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Abstract

The turbine blade fir-tree root is a type of blade to disc connection, usually used for low pressure
steam turbine blades. This part of turbine is exposed to extreme loading conditions caused by
centrifugal loading during turbine operation and therefore there is a need to find a design that exhibits
lower stresses, which determine low-cyclic fatigue life of the fir-tree root. This paper describes
utilization of LS-Prepost [1] in optimization loop for design of new turbine blade fir-tree root geometry.
The LS-Prepost pre- and post- processor offers a wide range of functionalities for geometry and mesh
generation and is well suited for collaboration with the solver of LS-DYNA [2] commercial FE-code and
with LS-OPT [3] optimization program. The other inconsiderable advantage of LS-Prepost is that it is
delivered free with LS-DYNA and therefore it is not necessary to utilize any commercial Pre- and post-
processor to parametrically control geometry of the analyzed problem.

1 Introduction

Relatively long blades are usually used for last stages of steam turbines; they are extremely loaded
during their operation. According to more demanding requirements for turbine operations (e.g. higher
number of start ups during normal service in peaking power plants) the ways to reduce maximal peak
stresses occurred in the fir-tree root structure of those blades are sought. This will prolong the fatigue
life of these turbine components. Therefore request for finding a new (optimized) shape of blade fir-
tree root appeared. Although some authors [4], [5] have already solved similar problem, own approach
was applied for blade fir-tree root shape parameterization and optimization utilizing the LSTC software
tools. The implicit solver of LS-DYNA together with pre- and post-processor LS-Prepost was used to
analyze and evaluate the mechanical loading of turbine blade fir-tree root. The LS-OPT program was
used to automatically control the optimization process.

2 Shape of the fir-tree root

The original shape of blade fir-tree root (2D shape, which is drawn in 3" dimension along a line or
along a circular arc) is composed of circular arcs and lines, which are tangentially continuous and
which form three teeth. Due to the geometrical symmetry and the symmetrical character of the
centrifugal loading only left half of the fir-tree root basic shape is modeled (See Fig.1).

(a) (b) (c)

Fig.1: (a) Whole turbine bladed wheel, (b) detail of blade fir-tree root, (c) analyzed part of the blade
fir-tree root structure.
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3 Structural requirements for blade fir-tree root

The low-cyclic fatigue life of blade fir-tree root is determined by stresses induced by centrifugal loading
[6]; therefore peak stresses in the structure should be as low as possible

There are also limitations, which the structure has to fulfill. These limitations are defined for

- average normal stress in each neck of the blade and disc (Fig.2 (a))
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- average shear stress in each tooth of the blade and disc (Fig.2 (b))
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- average contact pressure in each teeth contact zone (Fig.2 (c))
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(a) Evaluation zones for normal stress (a), shear stress (b) and contact pressure (c)
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4 Generation of the FE-model

4.1  Parameterization of the shape

The parameterization of the blade fir-tree root shape originated from the idea that firstly the starting
points of teeth contact zones and secondly the neck locations of each tooth are placed. Then the
placement of curves connecting these basic locations was performed.

The knowledge of neck location is important to place there the coordinate systems and cutting planes
for the evaluation of average normal stresses. Starting and ending points of teeth contact zones are

important for the average teeth shear stress evaluation and for the average contact pressure
evaluation.

Transition from teeth contact zones to neck locations both on blade and disc was conducted using
Bezier curves (see Fig.3), which are capable to smoothly connect the existing basic curves and the
weight of defining vectors can be controlled in LS-Prepost (GUI command: Geometry -> Curve ->
Bridge Edge). Parameters used for the whole fir-tree root shape generation are shown in Fig.4.

o p_BezB=0.2

"'QB

p_BezC=0.2 A
p_BezC=1.0 p_BezA=0.2
¥ > p_BezA=2.0

C -

Fig.3: Bezier curves above and below the 1* blade neck and their weighting parameterization.
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Fig.4: Parameters and dimension for building the basic shape.
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4.2  Model generation in LS-Prepost

Above described blade fir-tree root shape parameterization was used to generate points, curves and
surfaces in LS-Prepost. The surfaces were then meshed with the VSM (Variable Size Meshing)
procedure, which is able to locally refine mesh in places of high geometry curvatures and thus later
obtain correct peak stresses from the simulation.

The VSM generated 2D mesh was extruded in 3" direction (1 element of length 1 mm in z-direction).
Thus the hexahedral mesh of the problem was created. The elements were separated into different
part numbers to facilitate later the results evaluation and optionally to enable optimization of particular
sub-domain of blade fir-tree root structure. Different parts differentiated by colors are shown in Fig.5.

The node sets for boundary conditions (BC); coordinate systems for BC definitions and for cross-
sections were defined in the next phase of the model preparation.

The keywords defining control parameters for the implicit LS-DYNA solver together with boundary
constraints (symmetrical boundary conditions) and load definitions (angular velocity and force
representing rotating mass of blade) were incorporated into the model importing an external key-file
into LS-Prepost. The whole LS-DYNA model was then saved from LS-Prepost into a DYN-file.

All above described operations were performed using parameterized LS-Prepost cfile (command file).
In this cfile expressions are used to define geometry constraints and dependencies.

The scripting command language (SCL) enables calling external SCL-scripts (sco-files), which are
suitable for more advanced programming techniques (e.g. for programming loops, conditions, etc.).
SCL-scripts were utilized for correct meshing checks (e.g. see Fig.6) in this task or for determination of
last created entity numbers to enable a repeated usage of command sequences.

The LS-Prepost parameters were used for LS-DYNA keyword definition in this process. In Fig.7 a part
of cfile code for keyword definition is shown.

BC - symmetry 1

BC - symmetry 2

BC - symmetry 3

Fig.5: Parts differentiated by colors and boundary conditions definition.
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A

Fig.6: For some geometry configuration inconsistent mesh was generated by VSM — thus a need

for mesh check appeared

$ -——- cross-section creation: --—-

KEYWORD INPUT

*DATABASE_CROSS_SECTION_PLAME_ID

oF csid
301 1st-neck-blade

% psid xct 5 zct xch ' zch
318 6.868 *‘ﬂ@ 6.8068 o.6868 ‘ﬂi. 06.0868

lenl lenm 1d itype

su - :
8.000 8.0800 a.008 381
*EHD

keyword updatekind
DATABASE_CROSS_SECTIOH_PLANE_ID

title

radius
a.08068

Fig.7: Keyword card definition using LS-Prepost parameters in cfile-mode.

4.3 Some important keyword parameters

The following parameters of LS-DYNA keywords were important for the proper solving of this FE-

analysis.

CPCHK =1 in* CONTROL_I MPLI CI T_SOLUTI ON for a better convergence of the problem.

ISYM=1 in * CONTROL_CONTACT for using proper segments in contact.

SLSFAC =1 in* CONTROL_CONTACT for using proper contact stiffness in contact.

NINTSLD =8 in *DATABASE EXTENT_BI NARY to have more accurate stress results (from
integration points) in solid elements, which can be extrapolated.

IEVERP =1 in * DATABASE _EXTENT_BI NARY to have possibility keep results only from the first
and last timestep (after deleting d3plot files of timesteps between them).

ELFORM =2 in*SECTI ON_SOLI D for fully integrated S/R solid elements.
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5 Evaluation results from an analysis

There is a need to obtain several responses from the LS-DYNA analysis. Maximal principal stress has
to be determined using LS-Prepost. Average normal stress, average shear stress and average contact

pressure can be determined using mathematical operations with parameters obtained from the LS-
DYNA result files.

5.1 Analysis results from LS-Prepost

Minimization of Maximum principal stress (P1 = first principal stress) is required in the optimization
process of the fir-tree root. The extrapolated value of this response can be currently obtained solely
from the LS-Prepost program, not from any LS-DYNA ASCII result file. In Fig.8 there is the LS-Prepost
cfile-command sequence for obtaining extrapolated maximal first principal stress of a particular part.
The LS-Prepost cfile-command “extrapolate 4” ensures the usage of nodal stresses extrapolated from
integration points. The value of maximal P1 can be obtained then from the saved ASCII file using any
text-extraction utility (e.g. utility GenEx of LS-OPT).

History x|

" Global " Part

£ Nodal " R-Nodal
& Element " Scalar

" IntPt " Vol Fail
[~ | Sum Mats ] Along Path

Pressure a |

Effective Stress {v-m)
Max Prin Deviatoric Stress
2nd Prin Deviateric Stress
Min Prin Deviatoric Stress
Tresca (max shear stress
Maximum Principal Stress
2nd Prinrinal Strecs

E-Type: [AnY -
o I—_,beal = genselect target element
' genselect target part
Surface: IMaxima vl

% Popup ¢ Main

Value:
extrapolate 4

genselect part add part 38178

newplot
Pot | mew | Padd | maxvalue print 14
®yplot 1 savefile curve_file "max_KL_11.1is" 1 all
Clear | Raise | Pop | - - -

deletewin 1

clearpick
e |

Fig.8: LS-Prepost GUI and cfile-command sequence for determining maximal P1 stress
in post-processing.

5.2 Analysis results from LS-DYNA result files

The average normal stress in necks and average shear stress in teeth are obtained using
mathematical operations with values from the secforc LS-DYNA result file. In this file there are written
sectional forces in a particular coordinate system and the area of cross-section. The particular forces
are divided by corresponding areas and thus the stresses are determined.

The average contact pressure in contact zone is obtained using mathematical operations with values

from the rcforc LS-DYNA result file. Particular resulting forces are divided by the area of tooth contact
zone.
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6 Optimization problem in LS-OPT

Mathematically defined optimization task

min f (x)

subjected to:
g;x)=0;j=12,...m
hy(x) =0;k=1,2, ...l

was solved using the LS-OPT [2] optimization software.

The chosen optimization strategy was the SRSM (Sequential response surface method). Optimization
algorithm was the Hybrid ASA (Adaptive simulated annealing) and the selection of design points was
conducted using D-Optimal design criterion. The optimization job was run for 10 iterations utilizing 3
CPUs. In case of using 50 free parameters, 77 design points were analyzed in each iteration.

The LS-Prepost was run as a pre-processor from the LS-OPT program (see Fig.9) to parametrically
generate FE-models for the implicit solver of LS-DYNA program. The LS-OPT capability to recognize
the LS-Prepost parameters in the specified cfile and use them as design variables was successfully
utilized.

Determination of maximal first principal stresses (value of P1 peak stress) of a particular part was
conducted using LS-Prepost and by consequent usage of LS-OPT utility GenEx. This is illustrated in
Fig.10 and Fig.11.

Brf "Optimalizace Modul 9" (File: CK_zaves__497__Modul9__46param__ZadStrZubu__10iter.opt) Metamodel-bas = E|| 5]
File View Task Help

Info | Strategy Solvers ID\st | Variables | Sampling | Histories | Responses | Objective I Constraints | Algorithms | Run I Viewer | DYNA SEEI

SOLV_1 Pre-Processor Package Name |Ls-PREPOST =l
Command |D:\LSPP\LSPP4Z_18]an2015\LS-PreP05t\4. 2-win32Ysprepost4. 2_win32.exe -nographics Browse |
Input File ’ I37teeﬁ13&ner70457NEWGEOM2‘cﬁ\e Browse |

cfile for FE-model creation
Solver Package Name ILS DYNA j
Files IErw Wars | Extra input files | Import User Results | Checkpoints I Evaluate Metamodel | Advanced I
Command ID:\,LSDYNA\pngram\,IsQ?l_s_R{ 2.1_win32_p.exe memory=260005000 Browse
Input File Izzz_CK_}teeh_verM}dyn Browse
Appendad/g I Browse
Post-Procgssor Package Name INUI‘IE j
name of the LS-DYAN model file
saved by LS-Prepost

Mame of Analysis Case ISOL\",I Add Replace Delete Clear

Fig.9: LS-Prepost specified as a pre-processor in LS-OPT.
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Brf "Optimalizace Modul 9" (File: CK_zaves__497__Modul9__46param__ZadStrZubu__10iter.opt) Metamodel-based =13 x|
File View Task Help
Info | Strategy | Solvers | Dist | Variables | Sampling __H‘SW‘E._S_.__‘ Responses | Objective I Constraints | Algorithms | Run I Viewer | DYNA SEEI
" [=)-Histories
GENeric EXtraction Enter a history command directly below & e
Expression |D:\LSPP\LSPP‘H_DEAprZU14\LSPrePost\4‘ 1-Win32\sprepost4, 1_win32.exe c=../..f0_ALL__z_d3plot_MaxStress__12x.cfile 5;555 5
File -
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ABSTAT
BNDOUT
D3PLOT q oy q
FerEMAC Command file for post-processing
DBFSI by LS-Prepost
DEFORC
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NODFOR
REDOUT
RCFORC
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SETOUT
SECFORC
SPCFORC
SPHOUT
SWFORC
y 12 | E 3]
Case ISOL\I'il ﬂ Subcase I(ﬂUnE) j
History Name  [Stress_KD32 showdef. | add | Replace | peere |
Fig.10: LS-Prepost used as a post-processor in LS-OPT.
— ol x|
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Info I Strategy | Solvers | Dist | Variables | Sampling | Histories Responses IObjEdiveI Constraints | Algorithms | Run I Wiewer | DYNA SEEI
AL k3 a|
Create/Edit Al
. ADk2
Composite-Expression Input data file
Spedal Functions ADk3
Injury Criteria max_KL_11.lis ALzl
MeanSgErr AL 22
Curve Mapping Entity AL 23
Response-Expression Maximum 5 S iy
T T File containing ccrmmands AD_z1
Matrix-Expression for value extraction by GenEx. ADz2
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BNDOUT R im X
D3FLOT : : 5 : o
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FREQUENCY R_3m_Y
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GLSTAT Max_zE
INTFORC Max_zE
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REDOUT "~
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Multiplier |1 Offset |0 ™ Not metamodel-inked
Response Name  [Max_7Ex_KL11 Show def.. Add Replace Delete

Fig.11: GenEx used for value extraction in LS-OPT.

© 2015 Copyright by DYNAmore GmbH




0™ European LS-DYNA Conference 2015, Wirzburg, Germany

7 Used programs

For solving the optimization task the following program versions were used:
- LS-Prepost: version 4.0, 4.1 and 4.2
- LS-DYNA: version 971, release 4.2.1
- LS-OPT: version 4.2, revision 75641

During the project solving the last developed version of LS-Prepost was always used, mostly released
after incorporating any functionality necessary for the model generation.

Version 4.2 of LS-OPT was preferred rather than 5.x version to run optimization process, because LS-
Prepost can be easily run in a “visible” mode compared to LS-OPT 5.x which default runs LS-Prepost
in “-nographics” mode. Especially in the phase of tuning the optimization runs it is better to find out
where LS-Prepost geometry generation had problems and caused hanging the LS-Prepost and thus
pausing the whole optimization process.

In analyzing the design points in the LS-OPT Viewer there is an icon (Fig. 12) to open result files of
selected design point in LS-Prepost. The recent versions of LS-OPT use an older version of LS-
Prepost (located in installation directory of LS-OPT) for opening the result files. And this old version is
not able to show extrapolated stresses of solid elements. Therefore own program was built, which
opens selected results (design point) using the user specified LS-Prepost version (see Fig.13). The
program was renamed to Isprepost.exe and placed into LS-OPT installation directory. Thus it is
possible to explore extrapolated nodal results, which are important for solving the problem.

F|
2B~ #[=]= 2 B
.Opt & Entity |Computed Predic... |
Lopt -=HPoint 1
: \ ----- [=1-Variables

wil 8.01205  8.0120%

wi2 7.18972 7.1897)
wi3 7 1
Aed_KL1 5.73187 5.7319]
: 5
LSPP starting icon | 8
k_KLT 3.85U55 5.8505!
k_KD2 5 ¢

Fig.12: LS-Prepost starting icon in LS-OPT Viewer.
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4" Post-proc Starter ver. 1.0 ( for Design Point selected in LS-OPT Viewer ) B =100

Cornrmand to run the Post-processar:

ID:'\LS PPALSPPAZ2_18)an201 BWLS-PrePosthd. Z-win32hsprepostd. 2_win32 exe Select other ... |

Directary where actual OFTHile is located - CHECK IT OUT:
IE:\TEMP_E\LSDF'T\DDS_.&LL_H\ Select ather ...

File to be opened by the Fostprocessar:

|d3|:-|ot

Selected Design Foint = | Save 3 parameters inta default INI-file I

Load 3 parameters ... |

Design point specification
- automatically transferred Save 3 parameters .. |
as parameter from LS-OPT Viewer

START PostFroc | E it | Test |

[ Cloge Starter after execution [~ Infa for debugaing

Fig.13: User interface of program for starting LS-Prepost to analyze results of selected Design Point.

In some cases (model configurations) the implicit LS-DYNA solver was unable to converge and
crashed with showing a message window (see Fig.14), which required the user interaction to close
this window and to enable to continue the calculation. Therefore own program was built to
automatically close any error-message window of LS-DYNA. This program was incorporated into each
post-processing command sequence. Naturally this approach is meaningful only when multiple
Concurrent Jobs are run from LS-OPT.

L 15971 s R4.2.1_ win32_p.exe = =

Program Is971_s_R4.2.1_win32_p.exe has
stopped working

A problem caused the program to stop working correctly.
Windows will close the program and notify you if a solution is
available.

Close program

Fig.14: System message requiring user interaction.
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8 Summary

Usage of LS-Prepost for turbine blade fir-tree root shape optimization was demonstrated in this paper.
Some problems occurring during creation of parameterized scripting command file and their solutions
were presented. Some problems required workaround and some of them were helpfully solved by LS-
Prepost developers adding new features or functionalities.

The conducted optimization task has shown that also problems involving geometry parameterization
and modification can be solved only using software tools from LSTC (LS-Prepost, LS-DYNA and LS-
OPT) and that there is not necessary to incorporate another commercial pre-processor for the
geometry parameterization.
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