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Optimization of Turbine Blade Dovetail Geometries

Summary

The reliability of a gas or steam turbine is strongly de-
pendent on the blade structural design. If efforts to raise
the efficiency of a turbine increase the severity of the
temperature and pressure operating conditions, then
greater structural demands will be imposed on the blade.
Improvements in both turbine reliability and efficiency
will therefore require better materials, analysis tools, and
optimization methods.

To meet the challenges of a competitive marketplace,
engineers must design blades in the shortest time and at
the lowest cost while meeting multiple design objectives.
In this Technology Brief, we show how the Abaqus finite
element and Isight design exploration tools can be used
for this task. A two-level optimization approach is taken
to minimize the contact pressure and stress in the dove-
tail region of a turbine blade. It will be shown that this
technique is more robust than a single-level technique
that considers a similar number of design variations.

Background

Wwith respect to achieving high levels of system efficiency
and reliability, the blades of a gas or steam turbine play a
critical role. To that end, computational simulation is
commonly used to predict the failure conditions for a giv-
en blade design, and accurate modeling and material
properties are essential to produce realistic results. Finite
element analysis is a powerful tool for estimating blade
stresses, and the addition of design process automation
and optimization tools allows optimal designs to be
achieved in a reasonable amount of time.

In land-based power generation units, the blades are con-
nected to the turbine disk by a dovetail joint or fastener,
as shown in Figure 1. In this Technology Brief, an optimi-
zation analysis is performed to obtain the geometry of a
turbine blade dovetail under the influence of centrifugal
loading. Abaqus/Standard is included in an Isight simula-
tion workflow (‘simflow’) to minimize contact pressure
and Mises stress.

Instead of using a single optimization process that con-
siders all design variables, a two-level approach is taken
in which a Design Of Experiments (DOE) analysis pre-
cedes the direct optimization. In this way the most criti-
cal variables are identified prior to the most intensive
computations; several different optimization algorithms
can thus be explored more efficiently. The two-level re-
sults using several different optimization algorithms will
be compared, and those results as a whole will be com-
pared to the outcome of a single level optimization.
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Figure 1: Geometry of blade and disk sector model

Key Abaqus Features and Benefits

e Integration of Abaqus finite element analysis
with Isight design space exploration to deter-
mine optimal solutions

Cyclic symmetry capability in Abaqus/Standard
allows for the efficient modeling of structures
characterized by a repetitive sector

e Robust contact modeling in Abaqus/Standard

Finite Element Model

The geometry of the airfoil is created using Eblade, an
airfoil aerodynamic design optimization software package
from SIMULIA. The coordinate data points describing the
3D airfoil shape are imported into Abaqus/CAE. The ge-
ometries of the remaining parts (shroud, platform, and
disk) are constructed directly in Abaqus/CAE. It is as-
sumed that the geometry of the cross section of the con-
tact region in the dovetail is the same in the blade plat-
form and disk.

The mesh of the blade and disk sector model is also creat-
ed in Abaqus/CAE and is shown in Figure 2. In this inves-
tigation, only centrifugal loading is considered. Cyclic
symmetry conditions are enforced, and the bottom of the
disk is held fixed. A nonlinear static procedure is used in
the stress analyses. The construction of the model in



Figure 2: Complete blade and disk sector mesh

Abaqus/CAE is automated using a Python script in order
to parameterize the geometric dimensions and automati-
cally apply the contact and boundary conditions as the
geometry is changed during the optimization process.

Optimization Approach

A two-level optimization process is performed. In the first
level, DOE analyses are executed to sample the design
space and create approximate representations of the
blade’s response to loads. The approximation is construct-
ed by interpolating from a set of finite element results
obtained by sampling the design variables in specified
ranges.

Two DOE sampling methods are used: the Response Sur-
face Model (RSM) and Elliptical Basis Function (EBF) ap-
proaches. The two approximate models are then opti-
mized on contact pressure and Mises stress in the blade
dovetail. The most critical design variables are identified
from the optimization results.

The second level of the process then consists of a final
optimization on the design variables identified as critical
from the EBF DOE results, with no approximation of the
model response. The same optimization methods used in
the first level analysis are used in the second level, target-
ing about 100 design evaluations.

Design of Experiments Analyses

The RSM and EBF approximate representations are both
based on finite element results data corresponding to de-
sign variables chosen using the Optimal Latin Hypercube
sampling technique. Optimal Latin Hypercube is a modi-
fied version of the Latin Hypercube technique, where the
combination of factor levels for each factor is optimized,
rather than randomly combined. EBF, which uses the Ma-
halanobis distance as its basis function, provides a more
accurate approximation than the Radial Basis Function
approach, which uses the Euclidian distance for its basis
function. 56 sampling points are used for the RSM model
and 146 sampling points are used for the EBF model.

The cross section shape of the dovetail is initially as-
sumed as shown in Figure 3 with all dimensions shown in
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Figure 3: Design variable initial values and ranges for the Design
of Experiments analyses

mm. This simple cross section is chosen mainly to
demonstrate a typical parameterization method and to
investigate the optimization processes. Assuming sym-
metry, the dimensions of only one side are considered.
All nine design variables specifying the dimensions of the
dovetail, DV1 through DV9, are selected in the first opti-
mization level to minimize the contact pressure and Mis-
es stress around the dovetail.

DV1 is the radius used to round off the inside corners (i.e.,
fillet) and outside corners (i.e., round) on each side edge
of the dovetail cross section. DV2 is the radius on the bot-
tom point of the dovetail. Design variables DV3 through
DV9, noted as black circles in Figure 3, represent x or y
coordinate values of the corner points on the dovetail.
The initial values of the design variables and their allowa-
ble ranges (i.e., constraints) are shown. The constraints
are chosen to prevent lines describing the shape from
crossing each other. Figure 4 shows some of the various
geometries of the dovetail cross sections generated by
the DOE runs used to build the approximate models.

Optimization Results

Once the RSM and EBF representations are created, the
first optimization analusis is performed; the results for
the various methods used are listed in Table 1. Overall,

Various Geometries for Approximate Model

Figure 4: Dovetail geometries generated by the Design of Exper-
iments analyses
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Table 1: Optimized contact pressure and Mises stress for the
RSM and EBF approximations

the EBF representation produced lower values of contact
pressure (CPRESS) and Mises stress. Of the EBF results,
the CPRESS and Mises results for the Evolution (Evol) op-
timization method are lowest.

Note that the values of design variables DV5, DV6, DVS,
and DV9 change little with the various optimization
methods. We can therefore set the values of these varia-
bles as constant in the second level optimization. The ini-
tial values for all the design variables in the second level
optimization are set to those obtained using the Evolution
method with the EBF representation.

Isight provides tools to assess the sensitivity of the ap-
proximate model optimization results to the individual
design variables. Figure 5 shows the global effects on
contact pressure and Mises stress for both approximate
representations. These plots show that the results prove
to be insensitive to design variables DV4, DV7, and DV9
for both approximate models, meaning that changes in
these variables will have little impact on the final opti-
mized result.

By comparing the results in Tables 1 and 2, we find that
gradient-based methods such as LSGRG and NLPQL can-
not provide a better solution than that obtained using the
EBF approximate model. Particularly, in the case of
LSGRG and NLPQL, the result is the same as the initial
starting point. However, the direct and exploratory meth-
ods can provide improved results as shown in Table 2.
The Evolution method shows a smaller contact pressure
compared to the initial starting point, but the Mises
stress is slightly higher. The contact pressure and Mises
stress results for the original and optimized designs are
shown in Figure 6.

Table 3 shows the results of the some selected methods
when a single-level optimization approach is used. These
results are generated by allowing all design variables to
change in a single optimization; no use is made of an ini-
tial optimization of an approximate model. Each optimi-
zation is defined to obtain approximately 250 total de-
sign evaluations, which is about the same as the com-
bined number of evaluations for both the first level and
second level corresponding analyses. Only the NSGA-II
method provides similar results to that obtained previous-
ly. However, it provides a higher Von Mises stress com-
pared to the two-level approach.
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Figure 5: Global effects of each design variable on contact pres-
sure (left) and Mises stress (right) for the RSM (top) and EBF
(bottom) approximate representations
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Figure 6: Mises stress and contact pressure results for the (from left to right) original, approximate, and final optimized designs
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