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ABSTRACT

Engine operating range and efficiency are of increasing
importance in modern compressor design for heavy duty gas
turbines and aircraft engines. These highly challenging
objectives can only be met if all components provide high
aerodynamic performance and stability. The aerodynamic losses
of highly loaded axial compressors are mainly influenced by the
leakage flow through clearance gaps. Especially the leakage flow
due to the radial clearances of rotor blades affects negatively
both, the efficiency and the operating range of the engine.

Recent publications showed that the clearance flow and
the clearance vortex can be influenced by an additional static
pressure gradient at the outer casing, which is created by
an axisymmetric wavy casing shape. A notable performance
increase of up to 0.4% stage efficiency at design point conditions
was reported for high pressure stages with large tip clearance
heights [1] as well as for a transonic stage with a relatively small
radial clearance gap [2].

An analytic approach to predict the effects of axisymmetric
casing contouring has been developed at DLR, Institute of
Propulsion Technology, and is outlined in the first part of this
work. The characteristic behavior of the clearance vortex in an
adverse pressure gradient is discussed by means of an inviscid
vortex model [3]. The critical vortex parameters are isolated and
related to the static pressure increase due to the casing contour.

The second part illustrates the application of an
axisymmetric endwall contour. A three dimensional optimization
of the outer casing and the corresponding blade tip airfoil
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section of a typical gas turbine high pressure compressor
stage with a high number of free variables is presented. The
optimization led to a significant increase in aerodynamic
performance of about 0.8% stage efficiency and to a
notable reduction of the endwall blockage at ADP conditions.
Furthermore, an improved off-design performance was found
and a simple design rule is given to transfer both, the casing
contour and the blade tip section modification on similar high
pressure compressor blades.

Based on these design rules the results of the optimized
stages were applied to the rear stages of a Siemens gas turbine
compressor CFD model. An increase of 0.3% full compressor
performance was reached at design point conditions.

NOMENCLATURE

Abbreviations

ADP  Aerodynamic Design Point
CFD  Computational Fluid Dynamics
DLR  German Aerospace Center

HP High Pressure

HPA  High Performance Airfoil

PS Pressure Side

SS Suction Side

Greek Symbols

B Prandtl factor: /1 — M2 [-]
n Dynamic viscosity [Pa-s]

I Circulation [m]
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o Angular velocity [1/s]

® Perturbation potential [m? /s]
Fluidmechanical Symbols
\% Velocity vector [m/s]

Ag Wave amplitude [m]
A, Wave amplitude [m]

Cp Pressure coefficient [-]
m/M  Relative massflow [-]

M., Reference Mach number [-]
Dfar Static farfield pressure [Pa]
Se Maximum swirl ratio [-]
Sei Initial swirl ratio [-]

Serit Critical swirl ratio [-]
Pitch-wise velocity [m/s]
Axial velocity [m/s]

Vortex core cross sectional area [m
Vortex core radius [m]

Wall distance [m]

Critical vortex parameter [-]
Power [W]

Wave length [m]

Static pressure [Pa]

Radius [m]

Clearance height [m]

Axial velocity [m/s]

’]

e oD T go e }55

INTRODUCTION

The operational mode of modern gas turbine power plants is
nowadays primarily focused on two competing states, base load
and peak load operation. Whilst the base load operational mode
demands maximal thermodynamic efficiency and component
performance combined with a high, steady power output, the
peak load operation mode mainly gives prominence to a very
fast engine start up capability and a wide operating range.
Especially at peak operation, an engine hot restart event is
common determining the critical size of the radial clearance
gaps in the subsonic high pressure compressor stages. Since
the efficiency and the operating range of the compressor are
essentially related to the clearance flow losses, their reduction
makes an important contribution to the overall efficiency and
stability improvement.

Clearance flow losses can be efficiently decreased by means
of axisymmetric endwall contouring, see figure 1. This approach
was firstly reported for rotors of high pressure stages by Kroger
et al. [1, 4] and enhanced to transonic rotors [2].

In addition to the publications mentioned, the following
work highlights in the first part an analytical approach to
understand and to predict the effects of axisymmetric casing
contours. The characteristics of the clearance flow are discussed
and an inviscid vortex model is used to assess the effect of an
adverse pressure gradient on the clearance vortex. Furthermore,
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FIGURE 1. AXISYMMETRIC ENDWALL CONTOUR FOR A
TRANSONIC ROTOR [2]

the static pressure increase due to the casing contour is
quantified.

The second part is focused on the industrial application
of the axisymmetric casing contouring. A multiobjective
optimization of the outer casing annulus line and the blade tip
airfoil section of a typical high pressure compressor stage with
38 free variables is presented to render the improvement potential
of an isolated single stage at ADP conditions. A simple design
rule is developed to transfer the optimized blade tip airfoil section
and the casing contour to other high pressure compressor blades.
Finally, the design rule is applied to the rear stages of a Siemens
gas turbine compressor and evaluated by means of a steady state,
single passage full compressor CFD simulation.

FIGURE 2. CLEARANCE FLOW AND CLEARANCE VORTEX
OF A TYPICAL HIGH PRESSURE COMPRESSOR BLADE, STATIC
PRESSURE NORMALIZED WITH MAXIMUM STATIC PRESSURE
WITHIN THE FLOW FIELD (5]
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GENERAL CLEARANCE FLOW CHARACTERISTICS
As illustrated in figure 2 the clearance flow can be
subdivided into two main phases: The flow in the clearance gap
and the mixing process of the leakage flow with the main flow.
While entering the clearance gap on the pressure side (PS) of the
blade, the clearance flow is accelerated around the edge of the
blade and a sudden decrease of the static pressure is observed.
The flow is forced to separate from the blade tip close to the PS
of the blade reducing the effective flow area in the clearance gap.
The flow in the clearance gap is accelerated further to the suction
side (SS) of the blade close to the leading edge and rolls up
into the stable clearance vortex. The formation of the clearance
vortex essentially affects the static pressure distribution of the
SS of the blade close to the clearance gap [1, 6]. The clearance
vortex separates from blade SS in the area of the minimum static
pressure and develops to the PS of the adjacent blade and in
radial direction downwards. Speaking generally, the governing
parameters for the leakage flow and the clearance vortex are:

the clearance height

the overall blade loading

the airfoil section at the blade tip

the static pressure distribution near the casing [1, 2]

The clearance vortex is commonly approximated as Rankine
vortex [7, 9] and thus the vortex core is assumed to rotate around
the rotational-axis as a solid body with radius @ and constant
angular velocity @ yielding the following velocity distribution
in (x,7,0) — coordinates (see figure 6 ):

= = <
ug rouy=u(r) r<a 0

2
ug = % uy =const. r>a

Another dimensionless parameter to characterize the vortex
strength is the maximum swirl ratio of the vortex core S, defined
in terms of the core velocity components and the core radius:

S, = UBmax )
Uy

Kang and Hirsch [7] report in their cascade experiments
maximum swirl ratios of about 0.35 in early stages of the vortex
development and Smart et al. [8] state a value of about 0.32.
For the given industrial application of a high pressure stage gas
turbine rotor, a swirl ratio of 0.27 has been evaluated numerically
[5].

To predict the behavior of a Rankine vortex in an adverse
pressure gradient Darmofal et al. [9] developed a simple but very
useful inviscid model for a Rankine vortex which is mainly based
on the radial equilibrium in the vortex core and the conservation

of mass and momentum. As a result a critical parameter D for the
vortex core behavior is defined in analogy to the Mach number in
compressible flows. D is a function of the maximum swirl ratio
Se:

D=

V2
S 3

Consequently, if D > 1 (S, < v/2) the vortex core state is
called super-critical and if D < 1 (S. > /2) the flow is referred
to as sub-critical. According to this, critical conditions for the
vortex core occur at D = 1 at the critical maximum swirl ratio
St = /2. The vortex core suffers from a large expansion and
instability when reaching the critical value of D =1 [3, 9].

The response of the vortex to an adverse static pressure
gradient in the far field (Apys, > 0 in direction of the vortex
propagation) is discussed in the publication of Darmofal et al.
[9] and resumed in Greitzer et al. [3]. Two major conclusions
can be drawn:

— Sub-critical vortices increase their axial velocity in the core
and thus reduce their core cross sectional area A in the
presence of an adverse pressure gradient %’f‘m <0.

— Super-critical vortices decrease their axial velocity in the
core and thus increase their core cross sectional area A in
the presence of an adverse pressure gradient %ﬁar > 0.

Since the axial velocity and the core cross sectional area changes
due to the static pressure gradient the local swirl ratio S, changes
as well. As mentioned before, a sudden vortex core extension
takes place if the critical swirl ratio S, = v/2 is reached. Hence,
the critical static far field pressure increase to reach the critical
swirl ratio can be expressed in terms of the initial (local) swirl
ratio of the vortex core S.; (see [3, 9] for derivation):

Apfar ' 2 S4'
(1 2'> zl_Sci+f “

PRESSURE
CONTOURING

The variation of the static pressure close to the casing
contour can be approximated quantitatively by means of a
linearized two-dimensional compressible inviscid subsonic flow
along a sinusoidal endwall. The problem is presented in figure
3. Since the amplitude Ag < [ and the flow along the endwall is
subsonic the problem can be regarded as linear.

GRADIENT DUE TO CASING
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FIGURE 3. FLOW ALONG A SINUSOIDAL ENDWALL, Burg
etal. [10]

Starting from the compressible linearized two-dimensional
perturbation potential equation

(1_ )q)xx‘F(P)y—O (5)

Burg et al. [10] give the analytic solution for a given
sinusoidal endwall (y = h(x) = Ag - sin( %)) upon the discussed
assumptions for a subsonic flow with a infinite distance b of the
opposite endwall:

(px(x,y)_u—um A0277:,
Uoo — Ueo Bl

(2” z) P ©

In equation 6, 8 = /1 — M2 is the Prandtl factor, u is the axial
velocity and ¢, is the perturbation velocity. Zierep [11] presents
the relationship between the perturbation velocity ¢, and the
static pressure coefficient ¢, for small perturbations:

S A ) o —2-%27”&71 (271)176) Lo 2By

Cp: % P .

(N
Following equation 7, the static pressure raise of the casing
contour between the positions 2 : 7 = % and 1:7 =0 can be
calculated as (sign changed because the flow is underneath the
endwall):

- A Ag @ y
szicplzpz pi_ Apa _, Aol onpy

1 1
jpwui QPwMi Bl

®)

Equation 8 yields that the pressure raise due to the casing contour
is primarily dependent on:

— the distance y from the casing

— the amplitude Ag and [ (Ag << 1)

— the Prandtl factor 8 = /1 — M2, thus the meridional Mach
number of the turbomachinery flow

Finally, equation 8 can be combined with equation 4 in order to
find the pressure raise which leads to critical conditions S.,; =
/2 for a clearance vortex with a given initial swirl ratio S;;. A
detailed derivation and analysis of the latter has been published
in Kroger [5].

INFLUENCE OF THE CASING CONTOUR ON THE
CLEARANCE VORTEX AND LOSS MECHANISMS

For the discussion of the impact of the casing contour on
the clearance vortex, a simple example is used which has already
been presented by Kroger et al. [1]. The optimized casing and
blade tip shape, shown in Figure 4, was the result of an automated
optimization process of the casing above a typical stage gas
compressor rotor leading to a performance improvement of about
0.35% stage efficiency. Of course, the clearance height 7 did not
change during the optimization process.

Maximum Amplitude
Casing Contour

Small Buckle
Fitted Blade Tip Contour

FIGURE 4. SHAPE OF CASING AND ROTOR TIP SECTION [1]

Resuming the aerodynamic effects of the optimized
configuration in comparison to the baseline configuration which
are both pictured in figure 5 in terms of the vorticity magnitude
it was observed that:

— The clearance vortex core area is increased and the angle
between the blade suction surface and the clearance vortex
core line is higher

— The losses of the clearance vortex with the casing contour
are higher up to about 30% chord and lower in the last 70%
chord
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FIGURE 5. DEVELOPMENT OF THE CLEARANCE VORTICES, BASELINE LEFT, CONFIGURATION WITH SIMPLE CASING CONTOUR
(MEMBER 468) RIGHT, ISOLINES OF VORTICITY MAGNITUDE (|V x \7|)[1]

— The overall losses of the optimized configuration are smaller

These aerodynamic effects can be explained by the simplified
clearance vortex model and the knowledge about pressure
distribution close to the optimized casing shape. Since the
clearance vortex is in super-critical state (S~ 0.27 < ﬂ), the
increasing static pressure near the casing caused by the casing
contour leads to an increased vortex core area and consequently
to a lower rotating speed of the vortex (constant circulation,
conservation of angular momentum). Being a the radius of
the vortex core and I its circulation, the power of the viscous
moment per length unit at radius a of the baseline configuration
is [12]:

with I'=2-a-m-ug ©)]

“ 1a?

Taking into account the velocity distribution of a Rankine vortex
outside the core area at a radius r > a the power of the viscous
moment per length unit at radius 7 is [12]:

_nr
= (10)
The difference between the power values per length unit is
dissipated into heat, yielding:

i1
-t (5-3) (an

AL
T a® r?

Hence the power of the viscous moment outside the vortex core
is proportional to aiz for a constant circulation I'. As the static

pressure increase of the casing contour does not conduct work on
the vortex the circulation I" is retained but the vortex dissipates
less energy per length unit after the vortex core expansion.
However, during the expansion of the vortex core more energy
is dissipated to accomplish the transition to a higher vortex core
radius. Figure 6 renders schematically the velocity distribution
of a Rankine vortex before and after a vortex core expansion.
Therefore, higher dissipation can be observed in the early phase
of the vortex development, whereas lower losses occur after the
vortex core expansion.
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FIGURE 6. VELOCITY DISTRIBUTION OF A RANKINE
VORTEX BEFORE AND AFTER A CORE EXPANSION

A secondary effect arises from the interaction of the
clearance flow and the clearance vortex. This interaction
is completely three dimensional and highly complex. The
power balance requires a continuous energy supply for a stable
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vortex being realized by the clearance flow. However, the
momentum which can be added from the clearance flow to the
clearance vortex is inversely proportional to the angle between
the clearance flow and the vortex core trajectory. Thus, in case
of a bigger angle, by trend less energy is supplied to the clearance
vortex and the vortex dissipates earlier.

A final comment is to be made on the interaction between
the main flow and the clearance vortex. If the clearance vortex
core state is shifted close to critical conditions (S, = v/2) a very
large expansion of the vortex core and vortex instability can be
observed resulting in high losses due to the mixing process of the
disrupted vortex and the main flow.

INDUSTRIAL APPLICATION: OPTIMIZED CASING
CONTOUR AND BLADE TIP AIRFOIL SECTION

As first application the result of a joined optimization of the
casing contour and the blade tip is presented. The CFD model
of the optimization configuration consisted of two typical high
pressure gas turbine compressor stages provided by the Siemens
AG, Fossil Power Generation Division. The characteristic
geometrical parameters of the rotor to be optimized are a small
blade height, a small aspect ratio and a relatively large tip
clearance gap. The Reynolds number based on the chord length
at the blade tip and the inflow velocity is about 4.5 - 10°. The
CFD model which has been already presented in detail in the
work of Kroger et al. [1] is shown in figure 7. Both stators are
cantilevered.

Optimization Domain

H

FIGURE 7. CFD MODEL FOR OPTIMIZATION [1]

The first stage was used to ensure correct inflow conditions
for the second stage and to avoid a direct influence of the
boundary conditions on the optimization result. The casing
above rotor 2 and the last 15% of the blade height were subject
to the optimization process. A single passage steady state CFD
model was used for this purpose. Mesh resolution was about
400.000 cells per blade passage and for the second stage about
800.000 per blade passage resulting in a total of ca. 2.4 million
mesh cells. The optimization only included the ADP at nominal
rotating speed.

The fitness functions quantitatively define the objectives of
an optimization. The isentropic stage efficiency of stage 2 was
taken as first optimization objective. Since an optimization of
the blade in the upper 15% span changes the radial work load of
the blade and consequently the pitchwise averaged total pressure
distribution at the rotor exit plane, the second fitness function
was designed to retain the stage matching and to reduce the
endwall blockage. As presented in figure 8, an ideal pitchwise
averaged total pressure distribution was defined at the rotor exit
plane (red solid line). The integrated absolute difference between
the ideal distribution and the real distribution (black solid line)
was taken as second objective function, referred to as “Pressure
Deficit Area”.

0.8

0.2

0.94 0.96 0.98 1 1.02 1.04
Ptabs [_]

FIGURE 8. DEFINITION OF THE IDEAL ABSOLUTE TOTAL
PRESSURE DISTRIBUTION AT THE ROTOR 2 EXIT PLANE

Geometrical parameters for airfoil section optimization

suction surface using a B-Spline description

thickness distribution for pressure surface parametrization

position of maximum thickness

stagger angle

leading and trailing edge angles

forward sweep

TABLE 1. GEOMETRICAL PARAMETERS FOR AIRFOIL
SECTION OPTIMIZATION

A total of 38 variable geometrical parameters were used for
the optimization, 12 for the definition of the new casing shape,

Copyright © 2011 by ASME
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FIGURE 9. FREE VARIABLES ON OUTER ANNULUS LINE (LEFT FRAME) AND POSITION OF ADJUSTABLE CONSTRUCTION

AIRFOIL SECTIONS (RIGHT FRAME) [5]

3 for the stacking line and 23 for the blade shape modification
by means of three construction airfoils. The free geometrical
parameters defining the casing shape and the radial position
of the construction airfoils are shown in figure 9. Each point
could be shifted independently in radial direction with a limit of
+1.25/-0.5 clearance heights ¢. The blade tip shape followed the
casing contour in radial direction so that the tip clearance height
was kept constant during the optimization process. An analysis
of the transient thermal behavior of the rotor and the casing has
been performed to eliminate any possibility of a blade rubbing
event at all operating conditions. Without going into detail of the
airfoil section parametrization the free optimization parameters
affected mainly the common generalized airfoil section meta
parameters given in table 1. In order to retain the stage matching
the degrees of freedom of construction airfoil section one were
limited to small changes of the leading edge, trailing edge and
stagger angle.

The automated optimization process was based on the DLR
evolutionary algorithm AutoOpti [2, 13, 14] and the DLR flow
solver TRACE [15, 16]. Furthermore, the optimization was to a
great extend supported by Kriging and Neural network surrogate
models to accelerate the very stable but slow evolutionary
algorithm AutoOpti.  Overall, more than 1800 converged
CFD calculations (geometries) have been processed during the
optimization process leading to a broad variety of combined
efficiency-blockage optimized geometries. Finally, it is the
choice of the designer to select the best geometry to fulfill the
design requirements.

OPTIMIZATION RESULTS

For the discussion of the optimization results one
representative geometry has been selected, namely Member 420.
The new annulus line geometry of Member 420 is pictured in

figure 10. The wavy casing shape is basically dominated by two
local maxima at about 25% and 60% axial chord and a deep
local minimum between them. Additionally, the first wave is
characterized by a shape with a produced upswing. A small
second local minimum can be seen behind the second wave. The
ratio between the amplitude of imaginary sinusoidal wave A,
with wavelength / and the clearance height 7 yields (AT ~0.05):

&:0.4

; 12)

A comparison of the airfoil sections of the optimized and
the baseline configuration about one clearance height below the
blade tip is presented in figure 11. The optimized airfoil section
provides a much higher camber in the last 50% of the chord
length implying a rear loaded airfoil design. Especially the
trailing edge metal angle was notably decreased and the leading
edge shape is slightly asymmetrical.

A three dimensional view of the blade tip section of Member
420 is rendered in figure 12. The characteristics of the new casing
shape and the increased camber of the airfoil sections at the
blade tip is reflected in this rather unusual blade shape. However,
the optimized geometry is able to gain numerically a significant
isentropic stage efficiency improvement of about 0.8% at ADP
conditions (convergence uncertainty: ~0.02%). Additionally, the
endwall blockage in terms of the second objective function was
notably decreased in the upper 20% of the duct height. Figure 13
shows the comparison of the pitchwise averaged absolute total
pressure distributions of Member 420 and the baseline geometry
at the rotor 2 exit plane. Whereas the total pressure distribution
in the lower 80% of the relative duct height are mostly identical,
the large pressure drop in the last 20% relative duct height is
considerably reduced by the optimized casing and blade shape.

Copyright © 2011 by ASME
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FIGURE 10. MERIDIONAL CASING AND ROTOR 2 SHAPE OF
THE OPTIMIZED GEOMETRY MEMBER 420 [5]

Consequently, as a direct effect of lower losses and a higher flow
turning, more work is done in the outer airfoil sections close to
the blade tip.

Member 420

y[m]

x [m]

FIGURE 11. COMPARISON OF THE AIRFOIL SECTION
DESIGN ABOUT ONE CLEARANCE HEIGHT BELOW THE
BLADE TIP [5]

The remarkable improvement in isentropic stage efficiency
of about 0.8% is generated in both, the rotor 2 and the following
stator 2. The difference in isentropic rotor efficiency between
the baseline configuration and Member 420 is depicted in the
upper frame of figure 14 as radial distribution over the relative
massflow (black solid line). Furthermore, the figure includes the
same analysis for the geometry with the simple casing contour
without any airfoil section manipulation (Member 468, solid blue
line), see figure 4 [1]. In the upper 20% relative duct height

FIGURE 12. 3D VIEW OF THE OPTIMIZED BLADE TIP [5]

Member 420 gains up to 5% isentropic efficiency in comparison
to the baseline design and still up to 3% in comparison to the

simple casing contour design.

0.8

0.6

r/H [-]

0.4

0.2

Ideal absolute total pressure
Member 420
————— Baseline

Ptabs [Pa]

FIGURE 13. PITCHWISE AVERAGED ABSOLUTE TOTAL
PRESSURE DISTRIBUTIONS AT THE EXIT PLANE OF ROTOR
2 OF THE OPTIMIZED CONFIGURATION (BLACK SOLID LINE)
AND THE BASELINE CONFIGURATION (BLUE DASHED LINE)

A similar analysis is presented in the lower frame of figure
14 for the stator 2 loss coefficient. Because of the improved
inflow conditions, Member 420 provides lower losses than the
baseline design and Member 468 in the upper 20% duct height.
However, the enhanced work in the rotor blade tip area of
Member 420 yields a change of the radial load distribution and
hence, the hub section airfoils of the stator 2 suffer from higher
incidence and thus from higher losses. On the other hand, a
slight modification of the stator hub airfoils section could be
used to even the stator losses in the lower 10% of the relative
massflow. A cross check at Siemens Energy with the commercial
flow solver CFX showed very similar results.
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FIGURE 14. EFFICIENCY IMPROVEMENT OVER RELATIVE
MASSFLOW (m/M) OF ROTOR 2 (UPPER FRAME) AND LOSS
REDUCTION OVER RELATIVE MASSFLOW (m/M) OF STATOR 2
(LOWER FRAME) OF MEMBER 420 (BLACK SOLID LINE) AND
THE SIMPLE CASING CONTOUR (MEMBER 468, BLUE SOLID
LINE) VERSUS THE BASELINE DESIGN AT ADP CONDITIONS
(5]

To conclude the aerodynamic analysis figure 15 presents
a comparison of the relevant flow phenomena in the 3D flow
field between the baseline (left frames) and Member 420 (right
frames). The top frames show the development of the clearance
flow via the absolute rotation of the flow field. The bottom
frames picture the partial derivative of the static pressure in axial
direction % on a z-constant slice close to the blade tip. In good
agreement to the analytic model and to the configuration with
simple casing contour a higher rotation of the flow field and thus
higher dissipation losses can be observed at the x-constant slice
at 27.5% chord of Member 420. However, the clearance vortex of
Member 420 detaches quickly with a high angle from the blade
suction surface and dissipates.

The slice at 55% chord already shows much lower levels of

flow field rotation. Whereas the flow field of the baseline design
is dominated by one stable clearance vortex, a second smaller
clearance vortex is formed in the optimized design. The second
clearance vortex of Member 420 suffers from the same effects as
the first one due to the second casing wave. It detaches quickly
from the blade suction surfaces and dissipates. The illustrations
of the partial derivative of the static pressure in axial direction
reveal even more details. The baseline design is completely
dominated by the accelerating and decelerating shear layers of
the clearance vortex whilst the first clearance vortex core of the
optimized design is enlarged leading to a low rotational speed
of the clearance vortex and hence to low shear layer gradients.
Furthermore, the formation of the second clearance vortex can
be also detected in the axial pressure gradient of Member 420.

Aside from the isentropic efficiency at design point
conditions the operating range of the optimized design is
of primary interest, especially for the gas turbine peak load
operation mode. Figure 16 displays the 100% rotating speed
line of the second stage at different operating conditions. The
ADP static back pressure at the stator 2 outlet plane was
taken as reference to throttle the full configuration numerically
(see figure 7) to -1.25%, +1.85, +3,7% and +4,9% back
pressure, respectively.  The efficiency improvement even
increases numerically to about 1% stage efficiency running the
compressor in dethrottled mode. At higher stage loading, the
efficiency advantage of the optimized design gradually vanishes
to the last numerically stable operating point (+4.9% reference
back pressure).  Additionally, the optimized configuration
shows numerically a small massflow rate increase due to the
reduced blockage and a overall speed line widening implying an
enhanced operating range.

——e—— Member 420
——— Baseline

normalized n, [-]
<

+1,85%
% -1.25%
O +3.7%
& +4.9%
& 094 096 098 1 102
N normalized massflow [-]

FIGURE 16. STAGE 2, 100% ROTATING SPEED LINE
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WHOLE COMPRESSOR/ENGINE APPLICATION

A whole compressor CFD model has been used to
validate the transfer rules of the casing contour and airfoil tip
modifications. The individual gain in efficiency of each modified
stage and the impact on the stage matching of the rear stages were
the two most important aspects of this CFD evaluation. The CFD
analysis should verify by a detailed analysis of the flow in the
tip clearance region that the combination of the used objective
functions is a reasonable approach for an optimization of a
single airfoil in a multi-stage compressor environment. Further,
the overall efficiency improvement for a typical compressor
configuration could be estimated based on these CFD results.

Based on the transfer rules that have been developed for the
blade tip and the casing contour the six last stages of a typical
Siemens GT compressor have been modified. The compressor
that has been chosen for the CFD evaluation is a first prototype
version of the 13 stage SGT5-8000H compressor with HPA
airfoils [17, 18] for the 8 high pressure stages (see figure 17).
The compressor has an inlet mass flow of >800 kg/s at a pressure
ratio of 19.2 and provides an IGV and three variable vanes for
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improved part load efficiency.

A typical distribution of the radial clearances increasing
from the first stage towards the last stages was applied for
this analysis. In the real engine the actual hot running
clearances depend mainly on the thermal behavior of the
specific mechanical design of GT rotor and casing. The casing
contouring and the tip sections have been modified depending on
the individual radial clearance, the stagger and camber angle of
each blade. The geometry of the casing contour has to be defined
carefully because there are significant relative axial and radial
shifts of the rotor (blade tip) and the casing while start up and
shut down of the gas turbine. In the current study the shape of
the casing contour was restricted such that under all operating
conditions contact of blade tips and casing is avoided.

A grid of 24.5 M nodes with about 900 k nodes per passage
has been used for the whole compressor CFD prediction. The
grid resolution was the same that has been used for the automated
optimization of the blade tip region. The grid size with high
resolution in the blade tip region allows that all relevant details of
the tip clearance flow are resolved. The CFD model includes the

Copyright © 2011 by ASME



FIGURE 17. SIEMENS SGT5-8000H

FIGURE 18. WHOLE COMPRESSOR CFD MODEL

airfoil fillets, the part chord clearances at shrouded variable vanes
and the bleed flow extractions. TRACE has been used for the
analysis of the whole compressor. Figure 18 shows the baseline
flowpath geometry of the single passage CFD model.

The gain in efficiency compared to the baseline of the rear
stages is shown in figure 19. The gain in efficiency mainly
depends on the actual clearance size, therefore the gain is lower
in the middle stages. Additional sensitivity studies that have
been performed for different designs of the optimized last stage
showed a strong correlation between tip clearance size and the
gain in efficiency compared to the baseline design, but even
with tight clearances of less than 1% span height an increase in
efficiency was achieved with the optimized geometry [5]. For the
last stage that has been optimized a 1.2 % increase in efficiency
is computed. This is even higher than the gain predicted within
the optimization (the 2 stage model), because also the core flow
region of blade 13 benefits from the improved inflow conditions
with less blockage generated by the upstream stages.

The detailed examination of the CFD results confirmed,
that the objective functions that have been used are suitable
for an isolated optimization of a single stage of a multi stage
compressor. The reduction of endwall blockage due to casing
contouring and a appropriate change of the loading at the blade
tip have improved the overall stage matching. The inflow
conditions to the downstream vanes are significantly improved
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FIGURE 19. STAGE EFFICIENCY IMPROVEMENT

in the off-design region and the radial flow distribution is more
even. Especially the rear stages with relatively large radial
clearances benefit from the modification in the tip region. Fig 20
shows the difference of the pitchwise averaged meridional Mach
number distribution between optimized and baseline design for
the stages 10 to 12.

The CFD predicts an overall efficiency increase of 0.3%,
which is a significant improvement and for increased clearances
as they could be expected for a compressor with higher pressure
ratio the benefit would be even higher.

Siemens Energy is currently working on the development
of a next generation 3D design for the rear stages of the gas
turbine compressor partially funded by the BMWi within the
COORETEC-FlexComp program. In addition to the blade tip
modification an optimization of the blade root sections as well as
the stacking line will be included. Besides the peak efficiency
at design point the improved operating range will be a main
objective. A succeeding AG-turbo project on the automated
optimization of the endwall sections of blades and vanes will be
started in January 2011.

CONCLUSION AND OUTLOOK

The present work shows that the tip clearances losses and
endwall blockage of subsonic compressor rotors with relatively
large clearance heights can be effectively reduced by means of an
axisymmetric contouring of the outer annulus line and adapted
optimized blade tip shape. The aerodynamic effects causing this
performance improvement have been explained via an analytic
approach of a two-dimensional compressible subsonic flow along
a sinusoidal wall. The clearance vortex was approximated as
Rankine vortex.

Copyright © 2011 by ASME
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Due to the wavy casing shape the static pressure close to
the endwall is increased forcing the clearance vortex core to
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expand. The influence of the casing shape on the clearance
vortex primarily depends on the distance between the clearance
vortex and the casing, the meridional Mach number of the
turbomachinery flow and the amplitude of the casing contour.
A simplified consideration of the dissipated viscous energy per
length unit confirms previous CFD results. In comparison to the
baseline configuration the viscous losses per length are increased
whilst the clearance vortex core is widened but a drop of the
losses per length unit is achieved after the expansion process
resulting altogether in an advantageous design.

An automated optimization of the outer annulus line
and the blade tip section of a typical high pressure stage
compressor rotor at design point conditions is presented as
industrial application. During the optimization process, the
basic evolutionary algorithm was largely supported by use of
Neural network and Kriging surrogate models. A remarkable
stage efficiency improvement of about 0.8% was achieved.
Furthermore, the endwall blockage in the rotor tip area was
notably reduced leading to a higher meridional velocity at
the blade tip and to a small change in the radial massflow
distribution. The downstream stator benefits from the improved
inflow conditions at the blade tip but provides a slightly higher
level of losses at the blade hub due to the change in the radial
massflow distribution. The analysis of the off-design behavior
showed an improved performance over the full operating range
including a broader speed line characteristic. A cross validation
at Siemens Energy with the flow solver CFX showed nearly
identical results.

Finally, a CFD model of the first prototype version of the
SGT5-8000H compressor was used to validate the transfer rules
of the casing contour and the blade tip modifications. Based on
these transfer rules the optimized blade tip and casing shape was
applied to the last six stages of the whole compressor model. The
CFD predicts a significant increase of the isentropic compressor
efficiency of 0.3 % as well as a performance improvement for
every modified stage ranging from 0.2% at stage 8 to 1.2% at
stage 13. In doing so, in particular stage 13 profits from the
improved inflow conditions generated upstream. Aside from
the performance enhancement an improved stage matching is
observed due to the consecutive endwall blockage reduction.

Aiming to enhance the overall compressor efficiency further
projects could focus on axisymmetric endwall contours for
cantilevered stator blades. Additionally, the sensitivity of the
performance improvement concerning the axial position of the
rotor blade could be investigated.
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