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ABSTRACT
This paper presents a practical and effective optimization

approach to minimize 3D-related flow losses associated with
high aerodynamic inlet blockage by re-stacking the turbine rotor
blades. This approach is applied to redesign the rotor of a low
speed subsonic single-stage turbine that was designed and tested
in DLR, Germany. The optimization is performed at the design
point and the objective is to minimize the rotor pressure loss co-
efficient as well as the maximum von Mises stress while keeping
the same design point mass flow rate, and keeping or increasing
the rotor blade first natural frequency. A Multi-Objective Genetic
Algorithm (MOGA) is coupled with a Response Surface Approx-
imation (RSA) of the Artificial Neural Network (ANN) type. A
relatively small set of high fidelity 3D flow simulations and struc-
ture analysis are obtained using ANSYS Workbench Mechanical.
That set is used to train and to test the ANN models. The stack-
ing line is parametrically represented using a quadratic ratio-
nal Bezier curve (QRBC). The QRBC parameters are directly re-
lated to the design variables, namely the rotor lean and sweep
angles and the bowing parameters. Moreover, it results in elim-
inating infeasible shapes and in reducing the number of design
variables to a minimum while providing a wide design space for
the blade shape. The aero-structural optimization of the E/TU-3
turbine proved successful, the rotor pressure loss coefficient was
reduced by 9.8% and the maximum von Mises stress was reduced
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by 36.7%. This improvement was accomplished with as low as
four design variables, and is attributed to the reduction of 3D-
related aerodynamic losses and the redistribution of stresses from
the hub trailing edge region to the suction side maximum thick-
ness area. The proposed parametrization is a promising one for
3D blade shape optimization involving several disciplines with a
relatively small number of design variables.

Nomenclature
b Blockage =

∫
A(u/U)dA∫

A dA
Cp Pressure coefficient
f1 Blade 1st natural frequency
ṁ Mass flow rate
w Bowing intensity
Y Pressure loss coefficient = Pt,in−Pt,out

Pt,in−Pout

Greek symbols
α Blade lean angle (degree)
βr Blade sweep angle (◦)
β1,2 Relative flow angle (◦)
γ Blade span ratio
σ Stress
ω Rotation speed

Subscripts
1,2 Rotor inlet, outlet
0, t Total (or stagnation)
a Aerodynamic
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r Rotor
s Structural
vm von Mises

Acronyms
ANN Artificial neural network
CFD Computational fluid dynamics
CSD Computational structure dynamics
GA Genetic algorithms
LE,T E Leading edge, Trailing edge
MDO Multidisciplinary optimization
MOGA Multi-objective genetic algorithm
NSGA2 Non-dominated sorting genetic algorithm
ORG,OPT Original, optimum
PS,SS Pressure side, suction side
QRBC Quadratic rational Bezier curve
RBF Radial basis function
RSA Response surface approximation
SA Simulated annealing

1 Introduction
Aero-structural optimization of turbomachinery is of partic-

ular importance for the aerospace industry since small improve-
ments in performance can translate into significant savings in op-
erating and manufacturing costs. An automated aero-structural
methodology is developed by coupling CFD and CSD simula-
tion tools with optimization algorithms to redesign existing blade
shapes for improved performance. Combining two different dis-
ciplines in the optimization process increases the complexity of
the optimization problem. Moreover the aero-structural opti-
mization is a nonlinear and multimodal problem that could be
effectively handled by global optimizers such as Genetic Algo-
rithms (GA) and Simulated Annealing (SA). Many researchers
have taken this approach to optimize turbomachinery blading,
such as the work given in [1–3].

Shape optimization in three-dimensional flow for turboma-
chinery was presented by various researchers. Restacking the
blade profiles in the spanwise direction can result in significant
performance gains. This blade restacking implies the redistribu-
tion of the blade lean and sweep. The latter are used extensively;
they refer to the translation of the spanwise blade profiles in the
tangential and axial directions, respectively. It also implies the
change in blade bowing. However, it does not imply any change
in blade stagger, which affects rather strongly the stage reaction.
Vad [4] has reviewed many papers in this regard and explained
the physical effects of sweep and lean, particularly for low-speed
axial compressors.

Talya et al. [5] and Rajadas et al. [6] applied multidis-
ciplinary optimization (MDO) considering aerodynamic, heat

transfer, structural and modal objectives to optimize the shape of
a generic 3D turbine blade. The blade shape is parameterized us-
ing Bezier curves and a constrained multiobjective optimization
problem was solved using the Kreisselmeier-Steinhauser (K-S)
method. Pierret et al. [2, 7] applied GA as optimizer and RBF as
a RSA to optimize Rotor 67 by considering aero and structural
objectives. The optimization was carried out at several operating
points so as to improve the rotor performance over the operating
range. A harmonic perturbation-based blade optimization was
proposed by Li et al. [8], and the methodology was employed to
optimize the aero-thermal performance of Rotor 67 by applying
mechanical and aero-mechanical constraints. An improvement
of 0.4% in isentropic efficiency was reported at the expense of
a 33% increase in static stress. Frederic et al. [9] developed a
fully automated aero-mechanical MDO tool box, which was ap-
plied to optimize a high pressure compressor stage to improve
its aerodynamic performance subject to mechanical and geomet-
ric constraints. The optimization tool contains a NURBS based
parametrization scheme and an ANN as the RSA approximation.
A differential evolution-based optimization algorithm in combi-
nation with a NURBS-based parametrization scheme were de-
veloped and applied to optimize Rotor 37 by Luo et al. [3].

In the current work, the blade geometry is represented by
several two-dimensional sections at different radial locations.
They are joined with the stacking curve in the spanwise direction.
The stacking curve is parameterized using a Quadratic Rational
Bezier Curve (QRBC) [10], whose parameters are related to the
blade design variables used in the optimization such as the blade
lean, sweep, bowing intensity and radial location. The stacking
curve is smooth, with a continuous second order derivative; it
can generate a wide range of shapes with a few design parame-
ters without violating any geometrical constraints; it can also be
applied in any coordinate system. The main focus of this work
is to integrate the aero and structural disciplines in the optimiza-
tion process so as to decrease three dimensional flow losses and
the maximum equivalent blade stress by carefully reshaping the
stacking profile.

2 Methodology
In this section, the components of the present optimiza-

tion methodology are detailed, namely, the shape parametriza-
tion QRBC, the optimizer MOGA, the RSA given by ANN, and
the optimization objectives.

2.1 Multi-objective genetic algorithm
A real coded NSGA2 is applied to multi-objective optimiza-

tion by introducing a non-dominated sorting procedure [11]. The
initial population is generated randomly within the design space
and the fitness in each generation is based on the non-domination
level and a niche count factor, which depends on the number
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and proximity of neighboring solutions. All sets in the first non-
domination level are assigned a maximum value of equal dummy
fitness and this value may be reduced based on the factor called
niche count if that solution is located in the dense region of the
solution space. For more details see [11]. The population in the
second non-domination level is assigned a dummy fitness, which
is smaller than the smallest fitness value of the previous front.
The same fitness reduction procedure is carried out based on the
niche count. These procedures are repeated until all the individu-
als are assigned a fitness value. The genetic algorithm operations
like selection, crossover, mutation, elitism and reproduction are
then carried out on the individuals to provide a search direction
towards the Pareto-optimal region and the solution becomes well
diversified due to the inclusion of a sharing strategy [11].

2.2 Artificial neural networks
Multi-layer feed forward network is a universal approxima-

tion method for any nonlinear continuous function [12], it uses a
back propagation algorithm [13]. In the current work, an ANN
based RSA model is used to predict the objective functions and
constraints, which reduces the computing cost by a factor of
about 10 [9, 10]. Building an ANN based RSA model involves
two steps: training and testing of the ANN model with a rela-
tively small set of high fidelity CFD and CSD simulation cases.
This set is generated at points that are equally distributed in the
design space. These points are generated using the Latin Hyper-
cube sampling method [14].

The ANN training/testing process requires a careful selec-
tion of parameters, architecture (number of hidden layers and
nodes in each layer), transfer function between layers and train-
ing strategy. These choices depend on the function being approx-
imated, e.g. the presence of local minima, high problem dimen-
sionality, disparity in input scales, etc. The values used for the
aerodynamic and the structure optimization are given later.

2.3 Geometric representation
The blade shape representation is a key factor in the opti-

mization process. The blade geometry is usually obtained by
stacking two dimensional airfoils in the spanwise direction usu-
ally through their centers of gravity (rotors) or through the lead-
ing edge points (stators). Stacking is a leading parameter in
controlling the three dimensional flow effects and redistribution
of stresses along the blade spanwise direction [15]. This work
mainly concentrates on translating the two dimensional sections
without altering their shape or orientation with respect to the ax-
ial direction. So it was decided to optimize the blade stacking
line, in other words, optimize the blade lean, sweep and bowing;
this optimization helps also in getting an insight into the design
space.

2.3.1 Quadratic rational Bezier curve A QRBC
represents exactly a conic curve in an oblique coordinate system,
it can be expressed parametrically in terms of u ∈ [0,1] as [16]:

−→
C (u) =

(1−u)2w0
−→
P 0 +2u(1−u)w1

−→
P 1 +u2w2

−→
P 2

(1−u)2w0 +2u(1−u)w1 +u2w2
(1)

Where
−→
C (u) gives the cartesian or cylindrical coordinates of any

point on the stacking curve in terms of the parameter u.
−→
P i is

the cartesian (or cylindrical) coordinates of control point i. The
weight of each control point, wi, adjusts the slope and the cur-
vature of the curve. The QRBC is a smooth second order curve
that represents exactly any conic line, e.g., an ellipse, a parabola,
a circle or a hyperbola.

The blade lean, sweep, bowing intensity, and location of the
bowing in the radial direction are used as aerodynamic and struc-
tural design variables. The design variables are represented in
terms of the QRBC parameters namely P1, P2, and w1, so that the
design space is identified and the optimum shape is interpreted
in terms of the design variables.

2.3.2 Design variables Based on the QRBC repre-
sentation given in Eq. 1, the QRBC parameters namely, Pi and wi
for i = 0−2, can be selected to parameterize the stacking curve.
P0 is fixed at some point on the hub surface (e.g. center of gravity
or LE of hub section) and P2 moves on the tip surface as shown in
Fig. 1. In other words, without loss of generality, the coordinates
of P0 and the radial coordinate of P2 are fixed. Moreover, w0 and
w2 are set to 1 so that the stacking curve passes through points P0
and P2; the axial coordinate of P1 was chosen to be equal to that
of P0; this choice does not reduce the flexibility of the QRBC to
generate a wide variety of shapes for the stacking curve. Accord-
ing to Fig. 1.a, the sweep angle is defined as β and is controlled
by the axial coordinate of P2. Figure 1.b shows the lean angle
α, which is set by the circumferential coordinate of P2. Figure
1.c shows the blade bowing which can be controlled by the cir-
cumferential and radial coordinates of P1 as well as the weight
w1. Therefore the circumferential coordinate of P1 is fixed and
the weight w1 is chosen as the bowing intensity parameter. The
circumferential coordinate of P1 is specified by the angle P̂1P0B
as shown in Fig. 1.c and is fixed. The lean angle is positive in the
direction of the suction side and the sweep angle is positive in
the positive axial direction. With this set up of the QRBC param-
eters, we end up with 4 design variables per blade row, which are
the axial and circumferential locations of P2, the radial location
of P1, and the weight w1.

The design variables and their range of variations are first
chosen through a parametric study. An important design concern
is to keep the design space within a feasible range from a blade
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structural and manufacturing point of view and, at the same time,
be large enough for the optimizer to adequately explore the aero-
structural design space. For example bowing the blade creates
larger stresses near the hub trailing edge (lowest thickness area)
and along the trailing edge at the mid-span section.

2.4 Numerical implementation
2.4.1 Flow analysis The blade shape and computa-

tional domain are generated in Gambit (Fluent pre-processor
[17]). For each design case, a multi-block structured mesh was
generated. The tip clearance is not modeled because the focus
is on the stacking curve. The Reynolds-Averaged Navier-Stokes
equations have been used to simulate the flow using the second
order coupled solver available in Fluent 6.3 and turbulence was
modeled using the Spalart-Allmaras model with wall functions
where y+ varies between 30 and 100. The inlet boundary con-
ditions are given as a radial distribution of total pressure and to-
tal temperature, two flow angles, the turbulent intensity and hy-
draulic diameter, whereas the static pressure that would satisfy
the radial equilibrium equation is set as the exit boundary condi-
tion. Each CFD simulation takes approximately half an hour wall
clock time on four CPUs. The flow quantities are averaged, then
the total pressure loss coefficient is calculated. The mesh sen-
sitivity analysis suggests 380,000 cells are adequate for a blade
row. The assessment of the numerical calculations with the avail-
able experimental data has been discussed in previous work [10].

2.4.2 Structure analysis A static structure analysis
was carried out to determine the blade structural stress, dis-
placement and integrity. The CAD geometry for the different
turbine blade configurations is modeled in Gambit (Fluent pre-
processor [17]) and the geometry cleaning is done in ANSYS
ICEMCFD. ANSYS workbench 2.0 Mechanical [18] was used
for mesh generation and finite element analysis. Three dimen-
sional solid tetrahedral elements with midside nodes are used to
discretize the blade curved profiles. Mesh controlling parameters
such as minimum and maximum size of the elements, and growth
rate are kept the same for all blade geometries. About 115,000
elements were used to discretize the blade.

In reality, a turbine blade is fitted on the turbine disk there-
fore it will have a given stiffness value at the hub (blade root)
however, in the current work, all the nodes at the blade root are
assumed to be fixed so that the blade behaves as a cantilever with
zero displacement at the root, which corresponds to the worst
case scenario. Compared with compressor blades, turbine blades
are normally thicker and heavier due to their operating condi-
tions. The stress resulting from the pressure force is negligi-
ble compared to the centrifugal force stress [19]. In this work,
the pressure forces are negligible compared to the centrifugal
forces, they are neglected when performing the stress analysis,
von Mises stress is considered as the main output parameter from

  

β 

a. swept blade

  

α 

b. leaned blade

c. bowed blade

Figure 1. Stacking curve parametrization with QRBC
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the structural analysis and is used as the structure objective in the
aero-structural optimization.

Large tensile stresses that are developed during the blade
rotation (due to the centrifugal forces), can be captured by car-
rying out a static structural analysis. This also causes significant
stiffening of the blade. Performing a prestressed modal analy-
sis would provide more realistic values for natural frequencies.
Hence, static structure analysis results were taken as an initial
guess for the model analysis. ANSYS workbench 2.0 Mechani-
cal option is used to setup the boundary conditions and to calcu-
late the modal frequencies. Note that the modal analysis doesn’t
require a higher number of elements to calculate the frequencies.

The material used in making the E/TU-3 turbine blade is not
available in the literature as the test set up was mainly developed
to assess CFD results. Stainless steel is assumed as the blade
material, and it has the following properties: elastic modulus
1.93E11 Pa, Poisson’s ratio 0.31, density 7,750 Kg/m3, tensile
yield strength 2.07E8 Pa, compressive yield strength 2.07E8Pa
and tensile ultimate yield strength 5.86E8 Pa.

2.5 Optimization algorithm
A flow chart of the optimization cycle is shown in Fig. 2.

The database containing the high fidelity CFD and CSD simula-
tions at the selected sampling points, is developed. It is then used
to train and test the ANN models that are used in the optimization
loop to evaluate the fitness functions. To improve the prediction
capability of the ANN model, database enrichment process has
been carried out. During the enrichment process, the optimum
candidate obtained at the end of the optimization process is sim-
ulated and is included in the database and the ANN is retrained
with the updated database, according to the optimization cycle
shown in Fig. 2. The database is enriched until the objective pre-
dicted by ANN is better than the previous predictions and also
the difference between ANN prediction and high fidelity simula-
tion is reduced to an acceptable level.

3 Results and discussion
The E/TU-3 single stage turbine is used as a study-case. It is

a well documented, low speed subsonic turbine stage that is built
and tested at DLR, Cologne [20]. Its geometry is given as a set of
x-, y- and z-coordinates of several 2D airfoil sections located at
different spanwise locations from hub to tip. Several geometric
and aerodynamic features of that stage are provided in Tables 1
and 2.

The inlet velocity profiles corresponding to different inlet
blockages are shown in Fig. 3. These profiles are obtained
assuming a (1/7)th velocity profile and the blockage being the
displacement thickness given as a percentage of the span. The
blockage is considered low when b < 4%, high when b > 8%
and medium when 4% < b < 8%. For the present case, the aero-
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Figure 2. Aero structural optimization cycle

Table 1. E/TU-3 turbine: blade geometry

Data Stator Rotor

Number of blades 20 31

Blade aspect ratio 0.56 0.95

Blade solidity 1.56 1.51

Flow deflection 69◦ 105◦

Table 2. E/TU-3 turbine: design point conditions

Inlet total temperature (K) 346

Rotor speed (RPM) 7,800

Stage pressure ratio 0.51

Reynolds number 1.5×106

Mid-span flow coefficient 0.74

Mid-span stage loading 1.93

Average reaction (%) 31
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dynamic inlet blockage is taken to be b=10%.

 

 

 

b 

b 

b 



Figure 3. Inlet boundary layer axial velocity profile [21]

The blade stacking line is optimized based on structural and
aerodynamic objectives to achieve an overall performance im-
provement. Optimization is carried out at the design point, i.e.
fixed rotor speed, fixed inlet and exit boundary conditions and
the mass flow rate is constrained to within 0.5%. The inlet and
outlet flow angles were not imposed as constraints. The mean
blockage at rotor inlet is considered in this section.

The design parameters are given by the lean angle, sweep
angle, the spanwise location of P1 and the bow intensity, which
is controlled by the weight w1. Geometry candidates are gener-
ated by re-stacking the 2D blade sections according to the QRBC
representation of the stacking curve, where the QRBC parame-
ters are equally distributed in the design space using the Latin
Hypercube method [14].

The optimization objective is a combination of an aerody-
namic objective and a structure objective; it is constructed as fol-
lows. The pressure loss coefficient is taken as the aerodynamic
objective, with mass flow rate as constraint. Von Mises stress is
taken as the structural objective and the blade first natural fre-
quency is taken as constraint. The Pareto front is given in Fig.
4.

Fob j(X) = {Min(Yr
′+PTa +PTs),

Min(σ′+PTa +PTs)} (2)

Figure 4. Pareto front: Pressure loss coefficient vs. Normalized von
Mises maximum stress

where,

PTa = 0.5 when
|ṁ− ṁorg|

ṁorg
> 0.005

= 0 otherwise

PTs = 0.5 when f1 < f1,org

= 0 otherwise

where f1,org = 2,293 and, to normalize all individual objectives
to be between 0 and 1,

f ′ =
f − fmin

fmax− fmin
where f = {Yr,σ} (3)

The ANN models for von Mises stress and natural frequency
are trained with the hyperbolic tangent as transfer function be-
cause of its asymmetric nature, which were found to perform
better in terms of learning and require fewer number of epochs
compared with non-symmetric transfer activation functions [22].
Four ANN modules were used to approximate the 4 individual
objectives and constraints namely, Yr, PTa, σvm and PTs. The
number of training and testing patterns were chosen to be 90%
and 10% for the aerodynamic objectives and 70% and 30% for
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the structure objectives. The total number of samples in the aero-
dynamic and structure databases are 27 and 51(initial), respec-
tively. Each GA generation involved 50 individuals and the opti-
mization stops after 150 generations. The value of the mutation
and crossover probabilities used were 0.15 and 0.5, respectively.
Two elite individuals were selected for passing to the next gen-
eration. Because the optimization is done based on the approxi-
mate model, the proposed ANN-based optimum design was ana-
lyzed with the high fidelity simulations (CFD and CSD).

To improve the ANN model accuracy, database enrichment
was implemented. Seven cycles of database enrichment were
carried out for the structure discipline as it was found to be the
more difficult one to approximate using ANN. Figure 5 shows
the converging trend of the discrepancy between the high fidelity
(ANSYS) and low fidelity (ANN) results at the end of each en-
richment cycle. For the multi-objective optimization process, the
ANN model obtained from the enrichment process was selected.

Figure 5. Database enrichment for the structure discipline

3.1 Aerodynamic performance improvement
The original and optimized blade shapes are shown in Fig.

6. The optimized blade is swept backwards by 2.1◦ and is leaned
towards the blade SS by 11.8◦, and the blade bowing is zero
(straight stacking line). The bowing intensity is zero as a com-
promise between the aerodynamic and the structure objectives.
Note that, if the structure objective is ignored, the bowing pa-
rameter is non zero so as to reduce the secondary flow losses
associated with the inlet blockage. For the optimized rotor, the

Table 3. Multi-objective aero-structural optimization: Optimum design
variables, objectives and constraints

Case α◦r β◦r γ w1 Yr σvm f1 ṁ
[MPa] [s−1] [kg/s]

ORG. 0 0 0 0 0.1854 176 2,293 0.320

OPT. 11.8 2.1 0.8 0.0 0.1670 111 2,460 0.321

min −5 −10 0.2 0 − − − −

max 20 15 0.8 3 − − − −

pressure loss coefficient decreased from 0.1854 to 0.1670, a de-
crease of 9.8%, see Table 3.

The blade lean and sweep affect rather strongly the blade
spanwise loading and mass flux distributions. In general, leaning
towards the blade suction side will unload the tip and put more
load at hub and vice versa. The spanwise variation of relative in-
let and exit flow angles, shown in Fig. 7.a, indicates a decreased
flow turning (β1 − β2) between hub and 40% span and an in-
creased turning between 40% span and tip. For the optimized
blade, the inlet flow angle suggests a smaller incidence angle
near the hub. The spanwise variation of mass flux, depicted in
Fig. 7.b, suggests that the optimized blade shape results in less
spanwise flow migration particularly in the hub region. Figure
7.c shows a reduction in the optimized radial mass flux which
implies a reduced secondary velocity and hence a more uniform
flow at exit.

The spanwise pressure loading distribution is indicated in
Fig. 8, where the tip loading is higher than the hub loading. The
pressure loading decreased at the tip and increased at the hub, see
Figs. 8.a and 8.c. These results are consistent with the changes
in blade lean and sweep between the original and the optimized
blade profiles.

3.2 Structure improvement
For medium and high aerodynamic blockage, an increase in

the blade bowing would result in a reduction in secondary flow
losses. However, from a structural point such an increase would
also result in an increase in the maximum von Mises stress.
These competing effects may explain the fact that the optimized
blade is straight (the bowing intensity is zero) and proves the
robustness of the optimizer scheme. Figures 9, 10, and 11 com-
pare the von Mises stress distribution for the original and opti-
mized configurations. For comparison purposes, the same range
of values and stress levels are maintained for all stress contours.
In the original configuration the maximum stress occurs at the
blade root near TE, where the lowest blade thickness is located
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Figure 6. Original and optimum blade shapes

Table 4. Original and optimum blade structure

Case σvm % Change f1 % Change
[MPa] [s−1]

Original 176 2293

36.7 7.28

Optimum 111 2460

whereas for the optimum configuration, the maximum stress oc-
curs on the SS near the hub where the maximum thickness area is
located. Large tensile forces developed due to centrifugal forces
tend to straighten the blade and also result in an increase in stress
levels at the root. Modification of the stacking line profile re-
sulted in a reduction of the maximum von Mises stress from 176
MPa to 111 MPa, a 36.7% reduction.

The optimum blade has a combined lean and sweep with
zero bow, which modifies the center of mass as well as the tan-
gential and axial moments. A change in lean and sweep increases
the tangential moment and these changes in structural loading are
effectively handled by the available blade thickness distribution
along the span. Moreover the shift in center of mass along with
the change in moments reduce the trailing edge untwisting effect
and result in reducing the maximum stress by 36.73% compared
to the von Mises stress on the original blade. The original and
optimum stress values are compared in Table 4.

The location of the maximum stress (with less intensity) also
shifts from the hub TE location to the SS maximum thickness
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Table 5. Surface-based comparison of von Mises stress (MPa) at hub,
PS and SS for the original and optimum blades

Surface Original Optimum

Hub 7.2849 6.426

PS 5.93 5.7413

SS 6.1425 10.652

location Fig.11, and the TE is no longer a critical stress location.
To understand the overall effect of lean and sweep, von Mises
stress has been averaged on the PS, SS and hub surfaces using
ANSYS APDL programming and the averaged values are given
in Table 5. Due to lean, the average von Mises stress on the blade
suction side increases by 73% but this is effectively handled by
the available spanwise distribution of the blade thickness. Hence
the average stress on the hub surface and on the PS decreased
by 12% and 3% respectively. It should be noted that the E/TU-
3 turbine is a low speed turbine, RPM = 7,800, compared to
current high speed turbine stages, for which the stress reductions
would be more significant.

4 Conclusion
The aero-structural optimization of a low speed turbine rotor

blade was successfully carried out in the presence of a 10% aero-
dynamic inlet blockage; the design variable being the stacking
line. The rotor redesign was carried out at the design point and
resulted in reducing the pressure loss coefficient by 9.8% and the
maximum von Mises stress by 36.7%. These improvements are
due to the reduction in three dimensional flow losses while re-
distributing the blade stresses through the variation of lean and
sweep. The optimized blade turned out to be straight in the span-
wise direction. The blade design variables namely lean, sweep
and bowing are directly related to the QRBC parametrization of
the stacking line and reduce to only 4 design variables control-
ling the blade shape. The proposed MDO scheme is attractive as
it is modular and can couple several disciplines in a multi-stage
turbine (or compressor) as it involves 4 design variables per blade
row.
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Figure 8. Rotor blade pressure distribution at hub, mid-span and tip
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a. Original E/TU-3 blade

b. Optimum blade

Figure 9. Stress contours on the pressure surface

a.Original E/TU-3 blade

b.Optimum blade

Figure 10. Stress contours on the suction surface
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a.Original E/TU-3 blade

b.Optimum blade

Figure 11. Stress contours on the hub surface
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