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Motivation

1 Jet engines work in highly transient conditions
due to frequent and sharp maneuvers.

I Hence, the engine components are subjected to
constantly changing temperatures and forces.

1 [n such hazardous and complex conditions, the
components may fail in service. Thus, life
assessment is a must.

I The objective of this work is to assess thermo-
mechanical fatigue life of a stationary component
of a F110-GE-100 engine
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The Engine

1 The F110-GE-100 engine is an augmented, mixed-flow, turbofan
engine. It consists of a high pressure system, a low pressure system
and a variable area exhaust nozzle.
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The Region of Interest
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Practical experience shows that these pins are
critical components whose failure may have
serious consequences.
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Failure Mechanisms

Low Cycle Fatigue (LCF)

High Cycle Fatigue (HCF)
Thermo-Mechanical Fatigue (TMF)
Creep

Corrosion

Erosion

Fretting

Wear

» Analysis of failure mechanisms requires detailed
knowledge of stress and temperature fields throughout a
mission.




Thermal Analysis

1 To obtain temperature history of the
engine components at each phase of a
given mission.

8 Thermal model uses
— mission profile
— gas stream and cooling air temperatures

— gas stream and cooling air velocities
(convection)

8 Convective velocities are calculated
from the given

— mass flow rates, static and total pressures
and temperature

Using
— continuity eqgn.
— lIsentropic relations

IS N R

Msc MARC is used as FEA solver. -




Thermal Analysis Results

1 Temperature distributions
obtained from thermal
analysis will be used in

— stress analysis
(thermal stresses)

— creep damage assessment

Temperatures are in Kelvin




Stress Analysis

Applied loading : Gas pressures (total pressure) and temperature

The same mesh is used in both heat transfer and stress analysis.
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Stress Analysis Results

Max. Principal Stress Profile
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Fatigue Life (N;) Assessment

Initiation life, N{, is computed via strain-life relations.
Propagation life, N, is computed via fracture mechanics formulations.

At high strain amplitudes (as in our case),
the majority of the fatigue life is spent propagating a crack.

Crack Propagation
Period

Crack Initiation
Period

Se= Fatigue Limit

Stress Amplitude (log scale)

Fatigue Life (log scale)




Fracture Mechanics Formulation

Simplest formulation : Paris Law
[ . geometry factor

ﬂ:C(AK)n where AKZ,BAG 7Z'Cl G : stress
dN a : crack length

However, lE‘
Constant Amplitude Loading Variable Amplitude Loading

Retardation
models
-Wheeler
-Willenborg
-Closure

s

Paris Law is OK. Need to use Retardation models

* Retardation is the reduction in the crack growth rate after an overload. lE‘




Mixed-Mode Loading

The pin is under mixed-mode loading conditions

Mode | : opening (tensile) mode
— crack faces are pulled apart

Mode Il : sliding (in-plane shear) mode
— crack surfaces slide over each other

Mode llI : tearing (anti-plane shear) mode
— crack surfaces move parallel to the leading edge of the crack

Mode I Mode IT Mode IIT
Opening Mode Shding Mode Tearing Mode




Prediction of Mixed-Mode Crack Growth
Directions
MTS Criterion [Erdogan & Sih]

— crack propagation starts from crack tip along the radial direction

on which the tangential stress becomes maximum

%
ﬂ.{(}
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Using Westergaard expressions

Kism0+Kpg(3cos0-1)=0

S-Criterion [Sih]

— a crack grows 1n a direction along which the strain energy density factor
reaches a minimum value




Crack Growth

8 Crack growth is predicted for discrete crack sizes.
1 For each crack size, geometry factor is calculated (next slide).

3 D ) 8. 10. 11.
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Geometry Factor Calculations

After calculating K,, K, and &
e

i Crack propagation is simulated in AFGROW as mode type | with

11 discrete crack size are modeled

Geometry factors are calculated from R Keff

cy/ma




Fatigue Life Prediction by AFGROW

Inputs to AFGROW Without crack

Max. Principal Stress Profile
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Note : NDI minimum detectable flaw size is 0.015” (0.381 mm)

Qutputs of AFGROW

Case Fatigue Life (1N¢)

Crack Length (mm)

No-retardation 4837 hours

Closure Model (OLR = 0.3) 4919 hours | | | |

Willenborg Model (SOLR =2 5) 5136 hours 2000 3000 4000
Fatigue Life (hours)

a ) No-Retardation
b ) Closure Model (OLR = 0.3)
¢ ) Willenborg Model (SOLR = 2.5)




Creep Life Prediction

Rupture

Creep is the inelastic deformation of a
material that is subjected to a stress below
its yield stress when that material is at a
high homologous temperature.

Tetriary

Creep strain , €

» occurs in three stages (see figure)

Instantaneous deformation

Max. Principal Stress Profile 2 Hold times (th) are determined.

1 For these hold periods,

— creep rupture times (t,) are
calculated

I Creep life
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Linear Damage Accumulation Method

TMF Life Prediction

 Fatigue Life (N;)
* Hold Times (1)
* Creep Rupture Times (1)

N Nth_

1

calculated earlier

Disadvantage:
- Disregards fatigue creep

interaction

Case

Fatigue Life (1N¢)

TMF Life (1)

No retardation

4837 hours

4820 hours

Creep is

Closure Model
(OLR =0.3)

4919 hours

4902 hours

as effective as
fatigue.

Willenborg Model
(SOLR =2.5)

5136 hours

5116 hours




Comparison with Available Data

MIL-STD-1783, ENSIP (Engine Structural Integrity Program) states
that “all engine critical parts are to be designed to twice the life
requirement.”

When retardation effects were neglected,
— N= hours — the life requirement is hours.

The component retirement time given by Turkish Air Force is around
hours as dictated by the technical orders.

So, TMF results of this study is reasonable value. We calculated a
larger value compared to retirement time given by Turkish Air Force.
This makes sense since the pins should be removed before the whole
life of the pins are spent.




Summary

A finite element model of a segment of F110-GE-100 engine is generated by
using MARC for thermal analysis.

The same model and the output of thermal analysis are used in a stress
analysis to determine the most critical location in the pin.

A crack of varying lengths was modelled by using Msc MARC. K|, K,,, crack
propagation angle and geometry factor 3 are calculated for each crack length.

Calculated geometry factors and the maximum principal stress profile of the
critical location are used to predict the fatigue crack propagation life (N; ) by
using AFGROW.

Hold periods (t,) are determined. Creep rupture times (t.) are calculated.

Thermo-mechanical fatigue life is assessed by using a linear damage
accumulation model.

Thermo-mechanical fatigue life calculated is a reasonable value compared to
the component retirement time given by Turkish Air Force.




End of presentation

Next : Back-up slides




*  Under constant amplitude

A
loading conditions 1
Aa = function (present crack size, g
applied load) -
Time b
: : A
*  Under variable amplitude Gowtn Rote
. . 5 ~ | without Qverlood”,
8 /
loading conditions E /point o
E I Overload
Aa = function (present crack size, g
: : Growth Rate ofter
applied load, Overload (Crack Retardation)
preceding cyclic history) N (cycles) &
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(da”{dN)retarded = Cp (da”{dN)

linear

*  Willenborg Model

Kmax, eff =Kmax —Kred ijn, eff =Kmax —Kred

Kred:¢ {Kmax,o 1_&1—30 Kmax} ¢:[1_%](SOLR_I)

Iho max

e (Closure Model

O
Cr=—2P" _ 1_(1-Cg)(1+0.6-R)(1-R) Keff = Kmax —Kopen

GIIIHX




®  Quarter Point Elements are used

to simulate the stress singularity at the crack tip

SIKF Computation Techniques

Displacement Correlation Technique (DCT)
G |2
Ry i /i (v - vb) - (v - vi)}

DT G 2= g " i ;
Ky = T {(ug —up)-(ul —uf)}
8]

t+1

Quarter Point Displacement Technique (QPDT)

FDT 2G 27 ’ .
K< = —— (== §5-vp}
v+ 1 LQ
FDT 2@ 2w , ,
KIIQ = = (25 fuf -up}
£t +1 LQ

Direct Extrapolation Technique (DET)

SIF values for the nodes B and D, and then C and E are calculated.
Then, SIF at the crack tip node is calculated by using direct exptrapolation.




