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

tion method is based on genet ic alg or ithm ( GA) , Par et o r anking and f itness sharing technique. T he platform

was used for design opt imization o f the stato r o f an advanced tr ansonic stag e to seek high adiabatic efficiency .

The compresso r stag e efficiency is incr eased by 0. 502% at optimal point and t he st all margin is enlarg ed by

near ly 1. 0% at design ro tating speed. The flow fields of the tr ansonic stage w ere simulated w ith FINE/ T urbo

so ftwar e package. The optimization result indicates t hat t he optimization platfo rm is effectiv e in 3D numerical

design opt imization problems.
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Introduction

High performance engine st rong ly af fects

the per formance o f aircr af t . Improving aer ody�
namic performance in engine is an impor tant and

challeng ing w ork for the present and future in�
dust ry. Design of turbomachinery plays an im�
portant role in the eng ine development and aero�
dynamic design opt im ization o f turbomachinery

blades, st ill an active research f ield, is v ital to

the improvement of performance. Tradit ional

aerodynamic design or redesign of compr essor/

turbine is mainly based on empir ical techniques,

as w ell as the so called �t rial and erro r meth�
ods, w hich demands long per iod, high expendi�
ture and plenty of experience of designers, but

do not guarantee opt imal designs. With the

sw ift ly development o f pow er ful computer tech�
niques and computational f luid dynam ics ( CFD) ,

numerical simulat ion has becom ing more afford�
able and simulat ion�based opt imizat ion is becom�
ing mor e att ractive and mor e popular than ever.

Development of aerodynamic design meth�
ods for turbomachinery is alw ays an interest ing

topic. Inverse design method has acquired suc�
cessful applicat ions

[ 1]
. T he approach determines

the blade shape from a prescribed velocity o r

pressure distr ibution. T his is a pow erful design

method for those w ith insights who are able to

establish an opt imum aerodynamic descript ion.

The method does not demand iterat ion betw een

design and r edesign, and has high ef ficiency.

But it st ill has some bad shor tcomings, such as

dif ficult to include geometric const rains, diff icult

to deal with 3D optim izat ion pr oblem, diff icult

to specify an appropriate pressure/ v elo city dis�
tribution to designers, etc. , so it is rest ricted to

be w idely employed. T herefo re, in this paper, a
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direct approach is employed. Direct design meth�
od is incessant ly to change original geometry ac�
cording as r esults of aerodynam ic numer ical sim�
ulat ion unt il opt imal air foils w ith favorable aero�
dynamic performance. Direct design optimizat ion

methods rely less on experience, and can easily

be developed to actualize mult i�objelfive opt im i�
zat ion

[ 2�4]
. It can g reat ly improve the ef ficiency,

reduce the cost and obtain bet ter results, even if

the computat ional cost of opt imization can, in

many cases, much larger than the co st of an a�
nalysis calculat ion.

1 � Aerodynamic design optimization

platform (ADOP)

� � As the 3D numerical simulat ion of f low f ield

requires t remendous computational t ime, a re�
sponse surface model ( RSM ) based on ar tif icial

neural netw ork ( ANN ) w as used to appr oximate

the overall aerodynamic perfo rmance of the t ran�
sonic stage. The samples for the response sur�
face w as selected w ith uniform design o f experi�
ment ( UDOE) [ 5] , w hich prov ided smallest quan�
t ity o f experiment po ints f rom larg e design

space.

1. 1 � Numerical optimization method

Numer ical optim izat ion methods can be di�
v ided into local and global opt imizat ion algo�
r ithms. Local search algorithms, including g ra�
dient based methods, can conver ge to local max i�
mum w ith high rapidity and eff iciency, but can

no t insure g lobality and can not carr y through

when the design space is discont inuity . On the

contrary, g lobal search methods such as genetic

algorithms ( GAs) o ffer an alternative appr oach

w ith several att ractiv e features. F ir st ly, GAs

ar e insensit iv e to design space, w or k w ell in

non�smooth design spaces containing mult iple lo�
cal ext rema. Secondly, GAs can easily include

const raints. Thirdly , GA s can be eff icient ly par�
allelized. Finally, GAs can search for Pareto op�
t imal solut ions in parallel by maintaining a popu�
lat ion of so lut ions and can direct ly appr oach

mult i�object iv e optimizat ion problems[ 6] .

GAs are based on Darw in s theory of sur�

v iv al of the f it test and implement the group

search policy. Select ion, crossover and mutat ion

ar e the most important oper ator s in genet ic algo�
rithms. Heurist ic cr ossover and non�uniform
mutat ion operato rs were used. T he self�adapt ive
technique adopted is to pr ovide the appropriate

cro ssover and mutat ion probabilit ies. T here are

several techniques that can cooper ate w ith GAs

searching Par eto optimal results. In ADOP, Pa�
reto ranking and f itness sharing technique are

chosen as the key appr oaches, and the platform

has been applied in multi�objective optimizat ion

problems [ 7�8] .

1. 2 � Response surface model

A response surface model ( RSM ) for ap�
prox imat ion w as const ructed based on ar tif icial

neural netw or k ( ANN) to establish the r elat ion�
ship betw een the aer odynamic parameters of the

advanced transonic stage and the design varia�
bles. It can notably reduce the computat ional

t ime of 3D numerical simulat ion of f low f ield.

Each design variable input into the ANN is con�
nected to each node o f adjacent layer w ith a se�
ries of w eights, and a bias of each node is used

to of fset the summat ion of the node. T he design

pro cedure used in this paper is summarized as
[ 9]
:

First ly, sampling for the ANN. U niform design

of experiment is used to select representat ive

samples f rom a lar ge set of design variables.

Secondly, t rain the ANN . T he process of tr ain�
ing ANN is to recalculate the w eights and biases

so as to minimize the overall erro r betw een the

input and the desired output . Af ter t raining, the

RSM is also def ined. The alg orithm used fo r

t raining the ANN is the error back�pr opagat ion
algorithm. T hirdly, search the design space of

RSM. Finally, validate the opt imal design. The

opt imal r esult obtained from opt imizat ion of

RSM is an approx imate result and needed to be

validated the pr ecision of the design.

1. 3 � Uniform design of experiment

Design o f experiment ( DOE) is one applica�
tion o f mathemat ical stat ist ics[ 10] . It is to inves�
tig ate the effect iv e method of establishing data�
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base, and the main topic is how to ar range log i�
cal experiments, obtain data, and then analyze

synthet ically to reach optimal project . DOE

plays an important role in indust ry pr oduct ion

and eng ineering design, for ex ample, it can in�
crease output, improve the quality of produc�
t ion, shorten the period of new design, decrease

cost and prolong the useful life of product.

How ever, DOE methods demand plenty of ex�
periments w hen design space is so large as to

need a lar ge number o f g rades of design varia�
bles. Unifo rm design of experiment ( UDOE) ,

as one kind o f DOE methods, does w ell in multi�
grade experiments. UDOE is an ef ficient method

fo r analy zing design space, w hich can provides

essential information w ith smallest quantity of

samples. T he main consideration o f U DOE [ 9] is

just how to unifo rmly dist ribute the most r epre�
sentativ e sample points in the design space.

2 � 3D Optimization of ATS�2 stator

� � ATS�2 is a t ransonic stage. It consists o f 12

inlet guide vanes ( IGVs) , 14 r otors and 34 sta�
to rs. At design opt im ization point , the ro tat ion�
al speed is 21 500 r/ min, the mass f low is 25. 26

kg / s, the total pr essure rat io of stage is 2. 243 3

and the adiabat ic ef ficiency is 85. 853%.

Flow in turbomachinery is highly complex

and st rongly three�dimensional, containing

clearance leakage, boundary lay er separat ions

and shock w aves, etc. . Mo reover, ther e ex ist

the interact ions of secondary flow s intensiv ely

af fect ing the aerodynam ic per formance. There�
fore, three�dimensional design opt imizat ion of

turbomachinery is more applicable and ef fect ive.

On the other hand, design optimizat ion of ro�
to rs, especial ly in t ransonic stage, is usual ly not

acceptable for pract ice in engineering, so the im�
provement of stato r is a feasible w ay.

The stator sur face w as changed w ith the

tr ailing stacking line, performing sw eep, bend

and ro tat ion. T he stacking line af fects signif i�
cant ly the three�dimensional g eometr ical str uc�
ture and it can be easily controlled with few er

design var iables. In this paper, the trailing stac�

king line of the stator w as contro lled by a spline.

As shown in Fig . 1, the section 3 is f ixed, the

coo rdinates ( and ) of sect ion 1, 2, 4 and 5 can

move in its region r espect ively. T he stagger an�
g les of airfoils can also be changed around stac�
king line in each region. T herefore, there are 12

variables together.

Fig . 1 � Mer idional v iew o f stator

The mesh w as also g ener ated w ith Numeca/

Igg sof tw ar e package, as show n in Fig. 2, con�
sist ing of 109 ! 45 ! 49 H�type g rids at IGV, 209

! 21 ! 49 O�ty pe g rids at rotor and 109 ! 45 ! 49

H�type grids at stator ( ax ial, circum ferent ial

and radial direct ions) . T hus, total number of

grids is 695 751. The thr ee dimensional f low

field w as solv ed w ith FINE/ T urbo sof tw are

package using S�A turbulence model. T he inlet

condit ion w as giv en total pressure, total temper�
ature and angles of velocity. T he out let condi�
tion w as imposed stat ic pressure at hub.

Fig. 2� Grids of ATS�2

The objective funct ion is adiabat ic ef ficien�
cy, w hich is one of the most impo rtant aer ody�
namic parameters fo r turbomachinery.

The object ive funct ion is def ined as:

f = �* (1)
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where,

�* =
( �* )

k- 1
k - 1

T
*
ex

T
*
in
- 1

(2)

�* =
p

*
ex

p
*
in

(3)

�
*
and �

*
are adiabat ic ef ficiency and total pres�

sur e rat io of stag e, subscripts, in and ex indicate

inlet and ex it of the stage, respectively.

The opt im ization problem, in this paper, is

single�object ive/ single�point opt im ization prob�
lem and the design opt imizat ion point is near

stall margin w ith the back pressur e of 180 000

Pa ( hub) . As a result of the opt im ization, the

adiabat ic ef ficiency o f stag e is increased by

0� 502% w ith the mass f low increment of 0. 115

kg / s at the opt imal point , the adiabatic ef ficien�
cy of rotor is increased by 0. 183% and the total

pressure recovery coeff icient of stator is in�
creased by 0. 002 77, as show n in table 1. �*R is

adiabat ic ef ficiency of ro tor and  *S is total pres�
sur e recovery coeff icient o f stator,

 *S =
p

*
ex

p
*
S

(4)

and p
*
S is the inlet total pressure of stator.

Table 1� Comparison of ATS�2 aerodynamic performance

Or ig ina l Optima l Increment

�* / % 85. 853 86. 355 0. 502

�/ % 2. 243 2. 244 0. 001

Flow / ( kg / s) 25. 260 25. 375 0. 115

�*R 89. 215 89. 398 0. 183

 *S 0. 975 03 0. 977 80 0. 002 77

Fig. 3 display s the compar ison of opt imal

and original trailing stacking lines. It can be

seen that the optimal stacking line is more com�
plex in three�dimensional space. Fig. 4 show s

the comparison of character map of original and

opt imal stage. The optimal stag e incr eases the

ef f iciency and to tal pressur e ratio over a large

scope, and especially ex tends the stall mar gin.

Fig. 5 reveals that the opt imal stator improves

the f low near suction sur face by reducing the ra�
dial def lect ion of st reamlines. The st reamlines

on suct ion surface o f opt imal stato r are more

flat , w hat are benef icial to reducing loss and en�
hancing stability of flow f ield. From Fig. 6, it

can be seen that to tal pressure loss o f opt imal

stage at outlet is much less than original one in

t ip region and basically keep the same in other

regions. It can be concluded from Fig. 7 that adi�
abatic eff iciency dist ribut ion of opt imal stator is

bet ter than o riginal one at outlet , notably in tip

region. Fig. 8 is the comparison o f stat ic pr es�
sure distr ibutionss o f rotors. It can be seen that

there are st rong shock w aves on the suction sur�
faces of ro to rs and the optimal shock w ave posi�
tion is pushed downst ream. Another improve�
ment is that the incidence ang les of stator are re�
duced in mid and t ip reg ions. This can also be

seen in Fig. 9 that the incidence ang les of stator

ar e obviously reduced in w ho le spanwise dir ec�
tion.

F ig. 3� Ax ial and circumferential view of optimal

and o rig inal stacking lines o f stator s

F ig . 4� Compar ison of character map
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3 � Conclusion

The opt im ization plat fo rm�ADOP developed

in this paper w as applied in the 3D aerodynam ic

design optimizat ion of AT S�2 stato r signif icantly

impr oves the aerodynamic perfo rmance of stage

by opt im izing only the t railing stacking line of

stator, w hich w ill not do harm to the structure

intensity .
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