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Abstract

The paper is the result of the cooperation between WSK Rzeszow company and the AGH within SPAW project. In
the paper thermo-mechanical analysis of the power turbine casing for a PZL-10W engine at the running conditions was
considered. The goal of the work was evaluation of possibility of prediction of the thermal fatigue in the casing using nu-
merical calculations carried out with commercial software Morfeo, based on the finite element method combined with the
material fatigue models. Conventional fatigue models presented in the literature, dedicated to low cycle material fatigue,
were implemented as the external procedures to Morfeo, compatible with the interface output data set format. Thermome-
chanical parameters calculated by the FE program are an input for the fatigue model. The results of the calculations were
compared to the results observed in the real casing at the running conditions. The quantitative agreement was approved.

Key words: thermo-mechanical analysis, thermal fatigue, power turbine casing, numerical modeling

1. INTRODUCTION

Structures that are subject to high service tem-
peratures, where creep (and possibly creep-fatigue)
is significant, need well defined material behavior.
Therefore, the lifetime of these structures requires
assessment for all integral structural components.
The power turbine casing for airplane engine was
investigated in the present work. This is a thin-
section generic spoke structure and it is a subject to
long cycle thermal cycles during exploitation. High
temperature methodologies were applied in this pa-
per to this complicated geometry, including a weld
with differing material properties.

Life assessment of welded thin-section structures
is particularly complex. It is due to residual stresses,
distortions and material microstructural changes
caused by the welding process. Since sharp fillet
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radii result in high stress concentrations at the weld
bead and parent interface, the weld bead geometry
must be considered. Due to these factors, the weld
has a direct effect on the creep and fatigue life (Tan-
ner et al., 2009).

2. POWER TURBINE CASING

Although it has several disadvantages, welding
(as opposed to casting) reduces the cost of large
thin-section structural components and can eliminate
the need to transport full size cast components from
the supplier to the manufacturer, which is also more
cost efficient and better for the environment (Tanner
et al., 2009). As such, welding is an integral manu-
facturing procedure for many components, some of
which could not be produced without its application.
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The power turbine casing for a PZL-10W engine
was investigated in the present work. A simplified
geometrical model of this turbine was created. The
simplification of the geometry consisted in the re-
moval of unnecessary components and geometric
features such as holes, cutouts, chamfers and fillets,
all of which had no significant effect on the thermal
stress calculations. Figure 1 shows the simplified
geometry of the turbine casing and a % part of the
model used for numerical simulations.

Table 1. The properties for 321 Steel and Inconel 625.

321Steel IN625

Young modulus, GPa 193 204.8
Poisson ratio 0.3 0.3

Density, kg/m’ 8000 8440
Thermal conductivity, W/mK 16.78 9.8
Specific heat, J/kgK 500 410

Coefﬁcien{ (())E tcl;f]/rrcn;i:xpansion, 16.92 13.02

Fig. 1. 4 simplified model of the geometry of the power turbine casing for a PZL-10W engine.

Fig. 2. Finite element mesh of the tetra-type elements for % part of the turbine casing.

The main material used throughout this study
was sheet metal made of Inconel 625 (IN625),
a precipitation-hardenable, niobium-modified, nick-
el-base super alloy. Since this alloy exhibits good
strength, excellent resistance to oxidation at high
temperatures and favorable weldability, it is exten-
sively used in the aerospace, petrochemical, and
nuclear industries. The power turbine casing is com-
posed of two materials. Besides Inconel 625, which
was used for inner and outer rings and for the tur-
bine deflectors and welds, 321 steel of which the
clamping rings to other engine units were made was
considered, as well. Table 1 shows the properties of
both investigated materials.

3. NUMERICAL MODEL

3.1. Finite element model

Numerical calculations were performed by the
finite element method (FEM) using a Morfeo appli-
cation developed by Cenareo. The finite element
mesh was developed in a Gmsh application coded by
Geuzaine et al. (2009). This application allows prop-
er definition of the surface, which is required in the
Morfeo software. The mesh consisted of about
1 000 000 of tetra-type elements, and it was refined
in areas of the modeled welds. However, due to the
presence of thin and long rings, the mesh refinement
along the thickness included 2-3 elements, which
might cause numerical errors. Figure 2 shows the
geometrical model with the applied finite element
mesh.
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The Fourier thermal boundary conditions were
assumed on all surfaces. Various heat exchange co-
efficients for various cooling conditions were intro-
duced, see table 2. Values of these coefficients are
based on an inverse analysis performed by Kuzniar
et al. (2011). The mechanical and thermal boundary
conditions are shown in table 2, as well. These con-
ditions compose radial and axial forces acting on the
turbine casing. Figure 3 shows the boundary condi-
tions used for a model of the turbine casing with
well defined surfaces.

Table 2. List of the mechanical boundary conditions with re-

spect to the specific areas defined in a model mesh and in the
input file to Morfeo application.

Boundary Conditions Surface number Value
Radial Force 2 F=2400 N,
Axial Force 3 F=1170 N,

Convection from the air 5,11 50 W/m’K

Convection from the 6,12 200 W/m2K

flue gas

Convect.lon. from the 221,22 250 W/m’K

liquid
5,6,14,15,18,
Emissivity for Inconel | 19, 21, 40, 2, 3, 4, 05
and Steel 7,11,12, 13, 16, ’
17, 20, 22, 23
Symmetry in ¥ 8 AX=0
Symmetry in X 9 AY=0
Fixed point P1 28 AX=0,AZ=0
Fixed point P2 29 AY=0,AZ=0

was considered (Smith et al., 1970). The number of
cycles to failure (N;sy7) in that model is calculated as:

M

where: Gi.x — maximum principal stress, oy — yield
stress, Ao — principal stress amplitude, 5, C; — em-
pirical coefficients (5, = 0.06, C; = 1573.19).

The next model was proposed by Basquin and it
is derived from Coffin model (Afazov, 2009;
Basquin, 1910; Wang et al., 2008). In this model the
number of cycles to failure is:

@
Npy=A @

where: f,, C, — empirical coefficients (5, = 0.097, C,
=1948.71).

These SWT and Basquin parameters correlates
well with cycles to failure using the test data ob-
tained from literature for SWT (Susmel et al., 2011)
and Basquin (Afazov, 2009).

4. RESULTS AND DISCUSSION

Numerical calculations consisted in simulation
of a single thermal cycle of the engine running. This
cycle was divided into four calculation steps:

1. heating — engine start (¢ = 60 s) — temperature
increase,
2. heating — transient to take off (¢ = 120 s) — tem-

Fig. 3. The geometrical model with selected defined surfaces and the boundary conditions.

3.2. Fatigue analysis

Fatigue analysis was perform with the models
dedicated to low cycle fatigue (LCF) presented be-
low. The Smith, Watson and Topper (SWT) model

perature increase,

3. heating — take off (¢ = 220 s) — temperature sta-
bilization,

4. cooling — deceleration to idle range (z = 400 s) —
temperature decrease — temperature stabilization
— engine stop.
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The times of individual steps were calculated
from the temperature distribution diagram plotted
during the engine operation, shown in figure 4 in
bold. The numerical calculations made in a single
step included the non-linear thermal process and
mechanical process.

results vary slightly in terms of cooling, which is
due to a larger calculation step adopted. The temper-
ature obtained in the experimental studies was 546°C
and 475°C for the outer and inner ring, respectively.
The temperature obtained in the numerical simula-
tion was 545°C and 478°C, respectively.
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Fig. 4. Monitored thermal cycle with marked areas chosen for numerical calculations as various stages of the engine operation.
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Fig. 5. a) Temperature distribution in the turbine casing and b) in

4.1. Thermal stresses

The main aim of the first step of the numerical
calculations was to determine the thermal stresses
occurring in the power turbine casing. The calculat-
ed values of these stresses were used in further part
of the study to determine the number of fatigue cy-
cles during operation of the power turbine casing for
a PZL-10W engine. Figures 5a and 5b show a com-
parison of the measured temperature distribution in
an inner and outer ring of the casing with that ob-
tained by the numerical simulation performed in
a Morfeo application. The experiments were carried
out at the WSK Rzeszow. The results of simulations
are consistent with the experimental results. The

=K1 Simulation in Morfeo
—e—K2 Simulation in Morfeo

= =K1 Experiment
-+ -K2 Experiment

0 100

200 300 400 500

Time [s]

600 800 900

selected nodes on the bottom (K1) and top (K2) surface [°C].

The results of numerical calculations for a single
thermal cycle of the engine running are presented in
figure 6. Figure 6a shows Distributions of the re-
duced stress according to Mises hypothesis, the
average stress, the principal stress amplitude are
presented respectively in figures 6 a, b and c. Distri-
bution of the displacements, the thermal strains and
the effective strains are presented respectively in
figures 6 d, e and f. All these results were obtained
for the maximum temperature recorded during the
entire thermal cycle.

The highest stress concentrations were observed
in the outer ring at the point of attachment, in the
upper bracket (weld) and in the bends of the bottom
weld. The maximum observed value of stress is
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closed to the yield strength of the turbine material
(450 000 kPa). When this value is exceeded, the
material will transform into plastic state with the
consequent loss of strength and potential cracks.

VonMisesStress (kPa)
00

400000
300000
200000
~100000

951.8

Stress amplitude

500000
400000
300000
200000
~100000

123.3

c)

e)

Thermal Strain Magnitude

d)

f)

sults of numerical calculations for number of cycles
fatigue for SWT and Basquin models are presented
in figure 7.
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Fig. 6. Distribution of: a) von Mises stress (effective stress), kPa, b) average stress, kPa, c) principal stress amplitude, kPa, d) dis-

placement, mm, e) thermal strain, f) effective strain.

4.2. Number of cycles to failure

The results obtained in the first part of simula-
tions allowed calculations of the number of fatigue
cycles resulting in the damage of the material. Mod-
els of SWT and Basquin were used. The results are
shown for the two different fatigue criteria selected
from the literature. To calculate the number of fa-
tigue cycles, specially implemented XML libraries
serving ParaView application to display the results
obtained in Morfeo application were used. The re-

The analysis of the SWT and Basquin models
proved that the casing is the most predictive to fail-
ure in the place where there are welded parts, deflec-
tor with inner ring and the upper bracket welded to
the deflector and outer ring (figures 7, dark grey
color). In those points the number of the cycles to
material failure was the lowest. Comparing to distri-
bution of the maximal stress amplitude it is noticed
that there are the same points as for failure criteria.
The number of the cycles to material failure is about
10°.
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le+11

100000

Fig. 7. Number of cycles fatigue for a) SWT and b) Basquin models.

5. CONCLUSIONS

Creep and high temperature fatigue properties of
the welded IN625 are decreased comparing to the
solid material (Tanner et al., 2009). The predicted
high temperature fatigue properties of the welded
IN625 material have an effect on the high tempera-
ture fatigue life of the whole power turbine casing
examined here. The predicted failure location was
affected by the weld and upper brackets welded to
outer ring and deflector. Failure occurred in the re-
gions of greatest stress, namely in the outer ring at
the point of attachment, in the upper bracket (weld)
and in the bends of the bottom weld. The maximum
amplitude of stresses corresponded to the minimum
thermal cycles to destruction of material.
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ANALIZA TERMO-MECHANICZNA OBUDOWY
TURBINY NAPEDOWEJ SILNIKA ODRZUTOWEGO
W WARUNKACH EKSPLOATACJI

Streszczenie

Artykut jest wynikiem wspolpracy pomiedzy Akademia
Gorniczo-Hutnicza w Krakowie a zakladem WSK Rzeszow
w ramach projektu SPAW. W pracy przeprowadzono analize
termomechaniczng obudowy turbiny napedowej silnika odrzu-
towego PZL-10W w warunkach jego eksploatacji. Celem pracy
byla ocena, czy mozliwe jest przewidywanie zmeczenia
cieplnego materialu obudowy na podstawie obliczen numer-
yeznych z wykorzystaniem komercyjnego programu Morfeo,
opartego na metodzie elementéw skonczonych, i opracowanych
dotychczas modeli zmegczenia niskocyklowego. Model zmgczen-
ia zaimplementowano jako zewnetrzne procedury, zgodne
z formatem danych wynikowych programu Morfeo. Wyniki
przeprowadzonej w Morfeo analizy termo-mechanicznej byty
wykorzystane do obliczen zmeczeniowych. Liczbe cykli po-
trzebng do zniszczenia materialu dla poszczegdlnych kryteriow
pordwnano z miejscami zniszczenia materiatu rzeczywistych
obudéw. Wyniki te sg zadowalajace pod wzgledem jakoscio-
wym.

Received: September 20, 2012
Received in a revised form: November 4, 2012
Accepted: November 21, 2012

-193 -

23]
O
Z
=
O
%)
%]
-
<
&2
=
<
=
Z
%]
[a)
©)
L
5
=
[~4
]
=
2
[
3
)





<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


