm Rp 51 50

[ Hy Iy By R ! CI| e D3] [%] [%] | [MPa] [MPa] [MPa] [um] [mam] [C] [ - H| (MPa] | [MPs] | [MPa] | (MFs]
31803 | min stz =f | 1.50 | 180.5 | 160.7 1.82 2001771 T4.0 2410 16.0 )| -427 4 4723 0.0 5.0 260 20.0 - 1 Harste | 1900 1000 485 385
ZZ138 | min fat =f | 1.50 | 168.59 | 164.5 1.82 2.00 | 55.2 BB 283 18.5 | -522.0 5760 0.0 5.0 250 20,0 - 1 Harste | 1900 1000 4051 385
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Conclusion

We have illustrated how to efficiently

« Democratize and Automatize the use of FEMFAT
* Implement the Double Strength Assessment

* Create Reports

We are ready for analyzing the influence of future fuels!

Enhancement Requests

* More than 10 user defined results in combined results
« Export of nodal Haigh Diagrams (only image export in GUI possible)

» Definition of own nodal information (currently: “mis-use” of range of dispersion for

required safety)

e

ngineering
change
forthq«

Future in the making

bett

=

ents achleve
: et of et zero with
technologies that avoid, reduce
‘or compensate Cozvemlssmns y

Moving big
things to

Zero
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