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Abstract

This master thesis deals with fatigue life assessment of the H80 engine impeller
alternative design. 4 different methods of fatigue life calculation are presented and
consequently used to predict the life of the impeller. Furthermore, the thermal
and structural FEM analysis of the impeller was carried out in order to obtain the

stress-strain state of the component for the fatigue life assessment.
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1 Introduction

Nowadays, components of aircraft engines are subjected to cyclic loading caused by
their operation since they are repeatedly switched on and turned off. Frequently,
due the the high loads, high plastic strains occur in these components that usually
result in low cycle fatigue. Hence, the components can withstand only limited time
in service before a failure occurs. Fatigue can affect any component but it is usually

the most significant for rotating parts such as turbines and compressors.

There are different approaches developed that describe how to assess low cycle fa-
tigue and predict the life of the component. However, each of this approaches have
its drawbacks. 4 different methods of low cycle fatigue assessment are presented in
this thesis. Consequently, these 4 methods are applied to estimate a fatigue life of

the impeller alternative design in H80 engine produced by GE BGA Turboprops.

The aim of this thesis is to perform the low cycle fatigue calculation of H80 engine
impeller alternative design by use of these 4 methods: historical GEAC method,
SWT method, Landgraf method and method proposed by Nagode and then assess
the results. Attention is focused on the results comparison and interpretation as

well as explanation of the possible differences.

To begin with, the FEM analysis is performed in order to obtain stress-strain state
of the impeller. Then, based on the results from FEM, the SWT and Landgraf
method is used to calculate fatigue life in each node of the FEM model. Afterwards,
the most critical locations are chosen and fatigue life is estimated for them using
the historical GEAC method and method proposed by Nagode. Finally, the results

obtained from all the methods are compared.



2 Fatigue

Fatigue is weakening of the structure caused by applied cyclic loading. The damage
appears after a certain number of load cycles at nominal stress level that is usually
far below the static tensile strength of the material. This is one of the reasons why
fatigue is one of the most frequent sources of failure of materials. Moreover, it affects
all materials, without exception. The process until the structure fails due to the
fatigue comprises 3 stages. That is: crack nucleation, crack propagation and rapid
failure. Firstly, the damage occurs on the microscopic level, then it propagates until
a crack on macroscopic level is reached. Subsequently, the macroscopic crack grows
further until it reaches a critical size. At this point the structure cannot sustain
the load any more and it fails. The number of load cycles that the structure can
sustain until the crack occurs is called fatigue life N. The variable that influences
the fatigue life the most is a stress amplitude of the load cycle that is defined as
follows:

Tmaz —_ Tmin > Tmin (2.1)

where 0,4, and 0,,;, are maximum and minimum stresses experienced during the

Oq —

load cycle, respectively. However, a mean stress defined as:

Omaz T Omin
= Jmaz T Tmin 2.2
. ! (22)
has also significant influence on the fatigue life and should be taken into considera-

tion.

Usually, our load history is not defined by only one load cycle but it consists of
varying loads. In order to deal with this fact, a rainflow-counting algorithm is com-
monly used. This method transforms a spectrum of varying loads into set of simple
load cycles. Each of this cycle is defined by its amplitude o, and mean stress o,,.
The advantage of this method is that it can be used as an input to Miner’s Rule.
The Miner’s rule is a cumulative damage model that combines individual load cycle
extracted from rainflow counting and determines number of equivalent load cycles

until failure.

The procedure of fatigue life evaluation can be summarized into general steps that

are usually common for all the fatigue evaluation methods. These steps are:

1. Determination of stress-strain response to our load history, usually with FEA

2. Conversion of multiaxial stress state into uniaxial stress state
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3. Elastoplastic correction of the stress and strain histories if the linear FEA in

step 1 was used

4. Rainflow counting to convert a random load history to a sequence of separate

load cycles

5. A damage parameter calculation for each load cycle extracted from the rainflow

counting

6. A fatigue life determination for each cycle extracted from the rainflow counting

using material curves

7. A number of equivalent load cycles to failure estimation based on a cumulative

damage model

Fatigue is commonly divided into 2 categories: low-cycle fatigue(LCF) and high-
cycle fatigue(HCF). This division is based on fatigue life N when the boundary
between them is not exact but it is usually of the order of 100 000 load cycles.
HCF is usually represented by low enough stresses so that only elastic strains occur,

whereas during LCF inelastic stresses are usually involved as well.

2.1 High-cycle fatigue

As already mentioned above, HCF occurs when fatigue life NV exceeds certain num-
ber of cycles, it is usually approximately 10° or more. The loads are usually not
that high, thus the deformation is within an elastic range. However, the plastic
deformation can appear at the crack tip. In case of HCF, we use the Stress Life
Method that uses the Stress-Life curve for fatigue evaluation. It is curve with a
stress amplitude on y-axis against the fatigue life NV on the x-axis. This curve is
utilized to determine an allowable stress amplitude for an assumed service life of the

component.

2.2 Low-cycle fatigue

Low-cycle fatigue is a result of repeated plastic deformation in the locations of the
component with stress concentrations. It is typical for the components that work
under high operation load. The fatigue life is usually determined using strain-life
approach when the Manson-Coffin equation is utilized. It is a relation between the

plastic strain amplitude and the number of load cycles to failure N described by the
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following formula:
€ap = €f(2N)° (2.3)

where ¢, is plastic strain amplitude, e} is fatigue ductility coefficient and ¢ fatigue
ductility exponent. While the Manson-Coffin equation describes the low-cycle high

strain regime, the Basquin equation
00 = A E = 0(2N)° (2.4)

where €, is elastic strain amplitude, o’ is fatigue strength coefficient and ¢ fatigue
strength exponent, describes the high cycle low strain regime. Summing up both
equations, we get complete e-N that is

/

€0 = %(2N)b + ¢ (2N)° (2.5)

This equation can estimate the entire range of fatigue lives. Example of of e-N curve

and its construction can be observed in Figure 1.

log(ea)

€a

Total strain €a

(e} 'a/ E . .
Elastic strain gae

Plastic strain gap——

log(2N)

Figure 1: Example of e-N curve and its construction

2.3 Thermo-mechanical fatigue

Thermo-mechanical fatigue (TMF) is caused by a combination of cyclic mechanical
and thermal loading that is typical for turbine engines. The changing temperature
during the loading can have more damaging effect on the structure than isother-

mal loading at the highest operating temperature. There are 2 types of loading:
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in-phase(IP) and out-of-phase(OP). The former takes place when the maximum
temperature and strain occur at the same time. The latter takes place when the
maximum temperature and minimum strain occur at the same time. There are 3
different sources of failure in TMF that occur according to the type of loading(IP or
OP). It is oxidation, creep and fatigue. When the structure undergoes IP loading,
the creep is a driving fatigue mechanism. Conversely, when the OP loading dom-
inates, the oxidation effects the fatigue life as it damages the component surface.
It creates irregular surface that is ideal for the crack nucleation. There are many
approaches that deal with TMF that are usually quite complex. In this thesis, one
of them proposed by Nagode described.

3 LCF calculation methods

In this section 4 different method of LCF calculation are described in detail. These
methods are historical GEAC method, SWT method, Landgrad method and Nagode’s
method.

3.1 Historical GEAC Method

Historical GEAC method is used as one possibility to predict LCF of the compo-
nents. In this calculation, it is expected that we already know the load cycles that
the component undergoes. Similarly, we expect that the stresses in the component
from the elastic FEA for each time point of the load history are known. Firstly, a
Manson-McKnight method is used for reduction of a multi-axial stress state to a
uni-axial stress state. This uni-axial stress state is then recalculated to the Neu-
ber parameter in order to include the effect of the mean stress in the calculation.
Elastoplastic state of the material is estimated by Neuber formula. The steps of the

procedure of this method are summarized as follows:

1. the reduction of a multi-axial stress state obtained from the elastic FEA to a

uni-axial stress state
2. an elastoplastic stress estimation in turning points with the Neuber formula
3. a Neuber parameter calculation in order to include the mean stress effect

4. maximum number of equivalent cycles determination

13



3.1.1 Manson-McKnight Method

Once we have our load cycles defined and we performed an elastic FEA to get the
stresses in the peaks of the load cycles, the Manson-McKnight method can be used
to calculate uni-axial mean stress and stress amplitude of each cycle. Supposing
that we obtained maximum and minimum stress tensors from elastic FEA for one

load cycle:

5max - [O'maxx Gmaxy O-maxz Tmaxxy 7—maxgcz Tmaxyz] 3]-
5'rnin = [O-minz Uminy Uminz 7—minzy 7—minmz 7—rninyz] (32)
we are able to transform these stresses to the equivalent uni-axial load cycle that

should result in the same damage effect as the original multiaxial load cycle. The

uni-axial elastic mean stress and stress amplitude are determined as:

2
Ourp = \/T_[(A% — Aay)2 + (Ao, — Ac.)? + (Ao, — Ac,)? (3.3)

+6 (ATny + AT;Z + ATxQZ)]%
2
Omre = SGN %[(Aaz — Acy)? + (Ao, — Ac,)* + (Ao, — Ao,)*+ (3.4)
2 2 2 \12
+6 (ATxy + A7, + AT )2

where

A0y = Omax, — Omingy -+ (3.5)

AG, = Omax, + Oming s - (3.6)
Since the mean stress must always be positive, its sign is corrected according to:
SGN = SIGN|[Aoc, + Ao, + Ac] (3.7)

The maximum and minimum stress vectors, 6,4, and ,,;,, are obtained from linear
FEA and do not take into account a plastic behavior of the material. Hence, the

elastic-plastic correction is then applied in order to obtain a real values of o, pr and

Om,FE-

3.1.2 Neuber Correction

Neuber approximate formula is useful when stress results obtained from linear FEA
need to be adapted to the elastoplastic behavior of the material. It is an alternative
to the calculation of the elastoplastic stresses with nonlinear FEA. The main ad-

vantage of such a correction is a faster computation of the results compared to the
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nonlinear FEM analysis. The assumption for use of this method is that the plastic

stresses are concentrated only in a small area of the component.

The real stress according to the Neuber formula is located in the intersection of
two curves: Neuber hyperbola and elastoplastic curve defined by Ramberg-Osgood

relation (see Fig. 2).

Elastic stress from FEA

Getastic ( /Neuber hyperbola

Greal

Ramberg-Osgood curve

Eelastic Ereal e

Figure 2: Correction of elastic FEA by use of Neuber formula

Equations that define these two curves are:

2
% = Oreal €real (38)
1
Oreal Oreal \ n”
€real = T + ( K ) (39)

respectively.

In our case, the calculation procedure is depicted in the plot in Figure 2 that
shows how to correct stresses while a tension is applied. However, if the compo-
nent is subjected to a large range of strains we can observe the reverse plasticity
during the unloading. In such case, we should also correct the minimum stress and
consequently also the alternating stress. The determination of the real (corrected)

alternating stress, Ac,.q, can be seen in Figure 3.
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Neuber hyperbola

O ctasii 7
elastic \
\\

Ramberg-Osgood curve

AG real

€

~——Cyclic curve

A G elastic

\ — Neuber hyperbola for
/ cyclic loading

[/ \/
AS real

Figure 3: Correction of alternating stress obtained from FEA by use of Neuber

formula

When calculating Ao .., the Neuber formula for cyclic loading is used for determi-
nation of the minimum real stress (see Fig. 3). Equation for Neuber hyperbola for

cyclic loading is defined as follows:

Ao? .
% = AUTGGZ AEreal (31())
cyc

where E,,. is the cyclic Young’s modulus and Aoggstic is equal to 20, pp. We
obtain the real stress-stain state in the point of the plot where the cyclic Neuber

hyperbola intersects the cyclic curve. The cyclic curve is described by equation:

1
AE7‘eal - AO'r‘eal + (Aareal) !

_ 11
2 2 Eoye 2K’ (3.11)

By combination of equations 3.10 and 3.11, we get an equation with one unknown

variable which is Ao, eqr:

Aag astic Agreal AUreal %
ﬁ — NG,y o 12 ( o7 ) (3.12)

16



Then, the real stress and strain amplitude and the mean stress of the cycle are:

Ao,

a 1
o 5 (3.13)
Ae,
= .14
Om = Oreal — Ogq (315>

where 0,4 is determined from Neuber formula for monotonic loading. The reason
for this is that the loading starts as monotonic and begins to exhibit the cyclic

behavior after some time. Thus, 0, is derived from equation:

0r2nax,FE o (Ureal + o-real)}l (3 ].6)
B = Oreal B K .

where 0. pr 1s obtained from Manson-McKnight method as opax re = Om.re +

0., rr and K and n are parameters of the monotonic stress-strain curve.

3.1.3 Neuber Parameter

Neuber parameter is a stress amplitude that includes a mean stress effect to the
calculation of LCF. It converts general cycle to the cycle with stress ratio R =
Omin/Omaz = —1. The Neuber parameter is calculated according to the following

formula:
O Neuber = (Ua + Um) €a (317)

In order to determine a number of cycles to damage, the Neuber parameter is
inserted into the equation for a curve from cyclic strain controlled fatigue testing(e-
N curve). This curve is also converted to Neuber parameter according to the same

formula 3.17. The curve from the testing can be described by following equation:
O Neuber = M N* (318)

where N is a number of cycles to damage and M and x are coefficients obtained

from the data interpolation.

3.1.4 Thermal loading effect on the LCF calculation

Thermal loading is an important point that should be taken into account during the
LCF calculation if the component is subjected to the big changes in temperature.
The prerequisite for this calculation is that we have temperature dependent S-N

curves in the required temperature range available. Most frequently we have only
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several S-N curves at our disposal and we need to use an interpolation to obtain
S-N curves for some certain required temperatures. The Figure 4 shows how to
determine fatigue life for some constant temperature if we do not have a S-N curve
for it. Supposing that we have S-N curves for temperatures 77 and T, available we
look for S-N curve at constant temperature T so that the following statement is

valid:
Te<T, Ty > (3.19)

Firstly, we compare our o yeuper with S-N curves at temperatures 77 and 75 and find
corresponding maximum numbers of cycles N; and Ny. Then we plot these values in
a plot where temperature 7" is on the horizontal axis and a logarithm of the number
of cycles logN is on the vertical axis. The desired fatigue life N is constructed by

interpolation according to Figure 4.

° log(N)

log(N2)
log(N)

ONeuber

log(N:)

Figure 4: Determination of a fatigue life at the certain temperature 7'

However, the temperature is usually not constant during the load cycle and it can
vary a lot with time. In such case we consider only temperature at maximum and
minimum peak of the load cycle T,,,, and T,,;,. Firstly, the number of cycles for
constant temperature T},,, is calculated and than the same calculation is done for
constant temperature T,,,;,. Afterwards, we simply compare these two numbers and

choose the lower one to make the life prediction more conservative.
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3.2 Smith-Watson Topper method

The Smith-Watson Topper parameter (SWT) is widely used method that includes

a mean stress correction in uniaxial loading. The SWT parameter is calculated as:
oswr =\ (04 + Om)€F (3.20)

where o, and ¢, are stress and strain amplitudes. Once the SWT parameter for
our cycle is determined, we can find a number of cycles to crack initiation by its
insertion into equation for curve obtained from the strain controlled fatigue testing.

The curve is defined as:
oswr = 0 (2N)? + o4 B¢ (2N )P+ (3.21)

where o', is fatigue strength coefficient, €/ is fatigue ductility coefficient, b is fatigue
strength exponent and c fatigue ductility exponent. N is a desired number of cycles

to crack initiation we are looking for.

3.3 Landgraf method

The Landgraf method is very similar to the determination of fatigue bz use of for-
mula 2.5. The only difference in the way the mean stress o, is included into the
fatigue life estimation. The assumption is that the mean stress influences only the
Basquin equation (2.4) so that the formula for evaluating fatigue life NV is described
by equation:

0} — Om

E

€q =

(2N)" + €;(2N)° (3.22)

3.4 A method proposed by Nagode

In order to predict the life of components that undergo TMF, a model proposed by
Nagode is described. There are several factors that this model takes into consid-
eration and makes the life evaluation more precise: a multiaxiality of the loading,
elastoplastic behavior of the material, kinematic hardening and variable or constant
temperature during the loading. These factors can play a significant role when one
needs to perform proper fatigue life investigation since machine components are of-
ten subjected to multiaxial loading combined with loading beyond a yield stress.
Hence, it is suitable to use the Nagode’s model when a life evaluation of the struc-

ture with a complex stress-strain field is required.

Nagode suggested the following procedure for life estimation:
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1. Transient thermal analysis using FEA in order to obtain temperature fields

2. Structural analysis using FEA in order to obtain stress fields - linear or non-

linear

3. Conversion linear FEA results into nonlinear by use of the Neuber approximate

formula in case the linear FEA was used

4. Stress strain modeling of complete hysteresis loops by use of rheological spring-

slider model
5. Rain-flow counting of the stress history
6. Computation of equivalent cycle temperature for each cycle

7. Computation of the number of cycles to the crack initiation for each closed

hysteresis loop
8. The damage estimation utilizing the Miner linear damage accumulation rule

In the following paragraphs, individual points of the procedure are described more

in detail.

3.4.1 Transient thermal analysis

In order to obtain temperature fields at each time point of an investigated time
interval, the transient thermal analysis can be carried out. It is based on the heat
equation per unit volume which can be expressed as follows (assuming no mass

transfer):
or

Por gy~ A (KAT) =q (3.23)

where p is the density, ¢, is the specific heat at a constant pressure, A is the nabla
operator, k is the thermal conductivity coefficient and ¢ is the heat generation
rate per unit volume. We need to establish initial conditions for uniqueness of the
solution. It can be done by either specifying an initial temperature distribution
at the surface nodes that is already known or conducting a steady-state thermal
analysis. This steady-state thermal analysis can be performed provided that the
boundary conditions such as temperatures, heat fluxes or convection at the surface
nodes are known. When initial conditions are set we can calculate temperatures at
all the nodes that vary over the time. These temperature histories are then used as

an input for the structural analysis.
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3.4.2 Structural analysis

Once the temperatures in all nodes are obtained, structural analysis can be con-
ducted by combining temperature and mechanical load histories. Provided that the
boundary conditions and loads acting on the structure are known we can calculate
the stress field at each time point using FEA. Linear or nonlinear analysis can be
performed, assuming that the linear results are then recalculated using the Neuber
approximated formula. If nonlinear FEA is carried out, an appropriate cyclic stress-
strain relation should be used. The Ramberg-Osgood equation can be suitable; it
describes material models that harden with rate-independent plastic deformation

and shows a smooth transition between the elastic and plastic region

g

‘T EETT) * (K’(T

Ty
)) = g(Ao,T) (3.24)

where the coefficient F is the Young’s modulus, K’ is the cyclic hardening coefficient
and n' is the cyclic hardening exponent. All these three parameters are functions of

temperature.

Since the stresses are multiaxial, they must be converted from a multiaxial stress
state to a uniaxial one. For this purpose it is convenient to use equivalent von Mises
stress, o n. However, 0., does not exactly reflect the real load spectrum be-
cause it does not retain the negative stress values. In order to avoid this ambiguity
of o¢unr, Bishop [5] suggested an alternative formula. According to Bishop, oc
should be modified to signed von Mises stress. Therefore, the final output from the
structural analysis is the signed Von Mises stress at each node and for each time
point that is computed as follows:

1 1
Ol = SGNE[(Q —09)? + (09 — 03)* + (03 — 01)?]2 (3.25)

where the symbol SGN indicates the sign of the principal stress with the largest

magnitude. 01,09 and o3 are the principal stresses.

Next, we use Neuber formula in order to transform the signed von Mises stress,
O suM, gained from elastic FEA to real elastoplastic stress. The procedure can be
seen in Figure 2 and is described by equations 3.8 and 3.9.

3.4.3 Stress-strain modeling

Since during the load history the plastic strains frequently occur a hysteresis phe-

nomenon is modeled in the calculation. In addition, when temperature is changing
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with time during the loading the material parameters such as Young’s modulus and
the yield stress are changing too. This causes that material exhibits so-called cyclic
closure problem. It means that as the material is loaded and unloaded the hystere-
sis loops are no longer the same but they vary with time. In order to consider this
phenomenon into calculation a modeling by use of hysteresis operator of Prandtl
type is employed. In this approach, the play operator and the density function are
utilized in order to describe the stress-strain relationship. The play operator simu-
lates a rate-independent memory effect. It means that the output w of the operator
is characterized by the current input and a previous input extrema, but not by the
rate of the input. The operator is defined by the input function v that is equal to
stress ¢ in our case and the threshold r that is a fictive yield stress in our case. A
fictive yield stress is always positive. The output function of the operator w is then
the strain e. Such a modeling when the stress is an input function and the stress
is an output function is called stress-controlled. The definition of the play operator

according to [6] can be seen bellow. In operator form, we write, for r > 0,
w = F,[v] (3.26)

Formally, the output function w = F,.[v] is for any piecewise monotone input func-

tion v : [0, 5] — R inductively defined by

w(0) = f,(vo,0) (3.27)
w(t) = fT(U(t),U)(tz)), for t; <t< tiv1, 0<i<N-1

with
fr(v,w) = max{v — r,min{v + r,w}} (3.28)

where 0 =ty < t; < ... < ty = tg is partition of [0,¢g]| such that the function v
is monotone on each of the subintervals [¢;,¢;11]. We call F,. the operator of scalar

mechanical play or simply the play operator.

The stress-strain behavior is described by use of the operator of Prandtl type that

utilizes play operator F,[v](t) as follows:
e(t) = Plo,1] = / a(r,t) oudr (3.29)
0

where «a(r,t) is the Prandtl density function which is based on experimentally ob-
tained data. We can obtain it from the cyclically stable isothermal cyclic curves.

The argument of the operator is in square bracket to show that ¢ is a function of
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another function. In order to solve the problem we need to approximate the integral.

This is done by discretization, so that the equation 3.29 can be rewritten as
e(ti) = Y aj(Ti)on (1) (3.30)
§=0

The same relation can be written for the stress provided that different Prandtl
density f;(7;) is used:

Ny

o(t) =Y Bi(T)oa;(ts) (3.31)

J=0

The relation 3.30 can be represented as the serially connected spring-slider model

that can be seen in Figure 5.

-

o= 0
|— ag(T) ar(T) fooee 2
e

Figure 5: Rheological spring-slider model [1]

The spring-slider model consists of n, segments when each of these segments rep-
resents an increment in the total elastoplastic strain. In equations 3.30 and 3.31,

04;j(t;) is determined as:

. o (15—
anj (tz) = max {Uelastic(ti) - Tj, min {Uelastic(ti) + Tja %Oaj (ti—l) }} (332)
g\Lq

Equation 3.32 corresponds to the play operator decribed in equation 3.28

3.4.4 Damage parameter

The damage parameter is continuously modeled using the modified hysteresis oper-

ator described by 3.28. The equation for the damage parameter is the same as the
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equation for the SWT parameter (3.21), the only difference is that all the members

in the equation are changing with time:

OswT — \/(Ua(ti) + O'm(tl))ﬁa(tz)E(T‘Z) (333)

The strain life curves in this calculation are required for several temperatures, so that

they can be interpolated for each temperature in the load history of the component.
When we divide the interval (0, osw 1 maz) t0 j members with a constant step Ar, the
temperature dependent Prandtl densities of the discrete hysteresis Prandtl model

are defined by the following relation:

1 = g (T) = 255(T) + dgya (7)) (334

where df = 1/N is the cycle damage. The determination of o,, 0, and ¢, is
done through a special algorithm that is described in [1] in detail. This algorithm
preserves the time sequence of decomposed o, 7,,, €, and T. This is important
in terms of the next calculation of the cumulative damage in each time point ;.
Simultaneously, the values of ogy 7 are calculated in each time step. The calculation

of the damage D(t;) is carried out using the hysteresis operator as:

Z i(Ti)oq;(t (3.35)
where the temperature dependent play operator is again defined as:
: 1;
0, (t;) = max {O‘SWT(ti) — r;, min {O’SWT( D)+ %Uw(ti—l)}} (3.36)
g\£e

A cumulative damage in each time point is then:

accum Z Z ’D )l (337)

4 FEM Analysis

The scope of this section is the modal and static analysis of the impeller alternative
design in the H80 engine and its results presentation. Modal analysis is done in
order to find natural frequencies and corresponding mode shapes of the component.
We investigate the natural frequencies of the unloaded impeller, only mechanically
loaded impeller and thermally and mechanically loaded impeller. The modal ana-
lyzes are followed by a comparison of the natural frequencies for these three cases.
The static analysis of the impeller is based on results obtained from the previously
done thermal analysis. Input data for the thermal analysis are experimentally mea-

sured temperatures on the surface of the impeller.
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4.1 Material

One considered option for the material of the impeller alternative design is a titanium

alloy WL 3.7164 where the main alloying elements are aluminum and vanadium.

Due to the low specific weight of the titanium alloys, it has a very good relationship

between mechanical load-bearing capacity and weight. This material is therefore

widely used in regions where the weight savings justify the use of an expensive

material. Material properties used in the FEM analysis are shown in Figures 6, 7

and 8.
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Figure 6: Young’s modulus and Poisson’s ratio of WL 3.7164 vs temperature
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Figure 7: Thermal conductivity and Specific heat of WL 3.7164 vs temperature
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Figure 8: Thermal expansion of WL 3.7164 vs temperature

Since the impeller undergoes a rapid temperature changes, we also need to know
how the material parameters change with the temperature. That is why all of them
are plotted with respect to the temperature. All the curves in the plots are related
to the reference values due to the GEAC restrictions. The density of WL 3.7164 is
4430 kg/m3.

4.2 Modal analysis of the unloaded rotor blade

Firstly, the rotor blade of the impeller was analyzed in order to investigate its natural

frequencies. The analysis was performed on the model that was not loaded.

4.2.1 Geometry

The geometry of the rotor can be seen in Figure 9. It consists of 16 main blades
and 16 splitters. In order to achieve a simplified model that is faster to calculate,
the symmetry of the rotor was utilized. So that only the sector with one blade and

one splitter was analyzed as can be seen in Figure 9.
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Figure 9: The whole impeller geometry(left) and its cyclic sector(right)

The sector angle is 22.5 degrees. Since in case of modal analysis, the behavior of the
blades is the most crucial, the middle part of the rotor is treated as rigid. Therefore,
it was removed and replaced by fixed boundary conditions. This assumption is only
used in the first task as we want to simplify the model as much as possible. In the
following part, modal analysis of the whole impeller is carried out. The material
of the model is a titanium alloy and the geometry was edited in the Hypermesh

software.

4.2.2 Mesh generation

The mesh was generated in Hypermesh software. An effort was made to use hexa-
hedral elements as much as possible in order to increase the accuracy of the analysis
and reduce the number of nodes. However, due to the complex geometry some
segments of the model were meshed with tetrahedral, prism and pyramid elements.
These segments do not include the blades that were fully meshed with the hexahedral

elements. The meshed model can be seen in Figure 10.
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13 elements per 180°

\| 9elements per 90°

Figure 10: The mesh of the impeller cyclic sector model with a detailed view of

trailing edge mesh (left) and leading edge mesh (right)

The whole model is meshed with the SOLID95 elements. This element type is
the second order element that is suitable for modeling curved boundaries like in
this model. It has 20 nodes but tetrahedral, prism and pyramid options are also
available since some nodes can overlap as depicted in Figure 11. The total number
of elements in the model is 116 375 and the hexahedral elements are filling 94% of
the model.
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Figure 11: SOLID95 element geometry [4]

4.2.3 Boundary conditions

Since the modal analysis without any thermal or mechanical loads is required, only

displacement constraints are applied. The component is fully fixed in the base
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and there is applied symmetry on both sides of the sector, thus displacement in

p-direction at the sides equals 0 (see Figure 12).

Symmetry boundary

\

condition

Symmetry boundary

/ condition

:
Fixed support

Figure 12: Boundary conditions for the modal analysis without loading

4.2.4 Results

Modal analysis was conducted in ANSYS software using the Block Lanczos mode-
extraction method. There were 5 modes extracted and expanded in a frequency
range from 0 to 10 000 Hz. The values of eigenfrequencies can be observed in Table 1.

The modes shapes for the frequency sets from 1 to 5 are shown in Figure 13.

FREQUENCY
[Hz]

SET

3623.7
4219.7
74343

9717.3
9965.6

h| & W | |-

Table 1: Natural frequencies of the impeller
From Figure 13, we can observe that the first mode shape that is associate with
the frequency of 3624 Hz is the first bending mode shape for the main impeller

blade. At the frequency of 4220 Hz we can find the first bending mode shape for the
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splitter of the impeller. Frequencies of 7434 and 9717 Hz indicate the second and
third bending mode shapes of the main blade. The second bending mode shape of
the splitter is at the frequency of 9966 Hz.

f=3624Hz f=4220 Hz f=7434 Hz f=9717 Hz f=9966 Hz

Figure 13: Mode shapes extracted for all the natural frequencies of the impeller

4.3 Thermal analysis of the rotor

The thermal analysis is carried out in order to obtain an input data for the structural
analysis. The experimentally measured temperatures at discrete point are used as an
input data for the thermal analysis. Temperatures at all nodes at each investigated

time point are calculated as an output of this analysis.

4.3.1 Geometry and mesh of the model

For the thermal analysis, the model of the rotor is extended so that the inner part
with the bolt and washer is also modeled (see Figure 14). In addition, parts of
neighboring components are attached to the model in the front and back of the

rotor. The sector angle is 45 degrees.

30



Figure 14: Impeller meshed model for the thermal analysis

The impeller is meshed with hexahedral SOLID90 thermal elements which are analo-
gous to SOLID95 structural elements. The hexahedral elements fill the whole blades
again and the tetrahedral thermal elements SOLID87 are used to mesh the other
components since they are not as important as the blades. Contacts between all the
components are modelled with CONTA173, CONTA174 and TARGET170 elements

with temperature degrees of freedom.
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Figure 15: Contacts between the components in the model

All the contacts between the components are shown in Figure 15. They are modeled
as 3D surface to surface asymmetric contacts. It means that all the contact elements
are on one surface and all target elements are on the other surface on each contact.
Flexible to flexible contact behavior is used for all the contacts. Keyoptions and real

constants are set according to Table 2. The remaining real constants are default.

Contact Element Type K1 K2 K5 K10 K12 R10
1 CONTA174 il 1 3 2 1 0.195
2 CONTA174 1 1 0 2 1 0
3 CONTA174 1 1 3 2 il 0
4 CONTA173 1 1 0 2 0 0
5 CONTA174 1 1 0 2 il 0.00275
6 CONTA173 1 1 0 2 0 0
7 CONTA174 1 1 3 2 1 0
8 CONTA173 1 1 0 2 1 0.01
9 CONTA174 il 1 3 2 il 0

10 CONTA174 1 1 3 2 1 0
11 CONTA174 1 1 0 2 0 0

Table 2: Contact settings
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In the Table 2, R10 is a real constant that specifies contact surface offset. Pos-
itive value offsets the entire contact surface towards the target surface. It can be
automatically set by keyoption 5 that is explained later. The keyoption K1 selects
degrees of freedom of the element. All the contacts have UX, UY, UZ and TEMP
degrees of freedom which means that we can use them for structural and thermal
analysis. The keyoption K2 indicates the contact algorithm. In our case, Penalty
function is selected (K2 = 1). The keyoption K5 sets the behavior of the gap be-
tween two surfaces. It can automatically adjust the value of the contact surface

offset (R10 real constant) according to the option we choose. The options are:

0 No automated adjustment
1 Close gap
2 Reduce penetration

3 Close gap/reduce penetration

The keyoption K10 sets contact stiffness update. If it is set to 2, it means that
each iteration is based on current mean stress of underlying elements. Behavior of
the contact surface is set by the keyoption K12. Only the options standard (K12 =
0) and rough (K12 = 1) are used. Standard contact surface behavior means that
normal pressure between two mating surfaces is equal to zero if separation occurs.
Rough contact is similar but there is no sliding possible so that the friction coeffi-
cient goes to infinity. Standard contact is set in the thread of the bolt with friction
coefficient 0.15.

4.3.2 Thermal loading

Temperatures are mapped on the surface of the impeller according to the experi-
mentally gained temperature fields. These temperature fields are obtained from the
testing that is conducted on the rotating impeller. The impeller was accelerated
and subsequently decelerated in the short time period. The rotational velocity was
increased from 60% to 100% of the nominal speed in approximately 7 seconds dur-
ing the acceleration. After 4 minutes the velocity was decreased back to 60% of the
nominal speed. Dependency of the rotational velocity on time during the testing is

shown in plot in Figure 16.
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Figure 16: Rotational velocity vs time during the temperature field measurement

on the impeller

The temperatures were measured using thermocouples mounted on the rotor surface

while testing. The location of the thermocouples can be seen in Figure 17.

TCL20 | b TeL4
[ |

Figure 17: Distribution of the thermocouples on the impeller surface

Corresponding measured temperatures from the thermocouples for acceleration and
deceleration are depicted in the plot in Figure 18. The onsets of acceleration and
decelerations are marked with the dashed lines in Figure 18. The dashed lines also

indicate time points with minimum and maximum temperature distributions during
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the testing. Temperatures were measured at thermocouples TC1, TC2, TC3, TC4,
TC5h, TC6, TC7, TC9, TC11 and TC13. There were 6 time points chosen for the
acceleration and 6 time points chosen for the deceleration. At these time points,

temperature fields are used as an input for time - dependent thermal analysis.
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Figure 18: Temperatures measured by thermocouples on the rotor surface during

the acceleration and deceleration

At each time point, measured temperatures are applied to the corresponding spots
of the model and to its close surroundings. In Figure 19, we can see thermally loaded
model in ANSYS. For the sake of simplicity, all the temperatures are loaded into
ANSYS in a form of a table.
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Figure 19: Temperature applied on the impeller model in ANSYS

4.3.3 Results

Thermal analysis is performed in three time steps. In the first step, the temperature
field associated with the speed of 60% of the nominal speed was applied on the model.
The second step corresponds with the acceleration. This step was divided into six
substeps. At each substep a new temperature field is loaded from the preprocessed.
The third step corresponds to the deceleration that is also divided into 6 substeps.
The results of the thermal analysis at the beginning of the acceleration (i.e. 60% of
the nominal speed) and at the end (i.e. 100% of the nominal speed) are shown in
Figure 20
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Figure 20: Temperature distribution on the impeller at the speed of 60% of the
nominal speed(left) and at the speed of 100% of the nominal speed

4.4 Static and modal analysis of the loaded rotor
4.4.1 Geometry and mesh of the model

For the static and modal analysis, the same mesh and geometry are used for the
thermal analysis (see Figure 14). However, the thermal elements had to be replaced
by structural elements; thus, SOLID186 and SOLID187 elements are used. Con-
tacts between the components are again meshed with CONTA173, CONTA174 and
TARGET170 elements. The settings for the contact elements are the same as for

the thermal analysis.

4.4.2 Boundary conditions and loading

Boundary conditions for the static analysis are shown in Figure 21. The pressure
caused by hot gas is acting on the rear side of the impeller in the axial direction.
In addition, the whole model is loaded by rotational velocity that varies with time
in steps according to Figurel6. It means that the first and third step correspond
with the speed of 60% of the nominal speed and in the second step velocity of 100%
of the nominal speed was applied. Consequently, the corresponding temperatures

obtained from previous time-dependent thermal analysis are applied to all nodes.
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Figure 21: Applied load on the model for the static analysis

Thermal loads and rotational velocity are applied in the same steps as in the thermal
analysis. Moreover, there are applied forces and prescribed displacement on the
components attached to the impeller according to Figure 21. The cyclic symmetry
utilized for sector angle of 45 degrees. The contacts between all the components
are modelled with surface-to-surface contact option in ANSYS that includes friction
between the surfaces again. The pure penalty contact algorithm is also used for these
contacts. In order to simulate the pretension of the bolt, the PRETS179 elements

with one translation degree of freedom are utilized in the cross-section of the bolt.

4.4.3 Static analysis results

The results of the static analysis can be observed in Figures 22 and 23. We can see
the comparison of von Mises stress at the beginning and at the end of the second
step. At the beginning of the step 2, the speed is already 100% of the nominal speed
but the temperatures are still the same as in the first step. At the end of this step,
the speed remains the same and temperatures increase to their maximum. Thus, in
Figures 22 and 23, we can see the influence of the temperature change on the von

Mises stresses.
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Figure 22: Von Mises stress at the speed of 100% of the nominal speed loaded with

minimum temperature field
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Figure 23: Von Mises stress at the speed of 100% of the nominal speed loaded with

the maximum temperature field

However, there is only minor change; more detailed view can be seen in the plot

39



in Figure 24 where the dependency of von Mises stress at node 1461567 on time is
plotted. o,.; in the plot is equal to von Mises stress at speed of 100% of the nominal

speed RPM and minimum temperature field.
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Figure 24: Von Mises stress vs time at node 1461567 during the temperature increase

in load step 2

The critical locations on the impeller are shown in Figure 25 and their description
is in Table 3.

Location Node No. Von Mises Stress
1 1461567 770.04
2 1461799 685.95
3 1466581 506.55

Table 3: Nodes with the highest von Mises stress

The node 1461567 with the highest von Mises stress is located at the top of the
hole for the bolt. The increase in von Mises stress due to the temperature change at
this node is only 2.6%. Therefore, we can conclude that the stress increase caused by
growing temperatures can be neglected in this quasi-static analysis. However, care
should be taken because in case we performed transient thermal analysis results
could be different, since we would also take into account time-dependency of the

analysis.
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Figure 25: Critical locations with the highest von Mises stresses

4.4.4 Modal analysis results

Perturbed prestressed modal solution is performed on the impeller cyclic-sector
model. The perturbed modal cyclic symmetry analysis includes the initial pre-
stressed condition obtained from the previous linear static analysis. Thus, stresses
from pressure, centrifugal loading caused by rotational velocity and thermal loading
are included in the solution. The modal analysis without thermal loading is also
conducted in order to investigate the influence of the temperature on the natural
frequencies. The Block Lanczos eigensolver was used to extract 7 modes for har-
monic index 0. The results are shown in Table 4. The results for the loaded impeller
without thermal loading are shown in Table 5. Mode shapes for the first 4 natural
frequencies are depicted in Figure 26. We can see that the eigenfrequencies of the
prestressed impeller are higher than the corresponding eigenfrequencies we have got
when we analyzed only the unloaded blade. This meets our expectations since the
stiffness is getting higher during the loading. When we added the thermal loading
the natural frequencies decreased. This also corresponds to the expectation. In the

prestressed analysis, some extra eigenfrequencies occurred that are caused by two
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FREQUENCY FREQUENCY
SET ?HZ] SET &
1 4073.1 1 4174.3
2 4094.9 2 4198.1
3 4618.8 3 4782.6
4 4620.5 4 4785.1
5 5389.7 5 5596.8
6 7497.9 6 7705.1
7 7614.6 7 7825.3

Table 4: Natural frequencies of Table 5: Natural frequencies of
the loaded impeller (harmonic in-  the cold loaded (harmonic index
dex = 0) =0)

factors. Firstly, the model and mesh are different compare to the model in the first
task. The sector angle is two times bigger and there are additional components
attached to the impeller. Secondly, cyclic symmetry is used in this analysis instead

of symmetry boundary conditions that are used in the first task.

ANSYS GRS SOt ANSYS
sl ML, ST TN R4

Figure 26: Mode shapes of the first 4 eigenfrequencies of the thermally and mechan-
ically loaded impeller
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In Figure 27, we can observe the comparison of natural frequencies belonging to the
unloaded model, loaded impeller without thermal loading and fully loaded impeller.
It can be seen that for the higher frequencies the natural frequencies of unloaded
and fully loaded impeller are comparable. It is caused by the fact that the thermal
load decreases the natural frequencies back to the initial value. Note, that there are
not all the eigenfrequencies for the unloaded rotor since some modes do not exist in

the simplified model.

Frequency [Hz]
8000

7500

W Natural frequencies of the

7000 unloaded impeller

6500

W Natural frequencies of the
loaded impeller except
for thermal loadings

6000

5500

5000

M Natural frequencies of the

4500 loaded impeller

4000
3500

3000

1 2 3 4 5 6 7

Mode shape number

Figure 27: Comparison of eigenfrequencies of unloaded, structurally loaded and both

thermally and structurally loaded impeller

5 Fatigue Life Assessment

This section describes the low cycle fatigue(LCF) calculation of the impeller based
on the FEA results. The LCF evaluation is performed by the use of three different
methods. Namely, it is the SWT method, Landgraf method and historical GEAC
method. For the fatigue life analysis we need three types of input data in order to
obtain the results. It is a load history of the component, elastic stress response to
the loading obtained from the FEA results and the material properties. All of them
are described bellow in more detail except for the FEA results that were already

described in the previous section 4.
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5.1 The loading history

The loading history of the impeller can be seen in Table 6 and plotted in Figure 28.
There are different flight operations that the engine experiences and their numbers

of occurrence stated. It is basically an output from the rainflow counting.

Wi w
Cyele No. Cycle e ma Occurrence per cycle
[%] (%]
1 Take-off Overshoot 0 104.5 1
2 Flight Idle 60 96 1
3 Recurrent take-off 60 104.5 0.05
4 Limiters test 0 95 0.22

Table 6: The loading history of the impeller

The flight operations are always specified by the maximum and minimum rota-
tional velocity during the cycle as these two values are crucial for the fatigue life
calculation. In addition the structure is permanently subjected to a constant load

caused by the bolt pretension.

Velocity range [%]
120

100

80
60
40
) I I
0
1 1 0.05 0.22

Occurance per cycle

Figure 28: The loading history of the impeller
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5.2 Material Properties

In this section, the material properties requires for LCF prediction are presented. All

the material curves are related to reference values because of the GEAC restrictions.

5.2.1 Cyeclic curve

For the fatigue life calculation, we need to know cyclically stable cyclic stress-strain
curves for several temperatures. The cyclically stable curves that we have were
measured at 3 different temperatures: 23°C', 240°C" and 265°C' . Each of them is
gained by an interpolation of 12 points. The points represent peaks of stabilized
stress-strain hysteresis loops. Such a hysteresis loop is depicted in Figure 29 where

[€ait; oair]are the coordinates of each point that we needed for the interpolation.

8311

(¢

Ecyc

Salt,p 8alt,e

Figure 29: Example of hysteresis loop the data for cyclic curve were taken from

In order to obtain the hysteresis loops cyclic strain-controlled loadings at several
strain levels were performed. A schematic chart of such a strain loading in time is in
Figure 30. It can be observed from Figure 30 that the loading is for R = —1. The
material specimen response to the applied cyclic strain loading can be schematically
seen in Figure 31. As the specimen is loaded the alternating stress is decreasing until
the specimen fails after a certain number of cycles N. Such trend is called material
softening since the material is loosing its initial strength. On the other hand if the
process was opposite and the alternating stress was increasing the process would be
called hardening. The hysteresis loop we use for our cyclically stable curve is the

one that we measure after N/2 cycles.
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Figure 30: Example of a strain - controlled cyclic loading
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Figure 31: Example of material stress response to strain - controlled cyclic loading

Since the cyclic curve is dependent on temperature and deformation rate, all the
points were measured isothermally and with constant frequency v = 0.167H z They

were then interpolated by a curve with an equation:

Oalt = A (Ealt,p)B (51)

Where ¢, is a plastic part of the alternating strain. By comparing equation 5.1

with equation 3.9, we can determine coefficients K’ and n’ for each temperature.

K'=A (5.2)
, 1
n=g (5.3)

These coefficients define our cyclic curves. The plot of the cyclic curve for temper-

ature 240 °C' can be seen in Figure 32.
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Figure 32: The cyclic curve for temperature 240 °C'

5.2.2 Strain-Life curve

The other material parameters we necessarily need for the LCF calculation are the
parameters that the e—N curve is described with. The e—N curve is described with
equation 3.21 thus we need to get o, €}, b and c¢. We obtain these constants from
the same testing as for the cyclic curve. During the testing both the elastic and the
total strains are measured. The total strain €,;; is measured directly by a tensometer

mounted on the specimen. Whereas the elastic strain is derived from

ot = = (5.4)
provided that the load force F' and cross-section A are continuously measured during
the testing. The plastic strain is then calculated as €41, = €1t — €qite. The strain life
curve is gained as a superposition of two curves. It is an elastic strain-life curve and
plastic strain-life curve. Both of these curves were gained from the interpolation.
The elastic strain- life curve extrapolates the points with coordinates [N;eq ] and
the plastic strain life curve extrapolates the points with coordinates[N;€q; ). N is
a number of cycles to failure of each specimen, €, is an elastic alternating strain

and €4, is a plastic alternating strain. The equation for the final strain life curve
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is:
€alt = €alt,e + €alt,a — A N“+ B N° (55)

Where the first member on the right side of the formula represents the elastic part
of the strain and the second member represents the plastic part of the strains.
Constants A, B, a, ¢ are obtained from the interpolation. The parameters cr}, e}, b

and c¢ are obtained by comparison equation 5.5 with equation 18 as follows::

E cyc

oy =A Shii (5.6)
b=a (5.7)
, B

€= e (58)
c=c (5.9)

The e-N curve for the used material and temperature 240 °C is depicted in Figure 33.

100.0%

10.0%

fol )\' b
—=(2N)’
i I:‘[

240°C €ap = €;(2N)°

1.E-07 1.E-06 1.E-05 1.£-04 1.E-03 1.E-02 1.£-01 1.E+00
NUMBER OF CYCLES N/Nyow

Figure 33: e-N curve for temperature 240 °C

5.3 Fatigue assessment using SWT method
5.3.1 The input data implementation

Fatigue assessment using SW'T method is performed in the PragTic software. The
stress tensor at each node of the impeller FEM model for each time point of the
loading history is implemented to PragTic. Since the analysis was elastic the stresses

at each time points are proportional to rotational velocity squared w?. Therefore
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only one stress result file is uploaded to PragTic and the remaining stress tensors
are only multiples of the original stress file. This simplification can be only used
considering that the loading of the impeller is controlled mainly by the rotational
velocity and that the change in stress caused by the temperature influence is in-
significantly small. In addition care should be taken because there are also stresses
caused by bolt pretension present. So that we need to subtract these stresses from
the stresses obtained from the stress analysis and upload them as a separate load
channel into PragTic. Thus, the loadings are set into PragTic in form of two load
channels that are then superimposed: the constant load caused by the bolt preten-
sion and the load cycles that are described in Table 6. The material parameters are
implemented into PragTic if form of cyclic curve and strain life curve coefficients.
The curves for the temperature 240°C' are chosen. The cyclic curve parameters are
taken from relations 5.2 and 5.3 and the strain life curve parameters are taken from
relations 5.6, 5.7, 5.8 and 5.9. In Figure 34, the settings of the method can be seen.

Method: [smm, Watson & Topper L_l
Decomposition: |Ra|n-ﬂow with von Mises (signed 11) reduction _v_|
Elasto-plasticity: [Neuber elastic-plastic accommodation E‘
Mean stress influence: [As in original formula LI
Inﬂuenc‘e of stress gradient: |No LI
Influence of technology: [No LI
Influence of surface quality: |No LI
Infiuence of size: [No :]
Influence of temperature: |No LI
Set another survive probability: [No j
Cumulative rule: |Pakngrther ﬂ
Solution option Parameter
||Negative mean stress <0~zeroized, 1~used> 0
Only every x-th data-point taken from load history 1
Close non-dosed cydes in second run <1~yes, O~no> 1
Solution variable
I Minimum damage
| Weight of non-dosed half-cydes

Figure 34: SWT method settings in PragTic

5.3.2 The results

The results from PragTic are obtained in form of a text file in which a damage index
D is assigned to each node. The damage for each load cycle was also exported, its
comparison can be observed in Figure 35 where damage for nodes 1484141, 1492079,
1484055 and 1491993 is plotted.
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Damage [1/cycle]

2959 cycles 3031 cycles

11884 cycles 12436 cycles
1.0E-04
1.0E-05
1484141 1492079 1484055 1491993 Node ID

Bloadcyclel ®loadcycle?2 ®loadcycle3 MLoad cycle 4

Figure 35: Damage according to SWT method for nodes 1484141, 1492079, 1484055
and 1491993

The first 2 nodes (1484141 and 1492079) have the highest damage according to SWT
method. However, we can see in Figure 35 that for these 2 nodes the portion of the
damage corresponding to the load cycle 2 is significantly higher compared to the
other 2 nodes. This is caused by the influence of the signed von Mises stress. There
are several methods how to calculate the sign of the signed von Mises stress and
these methods can produce different results. Figure 34 shows that von Mises (signed
I1) reduction was used for the calculation. It means that the sign of the von Mises

stress is equal to the sign of the first invariant of the stress tensor Iy
11201+02—|—O'3 (510)

Nevertheless, the calculation according to formula 3.25 (SPmax) can be also utilized.
This formula uses the sign of the principal stress whose magnitude is the highest.
In such case we get different results for stress amplitude and consequently damage
caused by the load cycle 2 for nodes 1484141 and 1492079. Table 7 shows maximum
and minimum stress tensors in load cycle 2 for nodes 1484141 and 1484055. While
in case of node 1484055 signed von Mises stress determined by I1 and SPmax is
the same, it differs in case of node 1484141. If we use SPmax method, the sign
of the minimum stress in the load cycle 2 is opposite and the stress amplitude is

significantly lower. So that we should be careful which method is used.
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| W I

| 1484141 60 65 23 88 -5 13 120 166 -70  -96 -250 250
|_ 96 173 63 -161 -11 33 311 435 -145 -214 617 617
l Op = 434 184
| 1484055 60 88 5 -32 -7 21 117 231 171 =27 231 231
| 9% 216 6 110 -18 56 293 502 425  -92 361 361
| Op = 65 65

Table 7: Maximum and minimum stress tensors in load cycle 2 for nodes 1484141

and 1484055

As we want to keep consistency of the method the same signed von Mises reduction

(I1) is applied to all the load cycles. However, the results should be handled with

caution because of this fact.

In order to see the damage distribution on the whole component, the output file
from PragTic is exported to Ansys and the damage is mapped on the impeller. So

that we can see the locations with the highest probability of failure. The damage

parameter distribution can be seen in Figures 36 and 37.
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Figure 36: The damage parameter distribution from the front side of the impeller

according to the SWT method
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1 ANSYS
NODAL SOLUTION R17.0
STEP=4 SEF 20 2016
SUB =& damlaeay
TIME=11
JCYCEXPAND
Hrm Index= 0
UX (AVG)

REYE=1
DMX =24.6459
SMM =-24.644
SMX =-3.47108
—24.644 ~19.9389 ~15.2338 ~10.5287 ~5.82363
-Z22.2514 -17.5863 -12.8813 -8.17617 -3.47108
Ux=1logl0(D),UY=N (Num. of cycles), UZ=loglO (D}, ROTX=loglO(N}), ROTY=D"{1/6), ROT

Figure 37: The damage parameter distribution from the back side of the impeller
according to the SWT method

For better visualization, a common logarithm of D, log (D), is plotted in all the
figures that show the damage distribution. We can see that the critical location
from the fatigue life point of view is again the bolt hole. Figure 38 shows the
damage parameter distribution in the bolt hole in more detail and in a different

scale so that the critical nodes can be observed.
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Figure 38: The damage parameter distribution in the bolt hole of the impeller
according to the SWT method

The 3 nodes with the highest damage are marked with the black circle. The results
from PragTic for these 3 nodes including their ID numbers are summarized in Fig-
ure 35. Maximum damage index is 3.38 x 10™* that corresponds to node number
1484141 and 2959 cycles. Hence, the life of the impeller determined by use of SWT
method is 2959 equivalent cycles.

5.4 Fatigue assessment using Landgraf method
5.4.1 The input data implementation

Fatigue assessment using Landgraf method is also performed in the PragTic software.
The loading history, material parameters, the method settings and FEA results are
the same as in case of the SWT method. The only difference is in an assumption

how the means stress affects the final solution.
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5.4.2 The results

The results from Pragtic can be observed in Figure 39. The bolt hole is again the

most critical location.

Damage [1/cycle]

53189 cycles

5463 cycles

1.0E-04

32814 cycles

34466 cycles

1.0E-05
1484141 1492079 1484055

Mloadcyclel M®loadcycle? ®loadcycle3 MW Loadcycle 4

1491993
Node ID

Figure 39: Damage according to Landgraf method for nodes 1484141, 1492079,

1484055 and 1491993

The highest damage is again in node number 1484141. It is 1.88 x 10~* which

corresponds to 5319 cycles to crack initiation. The damage parameter distribution

can be seen in Figures 40 and 41.
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TIME=11
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-24.044 -13.9955

-22.3197 =17 6713
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ANSYS
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13:46:26
~10.6985 ~6.05005
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Figure 40: The damage parameter distribution from the front side of the impeller

according to the Landgraf method

NODAL SOLUTION

STEP=4

SUB =5

TIME=11
/CYCEXPAND

Hrm Index= 0
UX (AVG)
RSYS=1

DMX =24.6443

SMN =-24.644

SMX =-3.72581

-24.644 -19.9855

-22.3197 =L67L3
UX=1loglO(D),U¥=N (Num. of cycles), UZ=loglQ(D),

ANSYS
R17.0
SEP 20 2016
13:47:23
106565 —6.05005
-8.37429 -3.72581
ROTE=loglO (M), ROTY=D"(1l/6), ROT

Figure 41: The damage parameter distribution from the back side of the impeller

according to the Landgraf method
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5.5 Fatigue assessment using historical GEAC method

Based on the results from PragTic software, we consider nodes with numbers 1484141,
1492079 and 1484055 as the most critical ones in terms of the fatigue life. Therefore,
the historical GEAC method is employed to determine the fatigue life only for these
nodes. Stress tensors in these nodes obtained from the FEM analysis are shown in
Table 8. They are selected for rotational velocity 0% and 100% as having these two
tensors we are able to calculate stress tensor for any other rotational velocity since

the FEM analysis is linear.

Rotational Temperature (MPa] [MPa] [MPa] [MPa] [MPa] [(MP] SGN [MPa]
o. a o, a o, a T a T a T a aay a
velocity o [%] [°Cl * ’ : ¥ * = o
Node 1484141
0 23 -5.03 224 -41.38 -2.88 -1.07 0.21 -38.20
100 238 188.79 68.25 -171.28 337.96 -11.83 35.865 669.11
Node 1492079
0 23 -6.5788 -0.48863 41312 0.65546 -1.0677 0.39603 -38.21
100 235 427.98 -172.97 -171.85 -162.65 -25.632 -29.607 666.66
Node 1484055
0 23 -1.53 -0.29 2226 -0.60 0.06 0.20 15.06
100 235 234.02 5.9218 -121.23 318.29 -19.746 60.978 643.00

Table 8: FEA stress results for the selected nodes 1484141, 1492079 and 1484055

Due to the multiaxial stress state of the structure, we use Manson-McKnight
method for reduction to the uniaxial stress state. The results below are for the
sake of simplicity presented only for the most critical node 1484141. The elastic
equivalent mean stress and amplitude according to this method for the most critical
node 1484141 are:

Om.rp = 341.2M Pa (5.11)
Ourp = 328.9M Pa (5.12)

These stresses are calculated for load cycle that starts when the engine is subjected
to 0% of nominal speed, then is accelerated to 100% of nominal speed and then
decelerated back to 0%. From these two values, maximum and minimum stress of

this cycle are:

Omaz.re = 670.1 MPa (5.13)

However, we do not have only one load cycle. It is needed to consider all the

load cycles in the load history of the component (see Table 6). If the stresses
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induced by temperature in the structure are neglected, the resulting stress state
can be considered as proportional to the centrifugal force caused by the rotational
velocity. Hence, we determine the uniaxial stress o at the certain rotational velocity
w according to the following formula since the centrifugal force is proportional to

w?:

2
Omazx, — Omin, w
o = ( rE 1002 FE) + Omin,FE (515)

Using this formula, we are able to obtain the uniaxial maximum and minimum
stresses for all the load cycles. For the cycle 1 in the loading history(from 0% to

100.4% of the nominal speed), the maximum and minimum uniaxial stresses are:

Omaz,FE = 675.4 M Pa (516)

However, this should be handled with caution because the stresses determined
by 5.15 are elastic stresses. In order to determine the real stress state we need
to use elastic-plastic correction. This is carried out according to Figure 42, where

we can see the correction for the maximum stress in the load cycle 1..

o [MPa]
800

700 Ne

600

500
400 .

Real stress -strain state

300

200

100

0 0.002 0.004 0.006 0.008 0.01 0.012

el

— Neuber hyperbola = Elastic stress Elastoplastic stress
Figure 42: Neuber correction of the maximum stress in node 1484141

The maximum real stress in the first cycle, 0,44, is then determined from the Neuber

hyperbola that is given by equation:

2
(O-maEFE> = Ovreal€real (518>
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where 0,4, pp is determined from equation 5.16 and €, is obtained from the
Ramberg-Osgood curve as:

1

Creat = 2 4 (ZL)” (5.19)

By combination of relations 5.18 and 5.19,the maximum real stress is reduced to:
Oreal = 985.8 M Pa (5.20)

Next, we need to find the real stress and strain amplitudes for the load cycle 1. The
Neuber correction is used again but now it is for the cyclic loading. The neuber

hyperbola is defined by:

Ao—elastic

Ecyc = AO-’/‘ealAereal (521)
where
1
AUT@CLZ AUreal w7
A real — 2 5.22
Creal Ecyc+(2K’) (522)

Using relations 5.21 and 5.22, the stress and strain amplitudes are:

€, = 6.5 x 1073 (5.23)
04 = 329.0 M Pa (5.24)

Eventually we need to determine a mean stress of the first load cycle, o,,, that is

according to 3.15:
om = 256.8 M Pa (5.25)
The Neuber parameter for the first load cycle is then:

O Neuber = 442.4 M Pa (5.26)

The Neuber parameter is then used for a determination of maximum number of
cycles for maximum and minimum temperature during the cycle. The lower number
is considered as the final result. The same procedure is used for all the cycles from
Table 6. The damage from each load cycle for all the investigated node can be seen

in Figure 43.
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Damage [1/cycle]

1.E-04
10821 cycles 10962 cycles
11597 cycles

1.E-04

8.E-05
6.E-05
4.E-05
2.E-05
0.E+00

1484141 1492079 1484055
Node ID

M Load cycle 4 W Load cycle 3 M Load cycle 2 W load cycle 1

Figure 43: Damage distribution for nodes 1484141, 1492079 and 1484055 determined
by historical GEAC method

The final results for all nodes from Table 8 are in the Table below:

Node No. N for T ., N for T, Total N

| 1484141 10821 | 30603 10821 |
1492079 10963 31002 10963
1484055 11579 41002 11579

Table 9: Fatigue life for nodes 1484141, 1492079 and 1484055

5.6 Fatigue assessment using the method proposed by Nagode
5.6.1 The input data implementation

The input data required for this method are: load history and material parameters
for several temperatures. The load history is implemented into the calculation as
a sequence of signed von Mises stresses that the component repeatedly experience.
For this reason, the load history defined in Table 6 is simplified in this case. Only
the first two cycles are considered as it would be complicated to implement the cycle
3 a 4 because their occurrence per equivalent cycle is much lower than 1. The load
history for the critical node 1484141 is depicted in Figure 44 where the stresses are
corrected by Neuber formula(3.8).
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Figure 44: The load history for node 1484141
The corresponding strain response to the load history is also shown in Figure 44. It

was calculated only in the turning points by using 3.9. Stress and strain history is

summarized in Table 10.

Time point 1 2 3 4 5
Stress [MPa] -38 \ 577 _ 216 545 v -38 |
Strain [-] -3.71E-04 | 7.72E-03 | 5.61E-03 | 1.17E-02 | -3.71E-04 |

Table 10: Stress and strain history for node 1484141

For this method, we need a strain-life curve for each temperature that is in the
load history. Since only strain-life for 3 temperatures are available, the remaining
curves for the other temperatures from the load history are piecewise cubic Hermite

interpolated.
The LCF calculation is performed by use of a set of functions in a c++ library

that was developed in CTU. The input data were read in a form of text files and

compiled through the Windows command line.
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5.6.2 The results

In Figure 45, we can see how the SWT parameter, osyr, is changing with time
according to Nagode’s method.

1000 T T T T T T T 1000
I9SWT
o
500 500
<
Ay —
=3 £
= =
= ©
[p]
S
0 0
_500 Il Il Il Il Il Il Il _500
1 1.5 2 2.5 3 3.5 4 4.5 5
Time points

Figure 45: ogwr and o vs time for node 1484141

Figure 46 shows how the damage D develops with time when the load history is
applied.
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Figure 46: Damage D and o vs time for node 1484141
The total damage according to the formula 3.37 is
Daceum = 0.000681704 cycle™! (5.27)

It corresponds to 1467 equivalent cycles until crack initiation appears.

5.7 Fatigue life results comparison

The results from the LCF methods are compared at 2 critical nodes 1484141 and
1484055. Table 11 shows the comparison of the SWT method, Landgraf method and
the historical GEAC method. The critical node in terms of fatigue is node 1484141
for all the methods. The highest life is estimated by the historical GEAC method
while SWT method predicts the lowest life. As discussed before, the main reason
for that is the different method of the signed von Mises stress calculation. On the
other hand, the estimated life from the SWT and historical GEAC method for node
1484055 is comparable. This is caused by the fact that the signed von Mises stress is
the same for both methods during the whole load history in this node. Besides, the
fatigue life obtained from the Landgraf method is generally higher than the fatigue
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Node ID SWT method Landgraf Method GEAC method
1484141 2959 5319 10821
1484055 11884 32814 11579

Table 11: The results comparison for the SWT, Landgraf and historical GEAC
method

life obtained from the SW'T method. This is caused by the different way of mean
stress inclusion into the calculation.

The method proposed by Nagode was applied only to the most critical node
1484141. The result is the most conservative as the fatigue life determined by
Nagode’s method is only 1467 cycles.
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6 Conclusion

The impeller alternative design of the H80 engine has been analysed. The thermal
and structural analysis was performed using FEM software Ansys 17. The FEM
analysis was done for the acceleration to the maximum speed and the consequent
deceleration. This mission was divided into 10 time steps. Each time step is charac-
terized by different velocity, temperature and aero gas loads therefore in each time
step the corresponding loads were applied. From the FEA results, we could see that
the temperature influence on the stress state of the impeller is negligible as the in-
crease in von Mises stress in the critical node was within 3% during the acceleration

to the maximum speed.

Modal analysis was performed for:
e the unloaded impeller
e only mechanically loaded impeller
e thermally and mechanically loaded impeller

Seven natural frequencies and corresponding modes shapes have been obtained. Nat-
ural frequencies were the lowest in case of the unloaded impeller. It corresponds to
the assumptions since the unloaded component has the lowest stiffness. However,
these frequencies are similar to the eigenfrequencies of the thermally and mechani-

cally loaded impeller since temperature decreases the stiffness of the component.

Based on the FEM analysis, the fatigue life calculation has been carried out. Four
different methods were used to evaluate the low cycle fatigue of the impeller and
the results were presented. The calculation was performed in software developed
at Czech Technical University. The critical location in terms of fatigue is in the
bolt hole of the impeller. The most conservative result 1467 cycles is predicted by
the method proposed by Nagode. This method takes into account the temperature
change in every time point of the mission. On the other hand, the highest life 10821
cycles was determined by the historical GEAC method.

This analysis is a demonstrative case conducted to compare different lifing methods,

therefore results will not be used for real purposes.
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