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Abstract: An aerodynamic design optimization platform ( ADOP) has been developed. T he numerical optimiza

tion method is based on genetic algorithm (GA), Pareto ranking and fitness sharing technique. T he platform

was used for design optimization of the stator of an advanced transonic stage to seek high adiabatic efficiency.

The compressor stage efficiency is increased by 0. 502% at optimal point and the stall margin is enlarged by

nearly 1.0% at design rotating speed. The flow fields of the transonic stage were simulated with FINE/T urbo

software package. The optimization result indicates that the optimization platform is effectiverin 3D numerical

design optimization problems.
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Introduction

High performance engine strongly affects
the performance of aircraft. Improving aerody
namic performance in engine is‘an im'portant-and
challenging work for the present and future irr
dustry. Design of turbomachinery plays an im-
portant role in the enigine development and aero-
dynamic design optimization of turbomachinery
blades, still an active research field, is vital to
the mprovement of performance. Traditional
aerodynamic design or redesign of compressor/
turbine is mainly based on empirical techniques,
as well as the so called ‘ trial and error’ metlr
ods, which demands long period, high expendr
ture and plenty of experience of designers, but

With the

swiftly development of powerful computer techr

do not guarantee optimal designs.

niques and computational fluid dynamics ( CFD),
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numerical simulation has-becoming more afford-
able-and simulatier based optimization is becom-
nmg-more-attractive and more popular than ever.

Development of aerodynamic design meth-
ods for turbomachinery is always an interesting
topic. Inverse design method has acquired suc-
cessful appli(:ations[ " The approach determines
the blade shape from a prescribed velocity or
pressure distribution. This is a powerful design
method for those with insights who are able to
establish an optimum aerodynamic description.
The method does not demand iteration between
design and redesign, and has high efficiency.
But it still has some bad shortcomings, such as
difficult to include geometric constrains, difficult
to deal with 3D optimization problem, difficult
to specify an appropriate pressure/velocity dis-
tribution to designers, etc., so it is restricted to

be widely employed. T herefore, in this paper, a
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direct approach is employed. Direct design metlr
od is incessantly to change original geometry ac
cording as results of aerodynamic numerical sim-
ulation until optimal airfoils with favorable aero-
dynamic performance. Direct design optimization
methods rely less on experience, and can easily
be developed to actualize mulirobjelfive optimr

4 It can greatly improve the efficiency,

zation'”
reduce the cost and obtain better results, even if
the computational cost of optimization can, in
many cases, much larger than the cost of an &

nalysis calculation.
1 Aerodynamic design optimization
platform (ADOP)

As the 3D numerical simulation of flow field
requires tremendous computational time, a re
sponse surface model (RSM) based on artificial
neural network (ANN) was used to approximate
the overall aerodynamic performance of the tramr
sonic stage. The samples for the response sur
face was selected with uniform design of experr
ment (UDOE)" | which previded smallest quarr
tity of experiment—points’ from-large design

space.
1.1 Numerical optimization method

Numerical optimization ‘methods can be dr
vided into local and global optimization algo
rithms. Local search algorithms, including gra
dient based methods, can converge to local maxr
mum with high rapidity and efficiency, but can
not insure globality and can not carry through
when the design space is discontinuity. On the
contrary, global search methods such as genetic
algorithms ( GAs) offer an alternative approach
with several attractive features. Firstly, GAs
are insensitive to design space, work well in
norr smooth design spaces containing multiple lo-
cal extrema. Secondly, GAs can easily include
constraints. Thirdly, GA's can be efficiently par
allelized. Finally, GAs can search for Pareto op
timal solutions in parallel by maintaining a popu
lation of solutions and can directly approach
multrobjective optimization problems'® .

GAs are based on Darwin’ s theory of sur

vival of the fittest and implement the group
search policy. Selection, crossover and mutation
are the most important operators in genetic algo-
rithms. Heuristic crossover and nomruniform
mutation operators were used. The self-adaptive
technique adopted is to provide the appropriate
crossover and mutation probabilities. T here are
several techniques that can cooperate with GAs
searching Pareto optimal results. In ADOP, Pa-
reto ranking and fitness sharing technique are
chosen as the key approaches, and the platform
has been applied in multi-objective optimization

problems'”™ .

1.2 Response surface model
A response surface model-(RSM) for ap-

proximation was constructed based ‘on artificial
neural network ( ANN) to establish the relation-
ship between the aerodynamic¢ parameters of the
advanced transonic stage and the design varia-
bles.*-It"can notably reduce\ the computational
time of 3D-mumerical simulation of flow field.
Each design variable input into the ANN is con-
nected to each'node of adjacent layer with a se-
ries of weights, and a bias of each node is used
to offset the summation of the node. The design
procedure used in this paper is sum marized as’:
Firstly, sampling for the ANN. Uniform design
of experiment is used to select representative
samples from a large set of design variables.
Secondly, train the ANN. The process of train-
ing ANN is to recalculate the weights and biases
so as to minimize the overall error between the
input and the desired output. After training, the
RSM is also defined. The algorithm used for
training the ANN is the error back propagation
algorithm. Thirdly, search the design space of
RSM. Finally, validate the optimal design. The
optimal result obtained from optimization of
RSM is an approximate result and needed to be
validated the precision of the design.

1.3 Uniform design of experiment

Design of experiment (DOE) is one applica-

[ 10]

tion of mathematical statistics It is to inves-

tigate the effective method of establishing data-
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base, and the main topic is how to arrange logr
cal experiments, obtain data, and then analyze
DOE

plays an important role in industry production

synthetically to reach optimal project.

and engineering design, for example, it can ir
crease output, improve the quality of produc
tion, shorten the period of new design, decrease
cost and prolong the useful life of product.
However, DOE methods demand plenty of ex
periments when design space is so large as to
need a large number of grades of design varia
bles. Uniform design of experiment (UDOE),
as one kind of DOE methods, does well in multr
grade experiments. UDOE is an efficient method
for analyzing design space, which can provides
essential information with smallest quantity of
samples. The main consideration of UDOE" is
just how to uniformly distribute the most repre

sentative sample points in the design space.

2 3D Optimization of ATS 2 stator

ATS-2 is a transonic stage. It consists of 12
inlet guide vanes (IGVs), (14 rotors and 34 sta
tors. At design optimization\point, the rotatiorr
al speed is 21 5001/ min, \the mass flow is 25:26
kg/s, the total pressure ratio of stage-is 2.243 3
and the adiabatic efficiency is 85.'853%:-

Flow in turbomachinery is highly complex
and strongly <three dimensional, containing
clearance leakage; boundary layer separations
and shock waves, etc.. Moreover, there exist
the interactions of secondary flows intensively
affecting the aerodynamic performance. There
fore, threedimensional design optimization of
turbomachinery is more applicable and effective.
On the other hand, design optimization of ro-
tors, especially in transonic stage, is usually not
acceptable for practice in engineering, so the im-
provement of stator is a feasible way.

The stator surface was changed with the
trailing stacking line, performing sweep, bend
and rotation. The stacking line affects signifr
cantly the three dimensional geometrical struc

ture and it can be easily controlled with fewer

design variables. In this paper, the trailing stac

king line of the stator was controlled by a spline.
As shown in Fig. 1, the section 3 is fixed, the
coordinates ( and ) of section 1, 2, 4 and 5 can
move in its region respectively. The stagger an-
gles of airfoils can also be changed around stac-
king line in each region. T herefore, there are 12

variables together.

: shroud

Stator

------- (e i- 70% span
Y 50% span

U r 30% span

g hub

Fig.1 Meridional view of stator

The-mesh was also generated with Numeca/
Igg software package,) as shown in Fig. 2, con-
sisting of 109 x 45 x'49 H-type grids at IGV, 209
x21-%49 O-ty pe grids at-totor and 109 % 45x% 49
H-type_grids at- stator ( axial, circumferential

and-radial-directions). Thus, total number of
grids is 695 751. The three dimensional flow
field was solved with FINE/Turbo software
package using SA turbulence model. T he inlet
condition was given total pressure, total temper
ature and angles of velocity. The outlet condir

tion was imposed static pressure at hub.

Fig. 2 Grids of ATS 2

The objective function is adiabatic efficien-
cy, which is one of the most important aerody-
namic parameters for turbomachinery.

The objective function is defined as:

f= (1
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w here,
) T %L_ 1
M= O (2)
7!
vos e (3)

T and T are adiabatic efficiency and total pres
sure ratio of stage, subscripts, in and ex indicate
inlet and exit of the stage, respectively.

The optimization problem, in this paper, is
single objective/ single point optimization prob
lem and the design optimization point is near
stall margin with the back pressure of 180 000
Pa (hub). As a result of the optimization, the
adiabatic efficiency of stage is increased by
Q 502% with the mass flow increment of 0. 115
kg/s at the optimal point, the adiabatic efficierr
cy of rotor is increased by 0. 183% and the total
pressure recovery coefficient of stator is imr
creased by 0.002 77, as shown in table 1. Tk is
adiabatic efficiency of rotor and Os is total pres

sure recovery coefficient of stator,

& = B (4)
ps
and ps is the inlet total'pressure of stator.
Table 1 Comparison of ATS 2 aerodynamic performance

Original O'ptimal Incremient
0"/ % 85. 853 86. 355 0. 502
W % 2.243 2. 244 0. 001
Flow/(kg/s) 25.260 25. 375 0. 115
Mk 89. 215 89. 398 0. 183

O3 0.975 03 0. 977 80 0. 002 77

Fig. 3 displays the comparison of optimal
and original trailing stacking lines. It can be
seen that the optimal stacking line is more com-
plex in three dimensional space. Fig. 4 shows
the comparison of character map of original and
optimal stage. The optimal stage increases the
efficiency and total pressure ratio over a large
scope, and especially extends the stall margin.
Fig. 5 reveals that the optimal stator improves

the flow near suction surface by reducing the ra

dial deflection of streamlines. The streamlines

on suction surface of optimal stator are more
flat, what are beneficial to reducing loss and en-
hancing stability of flow field. From Fig. 6, it
can be seen that total pressure loss of optimal
stage at outlet is much less than original one in
tip region and basically keep the same in other
regions. It can be concluded from Fig. 7 that adr
abatic efficiency distribution of optimal stator is
better than original one at outlet, notably in tip
region. Fig. 8 is the comparison of static pres-
sure distributionss of rotors. It can be seen that
there are strong shock waves on the suction sur
faces of rotors and the optimal shock wave post
tion is pushed downstream. Another improve
ment is that the incidence angles of stator are re-
duced in mid and tip regions. This can also be
seen in Fig. 9 that the incidence angles of stator
are obvieusly ‘reduced in\ whole spanwise direc-

tion.
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(a) Original

(b) Optimal

Fig. 5 Streamtraces near suction surfaces of stators
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3 Conclusion

The optimization platform-ADOP developed
in this paper was applied in the 3D aerodynamic
design optimization of AT S 2 stator significantly
improves the aerodynamic performance of stage
by optimizing only the trailing stacking line of
stator, which will not do harm to the structure

intensity.
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