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ABSTRACT 
This paper presents a 3-D optimization of a moderately 

loaded transonic compressor rotor by means of a multi-
objective optimization system. The latter makes use of a 
Differential Evolutionary Algorithm in combination with an 
Artificial Neural Network and a 3D Navier-Stokes solver. 
Operating it on a cluster of 30 processors enabled the 
optimization of a large design space composed of the tip 
camber line and spanwise distribution of sweep and chord 
length. Objectives were an increase of efficiency at unchanged 
stall margin by controlling the shock waves and off-design 
performance curve. 

First, tests on a single blade row allowed a better 
understanding of the impact of the different design parameters. 
Forward sweep with unchanged camber improved the peak 
efficiency by only 0.3% with a small increase of the stall 
margin. Backward sweep with an optimized S shaped camber 
line improved the efficiency by 0.6% with unchanged stall 
margin. It is explained how the camber line control could 
introduce the forward sweep effect and compensate the 
negative effects of the backward sweep.  

The best results (0.7% increase in efficiency and 
unchanged stall margin) have been obtained by a stage 
optimization that also considered the spanwise redistribution of 
the rotor flow and loading to reduce the Mach number at the 
stator hub.  
 
INTRODUCTION 

 The recent trend to increase the capacity of modern heavy 
duty gas turbine compressors requires high performance 
transonic rotors with increasing tip Mach numbers. It is well 
known that the highly three-dimensional flow in those rotors, is 
associated with a radially swept shock wave [1,2]. New 
sophisticated design approaches based on 3-D CFD and rig 
tests are therefore needed to maximize their performance.  

Blade sweep is known to be an effective technique to 
redistribute the radial loading [3,4] and has been widely used to 
control the shock wave in transonic fans and rotors. Backward 
sweep was initially investigated by Wennerstrom et al [2]. They 
developed a three-dimensional shock structure model and built 
an aft-swept blade, rotor6, to strengthen the sweep effect. This 
rotor showed a significant improvement of the peak efficiency 
[5,6] but a large decrease of the stall margin.  

After several investigations, Wadia et al [7] concluded that 
the penalty on the stall margin was caused by the locally high 
loading at the tip section resulting in a stronger bow shock and 
an accumulation of the low momentum fluid at the tip section. 
In addition, no efficiency gain was achieved with the aft-swept 
blade in spite of the better performance of the inboard section. 
On the contrary, forward sweep demonstrated a significant 
improvement in stall margin and a slightly higher peak 
efficiency.  

Shock waves tend to be normal to the casing wall and in 
combination with the forward sweep become oblique in the 
blade to blade surface. This reduces the losses and stabilizes the 
blade flow. The result of the numerical investigations of Xu and 
Denton [8] and Blaha et al [9] supported this conclusion about 
the advantage of forward sweep, but opposite results are also 
reported [10].  

Ji [11] reviewed the previous studies in 2005, and 
concluded that sweep is a Degree Of Freedom (DOF) that 
controls the spanwise matching between the blade to blade 
flows. It is therefore incomplete to discuss the performance and 
stability according to the type of sweep only. The impact of 
sweep depends also on the original loading distribution, which 
is affected by other design parameters. Several researchers 
indicated that the thickness distribution [6], camber distribution 
[12] and solidity [13] have an equally large influence on the 
performance of transonic rotors as sweep and that they need to 
be optimized simultaneously.  
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Another aspect of sweep is that it often disturbs the matching 
with the following stage due to a radial redistribution of the 
loading [7,9].  

Watanabe and Zangeneh [14] used an inverse method to 
design a swept transonic fan aiming to compensate the change 
in specific work and pressure ratio caused by the given forward 
sweep. They reasonably recovered the speed line and achieved 
an efficiency improvement of 0.5% by specifying a very 
smooth loading distribution at the tip. The method, however, 
did not include the tip clearance flow and the sweep was not 
optimized for the given loading distribution but explicitly 
specified.  

Inverse methods seem to be suited for the design of transonic 
fans and rotors, since the loading or pressure distribution can 
be explicitly specified and the geometry, which satisfies the 
given design intend almost exactly, is quickly found [15]. 
However, it experiences some practical difficulties in 
establishing the design criteria for the loading distribution and 
in imposing the mechanical constraints. 

In this study, an efficient optimizing design system 
developed at the von Karman Institute [16,17] has been applied 
to a moderately loaded transonic rotor corresponding to heavy-
duty gas turbine compressors. A multi-objective optimization 
for the design and off-design operation was carried out, in 
which the sweep, chord length and the camber distributions are 
controlled. By tailoring these parameters simultaneously, the 
global loading distribution was optimized so that the stability 
and the performance are improved. A constant speed line 
calculation evaluated the off-design performance.  

Three studies have been carried out. The sweep and the 
chord length were optimized in the first one. The camber 
distribution was added as an additional variable in the second 
one. The purpose of these cases was to validate the design 
method and to clarify the effect of the camber line control. 
Finally, a stage optimization was made to see the possible 
impact of previous design parameters on the stage performance. 

 
BASELINE BLADE GEOMETRY 

The specification of the original blade design is 
summarized in table 1. The new blade that was designed for 
this study is a typical front stage transonic rotor for heavy duty 
gas turbines. The baseline blade geometry was defined by 
Multiple Circular Arcs (MCA) at 5 representative sections (10, 
30, 50, 70, and 90% span). The other sections were obtained by 
interpolation in the radial direction. No lean or sweep was 
introduced yet. The Controlled Diffusion Airfoil (CDA) design 
concept was applied to the entire span and the shock wave was 
appropriately controlled at the tip section so that it attached to 
the leading edge at the design point. As a result, the adiabatic 
efficiency of this baseline rotor, predicted by CFD, was already 
high. To achieve a further efficiency gain by optimization was 
therefore a quite challenging task. 

 

Table1 Specification of the baseline blade design 
Pressure ratio 1.35 - 
Specific flow 180.6 kg/s/m2 
Number of blades 22  
Corrected speed 3600 rpm 
Tip relative Mach number 1.20 - 
Mid Diffusion Factor 0.34 - 
Tip clearance 0.3 %height 
 

OPTIMIZATION METHOD 
Figure 1 shows the algorithm of the optimization system 

used for the present study. One of its advantages is the use of a 
metamodel based on an Artificial Neural Network (ANN) as an 
interpolation tool by which the performance corresponding to 
the given design parameters are predicted. It reduces the large 
computational cost of evaluating the blade performance by 3D-
CFD and, consequently, enables an increase of the number of 
DOF for the optimization. These advantages have been 
demonstrated by many complicated 3D industrial design 
problems [18-21]. 

The algorithm consists of 2 steps. The first one is an 
approximated loop with ANN predictions based on the 
information stored in the database. The Differential 
Evolutionary (DE) algorithm selects promising designs that are 
verified in an accurate loop by means of a full 3D Navier-
Stokes solver. The results of these evaluations are added to the 
database which allows improvements to the accuracy of the 
next ANN predictions. This cycle is repeated until the CFD 
confirms that the design requirements are achieved. A more 
detailed description is given in [16] and [17]. The following 
subsections summarize some components and their application. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.1 Optimization Algorithm 
 

Navier-Stokes evaluation 
The performance of new blades was evaluated by means of 

the Reynolds averaged full 3D Navier-Stokes solver TRAF3D, 
which was validated with the experimental data of Rotor67 
[22]. The convection term is discretized by Jameson’s central 
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differential scheme and stabilized by artificial dissipation. 
Turbulence closure is by the Baldwin-Lomax model. The 
boundary layer on the blade surface was assumed to be fully 
turbulent from the leading edge on. The accuracy was verified 
by comparing predictions of several similar geometries with 
MHI in-house data. In addition, all of the efficiency gains and 
the stall margin achieved in each optimization study have been 
confirmed by the ANSYS CFX with SST turbulence model. 

The stall limit was defined as a point where the flow field 
becomes numerically unstable. A threshold of the residual was 
defined in advance, based on several numerical tests. In order 
to find the stall and peak efficiency point, calculations were 
done at 7 points on a constant speed line using 30 CPU’s of the 
VKI parallel computing system. 

Figure 2 shows the computational mesh used for the 
analysis. The structured H-type mesh has 220×53×53 points in 
the stream, pitch and spanwise directions respectively. In order 
to avoid the grid dependency on the shock wave, more than 
100 grid lines were clustered in the front passage area where 
the bow shock is expected. The minimum grid spacing from the 
wall was adjusted to y+<5 in accordance with the requirements 
of the Baldwin Lomax turbulence model. The downstream grid 
is parallel to the expected exit flow angle to avoid artificial 
dissipation of the wake. The dependency of the performance on 
these parameters was carefully evaluated in advance by the 
verification tests.  

The spanwise distributions of the absolute total pressure 
and temperature, swirl and pitch angle were specified as inlet 
boundary conditions. The average static pressure was imposed 
at the exit. The spanwise variation is obtained from radial 
equilibrium. A constant speed line is obtained by modifying the 
back pressure and leaving the inlet conditions unchanged. 

 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 

Fig.2 Computational Mesh 

Geometry Definition 
New blades are defined by the camber line, thickness 

distribution, spanwise distribution of chord length and stacking 
line. They are defined by B-Spline curves to create a smooth 
and reasonable distribution. Figure 3 explains the spanwise 
parameterization of the sweep and spanwise chord length. The 
latter are linked to each other by the spanwise positions to 
reduce the number variables. Sweep is defined by 6 parameters. 
These variables can be positive or negative corresponding to 
forward or backward sweep. The chord length is specified by 4 
parameters as a fraction of the local chord length of the original 
blade. 

Figure 4 shows the parameterization of the camber line. It 
is defined by the local slope angle which directly relates to the 
local loading. The current definition requires only 4 variables. 
The 2 additional control points are displaced together with the 
leading, trailing edge and the third point. They intend to keep 
the curvature in the front and rear parts unchanged in order to 
avoid undesirable local accelerations or decelerations.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.3 Parameterization of Sweep and Chord length 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.4 Parameterization of Camber-line 
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The main advantages of defining the camber by its slope 
are its relative simplicity, smoothness and the capacity to 
represent relatively complicated camber lines. The exit camber 
angle was kept constant in the single row optimizations, to 
guarantee the stage matching. It was a variable in the stage 
optimization, because the matching was then implicitly 
guaranteed by the stage performance.  

The thickness distribution was always maintained at its 
original value to eliminate the effect on throat area and to avoid 
mechanical problems. 
It was verified that this parameterization could accurately 
reproduce the baseline airfoil. 
Problem definition 

The optimization requires the transformation of the given 
engineering problem into a mathematical one by defining 
objective and constraint functions [17]. A multi-objective 
optimization aiming for higher performance and unchanged 
stability was carried out by minimizing the following objective 
functions. 

Obj1 = 1.0 – (Peak Efficiency)       (1) 
Obj2 = 0.3 – (Throttle Margin)       (2) 

where the throttle margin is the ratio between the exit corrected 
mass flow at stall and the exit corrected mass flow of the 
baseline blade at the design point (=mout_design / mout_stall-1).  

The optimization is governed by following constraints.  
Cons1 = (min_chokebaseline) – (min_chokedesign) ≤ 0      (3) 

where min is the inlet corrected mass flow. Equation (3) 
requires that the choking mass flow is larger than or equal to 
the baseline one. 

Cons2 = (mout_design– mout_stall)×( mout_choke– mout_design) ≥ 0  (4) 
so that a new speed line includes the design throttle point. 

These definitions allow a small change of the speed line 
resulting from the swept stacking and thus accelerate the 
optimization.  

 
RESULT AND DISCUSSION 

The first optimization allows only a variation of sweep 
and chord length. The optimized geometry is shown in Fig.5. It 
results from the combination of a strong forward sweep and 
increased chord length in the tip region. The chord length at 
80% height is reduced by 5% but is almost back to its original 
value at the tip.  

The compressor performance map is shown in Fig.6. It 
confirms the stability and efficiency gain attributed to forward 
sweep by previous researcher’s [7,8]. The resulting blade 
achieves a reasonable improvement (0.3%) of the peak 
efficiency while the choking and stall margin are maintained.  

A small efficiency drop is observed near stall point. It is 
due to a large separation in the mid span region. This inception 
of stall is caused by a stronger shock wave, which is associated 
with the increase of the local loading induced by the forward 
sweep. This loading shift due to the forward sweep is 
confirmed later in Fig.10. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.5 Resultant Geometry of the first Optimization 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.6.a Compressor map : Speed line 
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Fig.6.b Compressor map : Perfomance map 
 
On the contrary, the tip region is quite healthy even when 

the flow is reduced by 10% from the choking mass flow. The 
resulting performance curve satisfies the design requirements 
specified into the objective and the constraint functions. A more 
detailed discussion of the flow mechanisms near stall point is 
out of scope of the present paper.  

The Design point flow pattern is compared with the one of 
the baseline blade on Figs. 7 to 10. The results shown here also 
include those for the backward swept blade, which is the 
outcome of the second optimization and explained in the 
following subsection. The same color scales are used for each 

group of three figures, so that one can directly compare the 
strength of the shock wave, the level of the Mach number and 
the magnitude of the loss.  

Figure 7 is the meridional view of the static pressure 
contours on the suction surface. Compared with the baseline 
blade, the passage shock became slightly weaker and the bow 
shock has disappeared in the tip region. The tip region is 
covered by the Mach cone attached at the tip leading edge as a 
consequence of the large sweep angle at the tip. The 
corresponding pressure distortion is visible upstream of the 
swept blade.  

The static pressure contours on the blade to blade surface 
are shown in Fig.8. The red line on the small meridional 
contours at the right lower corner shows the surface of 
reference. Compared with the baseline blade, it is found that 
the new blade has a lower approaching Mach number to the 
leading edge on the suction side and a lower tip loading. The 
latter has been estimated from the pressure difference between 
the suction and the pressure side. Moreover, the passage flow 
experiences only a single passage shock since the bow shock 
has disappeared from the tip suction side. This reduced the 
local shock loss. In addition, the strong forward sweep made 
the bow shock bifurcated and oblique, followed by the passage 
normal shock, in the blade to blade surface. The flow at 70% 
span is almost identical to that of the baseline blade. 

In order to see the effect on the tip leakage vortex, the 
entropy contours at the 99% height are compared in Fig.9. The 
high entropy region, marked by yellow and red, indicates the 
tip vortex. It shows that the leakage vortex is weakened and 
turned in the downstream direction. The vortex no longer 
impinges on the adjacent blade while the vortex of the baseline 
blade does. In the latter the low momentum fluid leaks again to 
the suction side of the adjacent blade. This “double leakage” 
[23,24] contributes also to the thicker wake of the baseline 
blade. 

 

1%1%

Fig.7 Meridional view of static pressure contour on suction surface 

(a) Baseline Blade (b) 1st Optimization Blade (c) 2nd Optimization Blade
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Fig9 Comparison of Entropy contours at 99% height section 

(a) Baseline Blade at 95%Ht (b) 1st Optimization Blade at 95%Ht (c) 2nd Optimization Blade at 95%Ht

(a) Baseline Blade (b) 1st Optimization Blade (c) 2nd Optimization Blade

Fig.8 Static pressure contour on blade to blade surface 

(d) Baseline Blade at 70%Ht (e) 1st Optimization Blade at 70%Ht (f) 2nd Optimization Blade at 70%Ht

Weak oblique shock 
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The spanwise distribution of the axial velocity and 

adiabatic efficiency are presented in Fig.10. It shows that the 
axial velocity increases at the tip section due to the forward 
sweep and decreases below 50% span. This is the consequence 
of a spanwise redistribution of loading. In combination with the 
reduced shock strength and the smaller leakage flow, it results 
in a considerable gain in the adiabatic efficiency in the tip 
region with only a slight decrease in the hub region. These 
mechanisms are quite consistent with previous observations 
[7,8] and therefore verify the validity of present optimization 
system. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.10 Axial velocity and efficiency distributions 

The second optimization allows a modification of the 
camber line in addition to sweep and chord length. Figure 11 
shows that the optimized geometry has a relatively strong 
backward sweep and a slightly barreling chord, which helps to 
reduce the mid-span loading and weakens the shock.  

Figure 12.a shows a comparison between the camber lines 
at 90% height. It is noted that the optimized blade has an S-
shaped camber line with negative camber in the front chord 
area and the peak camber position moved 18% upstream. This 
position roughly corresponds to the throat which is just 
upstream of the location where the passage shock usually 
occurs.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig.11 Resultant Geometry of the second optimization 

5%5%
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Fig.12.a Chordwise camber line distribution (90%Ht) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.12.b Difference of peak camber Location 
 
Figure 12.b shows the spanwise distribution of the shift in 

peak camber position between the baseline and the optimized 
blade. The corresponding forward shift in loading at the tip has 
the same effect as forward sweep. 

The resulting performance map is shown in Fig.13. It 
includes the results of the first optimization for comparison. 
The 0.6% increase in the peak efficiency is considerably larger 
than in the previous optimization and sustained over the entire 
operation range. Moreover, the original stall margin is 
maintained in spite of the strong backward sweep.  

Contrarily to the previous case, this blade is tip critical for 
the stability because of the backward sweep. However, a better 
global performance is obtained as confirmed from Fig.13, 
atttributed to the camber line control. This result verifies the 
conclusions that the optimum stacking distribution depends on 
the radial loading distribution of the baseline blade and that the 
present design system can find it and make a compromise 
between the performance and the stability 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.13 Compressor map 
 
The tip Mach number distributions at the design operation 

point are superimposed on Fig. 14 to evaluate the camber-line 
effect. Figure14.a shows a comparison between the baseline 
blade and the second optimized one. The leading edge position 
of each blade is indicated by an arrow. It shows that the bow 
shock of the optimized blade is attached at the leading edge. In 
addition, the passage shock is more oblique in the blade to 
blade surface and is incident at the same point on the suction 
side as the baseline blade. This is the consequence of the 
forward sweep like effect introduced by the shift of maximum 
camber.  
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Fig.14 Superimposed tip Mach number contours 
 
Figure 14.b is the comparison between the baseline blade 

and one with the optimized sweep and chord length but with 
the original camber line distribution. It shows that the bow 
shock is completely detached and normal to the suction side. 
This normal shock will move further upstream with increasing 
back pressure until stall occurs due to too high positive 
incidence. On the contrary, the oblique passage shock of the 
optimized blade will increase strength by increasing the shock 
angle and will remain attached to the leading edge. Therefore, 
the camber-line control stabilizes the blade by compensating 
for the shift of loading by the backward sweep. 

Moreover the S-shaped profile at the tip section also 
improves the stability. As one can see from the pressure 
difference in the Fig.8.c it reduces the loading in the front part. 
The locally low loading in the front area at the tip section 
displaces the leakage flow to downstream (Fig.9.c). Hence the 
efficiency of the backward swept blade with the baseline 
camber starts decaying at 7% larger mass flow than the 
optimized one.  

Another advantage of the S-shaped profile at the tip section 
is the smaller flow acceleration upstream of the bow shock 
(Fig. 8.c). It reduces the leading edge relative Mach number 
and results in a weaker shock. However the shock losses are 
higher than the equivalent subsonic diffusion losses. As a 
result, the loss at the tip section of the second optimization 
blade is also reduced in spite of the backward sweep (Fig.10). 
The backward swept blade with the original camber line did not 
show any efficiency improvement from the baseline one. 

The meridional view of the static pressure contour is shown 
in Fig.7.c. The shock front is inclined at mid span due to the 
backward sweep and the extended chord locally reduces the 
peak Mach number. Consequently, the passage shock is 
significantly weakened and has partly disappeared in the mid 
span region. This is confirmed by the blade to blade static 
pressure contours on Fig. 8.f. Therefore, the mid span profits 
from the positive effect of the backward sweep without the 
disadvantages. Consequently, an efficiency gain is achieved 
over the entire span (Fig.10). 

S-shaped profiles have a tendency to have a smaller throat 
section than cambered blades. However the local decrease of 
choking mass flow at the tip section is compensated by an 
considerable increase of the mass flow ad mid span (Fig. 10a). 
The axial velocity distribution, shown in Fig.10, indicate a 
relatively large radial loading shift of mass flow  
The stage optimization. 

Before carrying out this optimization, stage calculations 
have been made with the rotor geometries obtained by the 
previous optimizations. Figure 15 shows the different stage 
performance maps together with the full stage optimization 
results, explained later. The two optimized blades still 
demonstrate an advantage and the stall margins are consistent 
with the rotor only results. However the efficiency gain  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.15.a Compressor map : Speed line 

Design Throttle line 
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Fig.15.b Compressor map : Performance map 
 

achieved in the 2nd single row optimization (backward swept 
blade) is reduced by 30% of its rotor only value.  

Table 2 summarizes the performance change at the rotor 
peak efficiency point. It shows that the single row efficiency 
gain of the backward swept rotor is still the highest but that the 
stage efficiency is badly hurt by the increased stator losses.  

 
Table.2 Performance at the Rotor peak efficiency point 

 Opt.1 Opt.2 
∆Rotor Efficiency +0.37%. +0.52% 
∆Stage Efficiency +0.37% +0.18% 
∆Stator Loss +0.01% +0.19% 

     (difference against the baseline blade case) 
 
Figure 16 shows the absolute Mach number distribution at 

the stator inlet and exit. It is found that the backward sweep 
case has the highest inlet Mach number at the hub, which 
causes higher total pressure loss in this region. This rotor-stator 
interaction is responsible for the low gain in stage efficiency. 

In order to avoid such a matching problem, the rotor 
geometry was optimized again, considering the full stage 
performance. Apart from a change of the rotor exit metal angle, 
the resulting geometry was almost equivalent to the S-shaped 
backward swept blade. However, the newly optimized blade 
showed a large (0.7%) improvement in stage efficiency while 
maintaining the stall margin (Fig.15). 
Figure 17 shows the difference of the exit flow angle between 
the optimized blade and the baseline one. Positive values mean 
a decrease of the exit flow angle and thus, more turning. 
Although the exit flow angle is decreased over the entire span, 

it does not imply an increase of loading at the design point but 
a  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.16 Stator inlet and outlet Mach number 
(Comparison of Single row optimization Geometries) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig.17 Difference of rotor exit flow angle  

 
shift of the design point to a slightly higher mass flow point 
(see the design throttle line in figure 15.a).The design point is 
defined as constant throttle.  

However, the change of exit angle modifies the spanwise 
loading distribution. For the comparison, Fig.17 includes the 
variation of outlet flow angle for a constant increase of 
enthalpy rise along the span, by which approximately the same 
decrease of the throttle from the design throttle value occurs. 
The difference between these curves characterizes the spanwise 
redistribution of the loading. It is found that the optimized 
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blade decreases the work at the hub relative to the mid and tip. 
It locally decreases the total pressure and hence the Mach 
number at the hub since the static pressure is established by 
radial equilibrium. 

Figure 18 shows that the optimized blade indeed decreases 
the inlet Mach number at the hub, hence decreases the stator 
total pressure loss and improves the stage efficiency (Fig.15). 
Therefore, it can be considered that the camber-line control by 
the stage optimization compensates the negative effect of the 
backward sweep on the stage matching. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.18 Stator inlet and outlet Mach number 
(Comparison of Single row and Stage optimization 

geometries)  
 
In addition, since the pressure recovery in the tip area, is 

achieved by the combination of a shock wave followed by a 
subsonic diffusion, the reduction of the exit metal angle 
increases the rear camber and the extra subsonic diffusion 
further weakens the shock wave.  

This is confirmed by the blade to blade static pressure 
contours at the tip of the stage optimized blade, compared in 
Fig.19 with the ones obtained by the single row optimization 
(2nd case in stage operation). It appears that the bow shock 
became even more oblique.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.19 Static Pressure counters at 90% height 
 
 

CONCLUSION 
It has been shown that a three-dimensional optimization 

method is a powerful tool to find out what changes of the 
camber line, chord length and stacking distributions will result 
in performance improvements and to understand the 
mechanisms that govern the complex flow pattern in transonic 
compressors. 

The following conclusions could be drawn. 
1. The optimized geometry has a strong backward sweep 

stacking line, which together with a barreling chord length 
weakens the shock wave in the mid span region. 

2. The optimum control of the camber line distribution 
makes the shock wave at the tip oblique in the blade to blade 
surface and attached at the leading edge similar to forward 
sweep. Therefore, it compensates the well-known negative 
effect of backward sweep on the stability and allows a 0.6% 
improvement in the rotor peak efficiency while maintaining the 
stall margin. 

3. The stage calculation with the backward swept blade, 
obtained by the rotor only optimization, did not show the 
expected improvement in the stage efficiency because of the 
increased stator losses due to the strong radial loading shift 
induced by the backward sweep.  

4 The latter can be avoided by a full stage optimization 
allowing also a change of rotor exit flow angle. The 
corresponding modification of the reaction reduced the stator 
loss and resulted in a 0.7% gain of stage efficiency at constant 
stall margin.  
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