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Abstract: An optimization pr ocess is used to r edesign blades of a high�pressure compressor. An ar tificial neu�

r al netw ork ( ANN ) method is coupled to Navier�Stokes solvers and is applied to three different r edesigns. A

new ro tor blade o f a transonic compresso r is designed by modif ying thick, stacking line and inlet ang le using a

3D approach, with a significant eff iciency improvement at the design po int. The o ff�design behav ior o f this new

compresso r is also checked aft erw ards, which shows that the w ho le performance of the inlet stage is im proved

over a wide r ange of mass flow . The losses are r educed, prov ing the good per formance o f the optimum. The

whole results indicat e t hat t he optimization method can find improved design and can be integ rated in a design

procedure.
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� � Nomenclature

P � � � penalties

W w eight facto r for objectiv e function

Qimposed value o f the imposed quantity

Qreference r efer ence quantity value

Q comput ed quantity value

k exponent of the penalty term

F objective function

IGV inlet guide vane

R1~ R5 fir st ro tor to the fifth r otor respect ively

S1~ S5 fir st stator to the fifth r otor respect ively

�1 , �2 inlet and outlet metal ang le o f blade section

� setting ang le of blade

 efficiency

 isent ro isentropic efficiency

! pressur e ratio

!design design value o f pr essure r atio

�m mass flow rate ( kg/ s)

�mdesign the design value of mass flow rate

∀ var iation befo re and after optimization

Z ax ial co ordinate

pr im intersect point o f sections and stacking line

Introduction

Modern air craf t eng ine demands higher per�
formance in terms of ef ficiency , pr essure ratio o r

mass f low of the dif ferent components of the en�
g ine. T his leads to the use of CFD in an inten�
sive w ay fo r turbomachiner y blade design but

this higher performance must be achieved w ithin

shorter design cycles and at low er cost . T radi�
tionally CFD has been used in an analysis mode

fo r cut�and�t ry approaches to design, in w hich

the design process is st rong ly guided by the de�
signer expert ise, w ith eventually a larg e scat ter�
ing of the r esults. T he recent progr ess o f the

CFD code perfo rmance in terms of accuracy,

sensit iv ity and ef ficiency , enables to reduce the

design cycle by coupling CFD codes with opt im i�
zat ion too ls. T his can be applied w ith a Q3D or a

3D approach, w ith various opt imizat ion and

blade parameterizat ion techniques. T here into

Genet ic Arithmetic is the most popular method
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because of it s go od capability of searching g lobal

opt imum, but the opt im ization eff iciency needs

to enhance. [ 1- 2]

This paper describes three optim izat ion ca�
ses car ried out by coupling an opt im izer w ith

ANN to Navier�Stokes solvers.

The first case concerns the ef f iciency im�
provement o f a t ransonic compressor w ith an op�
t imizat ion method. T he thick o f the 1st ro to r

( R1) blade is modif ied by applying a deforma�
t ion defined by a Bezier curve.

The second opt imizat ion case deals w ith the

stacking line of the blade of R1. The centre of

gravity of blade sections is chosen as stacking

points, and the stacking line is parameterized by

three contro l points Bezier line.

The third case presented concerns the inlet

ang le optimizat ion of R1. T he steady 3D N av ier�
Stokes calculation is carried out on the w hole

stage including IGV and the stator of the 1st

stage.

The outlet metal angle and the sett ing angle of

IGV are modified by changing the camber lines of

three sections from hub to t ip, in order to reform

the inlet flow angle of R1. The performance of the

new shape is compared with the initial at the design

point as w ell as off�design points.

1 � Optimization method

The opt imizat ion st rategy is composed of

the follow ing parts: T he 3D Navier�Stokes analy�
sis starts f rom a baseline design. Accor ding the

const raint v ar iables, the optim izat ion alg orithm

produces a set o f samples, w hich is used to build

a database for ANN ( art if icial neural netw ork)

self�t raining. T he opt imizat ion rocess is based on

the ANN database. T he ANN algo rithm used

here is coupled in a commercial sof tw are FI�
NE

TM
/ Design 3D. F ine/ T urbo is used thr ough�

out the numerical opt imizat ion of the present pa�
per. Details is presented in references [ 3�4] .

2 � Prototype analysis

2. 1 � Overal l performance

A cross sect ion of the compr essor is show n

in Fig. 1. T he specificat ions of the compresso r

ar e summar ized in T able 1.

To invest igate the f low f ield, mult istage

CFD wer e per formed w ith a commercial CFD

package FINE/ T urbo. Fig . 2 show s the CFD re�
sults, the relat ive M ach number contour at me�
ridian surface. Supersonic area is clearly seen in

R1. F ig. 3 illust rates the compare results of

stage pr essure rat io and eff iciency. The results

show that the pressure rat io of R1 is much high�
er than design value, w hile the ef f iciency of R1

is much low er than design value. H igher pr es�
sure rat io makes the stag e over loading, w hereas

the lower ef ficiency induces the lack in overall

ef f iciency of multi�stage. Other stag es perform�
ance is close to the design value.

F ig . 1 � Cross sect ion of compressor

Table 1 � Compressor specifications

Paramet er Value

Mass flow / ( kg/ s) 25

Tot al pressur e ration 6� 0

Adiabatic efficiency 0. 85

Stages amount Axial 5

As a result w e choose the 1st stag e ( inclu�
ding IGV) as the opt imizat ion object. T he opt i�
mization purpo se is to improve the ef f iciency and

decrease the pressure r at io of stage 1 proper ly.

F ig. 2� Mer idian relative Mach number

2. 2 � First Stage Performance

Fig. 4 describes the pressure ratio and eff i�
ciency of R1 span w ise dist ribut ion. With the
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Fig. 3� P ressur e ratio and efficiency o f each stage

larger radius, the relat ive flow velo city is g et t ing

higher; hence the intensity o f shock w ave is

higher, consequently the rotor pressure is high�
er. As a r esult , the pr essure ratio near the blade

tip is larger than the pressure ratio of other span

places. A long w ith the increasing of shock w ave

intensity , shock w ave lo ss becomes the majo r

loss o f the f low , so the ef ficiency decreases with

the r adius increasing.

Fig . 4 � R1 per formance span wise distr ibut ion

Fig. 5 presents relat ive Mach number con�
to ur of three blade sect ions, w hich are near hub

sect ion, mid�span sect ion, near t ip sect ion re�
spectively. The contour illust rates that shock

w ave ex ists the w hole span o f R1 blade. The

shock is w eak near hub, but shock/ boundary

layer interaction brings on serious f low loss. At

the m id�span sect ion and near t ip section, shock

w ave gets st ronger, but the boundar y lay er sep�
arat ion is not very larg e due to the supersonic

pro files.

� � Fig. 6 pr esents the characterist ics perform�
ance of stag e one. One w ork state near peak eff i�
ciency w as chosen as the optim izat ion point.
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3 � Case 1: R1 thickness optimization

3. 1 � Blade parameterization

AutoBlade is used to descr ibe a blade by a

number of prof ile sect ions on the same conical

surfaces that then stacked to three�dimensional

blade geometry. Each pro file sect ion is defined

first a camber line and added thickness distr ibu�
t ions to obtain the suct ion and the pressure sides

( see Fig. 7( a) ( b) ) . The mer idian tr ace of the

stacking line is modeled by a Bezier curve w ith 3

control po ints ( see Fig. 7( c) ) , w hereas the tan�
gent ial lean curve is described w ith a composite

Bezier�line�Bezier curve ( see Fig. 7( d) ) .

Fig. 7� Blade par amet erization o f R1

3. 2 � Constrains and objective function

In this case, the thick of three sect ions of

R1 blade is optim ized. The f ree geometr y varia�
bles bounds are show n in Table 2.

Table 2� Free geometry variables bounds of R1 thickness

Free Geometr y Variables M in Cur rent Max

S1_HALF_TH ICKNESS_P1 0. 001 0. 002141 0. 0032

S1_HALF_TH ICKNESS_P2 0. 0012 0. 002576 0. 0035

S2_HALF_TH ICKNESS_P1 0. 0002 0. 001001 0. 002

S2_HALF_TH ICKNESS_P2 0. 0003 0. 001173 0. 002

S3_HALF_TH ICKNESS_P1 0 0. 000150 0. 000650

S3_HALF_TH ICKNESS_P2 0 0. 000226 0. 000726

Three penalties are def ined as following:

 = 1� 0
!!!des ign

�m !�mdesign

According the fr ee geometry variables

bounds and the penalt ies, the object ive is defined

as formula ( 2) .

P = W ∀ Q imposed - Q
Q referen ce

k

(1)

F(P i ) = #
n

1

P i (2)

3. 3 � Optimization

Fig. 8 show s 50 samples composing as a da�
tabase fo r ANN opt imizat ion. T he database re�
quires 50 calls for Navier�Stokes solver. Each

computat ion t ime is about 30 m inutes and the to�
tal time is about 25 hours. Observing fr om Fig.

8, the eff iciency of the samples distr ibutes be�
tw een 0. 856 and 0. 879, and pressure rat io dis�
tributes f rom 1. 608 to 1. 74.

� � The opt im ization process converges in 30 it�
erat ions. T he average r un t ime for each Nav ier�
Stokes computat ion is about 30 minutes on 2. 4G

Hz CPU. The total time o f opt imizat ion is about

15 hours. F ig . 9 presents the convergence histo�
ry of Object ive function

The variat ion of the inlet stag e performance

is given in T able 3 below . T he eff iciency is nota�
ble increased by 1. 33% . The decr ease of objec�
tive funct ion is a consequence of the ef ficiency,

pressure rat io and mass f low increasing.

Table 3� Variation of the inlet stage performance

Perfo rmance Improvement

Isentropic efficiency 1. 33%

To tal pr essure r atio 0. 507%

Mass flow change 1. 38%

Fig. 10 gives the thickness variat ion before

and after opt imizat ion at one sect ion of the

blade.

The relat ive M ach number f low field on

Fig. 11 show s that the f low f ield st ructure in the

duct o f R1 is dif ferent: the thin blade sect ion

leads to the reduct ion of the relat iv e Mach num�
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Fig . 8 � Database fo r ANN

F ig . 9 � Converg ence histor y Objective funct ion

F ig . 10 � Blade thickness v ariat ion befo re

and after optimizat ion

ber and the reduct ion of the separat ion area on

the suct ion side of R1.

Fig. 11 � Relative Mach number contours before

and after optimizat ion

The of f�design behavio r of the blade is il lus�

trated on Fig. 12. T he isent ropic eff iciency and

the normalized total�to�total pressure ratio are

plo tted as a funct ion of the mass flow. One ob�
serves that a larg e part of the pressur e rat io im�
provement at the design point is remained at of f�
design points, w hereas at of f�design points the

ef f iciency is a lit t le low er than init ial design val�
ue, but the mass flow margin is gr eat ly expen�
ded. A s expected, the choking mass f low also

keeps more than the design value.

Fig. 12 � Off�design performance befor e

and after optimizat ion

4 � Case 2: R1 sweep stacking line

optimization

4. 1 � Blade parameterization

AutoBlade is used to descr ibe a blade by a

number of prof ile sect ions on the same conical

surfaces that then stacked to three�dimensional

blade geometry. Each pro file sect ion is defined

first a camber line and added thickness distr ibu�
tions to obtain the suct ion and the pressure

sides. T he meridian t race of the stacking line id

modeled by a Bezier curve w ith 3 contro l points,

w hereas the tangent ial lean curve is described
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w ith a composite Bezier�line�Bezier curve. A ll of

the blade parameterizat ions ar e the same as case

1.

4. 2 � Constrains and objective function

In this case, the opt imizat ion presented here

concerns the sw eep law of stacking line of R1.

The object ive is to impr ove the ef ficiency only by

modifying the stacking law . T he free geometry

variables bounds are show n in Table 4.

Table 4� Free geometry variables bounds

F ree Variables M in Cur rent M ax

sweep_ang le1 �5. 064913 �0. 064913 4. 935087

sweep_ang le2 �3. 499468 1. 500532 6. 500532

Z_stacking_sweep 0. 016963 0. 018963 0. 020963

S1_DZ_pr im 0. 041019 0. 043019 0. 045019

S2_DZ_pr im 0. 033478 0. 035478 0. 037478

S3_DZ_pr im 0. 032851 0. 034851 0. 036851

� � The same penalt ies and objective funct ions

as descr ibed in case 1 are def ined in this case.

4. 3 � Optimization

Fig. 13 show s 30 samples composing as the

database for second opt imizat ion. Seeing f rom

Fig. 13, the ef ficiency o f the database dist rib�
utes betw een 0. 85 and 0. 885, and the pressure

ratio distr ibutes betw een 1. 657 and 1. 719. The

database indicates that the ef ficiency of R1 could

be improved by modifying the sw eep law of the

blade stacking line.

� � The opt im ization process converges in 30 it�
erat ions. T he run t ime of each computation and

total t ime is the same as case1.

The variat ion of the inlet stag e performance

is described in Table 5. The ef f iciency is remark�
ably incr eased by 1. 14 % , and the pressure rat io

and mass f low of the inlet stage rise by 0. 45%

and 1. 04% respect ively.

Fig. 13� Database of case 2 fo r ANN optimization

Table 5� Variation of the inlet stage performance

Perfo rmance Improvement

Isentropic efficiency 1. 14%

To tal pr essure r atio 0. 45%

Mass flow change 1. 04%

Fig. 14 g iv es the blade variat ion befor e and

af ter opt imizat ion. T he opt imizat ion r esults

show that the sw eep blade stacking line have

bet ter aerodynamic performance.

F ig . 14 � Blade variation before and after optim i�zat ion

The relat ive M ach number f low field on

Fig. 15 show s that the shock w aves become

w eak af ter optim izat ion, w hich leads to the re�
duct ion of the loss of shock w aves and boundary

layers.

Fig. 15 � Relative Mach number contours before and

after optimization near blade tip of R1

The of f�design behavio r of the blade is illus�
trated on Fig. 16. T he isent ropic eff iciency and
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the normalized total�to�total pressure ratio are

plo tted as a funct ion of the mass flow. One ob�
serves that a larg e part of the ef ficiency improve�
ment at the design point is remained at off�de�
sign points. A s expected the choking mass f low

is also w el l conserved, and the mass f low margin

is g reat ly expended also.

F ig . 16� Off�design perfo rmance befo re

and after optimizat ion

5 � Case 3: R1 inlet angle optimization

Fig. 17 il lustr ates the disor dered distr ibu�
t ion o f R1 inlet f low ang le along span w ise. At

20% span sect ion, the inlet incidence is posit ive,

and the pressur e dist ribut ion is forw ard loading.

At 50% span section, the inlet incidence is more

posit iv e than that o f 20% span sect ion, and the

pressure dist ribut ion is too forward loading,

hence the forw ard af ter 15% chord needs increas�
ing. At 70%span sect ion, the pressure distr ibu�
t ion is really chaos. T his sect ion needs to be r e�

designed on 2D blade prof ile.

5. 1 � Blade parameterization

AutoBlade is also used to describe a blade

by a number of pro file sect ions on the same coni�
cal surfaces that then stacked to three�dimen�
sional blade geometry . T he pr ofile sect ion is de�
fined as that in case 1 ( see Fig. 7( a) , ( b) ) , but

the mer idian t race o f the stacking line is differ�
ent. T he sw eep law of the stacking line and the

tangential lean curv e are both descr ibed w ith a

composite Bezier�line�Bezier curve ( see Fig. 18

( a) , ( b) ) .

5. 2 � Constrains and objective function

In this case, the set ting ang les and the out�
let metal angles of three sections o f IGV blade

ar e opt im ized to r eform the inlet f low ang le of

R1. The free geometry variables bounds are

show n in T able 6.

Table 6� Free geometry variables bounds of IGV

Free Var iables M in Curr ent Max

S1_CAMBER_GAMMA �20 0. 359352104013135 2

S1_CAMBER_BET A2 �20 1. 42561671098677 2

S2_CAMBER_GAMMA �20 1. 49676870817163 2

S2_CAMBER_BET A2 �20 5. 93712906981511 6

S3_CAMBER_GAMMA �20 �1. 285707467641 5

S3_CAMBER_BET A2 �35 �14. 4929123964746 �5

The penalt ies are def ined the same as that in

case one.

Fig . 17� Surface pressur e dist ribution of 20% , 50% , 70% span sections, respectiv ely

F ig . 18 � Blade par ameter ization o f IGV

� � Accor ding the f ree geometry variables

bounds and the penalt ies, the object ive is defined

as formula ( 2) .

The CFD calculat ion in this case is carried

out on three rows of the inlet stage ( See Fig.

19) . T he g rid is made up of 3 blocks ( H topolo�
gy) in the main duct . The node dist ribut ion in
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the dif ferent blocks is given in Table 7 below and

the total node number is 443223.

F ig . 19� Mesh topolog y of optimization 3

Table 7� 3D grid characteristics

IGV R1 S1 T otal

Tangential 33 37 133 137973

Span w ise 33 37 121 147741

Ax ial wise 33 37 129 157509

5. 3 � Optimization

Fig. 20 describes the database containing 30

samples for ANN optim izat ion. We can clearly

see f rom the ef f iciency reduces as the mass f low

increasing; cont ritely the pr essure rat io rises as

the mass flow incr easing. The maximum and the

minimum ef ficiency are r espect ively 0. 831 and

0. 878. T he max imum and the minimum pr es�
sure rat io is 1. 42 and 1. 59.

� � The opt im ization process converges in 28 it�
erat ions. T he average run t ime of each Nav ier�
Stokes computat ion is about one and a half hours

on PC w ith 2. 4G Hz CPU. The total opt im izing

t ime is about 40 hours. F ig. 21 presents the

converg ence history of Objective funct ion. The

objective funct ion descends obv iously, but the

Fig. 20 � Database of case 3 fo r ANN optimization

F ig. 21 � Converg ence histor y o f objectiv e function

ef f iciency librates during the w hole iter ate

pro cess.

In this steps, because the contro l variables

�1 , �2 , �o f IGV are def ined by the ang le betw een

the control po ints direct ion and the ax ial dir ec�
tion, during the opt imizat ion pro cess the free

variat ions of �2 , �are no t suitable for R1. In this

condit ion, w e adjust the �2 , �on the basis o f the

opt imizat ion result . The var iat ion o f the inlet

stage performance is described in Table 8, the

ef f iciency and pressure r at io ar e remarkably in�
creased by 4. 55% and 10. 72% respectively.

The mass f low descends a litt le but st ill above

the design value.

Table 8� Variation of the inlet stage performance

before and after optimization

Perfo rmance Improvement

Isentropic efficiency 4. 55%

To tal pr essure r atio 5. 09%

Mass flow change �2. 07%
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� � T he meridian relat ive M ach number con�
to urs befo re f low field on Fig. 22 describes that

the shock w ave st ructure near blade t ip o f R1 re�
form s and leans into the duct o f R1. Fig . 23

show s the r elat ive Mach number contours on

Blade�to�Blade surface befor e and after opt imiza�
t ion. We can clearly see that befo re optimizat ion

the shock wave is normal to the blade suct ion,

w hich induces large boundary separat ion area,

but after optim izat ion the shock leans af terw ard,

and the boundary lay er becomes inv isible on Fig.

23.

Fig . 22� M eridian relative M ach number contour s

befor e and after optimization

Fig . 23� Relativ e Mach number contours on B�B

surface before and after optim izat ion

The of f�design behav io r o f the optim ized

blade is illust rated on Fig . 24. T he isent ropic

ef f iciency and the normalized total�to�total pres�
sur e rat io are plot ted as a function of the mass

flow. One observes that large par ts of the eff i�
ciency and pressure r at io improvement at the de�
sign point ar e remained at of f�design po ints. But

the mass f low marg in is reduced.

6 � Conclusion

The paper presents an opt imizat ion pro cess

on the inlet stage of a mult i�stag e compr essor by

using a commercial opt imizer Design3D. T he op�
t imizat ion is carried out through 3 steps. The

first step of optimizat ion is fo cused on the thick�
ness of the 1st r otor blade sect ions. T he second

step concerns the sw eep law of the 1 st ro to r

Fig. 24 � Off�design performance befor e

and after optimizat ion

stacking line. T he third step pays at tent ion to

the interaction of roto rs and stators, and opt im i�
zes the inlet f low angle through modify ing the

outlet metal angle of the IGV. T hough the three

steps o f opt imizat ion, the st ructure of the f low

field in the inlet stag e r eformed, simultaneously

the shock w ave is adjusted to reduce the shock/

boundary layer separat ion area, hence the loss is

decreased. The new blade has its ef ficiency in�
creased by 5. 6 % , and its pressure ratio in�
creased by 5. 09%, w hile the mass flow has a lit�
tle descends by 2. 07%. M or e over the o ff�design

performance o f inlet stage is checked, the results

show s that the improvements at design po int are

remained at of f�designed point .
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