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Abstract: T his paper descr ibes the shape optimization of NASA rot or 37 and ro tor and stato r blades in a sin�

g le�stag e transonic axial compresso r. Shape opt imization of the blades operating at the design flow condition has

been perfo rmed using the response sur face method and three�dimensiona l Nav ier�Stokes analysis. Thin�lay er ap�

prox imation is int roduced to the Nav ier�Stokes equations, and an explicit Runge�Kutta scheme is used to solv e

the governing equations. The three design var iables, blade sw eep, lean and skew, are intr oduced t o optimize the

three�dimensional stacking line of the blades. T he objectiv e funct ion of t he shape optimization is an adiabat ic ef�

ficiency . Throughout the optimization o f rot or and stator blades, optimal blade shape can be obtained. It is not�

ed the incr ease o f adiabatic eff iciency by optimization o f the blade shape w it h the stacking line in the single�

stag e transonic ax ial compresso r is mo re effective in a r oto r blade rather than a stato r blade because o f the larg e

deformation o f blade shape in the stato r blade.
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Introduction

This paper describes the shape optimizat ion

of a tr ansonic axial compresso r rotor ( NASA ro�
to r 37) and a ro tor blade in a sing le�stage t ran�
sonic ax ial compressor. T he design method of ax�
ial f low compressors based on the three�dimen�
sional f low analy sis has been developed remark�
ably in recent y ears w ith the rapid enhancement

of computat ional pow er. T he accurate f low pre�
dict ion inside a t ransonic axial compressor ro to r

using computat ional f luid dynam ics ( CFD ) is

dif ficult due to it s ex t remely complex features:

three�dimensional, unsteady and vo rt ical nature

of f low in the blade passage[ 1�3] . How ever, CFD

has obvious advantag es compared to the t radi�
t ional experimental analy sis. CFD helps us to an�
aly ze the ef fects o f individual feature mo re easily

as compared to the experimental method.

Recent ly , the use of sw eep, lean ( dihedral) ,

and skew ( stacking line in ro tat ional direction)

in an ax ial f low compresso r ro to r has become a

mat ter of interest in the design of turbomachin�
ery blades [ 4�10] . T hese blade shape parameters,

w hich fo rm a three�dimensional stacking line, are

generally intr oduced to reduce shock losses, cor�
ner separation in the blade hub, and tip clearance

losses in tr ansonic compresso r ro to rs. For exam�
ple, Gallimore et al.

[ 4]
int roduced three�dimen�

sional blade designs using a sw eep and a lean in

an ax ial f low compr essor rotor for engine. They

show ed that the po sit iv e lean reduces the hub

cor ner and t ip clearance losses except near the

mid�span region. T hey also show ed that the im�
provement in the compressor per formance as

w ell as the large r eduction in the cost and times�
cales associated w ith a rig test was obtained to�
gether w ith CFD calculat ion.

One of the signif icant design t rends is the

use of aerodynamic sw eep to improve the per�
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formance and stability o f tr ansonic compresso r

blades. T he pioneer study on blade sw eep in

compressors has been done by Bliss[ 5] . The main

objective of this study w as to reduce the noise

lev el induced by shock w aves. Hah, et al. [ 6] stud�
ied both forw ard� and backw ar d�sw ept compres�
sor blades and show ed that a backw ar d�sw ept

blade suppr essed the intensity of the shock loss

and a forw ard�sw ept blade suppressed secondary

flow and tip entropy generation. Watanabe and

Zangeneh
[ 7]

repo rted that the blade sw eep in the

design of a t ransonic turbomachinery blade w as

an effect iv e par ameter to control the str ength

and position of the shock w ave at the tip of the

tr ansonic r otors. Denton and Xu
[ 8]

invest igated

the ef fects of sw eep and lean on the performance

of a t ransonic fan and show ed that the stall mar�
g in w as signif icant ly improved w ith the forw ard

sw ept blade although a very litt le change in the

peak eff iciency w as produced by the blade sw eep

or lean.

A number of studies have been done on the

advantages of a skew ed rotor. Cai, et al. [ 9] stud�
ied on aerodynam ic and aeroacoustic char acteris�
t ics o f an ax ial flow fan w ith skew ed blade. With

the r educt ion of a secondary f low and the thin�
ness of a rotor w ake, they reduced a broadband

no ise. F ischer, et al. [ 10] observed the ef fect of

bow ed stators on the performance of a compres�
sor and show ed that the separation w as reduced

in the bow ed stator leading to incr ease in the

stagnation pressur e ratio and ef ficiency.

On the other hand, response sur face method

( RSM ) [ 11, 12] , w hich is a global optimizat ion

method, is recent ly int roduced as a tool o f design

opt imizat ion in tur bomachinery. Ahn and Kim
[ 13]

used response surface method to opt imize the

stacking line of axial compresso r rotor blades.

Jang and Kim
[ 14]

performed the shape opt imiza�
t ion o f stator blade in a single�stag e t ransonic

ax ial compressor by using RSM. They show ed

that the increase in adiabat ic ef ficiency by opt i�
mization of the stacking line of a stator blade

w as caused mainly by suppression o f f low sepa�
r at ion on the blade suct ion surface.

In the present study, the response surface

method ( RSM ) combined w ith three�dimensional

Navier�Stokes solv er is intr oduced to f ind opt i�
mum blade shape in the t ransonic ax ial compr es�
sor r otor and stator . T hr ee design variables,

blade sw eep, lean and skew , are used to opt imize

three� dimensional stacking line of the ro to r

blade. An adiabat ic ef ficiency is selected as an

objective funct ion. T he optimal values of each

variable are obtained by making a response sur�
face.

1 � Test axial compressor

Tw o kinds of axial compressor are used to

opt imize the blade shape. NASA rotor 37
[ 15]

, an

ax ial�f low compr essor rotor having a low�aspect
ratio, is used for blade shape opt imization. The

detailed specificat ions of the compressor are

summarized in T able 1. The rotor tip clearance is

0� 356 mm ( 0� 45 percent span ) . The measured

choking mass f low rate is 20� 93 kg/ s, w hich co r�
responds to 103� 67% of the design f low rate.

The meridional v iew of the ax ial compresso r is

show n in Fig . 1.

Table 1 � Design specif ications of NASA rotor 37

Mass flow/ ( kg/ s) 20. 19

Ro tational speed/ ( r/ m in) 17188. 7

Pressure r atio 2. 106

Inlet hub�tip ratio 0. 7

Inlet tip relativ e M ach no. 1. 4

Inlet hub relative M ach no. 1. 13

T ip so lidit y 1. 288

Ro tor aspect ratio 1. 19

Number of r oto r blades 36

On the other hand, a single�stag e t ransonic

ax ial compressor, w hich is the first stage of a

tw o�stag e ax ial tr ansonic compresso r designed

fo r a helicopter g as turbine engine
[ 16]

, is consid�
ered to opt imize the blade shape. The detailed

specificat ions o f the compressor are summar ized

in Table 2. T he relative Mach number at the ro�
to r t ip is 1� 177, and the stage pressure rat io is

1� 506. T he rotor tip clearance is 0� 4 mm , and the

maximum diameter of the rotor tip is 176 mm.
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Fig. 1� Mer idional v iew of Ro tor 37

The measur ed choking mass f low r ate is 3� 235
kg / s, w hich corresponds to 106� 4% o f the de�
sign f low rate. The meridional view of the sing le�
stage axial compresso r is show n in Fig. 2. The

compressor has a to tal axial length of 137� 5
mm.

Table 2� Design specifications of a single�stage

axial compressor

F low rate/ ( kg / s) 3. 04

Ro tational speed/ ( r/ min) 41500

Pressure r atio 1. 506

Roto r tip speed/ ( m/ s) 382

Adiabatic efficiency/ % 86. 3

Number of r oto r blades 17

Number o f stator blades 26

F ig. 2� Mer idional view of a sing le�stage

ax ial compresso r

2 � Method of blade optimization and
numerical analysis

2. 1 � Method of blade optimization

Optimizat ion using RSM is a series of statis�
t ical and mathematical processes i. e. , gener at ion

of data by numerical computat ions or experi�
ments, const ruct ion o f response surface by inter�
polat ing the data, and opt imizat ion of the objec�
t ive funct ion on the surface. The overall proce�
dur es of the RSM�based optim izat ion are show n

in Fig. 3. At first , an object ive funct ion is defined

as a primary par ameter for the shape opt imiza�
tion. Design var iables ar e selected among the

variables for w hich object ive funct ion is sensi�
tive, and then experimental points ar e determined

w ith the help of design of experiments ( DOE) .

F ig. 3� Opt imization pro cedure using RSM

In the next step, the value of object iv e func�
tion at each experimental point is obtained by

numerical analysis or experiment . Finally, a re�
sponse surface is determ ined to obtain an opt imal

point . Although RSM was devised to obtain em�
pirical correlat ion f rom the experimental data but

the ability to reduce the number o f experiments

let this method be applied w idely to the opt im i�
zat ion problems[ 11] .

The polynomial�based r esponse surfaces are

commonly employed in RSM . In the pr esent

study, a response model f is assumed as a second�
order po lynomial, w hich can be w rit ten as fo l�
low s:

f = �0 +  
n

j = 1

�j x j +  
n

j= 1

�j j x 2
j +   

i ! j

�ij x ix j

(1)

where n is the number of design var iables, and x

and � indicate the design variables and the re�
g ression coeff icients, respect iv ely . T he number of

coef ficients ( �o , �1 , etc. ) is ( n+ 1) ∀ ( n+ 2) / 2.

Unknown coeff icients of po lynomial are obtained

from a standard least�squar es regression. In this

case, the number of data must be lar ger than the

number o f coef ficients.
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2. 2 � Objective function and design variables

In the present study, adiabat ic eff iciency �ad

is selected as an object ive funct ion for the shape

opt imizat ion o f the ro tor blades, and is def ined as

fo llow s:

�ad =
( p 0exit / p 0inlet )

( - 1) / 
- 1

T 0exit / T 0 inlet - 1
(2)

where p 0 and T 0 are total pressure and total tem�
perature, respect ively.

To enhance the adiabat ic ef f iciency of the

compressor rotor ( NASA ro to r 37 ) , thr ee�di�
mensional blade stacking line is optim ized by in�
t roducing three shape variables; namely sw eep,

lean, and skew as show n in Figs. 4�6.

F ig. 4� Def initio n o f blade skew ( front v iew)

Fig . 5 � Definition of blade sw eep

A variety o f term s have been used to def ine

the stacking line ( e. g. sw eep, lean, skew etc. )

and no consistent nomenclature has emerged.

The skew angle def ined at rotor t ip,  in F ig . 4, is

taken to be po sit ive if the skew line of the ro to r

Fig . 6 � Definition of blade lean

t ip bends to the blade pressure surface side. The

skew line is formed by a second order po lynomial

curve. T o complete the skew line, skew ang les at

hub and at 50 percent span are set to zeros.

The term of sw eep is used to describe move�

ment of airfoil section in the manner show n in

Fig. 5. That is, movement parallel to the airfoil

chord line is termed sw eep. A sw eep value, a in

Fig. 5, is defined at the rotor t ip and normalized

by the axial t ip chor d ( = 27� 77 mm) . T he blade

sw eep is taken to be posit ive if the air foil sec�
tions ar e moved in the downst ream direct ion.

The line of the sw ept blade betw een the rotor tip

(!in Fig. 3) and hub ( = zero) is linearly con�
nected while the gap of the t ip clear ance is kept

constant.

Figure 6, w hich is top view of the rotor,

show s the definition o f blade lean ( o r dihedral) .

Lean is def ined when the blade moves no rmal to

the airfoil chord line. T he lean value, � in F ig . 6,

is defined at the ro to r t ip and normalized by the

ax ial t ip cho rd. T his def init io n is sim ilar to that

of the blade sw eep. T he blade lean is taken to be

posit iv e if the air foil sections are moved to the

blade suct ion side. T he value of blade lean is zer o

at hub, and is linearly connected to the roto r tip

keeping constant t ip clearance. T he range o f each

variable for select ion o f the points for response

evaluat ion is determ ined by preliminary calcula�
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t ions, and is summarized in T able 3.

Table 3 � Design space of blade sweep, lean, and skew

Var iables
Lower

Bound
M iddle

Upper

Bound

Sweep(!) / % 0. 0 12. 6 25. 2

Lean(�) / % - 3. 6 - 1. 8 0. 0

Skew ( ) / rad. 0. 0 0. 05 0. 1

On the other hand, a stacking line of the ro�
to r and stator blades is introduced to enhance the

adiabat ic ef f iciency o f the rotor blade ( sing le�
stage ax ial compresso r) . In the present study,

the stacking line is def ined by tw o shape varia�
bles, a skew ang le at the mid�span section, ∀and

a skew angle at the t ip, #of the rotor and stato r

blades as show n in Fig. 7. T he ang le has a plus

value w hen the stacking line bends on the blade

pressure surface side. Throughout preliminary

study, skew angles at the mid�span ( ∀) are deter�
mined by - 0� 37 and - 0� 06 for the rotor and

stato r blades, respect ively. The ranges of skew

ang les for select ion of the points for r esponse e�
valuat ion are summar ized in T able 4.

Table 4� Design space of stacking line

Blades Angle Low er M iddle U pper

Roto r
∀ - 0. 37

# 0. 08 0. 19 0. 3

Stator
∀ - 0. 06

# 0. 35 0. 5 0. 65

Fig . 7 � Stacking line fo r optimizat ion of r oto r blade

2. 3 � Numerical analysis method

The three�dimensional thin�layer N av ier�
Stokes and energ y equat ions are solved on body�
fit ted grids using an explicit f inite�dif ference
scheme. An explicit Runge�Kutta scheme pro�

posed by Jameson, et al . [ 17] is used to so lve f low

from init ial to steady state w ith a spat ially var�
ying t ime step to acceler ate converg ence. Ar tif i�
cial dissipat ion terms have been added to resolve

shocks. T he algebr aic turbulence model of Bald�
w in and Lomax [ 18] has been employed to estimate

the eddy viscosity.

Figure 8 show s the per spect iv e view of com�
putat ional g rid for the NASA r otor 37 and the

single�stag e t ransonic ax ial compr essor .

F ig. 8� Perspect ive v iew o f computational g rid

For the NASA roto r 37, a composite gr id

sy stem w ith str uctured H�, C�, and O�type g rids

is adopted to represent the complicated conf igu�
rat ion o f the ax ial compressor. H�type g rid con�
sists of 60 # 36 # 63 grids ( in the st reamw ise,

pitchw ise and spanwise direct ions, r espect ively) ,

and is int roduced for the inlet f low reg ion. C�
type grid consists o f 350 # 46 # 63 grids, and is

used for the blade passage. The O�ty pe grid em�
bedded in the t ip clearance consists of 182 # 13 #

13 g rids. Grid spacing for the f irst g rid po int

from the blade surface g ives y
+
< 5� 0. T he whole

grid system has about 1 181 000 g rid points. The

aver age number of iterat ions and CPU time fo r

the conver ged so lut ion are approx imately 3 000
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and 3� 5 hours w ith supercomputer o f NEC SX�6
( 144 GFLOPS) , respectively.

For the sing le�stage t ransonic axial com�
pressor, H�type grids for the inlet flow region

and O�type grids fo r the t ip clearance r eg ion con�
sist o f 50 # 63 # 32 ( in st reamw ise, spanw ise and

pitchw ise direct ions) and 162 # 12 # 12 gr ids, re�
spectively . C�type gr ids for the rotor and the sta�
to r consist o f 178 # 63 # 38 and 120 # 63 # 41

grids, respect ively. T he who le grid system has a�
bout 860 000 grid po ints.

Mach numbers in each dir ect ion, total pres�
sur e and total temperature are given at the inlet.

At ex it, the hub stat ic pressure r at io has been

specified and the radial equilibrium equat ion is

solv ed along the blade span. A periodic t ip clear�
ance model is used to resolve the t ip clearance

flow explicit ly. No�slip and adiabat ic w all condi�
t ions are used at the w all boundaries. For r educ�
ing the computat ional lo ad, flow f ield in a single

blade passage is simulated by applying periodic

boundary condition in the tangent ial direction.

3 � Results and discussion

3. 1 � Optimization of blade lean, sweep and
skew of NASA rotor 37

� � T o understand the effects of three design

variables on the objectiv e funct ion, the opt imiza�
t ion has been done by coupling the var iables like

lean�sw eep, skew�lean, and sw eep�skew . As de�
scribed for the design space in Table 3, nine

tr aining po ints are necessary for each coupled

case having three boundary levels. Seven training

points, how ever, are selected in the pr esent cal�
culat ion by D�opt imal design. After determining

the values of objectiv e funct ion ( adiabat ic eff i�
ciency ) for each tr aining point, a response sur�
face is const ructed. The polynom ial�based re�
sponse surface having a second�order is used.

Results of the blade shape opt imizat ion fo r

the three�coupled variables at the design f low

rate are show n in Table 5. The model of lean�
sw eep�skew is determined by using the mean

value of opt imized thr ee design var iables as

show n in T able 5. In the present calculation, the

mean values of optimal sw eep, lean and skew is

10� 26, - 1� 48 and 0� 065, respect iv ely .

Table 5 � Optimum value of design variables

Design

var iables

Lean�

sweep

Skew�

lean

Sweep�

skew

Mean

value

Sw eep(!) / % 10. 08 � 10. 44 10. 26

Lean(�) / % - 1. 60 - 1. 35 � - 1. 48

Skew(  ) / r ad � 0. 067 0. 064 0. 065

Results of the blade shape opt imizat ion fo r

the three�coupled variables at the design f low

rate are show n in T able 6. The model o f lean�
sw eep�skew is determined by using the mean

value of opt imized thr ee design var iables as

show n in Table 5. Adiabat ic ef ficiency , w hich is

the objective funct ion of the present opt imiza�
tion, is successfully increased for three coupled

cases. Figure 9 show s the meridional blade shape

of the reference and the opt imum blade shape.

As shown in the figure, the opt imal shape of the

rotor blade has a backw ard�sw eep.

Table 6 � Results of optimization for the

adiabatic efficiency(%)

Model
Refer ence/

%

Optimized

shape/ %

Increment/

%

Lean�sw eep

Skew�lean

Sweep�skew
Lean�sweep�skew

88. 65

89. 5 0. 95

89. 9 1. 41

89. 7 1. 18

89. 9 1. 41

Fig . 9 � Comparisons of r eference and optimum

blades ( mer idional v iew)

3. 2 � Optimization of the rotor and stator blades

in the axial compressor

� � The blade optimizat ion in a sing le�stage
t ransonic ax ial compressor is performed using

RSM and numerical analysis.
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The r esulting response surface is show n in

Fig. 10. In this figure, horizontal and ver tical ax�
es represent the design var iables o f #Rotor and

#Stator , respectiv ely . The optimum design var ia�
bles, #Rotor and #S tator are 0� 13 and 0� 56, respect ive�
ly. T he opt imum posit ion hav ing max imum adia�
bat ic ef ficiency is lo cated inside the boundar y of

design space as show n in Table 4. It is noted that

the angle o f the stacking line at stato r #Stator is so

large, thus result ing in larg e deformat ion o f a

stato r blade.

F ig. 10 � Response sur face for adiabatic efficiency %

( cont our inter vals= 0� 4)

Table 7 show s the result of opt im ization at

the design flow rate. A diabat ic ef ficiency of the

compressor , w hich is the object ive o f this opt im i�
zat ion, is successfully increased by 3� 75 percent.

Table 7� Results of optimization

Initial

shape

Optimized

shape

Incr ement/

%

Adiabat ic

eff iciency / %
88. 0 91. 3 3. 75

Fig. 11 shows the dist ribut ions of ef f iciency

fo r design variables. T o understand the ef fects of

each design variable on the ef f iciency , the eff i�
ciency is obtained at the nine t raining points. The

opt imum design variables, #Rotor and #Stator are ob�
served at 0� 19 and 0� 5, respect iv ely , w hich co r�
r esponds w ell to the value obtained by response

surface as show n in Fig . 10.

Fig . 11� Distributions o f eff iciency for

design variables

4 � Conclusion

The shape opt imizat ion of rotor blades fo r

t ransonic ax ial compresso rs has been performed

by the response surface method and the thr ee�di�
mensional Navier�Stokes analysis. T he adiabat ic

ef f iciency is successfully increased by reducing

the losses by optim izing the three�dimensional

stacking line w ith lean, sw eep and skew for the

NASA ro to r 37. In the shape optim izat ion of ro�
to r and stato r blades o f a single�stag e t ransonic

ax ial compressor, the adiabat ic eff iciency is in�
creased by 3� 75 percent as compared to that of

the refer ence shape. It is found that the increase

of adiabat ic eff iciency by optim izat ion of the

blade shape w ith the stacking line is more ef fec�
tive in a rotor blade rather than a stator blade

because of the larg e deformation of blade shape

in the stator blade.

References

[ 1 ] � Suder K L, Celes tina K L. Experimental an d computat ional

invest igat ion of th e t ip clearance flow in a t ransonic axial

compressor rotor[ R] . Proceedings of ASME Paper 94�GT�

651



航 � 空 � 动 � 力 � 学 � 报 第 22 卷

365.

[ 2 ] � H ah C, Rab e D C, Wadia A R. Role of tip leakag e vortices

and passage shock in stall incept ion in a sw eep t ransonic

compressor rotor [ R] . Proceedings of ASME GT�2004�

53867.

[ 3 ] � C hima R V. Calculat ion of tip clearance effects in a t ran�

s on ic compressor rotor[ J] . ASME Jou rnal of T urbomach�

in ery, 1998, 120( 1) : 131�140.

[ 4 ] � Gallimore S J , Bolger J J, Cump sty N A. Th e use of sw eep

and diahedral in mu lt istag e axial f low compressor b ladin g,

part 1: univer sity research and meth ods development [ R] .

Proceedings of ASME GT�2002�30328.

[ 5 ] � Blis s D B. Method of and Apparatus for preven ting leadin g

edge sh ock r elated n oise in T ran sonic and supersonic

b lad es an d like[ P] . US Patent 3989406, 1976.

[ 6 ] � H ah C, Puterb augh S L, Wadia A R . Cont rol of shock

st ructure an d secondary flow f ield Ins ide t ran sonic com�

pr ess or rotor th rough aerodynam ic sw eep[ R] . Proceeding s

of ASME 99�GT�561.

[ 7 ] � Watanab e H, Zangen eh M .Design of the b lade geom et ry of

sw ept t ransonic fans b y 3D Inverse design [ R] . Proceedings

of ASME Tu rbo E xpo, GT�2003�38770.

[ 8 ] � Denton J D, Xu L. The ef fect s of lean and sw eep on t ran�

s on ic fan performance[ R] . Proceedings of ASME Tu rbo

E xpo, GT�2002�30327.

[ 9 ] � Cai N, Xu J , Benaiss a A. Aerodyn amic and aeroacoust ic

performance of a skew ed rotor[ R] . Proceedings of ASME

Turb o Exp o, GT�2003�38592.

[ 10] � Fis cher A, Riess W, Seume J. Performance of s tr ongly

b owed stators in a 4�stage high speed compressor[ R] . Pro�

ceedings of ASME T urbo Expo, GT�2003�38392.

[ 11] � Myer s R H, M ontgomery D C. Response su rface meth odol�

ogy: pr oces s and product opt imiz at ion using des igned ex�

periments[ M ] . J oh n W iley & S on s, New York, 1995.

[ 12] � S evant N E, Bloor M I G, W ilson M J . Aerodynamic design

of a f lying w in g using respon se surface m ethodology[ J] . J .

Aircraft , 2000, 37: 562�569.

[ 13] � A hn C S, Kim K Y. A erodynamic design opt imizat ion of a

compressor rotor w ith Navier�Stokes analysi s, proceedings

of th e inst itut ion of m echanical engineers[ J ] . Part A�Jour�

nal of Pow er and Energy, 2003, 217( 2) : 179�184.

[ 14] � J ang C M, Kim K Y. Optim izat ion of a stator b lade usin g

resp on se su rface m ethod in a single�s tage t ransonic axial

compressor, proceedin gs of th e in st itu tion of m echanical

engineer s, part A[ J]� J ou rnal of Pow er and Energy, 2005,

219( 8) : 595�603.

[ 15] � Reid L, M oore R D. Design and overal l perform ance of fou r

highly�loaded, high�speed inlet s tages for an advanced[ R] .

H igh�Pressure�Ratio Core Comp ress or, 1978, NASA TP�

1337,

[ 16] � Kim C T , Kim J H, Lee D S . Performance test of a tw o

stage ax ial compressor of a turbosh af t engin e for helicopter

[ R] . Proceedin gs of the KSAS Spr ing Confer ence, 1999,

327�331.

[ 17] � J am eson A, Schmidt W, T urkel E. Numerical s olut ion s of

th e euler equ at ion by finite volume methods us ing run ge�

kut ta t ime steppin g sch emes [ R ] . AIAA Paper No. 81�

1259, 1981.

[ 18] � Baldw in B S , Lomax H . T hin layer approximat ion an d al�

gebraic model for s eparated turb ulen t f low [ R] . AIAA Pa�

per No. 78�257, 1978.

652


