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Abstract: T his paper describes the shape optimization of NASA rotor 37 and rotor and stator blades in a sin-

gle stage transonic axial compressor. Shape optimization of the blades operating at the design flow condition has

been performed using the response surface method and three dimensional Navier Stokes analysis. Thir layer apr

proximation is introduced to the Navier Stokes equations, and an explicit Runge Kutta scheme is used to solve

the governing equations. The three design variables, blade sw eep, lean and skew, are introduced to optimize the

three dimensional stacking line of the blades. T he objective function of the shape-optimization is. an adiabat ic ef-

ficiency. Throughout the optimization of rotor and stator blades, optimal-blade shape can be obtained /It is not-

ed the increase of adiabatic efficiency by optimization of the blade shape-w.ith the stacking line in" the single

stage transonic axial compressor is more effective in arotor blade rather than a stator blade'because of the large

deformation of blade shape in the stator blade.
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Introduction

This paper describes the shape optimization
of a transonic axial compressor rotor (NASA ro-
tor 37) and a rotor blade in a single stage tramr
sonic axial compressor:The design method of ax-
ial flow compressors based on the three dimerr
sional flow analysis has been developed remark
ably in recent years with the rapid enhancement
of computational power. The accurate flow pre
diction inside a transonic axial compressor rotor
using computational fluid dynamics ( CFD) is
difficult due to its extremely complex features:
three dimensional, unsteady and vortical nature
of flow in the blade passage™ . However, CFD
has obvious advantages compared to the tradr
tional experimental analysis. CFD helps us to ar
alyze the effects of individual feature more easily
as compared to the experimental method.

Recently, the use of sweep, lean (dihedral),
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and skew (stacking line in rotational direction)
in an axial flow compressor rotor has become a
matter of interest in the design of turbomachin-

19 These blade shape parameters,

ery blades
which form a three-dimensional stacking line, are
generally introduced to reduce shock losses, cor-
ner separation in the blade hub, and tip clearance
losses In transonic compressor rotors. For exam-
ple, Gallimore et al.' introduced three dimen-
sional blade designs using a sweep and a lean in
an axial flow compressor rotor for engine. They
showed that the positive lean reduces the hub
corner and tip clearance losses except near the
mid-span region. They also showed that the im-
provement in the compressor performance as
well as the large reduction in the cost and times-
cales associated with a rig test was obtained to-
gether with CFD calculation.

One of the significant design trends is the

use of aerodynamic sweep to improve the per
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formance and stability of transonic compressor
blades. T he pioneer study on blade sweep in
compressors has been done by Bliss'” . The main
objective of this study was to reduce the noise
level induced by shock waves. Hah, et al.' stud
ied both forward and backward swept compres
sor blades and showed that a backwardswept
blade suppressed the intensity of the shock loss
and a forward-swept blade suppressed secondary
flow and tip entropy generation. Watanabe and
Zangenehm reported that the blade sweep in the
design of a transonic turbomachinery blade was
an effective parameter to control the strength
and position of the shock wave at the tip of the
transonic rotors. Denton and Xu'" investigated
the effects of sweep and lean on the performance
of a transonic fan and showed that the stall mar
gin was significantly improved with the forward
swept blade although a very little change in the
peak efficiency was produced by the blade sweep
or lean.

A number of studies have been done on the
advantages of a skewed rotor. Cai, et ak.!” stud
ied on aerodynamic and‘aeroacoustic-characteris
tics of an axial flow, fan with skewed blade. With
the reduction of a secondary flow and-the thimr
ness of a rotor wake, they reduced a _broadband
noise. Fischer, et al.''" observed the effect of
bowed stators on—the performance of a compres
sor and showed that the separation was reduced
in the bowed stator leading to increase in the
stagnation pressure ratio and efficiency.

On the other hand, response surface method
(RSM)'"™ " " which is a global optimization
method, is recently introduced as a tool of design
optimization in turbomachinery. Ahn and Kim' "
used response surface method to optimize the
stacking line of axial compressor rotor blades.

14 o
' performed the shape optimize

Jang and Kim!'
tion of stator blade in a singlestage transonic
axial compressor by using RSM. They showed
that the increase in adiabatic efficiency by optr
mization of the stacking line of a stator blade
was caused mainly by suppression of flow sepa

ration on the blade suction surface.

In the present study, the response surface
method (RSM) combined with three dimensional
Navier-Stokes solver is introduced to find opti-
mum blade shape in the transonic axial com pres-
sor rotor and stator. Three design variables,
blade sweep, lean and skew, are used to optimize
three dimensional stacking line of the rotor
blade. An adiabatic efficiency is selected as an
objective function. The optimal values of each
variable are obtained by making a response sur

face.

1 Test axial compressor

Two kinds of axial compressor are used to
optimize the blade shape. NASA rotor 37" an
axialflow compressor rotor having'a low-aspect
ratio, is used for<blade shape ‘optimization. The
detailed~specifications of the compressor are
summarized in T able 1. The rotor tip clearance is
0 356 mm (-@45-pereent span). The measured
choking mass flow rateis 20 93 kg/s, which cor
responds to 103. 67% of the design flow rate.
The meridional view of the axial compressor is
showninFig. 1.

Table 1 Design specifications of NASA rotor 37

Mass flow/(kg/ s) 20.19
Rotational speed/ ( r/ m in) 17188.7
Pressure ratio 2. 106
Inlet hulr tip ratio 0.7
Inlet tip relative M ach no. 1.4
Inlet hub relative M ach no. 1.13
Tip solidity 1. 288
Rotor aspect ratio 1.19
Number of rotor blades 36

On the other hand, a single-stage transonic
axial compressor, which is the first stage of a
two-stage axial transonic compressor designed

L6 . .
, 1s consid-

for a helicopter gas turbine engine
ered to optimize the blade shape. The detailed
specifications of the compressor are summarized
in Table 2. T he relative Mach number at the ro-
tor tip is L 177, and the stage pressure ratio 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 Meridional view of Rotor 37

The measured choking mass flow rate is 3. 235
kg/s, which corresponds to 106 4% of the de
sign flow rate. The meridional view of the single
stage axial compressor is shown in Fig. 2. The
compressor has a total axial length of 1375
mm.

Table 2 Design specifications of a single stage

axial compressor

Flow rate/(kg/s) 3.04
Rotational speed/ ( 1/ min) 41500
Pressure ratio 1. 506
Rotor tip speed/( m/s) 382
Adiabatic efficiency/ % 86.3
Number of rotor blades 17
Number of stator blades 26
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Fig. 2 Meridional view of a single stage

axial compressor

2 Method of blade optimization and
numerical analysis

2.1 Method of blade optimization

Optimization using RSM is a series of statis
tical and mathematical processes i e., generation
of data by numerical computations or experr
ments, construction of response surface by inter
polating the data, and optimization of the objec
tive function on the surface. The overall proce
dures of the RSM-based optimization are shown

in Fig. 3. At first, an objective function is defined

as a primary parameter for the shape optimiza-
tion. Design variables are selected among the
variables for which objective function is sensi
tive, and then experimental points are determined

with the help of design of experiments (DOE).

(Problem setup)
Objective funclion & design variables

:

(Design of experiments)
Selecting experimental points

!

(Numerical analysis)
Determine the value of objective function
at each experimental point

|

(Regression analysis) NO
Construction & confidence
check of response surface

Lok
Find optimal point
L¥ |

Fig=3  Optimization procedure using RSM

In-the next step, the value of objective func-
tion at _each—experimental point is obtained by
numerical analysis’or experiment. Finally, a re-
sponse surface’is determined to obtain an optimal
point. Although RSM was devised to obtain em-
pirical correlation from the experimental data but
the ability to reduce the number of experiments
let this method be applied widely to the optimi
zation problems!'"

The polynomial-based response surfaces are
commonly employed in RSM. In the present
study, a response model f is assumed as asecond
order polynomial, which can be written as fol-

lows:
f= B+ 'Z;ﬁxj+ .Z:@jsz+ Z;ﬁij%ix/’
j= i= i 7
(1)

where n is the number of design variables, and x
and B indicate the design variables and the re-
gression coefficients, respectively. T he number of
coefficients (B, B, etc.) is (n+ 1) ¢ (n+ 2)/2.
Unknown coefficients of polynomial are obtained
from a standard leastsquares regression. In this
case, the number of data must be larger than the

number of coefficients.
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2.2 Objective function and design variables
In the present study, adiabatic efficiency Tha
is selected as an objective function for the shape
optimization of the rotor blades, and is defined as
follows:
(v 1)/¥
T = . 0@}‘;ij;o)mm -1 1 (2)

where po and T o are total pressure and total tem-

perature, respectively.

To enhance the adiabatic efficiency of the
compressor rotor ( NASA rotor 37), threedr
mensional blade stacking line is optimized by ir
troducing three shape variables; namely sweep,

lean, and skew as shown in Figs. 4-6.
+y(Bend on blade

. . « pressure surface side)
Skew line

Casing

4
’I !
‘7
f’,ﬂrE
Swept blade
Reference
blade Rotation

NS

Fig.5 Definition of blade sweep

A variety of terms have been used to define
the stacking line (e. g. sweep, lean, skew etc.)
and no consistent nomenclature has emerged.
The skew angle defined at rotor tip, ¥ in Fig. 4, is

taken to be positive if the skew line of the rotor

Chord

Rotation

|2
/

Fig.6 Definition of blade lean

tip bends to the bladepressure surface side. The
skew line is formed by a\secondjorder polynomial
curve<T o complete\the skew line, skew angles at
hub and at 50 percent span\are set to zeros.

The-term of sweep is used to describe move-

ment of airfoil, section in the manner shown in
Fig. 5. That is, mevement parallel to the airfoil
chord line is-termed sweep. A sweep value, a in
Fig. 5,1s defined at the rotor tip and normalized
by the axial tip chord (= 27 77 mm). T he blade
sweep is taken to be positive if the airfoil sec
tions are moved in the downstream direction.
The line of the swept blade between the rotor tip
(ain Fig. 3) and hub (= zero) is linearly con-
nected while the gap of the tip clearance is kept
constant.

Figure 6, which is top view of the rotor,
shows the definition of blade lean (or dihedral).
Lean is defined when the blade moves normal to
the airfoil chord line. T he lean value, B in Fig. 6,
is defined at the rotor tip and normalized by the
axial tip chord. This definition is similar to that
of the blade sweep. T he blade lean is taken to be
positive if the airfoil sections are moved to the
blade suction side. T he value of blade lean is zero
at hub, and is linearly connected to the rotor tip
keeping constant tip clearance. T he range of each
variable for selection of the points for response

evaluation is determined by preliminary calcula
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tions, and is summarized in T able 3.

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

. Lower ) Upper
Variables Middle
Bound Bound
Sweep(q)/ % 0.0 12.6 25.2
Lean(B) /% - 3.6 - 1.8 0.0
Skew (¥)/ rad. 0.0 0. 05 0.1

On the other hand, a stacking line of the ro-
tor and stator blades is introduced to enhance the
adiabatic efficiency of the rotor blade (single
stage axial compressor). In the present study,
the stacking line is defined by two shape varia
bles, a skew angle at the midspan section, 8 and
a skew angle at the tip, S of the rotor and stator
blades as shown in Fig. 7. The angle has a plus
value when the stacking line bends on the blade
pressure surface side. Throughout preliminary
study, skew angles at the mid-span (6) are deter
mined by — @ 37 and - 0. 06 for the rotor and
stator blades, respectively. The ranges~of-skew
angles for selection of the points-for response e
valuation are summarized in T able 4.

Table 4 Design space of' stacking line

Blades Angle Lower Middle _Upper
0 -\0.37

Rotor
6 0.08 0..19 0.3
0 - 0.06

Stator
& 035 0.5 0.65

“+" (Bend on blade pressure

Fig.7 Stacking line for optimization of rotor blade

2.3 Numerical analysis method

The three dimensional thirlayer Navier
Stokes and energy equations are solved on body-
fitted grids using an explicit finite difference

scheme. An explicit Runge Kutta scheme pro-

17 4s used to solve flow

posed by Jameson, et al .
from initial to steady state with a spatially var
ying time step to accelerate convergence. Artifi-
cial dissipation terms have been added to resolve
shocks. T he algebraic turbulence model of Bald-
win and Lomax'" has been employed to estimate
the eddy viscosity.

Figure 8 shows the perspective view of com-
putational grid for the NASA rotor 37 and the

single-stage transonic axial compressor.

Inlet region

(a) NASA rotar 37

Rotor Stator

Inlet

(b) Single-stage transonic axial compressor

Fig. 8 Perspective view of computational grid

For the NASA rotor 37, a composite grid
system with structured H-, G-, and O-type grids
is adopted to represent the complicated configu-
ration of the axial compressor. H-type grid con-
sists of 60 x 36 x 63 grids (in the streamwise,
pitchwise and spanwise directions, respectively),
and is introduced for the inlet flow region. C-
type grid consists of 350 X 46 X 63 grids, and is
used for the blade passage. The O-type grid em-
bedded in the tip clearance consists of 182x 13 x
13 grids. Grid spacing for the first grid point
from the blade surface gives y* < 5. 0. The whole
grid system has about 1 181 000 grid points. The
average number of iterations and CPU time for

the converged solution are approximately 3 000
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and 3 5 hours with supercomputer of NEC SX-6
(144 GFLOPS), respectively.

For the singlestage transonic axial comr
pressor, H-type grids for the inlet flow region
and O-type grids for the tip clearance region corr
sist of 50% 63 % 32 (in streamwise, spanwise and
pitchwise directions) and 162X 12 X 12 grids, re
spectively. G-type grids for the rotor and the sta
tor consist of 178 x 63 x 38 and 120 x 63 x 41
grids, respectively. T he whole grid system has a
bout 860 000 grid points.

Mach numbers in each direction, total pres
sure and total temperature are given at the inlet.
At exit, the hub static pressure ratio has been
specified and the radial equilibrium equation is
solved along the blade span. A periodic tip clear
ance model is used to resolve the tip clearance
flow explicitly. Noslip and adiabatic wall condr
tions are used at the wall boundaries. For reduc
ing the computational load, flow field in a single
blade passage is simulated by applying-periodic

boundary condition in the tangential direction.

3 Results and discussion

3.1 Optimization of blade lean, sweep and
skew of NASA ‘rotor. 37

To understand the effects of three design
variables on the objective function, the optimiza
tion has been done by-coupling the variables like
learr sweep, skew-lean, and sweepskew. As de
scribed for the design space in Table 3, nine
training points are necessary for each coupled
case having three boundary levels. Seven training
points, how ever, are selected in the present cal
culation by D-optimal design. After determining
the values of objective function (adiabatic effr
ciency) for each training point, a response sur
face is constructed. The polynomial-based re
sponse surface having a secondrorder is used.

Results of the blade shape optimization for
the three-coupled variables at the design flow
rate are shown in Table 5. The model of learr
sweeprskew is determined by using the mean

value of optimized three design variables as

shown in T able 5.1In the present calculation, the
mean values of optimal sweep, lean and skew is

10 26, - 1. 48 and 0. 065, respectively.
Table 5 Optimum value of design variables

Design Learr Skew- Sweep  Mean
variables sweep lean skew value
Sweep(q) /% 10.08 - 10.44  10.26
Lean(B)/ % -1.60 -1.35 - - 1.48
Skew( ¥)/rad - 0.067 0.064 0.065

Results of the blade shape optimization for
the three-coupled variables at the design flow
rate are shown in Table 6. The model of lear
sweep-skew is determined by using the mean
value of optimized three design variables as
shown in Table 5. Adiabatic efficiency, which is
the objective function of the ‘present optimiza-
tion, is_successfully increased Aor three coupled
cases. Figure 9 shows the meridional blade shape
of the referenee-and the optimum blade shape.
As shown in the figure)the optimal shape of the
rotor-blade has a backw ard-sweep.

Table 6 Results of optimization for the

adiabatic efficiency( %)
Reference/ Optimized Increment/
Model
% shape/ % %
Lear sweep 89.5 0.95
Skew- lean 89.9 1.41
88. 65

Sweep skew 89.7 1.18
Learr sweep skew 89.9 1.41

(Casing

Reference |

blac lv\,

/
;!
|
|

LE

Fig.9 Comparisons of reference and optimum
blades (meridional view)
3.2 Optimization of the rotor and stator blades
in the axial compressor
The blade optimization in a single stage
transonic axial compressor is performed using

RSM and numerical analysis.
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The resulting response surface is shown in
Fig. 10. In this figure, horizontal and vertical ax
es represent the design variables of Guwr and
Guaor, respectively. The optimum design varia-
bles, Srotor and &aor are @ 13 and Q 56, respective
ly. T he optimum position having maximum adia
batic efficiency is located inside the boundary of
design space as shown in Table 4.1t is noted that
the angle of the stacking line at stator Guwr is so
large, thus resulting in large deformation of a

stator blade.

/

£0.50
o /
90.2

| 894 /
0.35

0.08 0.19 0.30

Rotor

i

Fig. 10 Response surface \for adiabatic, efficienicy. %

(-contour intervals= Q 4)

Table 7 shows the result of ‘optimization at
the design flow rate. A'diabatic efficiency of the
compressor, whichis the-objective of this optimr

zation, is successfully increased by 3. 75 percent.

Table 7 Results of optimization

Initial Optimized  Increment/
shape shape %

A diabatic
88.0 91.3 3.75

efficiency/ %

Fig. 11 shows the distributions of efficiency
for design variables. T o understand the effects of
each design variable on the efficiency, the effr
ciency is obtained at the nine training points. The
optimum design variables, &owr and Sswa are obr
served at 0. 19 and Q 5, respectively, which cor
responds well to the value obtained by response

surface as shown in Fig. 10.

0.92
090
£ 0881
&
]
g 086 --@-5,, =030
—— 8., =019
0.84} ~&-5,, 008
0.82 L L L
03 0.4 0.5 0.6 0.7
8\llllll
(a) Effect of stator angle on the rotor angle
0.92
090
Loss- e--° Sra
X
&
5 0.86f- -@-5,, =035
—0—5...=0.50
0.84} —& -8, =065
0.82 | | 1 1 |
0.06 0.12 0.18 0.24 0.30
R
(b) Effect of rotor angle on the-stator angle
Fig:T1 Distributions of efficiency for

desiign variables

4 Conclusion

The shape optimization of rotor blades for
transonic axial compressors has been performed
by the response surface method and the three di
mensional NavierStokes analysis. The adiabatic
efficiency is successfully increased by reducing
the losses by optimizing the three dimensional
stacking line with lean, sweep and skew for the
NASA rotor 37.In the shape optimization of ro-
tor and stator blades of a single stage transonic
axial compressor, the adiabatic efficiency is in-
creased by 3 75 percent as compared to that of
the reference shape. It is found that the increase
of adiabatic efficiency by optimization of the
blade shape with the stacking line is more effec
tive in a rotor blade rather than a stator blade
because of the large deformation of blade shape

in the stator blade.
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