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Abstract 
An important aspect of the successful design of a 
cooled turbine blade is trading off performance over 
a range of disciplines and over a range of conflicting 
criteria. This in turn implies a need for a speedy & 
integrated analysis system. The main novelties of the 
present work are to show: firstly, how the aero, 
thermal and material stress equations can be 
conveniently solved on a unified mesh; and 
secondly, how a very simple but fully integrated 
process can be constructed for conjugate analysis. 
As an example of the potential value of this 
approach, some indicative life predictions for a 
cooled turbine blade and a shrouded rotor blade 
will be presented. 

Introduction 
 

Cooled HP turbine blade designs must achieve ever 
higher levels of performance – and must do so in ever 
shorter time scales. Figure 1 shows an overview sketch 
of the issues faced: complex physics – aero, thermal 
and mechanical/material – in complex geometries. 
With the focus not just on aero-thermal performance 
but also on weight, life and maintainability, design 
must be interdisciplinary. The key to a successful 
design is trading off performance over a whole range of 
potentially conflicting criteria. Interesting and 

encouraging work is starting to appear showing the 
value of these interdisciplinary trades; see for example 
Dulikravich et al [1], Amaral et al [2], Verstaete et al 
[3] and Campos-Amezcua et al [4] 
 

 
 

Fig1: Turbine cooling overview 
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This interdisciplinary trend in turn implies a need for 
speedy and integrated analysis tools to permit 
appropriate trade-off optimization to be performed. 
Whilst there will always be a role for low order 
modeling based on correlation (like Kenney et al [5] 
for example), it is becoming important to bring to bear 
higher order, higher fidelity modeling earlier in the 
design process – and this has as pacing item the ability 
to manage and mesh higher fidelity geometry 
representations. 
. 
Current high fidelity simulation toolsets, CFD, FEA 
and so on, have perfectly acceptable performance 
individually but less so when coupled together in an 
integrated process. This “process” can be cumbersome, 
inflexible and dominated by low value-added activities 
like mesh generation, scripting of the selected analysis 
packages and data filtering & transfer between different 
air- and metal-side mesh systems. It would be useful to 
make all of this interdisciplinary simulation simpler so 
it can be used earlier in the design cycle and used much 
more frequently in the design process. This in turn 
implies a better integrated workflow. Davison et al [6] 
have shown how aero/thermal/mechanical simulation 
can be performed concurrently on conjugate meshes. In 
this paper we go a step further to show how the entire 
simulation process can integrated into one seamless 
workflow – and how life prediction might be included. 
 
Accordingly, the objectives and main novelties of this 
paper are to demonstrate that solving the various 
physical equations for aero, thermal and material stress 
behavior on a unified mesh leads to a very simple and 
efficient approach to integrated, conjugate analysis 
which can easily be implemented on parallel computer 
systems. This is then extended towards the actual life 
prediction of the components themselves using 
standard material properties for creep and fatigue. As 
an example of the potential value of this approach, the 
life prediction of a generic cooled turbine blade will be 
presented followed by a similar study of a generic un-
cooled but shrouded turbine blade. 

Overview of our integrated simulation system 
 
Algorithmic architecture 
 
The software system, BOXER, represents an attempt to 
integrate the whole CFD Process “end-to-end” from 
CAD import through mesh generation, flow solution & 
post-processing - including the ability to edit the 
geometry. BOXER has been implemented, at least to 
prototype standard, end-to-end in parallel—including 
all data flows between functional units.  
 
The work was motivated by exploration of the 
possibilities offered by the integration of the solid 
modeling directly with the mesh generation & with the 
flow solution—this research combined ideas from solid 
modeling (see for example Samareh [7,8] & Haimes et 

al [9]) with virtual sculpting (see for example, Galyean 
et al [10], Perng et al [11] and Baeretzen [12]) 
combined in the context of a simple, cut-Cartesian 
mesh flow solver ( see Bussoletti et al [13] or Aftosmis 
et al [14]). A series of publications, Dawes [15, 16, 17], 
first set out these building blocks and showed their 
potential as a rapid prototyping design tool and then 
showed how these building blocks could be efficiently 
implemented in parallel.  
 
The backbone of BOXER is a very efficient octree 
data-structure acting simultaneously as a search engine, 
as a spatial occupancy solid model and as an adaptive, 
unstructured mesh for the flow solver. This provides 
unlimited geometric flexibility and very robust mesh 
generation.  
 
The solid model is initialised by the import of a 
tessellated surface from a variety of potential sources 
(most CAD engines have an STL export) or by direct 
interrogation of the CAD solid model kernel itself 
(Haimes et al [9]). The solid model is captured on the 
adaptive, unstructured Cartesian hexahedral mesh very 
efficiently by cutting the tesselated boundaries using 
basic computer graphics constructs developed for 
interactive 3D gaming. This geometry capture is very 
fast; for example, a body represented by about 1M 
surface triangles can be imported into a mesh of around 
11M cells (with 6-7 levels of refinement) in 
approximately 2 minutes on a single, top-end PC. The 
spatial occupancy solid model is sampled as a distance 
field and managed as a Level Set; this forms a solid 
modeling kernel to support the activities of the code. 
 
The BOXER flow solver, based on earlier work on 
unstructured algorithms [18] is integrated within the 
software system closely coupled to the solid model and 
the mesh generation. 
 
Conjugate meshes 
 
A natural result of the meshing methodology (see [15]) 
is the simultaneous production of conjugate air-
side/metal-side meshes connected with a conformal 
interface as illustrated in Figure 2. 
 
 

   

 
Fig2: Example conformal conjugate meshes; the air -

side mesh and the metal-side mesh are produced 
simultaneously as par t of the basic octree mesh 

generation process [15]. 
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The mesh scale and density is essentially the same both 
on the air- and the metal-side. This type of mesh is the 
norm for CFD simulations where many, “low-order 
elements” are used but is not usual for the metal-side 
where conventionally a rather coarser mesh of higher 
order elements is deployed. However, the physical 
spatial length scales of both air pressure & temperature 
and material stress variation are by definition the same 
and it is one of the main contributions of this paper to 
show that if a high element count, low order 
discretisation approach is adopted on the metal-side 
then there is the potentially large benefit of permitting a 
very simple, easily integrated process. 
 
The next sections will show, in the context of a simple 
test case, how the air- and metal-side equations are 
discretised, iteratively solved and integrated 

The first case study: mid-span section of an 
HPT rotor blade 

 
The first case study uses the ACE/RD transonic HPT 
rotor blade tested in a cascade in the Whittle 
Laboratory by Haller [19]. Basic parameters are shown 
in the Table below. 
 

Inlet flow angle 56 deg 
Exit flow angle -65 deg 

Exit  Mach number  0.90 
Reynolds number  2.e+05 

 

 
Table 1: Basic parameters of the ACE/RD blade 

 
This blade is representative of the mid-span of the first 
stage HP turbine as illustrated in Figure 3. 
 

 
 

Fig.3: The mid-span section of an HPT rotor – the 
ACE/RD blade 

The air-side flow solver 
 

Overview 
 
The basic solver is based on earlier work on 
unstructured meshes (the NEWT code – see Dawes 
[18]) and can be summarised as: 

 
• second order finite volume 
• time marching 
• simple mixing length turbulence model 
• low-Mach number preconditioning 
• agglomeration multi-grid 

 
The basic algorithm was generalised to permit hanging 
nodes in the h-2h octree mesh transitions to be handled 
seamlessly. Special boundary conditions were added 
for the cut cells which are treated via ghost cells 
combined with local body normals (derived from the 
distance field) allowing the full shape and curvature of 
the body to be respected. Classical wall functions (see 
Launder [20]) are then used to fill these ghost cells. 
 
Application to the test case 
 
The first simulation reported in this paper aims to show 
the basic air-side performance of this rather simple 
solver (only about 250 lines of code). As well as 
comparison with data, simulations were performed 
using FLUENT on the same mesh as the BOXER 
solver but exported in body-conformal form – as 
described in [17]. The basic mesh is shown in Figure 4. 
 
 

 
 

Fig.4: Basic mesh 
 

 
Figure 5 compares the BOXER simulations with those 
from FLUENT in terms of Mach number; Figure 6 
makes an entropy comparison; and Figure 7 compares 
predicted and measured blade surface isentropic Mach 
numbers. The agreement is felt to be satisfactory. Table 
2 shows a comparison of loss coefficients – again this 
was considered encouraging. 
 
 
 

Exper iment 4.1%  
BTOB3d 5.4%  
BOXER 6.7%  

 

 
Table 2: predicted and measured loss coefficients 

(mass weighted stagnation pressure loss made 
dimensionless with exit dynamic head) 
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Fig.5: Compar ison between BOXER (above) & 
FLUENT (below): Mach number  – range 0 to 1.2 

 

 
 

 

Fig.6: Compar ison between BOXER (above) & 
FLUENT (below) : scaled entropy – range 0.5 to 1.0 
 
 

 
 

Fig.7: Blade sur face isentropic Mach numbers – 
compar ison between data and predictions 

 
 
 

 
The conjugate heat transfer  solver  
 
Overview 
 
On the metal side the classic heat transfer conduction 
equation is: 

 
This can be readily discretised in finite volume form on 
the conjugate, cut-Cartesian mesh and solved with 
simple, explicit time-marching (with the option of 
agglomeration  multi-grid): 

 
This can be trivially implemented in parallel and uses 
very little additional computer storage compared to the 
flow solver.  
 
The key aspects of the conjugate heat transfer solution 
are the air-metal boundary conditions and the coupling. 
Figure 8 sketches the approach used. The cut cells are 
handled via a ghost method with the local wall normal 
ensuring a body-aligned flow and, in conjunction with 
the first off-wall flow cell, supporting a classical wall 
function (see for example Launder [20]) for both the 
skin friction and wall heat transfer. This use of wall 
functions is certainly a weakness of the present 
approach and will be improved in future work. 
Provision can also be made for Thermal Barrier 
Coating (TBC) via an additional heat transfer 
coefficient. Following [21] the temperature fields on 
the air-side, in the ghost cell and on the metal side are 
updated simultaneously with the wall heat flux acting 
as the coupling link. Convergence can be enhanced by 
having an inner loop for the conjugate cells performing 
10-100 iterations for every air-side iteration. 
 

 
 

Fig.8: The air -metal boundary conditions for  CHT 
 
Heat transfer performance 
 
As a very basic indication of the air-side thermal 
performance the predicted Nusselt number for the un-
cooled blade (as in Figures 4-7) is compared in Figure 
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9 with un-cooled test data from Abhari et al [22]. The 
agreement is judged adequate – the main problems are 
at the LE where the wall function fails to predict the 
local but large spike and the lack of transition 
modeling. Getting the air-metal HTC right is key to a 
successful, useful CHT analysis. All CHT 
methodologies are vulnerable to this and the current 
work is no exception; this certainly needs to be 
improved in future work. 
 

 
 

Fig.9: Predicted blade Nusselt number  (red) 
compared with data from Abhar i et al [21] (blue) 

 
The conjugate elastic stress solver  
 
Overview 
 
Also on the metal-side, the elastic stress equations are 
discretised and solved. The classical equations for 
linear, homogeneous, isotropic elasticity are well 
known (see for example [23]) and are as follows.  
 
Stress and strain are related by Hooke’s law: 

 
where: 

 
with E Young’s modulus and ν Poissons ratio. The 
strain tensor ε is defined in terms of the material 
displacement u by: 

 
and the stress tensor is defined by: 
 

 
 

where the Lamé constants are: 

 
The last term in the stress tensor represents the thermal 
stresses with Tref a reference temperature, κ the bulk 
modulus and α the coefficient of thermal expansivity. 
 
A basic force balance in the presence of external force f 
leads to the classic elasticity equation to be solved in 
the presence of appropriate boundary conditions (on a 
combination of u and σ): 
 

 
 

Traditionally this is discretised using a Finite Element 
methodology with relatively few but high order mesh 
elements. This is followed by the need to solve a large, 
sparse matrix problem: [A]u=b. However, this requires 
a large amount of computer memory – orders of 
magnitude more than that consumed by a typical flow 
solver on the same mesh – and can inhibit parallel 
implementation. This severely restricts the problem 
size which can be efficiently handled. Whilst there are 
now sparse matrix solvers implemented in parallel, for 
example Adams et al [24] (which shows structural 
analysis on meshes with up to 500M DOF on cpu 
clusters with ~4000 cores in under an hour), it would 
seem more natural to solve the elasticity equation 
iteratively (as suggested in [6] for example). Indeed, 
one of the main novelties of the present work is to 
show the potential benefits of adopting a very simple 
solution technique on a mesh unified with the fluid 
mesh. 

Accordingly, in the present work the elasticity equation 
is discretised in a straightforward finite volume form on 
a cut-Cartesian mesh and solved using simple time 
marching (with the option of multi-grid): 
 

 
 
This can be trivially implemented in parallel and uses 
very little additional computer storage compared to the 
flow solver. Agglomeration multi-grid can be used to 
accelerate convergence as well as inner-looping. 
 
The cut cells are handled in a similar way to the air-
side using the local body normal to set appropriate 
ghost cell values; similar approaches for immersed 
boundary methodologies can be found in the literature, 
for example Li et al [25]. 
 
Simple validation: beam stresses 
 
As simple validation of this approach the classical 
problem of the deflection of a simply supported beam 
was solved. Figure 10 shows a schematic of the case 
together with a sketch of the very simple discretisation. 
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For the present second order finite volume approach the 
number of “degrees of freedom” (DOF) equals the 
number of cells. 
 

 
 

 
 

Fig.10: Schematic of the simple beam case: together  
with the discretisation - DOF, the number  of degrees of 

freedom = IxJ xK 
 
The next figure, Figure 11 shows the beam centre-line 
deflection for three different DOF’s made 
dimensionless with the classical result that the 
centerline deflection is (5/384) Wl3/EI.  As can be seen, 
as the mesh is refined the analytical result is 
approached asymptotically.  
 
Figure 12 shows a mesh convergence study: error 
plotted against log(DOF). Again, it is clear that the 
error reduces with mesh refinement in the expected 
way. 

 
 

Fig.11: Beam deflection; theoretical result compared to 
three different mesh sizes: coarse=2k DOF; 

medium=16k DOF; fine=128k DOF 
 

 
 

Fig.12: Mesh convergence study; er ror  plotted 
against log(DOF=degrees of freedom) 

 

Towards life prediction 
 

Overview 
 
Life prediction is a huge and complex subject and 
needs knowledge not just of the thermal and 
mechanical status of the blades, disks and shrouds etc. 
and associated material properties but also operational 
transients, operating conditions (corrosion etc.) and the 
cumulative machine history. Understanding and 
managing life has always been important – often safety 
critical. However, increasing emphasis on reduced 
weight (for aero applications) and on better predicting 
and managing life cycle costs (for “power by the hour” 
etc.) makes it important to gain understanding of 
potential life-limiting elements of a design at an early 
stage. 
 
Accordingly, the objective of this section is very 
modest: to show how coupled aero-thermal-mechanical 
analysis might be combined with simple, generic 
measures of life to give indications of life-limiting 
issues earlier in the design cycle. 
 
In simple terms there are two life-limiting phenomena 
creep, associated with high temperatures; and fatigue 
associated with frequent load cycling. The description 
here is taken from a low-order lifing model presented 
by Oliviero [26]. 
 
Creep is associated with high temperatures and the 
progressive deformation of the material under stress 
until unacceptable strains have been reached. Creep is 
governed by an Arrhenius-type law with an activation 
energy conferring extreme temperature sensitivity. In 
practical application the industry-standard approach is 
based on the Larson-Miller parameter: 
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where: LMP is the Larson-Miller Parameter; T is the 
metal temperature; C is a material constant (~20-30); 
and: tf is the time to failure in hours. The Larson-Miller 
Parameter is a function of the background stress level; 
Figure 13 shows this for Inconel 718. 
 

 
Fig.13: The var iation of the Larson-Miller  

parameter  with stress level [26]: the ver tical scale is 
stress level from 20-150ksi; the hor izontal scale is 

for  LMP from 39 to 53 . 
 
Fatigue is associated with frequent load cycling which 
may be mechanical or thermal in origin. The industry-
standard approach is the Coffin-Manson method which 
is correlated by the following “Universal Slope”: 
 

 
 

where: ∆ε/2 is the cyclic strain range; σ’f is the fatigue 
strength coefficient (related to the ultimate tensile 
strength); ε’f is the fatigue ductility coefficient; b is the 
fatigue strength coefficient; c is the fatigue ductility 
coefficient; and Nf is the number of cycles to failure. 
The first term represents Low Cycle Fatigue (LCF), the 
second covers HCF. Values of the various material 
properties are given in an Appendix for a representative 
material, Inconel 718. The behaviour of the material is 
very influenced by statistical effects such as number 
and distribution of pre-existing cracks and defects. 
Accordingly, the material constants have a wide 
variability – and so predictions are really indicative of 
scaling rather than absolute in nature. 

 
Relative life 
 
Absolute life prediction is a daunting task. The material 
properties are not known with certainty and the 
operational history of the turbomachine may not be 
controllable. Thermal transients are a particular issue as 
thermal stresses can often dominate mechanical stresses 
– even those associated with blade rotation (see [4] for 
example) – if the geometry is constrained in some way 

and not free to deform. To account for this properly 
really needs a thermal-mechanical analysis of the 
whole engine – or at least the local disc-blade-shroud-
casing sub-system. 
 
Hence the approach adopted here is to define a relative 
life – the ratio between the life predicted at a given 
location and the minimum life anywhere in that 
geometry. The intention is that this will give the 
designer a clear and three-dimensional indication of 
where the life is limited – and why – in the hope that 
the design can be changed. 
 
Application to the first test case: an internally 
cooled HPT rotor blade 
 
Accordingly, this section presents a demonstration of 
how relative life can be predicted in a simple test case: 
the mid-span section of an internally cooled HPT rotor 
blade. A 3D but small spanwise section was modeled 
and spanwise periodic boundary conditions were used 
for the flow, thermal and stress fields. A TBC was 
simulated on the blade surfaces.  
 
The primary path boundary conditions and cooling 
temperature were set to be representative of cruise. In 
practice other operating conditions like take-off might 
also be important in assessing overall life. The effect of 
several loading schedules could be combined using, for 
example, Miner’s rule [26]. 
 
The generic internal cooling system was modeled as 
follows. Inside the cooling passages a correlated, 
typical, heat transfer coefficient was applied and the air 
maintained at a fixed cooling temperature (effectively 
by removing all heat arriving from the air-side). No 
passage to passage temperature pick up was specified.  
 
Although the blade was simulated in a cascade this is 
representative of the real rotating environment where 
constant rothalpy at constant radius implies constant 
rotor-relative stagnation temperature. 
 
The reference temperature for the thermal stresses was 
taken as the mean of the free stream stagnation 
temperature and the cooling temperature and the 
thermal stresses dominate the mechanical ones. 
 
Inconel 718 was selected as a representative blade 
material and the Appendix show the values used for all 
the material constants. 
 
The results are shown in Figures 14-17. Figure 14 
shows the metal-side temperature distribution predicted 
by the Conjugate Heat Transfer simulation and plotted 
as (T-Tcool)/(TO1-Tcool) with range 0.16 (blue) to 0.83 
(red). The distribution of relative creep life over the 
blade section is shown in Figure 15 with range 1=100 at 
the life-limiting locations (blue) to 1023 (red). The creep 
life is clearly limited by excessive metal temperature in 
the TE region of the blade.  
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What is notable is the huge spatial variability of life 
and the huge range – an HPT blade at cruise is hugely 
sensitive to temperature and very vulnerable to 
unexpected spatial temperature variations. The obvious 
implication is that one-dimensional life prediction 
methods may be very difficult to apply and interpret 
and hence lead to unnecessarily conservative design. 
 
Also of interest, given the very large spatial variability 
of temperature (and stress as will be seen) is whether 
the material properties themselves are valid as things 
like creep life and so on are usually measured under  
 
 
 
 

 
 

Fig.14: Representative metal-side temperature 
distr ibution (T-Tcool)/(TO1-Tcool): r ange 0.16 (blue) 

to 0.83 (red) 
 
 

 
 

Fig.15: Distr ibution of relative creep life over  the 
blade section; range 1=100 (blue) to 1023 (red) 

 
controlled conditions of uniform temperature and 
background stress. 
 
Figure 16 shows the corresponding distribution of the 
dimensionless von Mises stress, plotted as σ/σmax, and 
with range 0.1 (blue) to 1.0 (red). In this simulation the 
stress field is dominated by thermal stresses. Figure 17 
shows the associated distribution of relative fatigue life 
over the blade section plotted with range 1=100 at life-
limiting locations (blue) to 1013.7 (red). The fatigue life 
is clearly limited by (thermal) stresses in the internal 
cooling passage wall and their intersection with the hot 
blade perimeter. 
 
 

 
 

Fig.16: Cor responding distr ibution of dimensionless 
von Mises stress σ/σmax: r ange 0.1 (blue) to 1.0 (red) 
 
 

 
 

Fig.17: Distr ibution of relative fatigue life over  the 
blade section; range 1=100 (blue) to 1013.7 (r ed) 
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Again, what is notable is the huge spatial variability of 
life and the huge range with the life limited at a few 
critical spatial locations. Again, one-dimensional life 
prediction methods may be very misleading and overly 
conservative. 
 

A second case study: a shrouded rotor blade 
 

The second blade selected for this study is not strictly 
speaking “cooled” but is included to show some rather 
more three-dimensional aspects of lifing. The blade is a 
generic, shrouded rotor blade with basic parameters 
shown in the Table below. 
 

Inlet flow angle 0deg 
Exit flow angle -59 deg 

Exit  Mach number  0.85 
Reynolds number  5.e+05 

Inlet stagnation TO 950K 
 

 
Table 3: Basic parameters of the shrouded rotor  

blade 
 
Figure 18 shows a view of the CAD model from which 
the mesh was generated directly. The outboard half of 
the rotor was simulated and with a modest mesh sized 
at ~0.5M cells to allow a basic laptop computer to be 
used. Boundary conditions at the mid-span cut plane 
were zero heat transfer, zero material strain and a stress 
field consistent with the rotating mass of the blade and 
shroud. 
 

 
 

Fig.18 Overview of the CAD model for  the gener ic, 
shrouded rotor  blade 

 
 
A very brief overview of the aero predictions is given 
in Figure 19. The blade-blade static pressure field 
shows a conventional high reaction design. The 
velocity vectors and Mach numbers for a constant theta 
cut passing through the blade LE show the expected 

over-shroud leakage flow – effectively choked over the 
shroud fences – and with recirculation in each of the 
shroud cavities. (The background field colour for the 
vector plot is static pressure showing how the blade 
pressure drop is shared across the shroud loss 
generation sites.) Some castellation is visible on the 
blade and shroud surfaces – this is a current limitation 
of our post-processing which does not properly 
recognize cut cells. However, the solver does use the 
ghost cell/wall normal approach described earlier to 
resolve the true body shape. 
 
 

 
 
 

 
Fig.19: Overview of the aero simulation: (top) velocity 

vectors for  a constant theta cut passing through the 
blade LE; (middle) Mach numbers in the same cut 

plane; (bottom) mid-span static pressure field. 
 
 
The final results relate to the conjugate heat transfer 
simulation and here we just focus on creep life.  
 
Figure 20 shows, in a cut-plane at constant theta 
passing through the blade LE, the predicted conjugate 
temperature distribution (top) with range 883K to 950K 
and associated relative creep life (bottom) with range 
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1=100 to 104.3.  Figure 21 shows the same pair of 
predictions in a mid-span blade-blade cut. 
 
 
 

 

  

 
Fig.20: Predicted conjugate temperature 

distr ibution (top) with range 883K (blue) to 950K 
(red) and associated relative creep life (bottom) with 

range 1=100 (blue) to 104.3 (red)  
 
 

 

  

Fig.21: Predicted conjugate temperature 
distr ibution (top) with range 883K (blue) to 950K 

(red) and associated relative creep life (bottom) with 
range 1=100 (blue) to 104.3  (red) 

As in the previous example it is interesting to observe 
the large spatial variability of creep life. In this case the 
life is limited by the leading shroud fence. In practice 
this might need cooling, perhaps supplied from the 
stator casing rather than via rotor internals. 

Concluding Remarks 
 
This paper has described recent extensions to the 
BOXER software system to include the integration of 
aero and conjugate thermal & material stress 
simulations together on a single, unifying mesh. 
 
Even though some of the physical models we have 
deployed are clearly place-holders, we believe we have 
demonstrated the potential benefits of our approach: 
simplicity; speed; low computer memory consumption; 
easily parallelizable.  
 
The most serious shortcoming is the prediction of the 
heat transfer coefficient from the air- to the metal-side 
and this we will focus on next. Although the high 
element count on the metal-side might seem to be a 
disadvantage, in fact in practice this appears not to be 
the case as the discrete equations are so simple and can 
be solved so rapidly with little memory overhead. 
 
The two case studies were very simple and would need 
to be extended at least to the level of a full 
blade/disk/shroud/casing assembly with the local 
secondary air system to make a practical contribution to 
improving life. Nevertheless, the case studies showed 
that it will be feasible to move beyond basic 1D 
correlations at an early design stage – concurrent with 
performing basic blade design - to get some insight into 
the evidently highly three-dimensional life-limiting 
phenomena. 
 
In the future this has application also in helping 
manage maintenance & service contracts on engines in 
the field – possibility combined with on-site condition 
monitoring - to build a more financially optimum 
business model for large gas turbines and similar 
equipment. 
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Appendix: blade material properties 
 
The following properties were used in the simulation: 
 

Density, ρ 8.22 kg/m3 
Thermal conductivity 80.4 W/mK 
Young’s modulus, E 208 GPa 

Poisson’s ratio, ν 0.29 
Bulk modulus, κ 208 GPa 

Thermal expansivity, α 13.5e-06 /K 
σ’f  1.74 GPa 
ε’f  0.35 
b -0.08 
c -0.59 

TBC, thickness 0.8 W/mK 
& thermal conductivity 0.3mm 

 

  
Table 4: Material properties for Inconel 718 [26] 

and a TBC: ZrO2-Y2O3 TBC [27] 
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