fe-safe/TURBOlife™

LIFE EXTENSION OF A
GAS TURBINE BLADE

CHALLENGES
• Assess the extent to which safety margins are eroded by
arbitrarily extending the life of a gas turbine blade
• Develop a robust design process that factors in complex
loading conditions and combined stresses causing variations
in material properties and component handling
• Calculate the limit on safe life as a result of fatigue damage,
creep damage and creep-fatigue interaction

SOLUTION
• Achieved accurate fatigue life predictions of complex analyses
based on creep strain, creep fatigue damage and material
property changes at high temperatures
• Identified the main causes of fatigue failure
• Allowed for damage computations using ductility exhaustion
with creep fatigue interaction or strain range partitioning
• Demonstrated that, in line with industry experience,
considerable scope exists for safe life extension of this blade
beyond the maximum 25,000 hours recommended by the
gas turbine manufacturer

KEY CAPABILITIES fe-safe/TURBOlife
• Consideration of complex damage mechanisms
induced by creep and fatigue conditions
• Consideration of the necessary temperature
dependent effects, identification of the levels of
creep and fatigue damage and the probability of
cracking
• The ability to identify whether the damage is
predominantly fatigue, creep, or creep-fatigue related

Gas turbines are used extensively for mechanical drive in a
number of industries, for example gas compression, power
generation and marine propulsion. Aero derivative engines
are often used for these applications. Unlike aerospace
applications, where the duty cycle of the engines is closely
prescribed, mechanical drive applications experience a wide
variety of load conditions. This makes life assessment more
difficult. The gas turbine blades are expensive to replace.
Manufacturers give guidance on allowable blade life through
the calculation of Equivalent Operating Hours (EOH) where
start-up, shut-down or speed change events are allocated an
equivalent number of full power operating hours. These EOHs
are subtracted from the full power steady operation allowable
hours, typically 25,000 hours, to derive the allowable hours of
remaining operation.
Due to the cost of blade replacement and operator experience
indicating that blade failures are very unusual events, a number
of gas turbine operators are arbitrarily extending the life of
blades between replacements. Guidance was requested on the
extent to which safety margins are eroded by life extension.

DAMAGE MECHANICS
Hot, cyclic operation of gas turbine blades induces creep
damage and fatigue damage which limit their safe life. The
damage mechanisms induced by creep and fatigue conditions
are both related to strain accumulation. The damaging process
is mechanistically complex involving a number of interacting
aspects, all of which must be considered for safe life estimates.
These aspects are:
• Cycle identification as hysteresis loops
• Influence of creep strain on hysteresis loop development
• Cyclic hardening (or softening)
• Creep relaxation of thermal stress
• Forward creep of mechanical stress
• Elastic follow-up with combined thermal and mechanical
stress
• Creep damage as a function of creep strain rate
• Biaxiality

STRESS ANALYSIS

• Fatigue damage

Gas turbine blades experience complex loading conditions.
Centrifugal loads lead to blade extension and twisting.
Aerodynamic loads lead to blade bending and twisting. Where
blades are internally cooled, a steady state thermal stress exists
in addition to transient thermal stress during power changes.
These stresses, and the way they combine during transient
operation, can be adequately modeled by Finite Element
Analysis (FEA).

• Creep damage - fatigue damage interaction
In addition, the damage mechanics methodology must include
the influence of material property changes with temperature
changes during a cycle. The damage mechanics calculations
incorporated into fe-safe/TURBOlife for the post processing of
FEA, account for all these interactions. The analysis includes all
the necessary temperature dependent effects, identifying levels
of creep and fatigue damage where 100% corresponds to the
onset of cracking. In addition, guidance is also given to identify
whether the damage is predominantly creep related or fatigue
related or whether a significant creep-fatigue interaction will
occur.

COMPONENT LIFE ASSESSMENT
An assessment was performed for the first stage hot blade
of an aero derivative gas turbine used for gas compression
applications. The accumulation of damage and the factors
that predominate were investigated using fe-safe/TURBOlife.
Typical transient values were used for rotational speed, firing
gas temperature, cooling gas temperature and power, for
repeated cycles of start-up, steady operation at maximum
stress and maximum temperature, followed by shut-down. This
calculation was repeated for different maximum power levels.
High stresses and temperatures from the combined load case
exist at about half way along the blade length at the leading
and trailing edges. At these locations steady state and transient
thermal stresses are typically three times the magnitude of the
combined centrifugal stress and aerodynamic loading stress.
Hysteresis loop plots show that because of cyclic hardening,
which reduces the strain range of cycles, significant fatigue
damage occurs during early cycling only. Creep straining
producing creep damage continues for much longer periods.
However, the accumulation of creep strain and creep damage
are also limited because the initially high thermal stress reduces
significantly with time. The safe life of the blade is strongly
influenced by the time and temperature of operation rather
than by start/stop cyclic events.
In line with industry experience, it was demonstrated that
considerable scope exists for safe life extension of this blade
beyond the maximum 25,000 hours recommended by the gas
turbine manufacturer.

TECHNOLOGY OVERVIEW
fe-safe/TURBOlife: Thermomechanical fatigue
analysis with unique capabilities for
creep-fatigue interaction
fe-safe/TURBOlife calculates:
•
•
•
•

Where fatigue cracks will occur
When fatigue cracks will occur
How creep mechanisms will influence fatigue life
The factors of safety on working stresses—for rapid
optimization
• The endurance of components in high temperature
environments where fatigue damage mechanisms and
creep damage mechanisms interact to significantly
reduce component life
fe-safe/TURBOlife identifies whether fatigue and/or creep
are the dominant damaging mechanisms, thus allowing
re-design to focus on the relevant damage mechanisms
and significantly reduce pre-service component testing.
fe-safe/TURBOlife works from elastic finite element
analysis and easily available material data to construct
complex, stress-strain hysteresis loops including
stress relaxation due to creep. In this way, component
specific operating histories and the order of cycling are
comprehensively accounted for.
fe-safe/TURBOlife has been developed in partnership
with AMEC Foster Wheeler with more than 40 years’
experience in collaborative research in thermo-mechanical
and creep-fatigue damage mechanisms, supported by its
world-class materials and component test laboratory and
materials database.
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