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Introduction

Design of Industrial Axial
Compressor Blade Sections for
Optimal Range and Performance

Background: The blade sections of industrial axial flow compressors require a wider
range from surge to choke than typical gas turbine compressors in order to meet the high
volume flow range requirements of the plant in which they operate. While in the past
conventional blade profiles (NACA65 or C4 profiles) at moderate Mach number have
mostly been used, recent well-documented experience in axial compressor design for gas
turbines suggests that peak efficiency improvements and considerable enlargement of
volume flow range can be achieved by the use of so-called prescribed velocity distribution
(PVD) or controlled diffusion (CD) airfoils. Method of approach: The method combines a
parametric geometry definition method, a powerful blade-to-blade flow solver and an
optimization technique (breeder genetic algorithm) with an appropriate fitness function.
Particular effort has been devoted to the design of the fithess function for this application
which includes non-dimensional terms related to the required performance at design and
off-design operating points. It has been found that essential aspects of the design (such as
the required flow turning, or mechanical constraints) should not be part of the fitness
function, but need to be treated as so-called “killer” criteria in the genetic algorithm.
Finally, it has been found worthwhile to examine the effect of the weighting factors of the
fitness function to identify how these affect the performance of the sections. Results: The
system has been tested on the design of a repeating stage for the middle stages of an
industrial axial compressor. The resulting profiles show an increased operating range
compared to an earlier design using NACAG65 profiles. Conclusions: A design system for
the blade sections of industrial axial compressors has been developed. Three-dimensional
CFD simulations and experimental measurements demonstrate the effectiveness of the
new profiles with respect to the operating rang®OI: 10.1115/1.1737782

Middle stages

The blade sections of industrial axial flow compressors requiree high efficiency
a wider range from surge to choke than typical gas turbine com-* high work input per stage
pressors in order to meet the high-volume flow-range require-* Wide range without variables
ments of the plant in which they operate. For motor-driven units it g stages
is often necessary to have a large number of variable stators to o o )
meet these requirements. In addition, the compressors are usually oW flow coefficient giving high span

assembled from a limited set of standardized stages and casings fo

low exit swirl

meet the particular customer specifications. These can vary subin general these requirements lead to designs of 50 to 60%
stantially from machine to machine to cope with completely difreaction stages at the front, 70 to 80% in the middle and zero swirl
ferent requirements in terms of mass flow, pressure ratio and ¢86% reactiohat the end. The stage in consideration in this paper
properties—and therefore of rotor size, number of stages, Maéhin the middle section of the compressor, where more or less
numbers, and Reynolds numbers. sound repeating conditions are given. _ _

It is normal practice in such compressors to use so-called re_Thls type of standardization of the design forbids several design

peating stages, whereby several successive stages have the %gﬁalr@égres that are often encountered in axial compressors for gas

mes. Transonic bl re excl th rating ran
blades for the rotors and stators but the span of the blade rows Idet?e to?) ssr%al? abnzdtﬁse 2;;;61?3?% %Sf ths soee:?ic?ns g\]/voﬁldge

shortened by cropping the tips. The requirements of axial matqfis (o0 sensitive to cropping. The variation of blade height through
ing determines the |Ocal meridional ﬂOW Channel and deﬁnes tb%pp""g also impedes a refinement of the aerodynamics in the
height of the blades, see Goede and C4d¢yNormally there are endwall region, although a treatment of the blade roots alone
different styles of repeating stage design for the front, middle, armduld be considered. The shift of the rotor and stator blade sec-
end stages, whereby the following design criteria are used féens relative to each other through croppitige rotor is short-
these: ened from the casing section and the stator from the hub sgction
Front stages also precludes any fine optimization of the design through the
axial matching of the blade sections. To alleviate this problem, the
middle stage considered here is designed with a constant exit flow
angle from the stator across the span. Any improvement in perfor-
mance is therefore primarily focused on the reduction of profile
losses and improvement of the operating range of the section to
Contributed by the International Gas Turbine Institute and presented at the Intarl—IOW it to CC_Jpe with the severe aerodynamic malireatment
national Gas Turbine and Aeroengine Congress and Exhibition, Atlanta, GA, JuﬁyOUQh cropping. . . .
16-19, 2003. Manuscript received by the IGTI December 2002; final revision March FOr this type of axial compressor, conventional blade profiles
2003. Paper No. 2003-GT-38036. Review Chair: H. R. Simmons. (NACAGB5 or C4 profileg at moderate Mach number have mostly

* insensitive to high Mach number
 sensitive to variable IGV setting angles
 low hubltip ratio

Copyright © 2004 by ASME APRIL 2004, Vol. 126 / 323

Journal of Turbomachinery

Downloaded 20 Feb 2012 to 129.241.69.190. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



been used as the availability of well-documented correlations &lither evaluation is done—it is effectively killed off without fur-
low the influence of changes in design parameters to be assegbed consideration. Similarly, designs which do not achieve the
with ease(Casey[2] and Casey and Hugentoblgs]). However, required outlet flow angle—and therefore violate the specific work
recent well-documented experience in axial compressor design &d flow turning required for the axial matching of the sections—
gas turbines suggests that peak efficiency improvements and care also eliminated by this “killer” criteria.
siderable enlargement of volume flow range can be achieved byOptimizing with respect to the whole characterisi@t design
the use of so-called prescribed velocity distributi®vD) or con- and off-design operating pointstrongly increases the turnaround
trolled diffusion (CD) airfoils. These types of bade sections ar¢éime for one optimization. The calculations of the characteristic
already widely used in compressors in jet engines and in statiaare conducted up to an operating point that shows a doubled pro-
ary gas turbines and have also been applied in industrial comprée loss compared to the design point. To reduce the effort, the
sors (Eisenberg[4]). Hobbs and Weingold5] describe several flow simulation is split into two steps, the simulation of the design
features of the profiles whose advantages over conventional ppeint (i.e., evaluating of the exit flow angle at the design point
files have been proven. These features can be summarized asdoti—only if the exit flow angle is within the given limits—the
lows (see also Cumpsty6]): simulation of the characteristic. Nevertheless, the elapsed time for
complete section is, in the worst case, about 14 days.
‘In this case, the development of a new blade sections is based
on an already existing desigNACAG65) which is to be improved.
ASeference profile, which closely represents the current design, is
included in the optimization process in the start population to
sure that current knowhow and experience are taken into ac-
Unt. Although this might accelerate the process of optimization,
it is important to note that it does not affect the result of the
The most promising approach for the design of controlled d,pptlmlzatlon |tse|f Test runs have |ed to the same result with and
fusion style of airfoils has been documented in two recent ASMwithout including the reference profile.
papers by DLR and SiemertKoller et al.[7] and Kisters et al.
[8]) and this paper documents the transfer and adaptation of this

technology to industrial compressors. Parameterization of Blade Section Geometry

Description of Design System The challenge for the geometry program is to provide an accu-
) .__rate and flexible parameterization by using a low number of pa-
The blade shapes of PVD or CD profiles are almost arbitrafy meters so as the effort of optimizing is reduced. The imple-
and the number of degrees-of-freedom is high so an efficient 4anted solution uses the concept of superposition of a camber line
sign system without correlations is called for. A design systeq 5 thickness distribution. This was necessary so that the new
consisting of a parameterized geometry description, a fast Wgsciions could be incorporated into the available design system
dimensional flow solver and an optimization tool has proved to Rgnicy yses this technique, following Casgy0]. Both distribu-
an efficient way to evaluate the optimal set of parameters ff,q are described by four patches, two central Bezier patches of
given boundary conditions. Due to the two-dimensional optimizgyiger 4 and two linear patches for the leading and the trailing edge
tion, three-dimensional effects such as secondary flow and Wperig. ). In case of the thickness distribution the leading edge
leakage flow are neglected. This concession has to be made asythey, is replaced by an ellipse.
available three-dimensional Navier-Stokes codes are still too i €-Altogether, the geometry model ends up with 20 parameters, 10
consuming to be coupled with optimization algorithms, althougyr the " camber line and 10 for the thickness distribution for each
three-dimensional Euler codes which are adequate for water t[zqe section. Each parameter is directly or indirectly related to

bine designs can be incorporated, see Sallaberger BJalln-  yhe chord length. By scaling with the chord length, the final design
stead, the three-dimensional geometry of the blade is defined(B% thereforegeésilz be cl)b%a\i/\;lled. gmn, ! 9

the radial stacking of three planar sectighab, root-mean-square  gome of the parameters are not object of the optimization, such

(rms), and casing eac_h_of which is optimized separately usingg the chord length and the trailing edge radstually rTE/g,

the procedure shown iRig. 1. ) others are restricted or used as an initial value, such as the param-
_The geometry of one section is defined by a set of parametglig,s p7 to p10, because they are not independent of each other.

given by the genetic algorithnii.e., breeder genetic algorithm it the parameters p3 and p5 position and slope of the first point

(BGA)). Once the geometry has been generated by the geomeSfyaich 2 are defined. The position of the last point of patch 2 is
program (GEOM), preliminary checks are performed to ensure

that vital mechanical aspects such as cross section area, moment
of inertia or limitations concerning the curvature of the blade
shape are not violated. If any of these checks is not passed suc-

e a very rapid acceleration near the leading edge to avoid praé
mature laminar boundary layer separation or transition,

« a deceleration region, beginning very steep, but relaxing so
to keep the boundary layer form parametgrapproximately
constant, and n

« for the pressure side a nearly constant subsonic Mach numﬁs
distribution.

cessfully, the individual is marked as a “bad” individual and no Patch1 fg;"h 2 Zat°h3_ Patch 4
p2 A — p
P '
5
! H H H @ P P3 p6
Parametrisation|; | Check of i|simulation of Simulation of | 3
of geometry ] Geometry I design point characteristic [ 1
i i 0.0 P 1.0
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Fig. 2 Parameterization of (a) camber line and (b) thickness
Fig. 1 Design system distribution
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given by p1 and p2 and, as this is the point of maximal camber,
the slope is also known. Parameters p7 and p8 finally specify the
inner polygon points. In the same manner, the second Bezier patch
(i.e., patch 3 is described. Arbitrary combinations of the param-
eters pl to p10 will result in a discontinuity of the curvature at the
transition of patch 2 to 3. Therefore p7 to p10 are varied in an
internal loop until continuity of the curvature is achieved. Fig. 3 Influence of moment of inertia on resulting profiles
What has so far been described for the camber line, is also trdeshed line: original; solid line: cross section area and mo-
for the thickness distribution, save that the first polygon point ¢fent of inertial taken into account )
patch 2 is defined as the location at which the ellipse with a minor

to major axis ratio of 0.3 shows the same slope as p3d. Typically, the terms of the fitness function are of different types,
like loss coefficients or angles. Without relating them to reference
Two-Dimensional Flow Solver values, the numerical values of flow angl@s units of degrees

The quasi-three-dimensional blade-to-blade solver MIS ould outweigh any improvement in the loss coefficidgpically

.03, as long as it is not compensated by a well-chosen weighting
V2.4.1 (Youngren and Dreld11]) has been chosen as the flow, . . . g
code for the optimization. This fast code describes the inviscI ctor. With reference values each component in the fithess func

flow using the steady Euler equations, while the viscous effec n has rt]h.e s?me order of r;lﬁagnlt:{?edagd ;htzﬂchmfce of apprloprl-
are modeled by the integral boundary layer equations. T gewelg ting factors is much simplified. Suitable reference values

coupled system of nonlinear equations is solved by a Newtof-n be obtained from experience or from existing profiles.
p ystem q y By definition, essential criteria have to be fulfilled without ex-
Raphson technique.

" ) ... ception. If they were included in the fitness function, their corre-
The boundary conditions are defined by those of the existi . A !
NACA stage. Beginning at the design point the inlet angle i onding weighting factors would have to be set at very high

. : . . vels, and—as explained above—the criteria would become so
\s/gé]eeds w]hIéeonl(s?ggrlggotr]h?hlenlteutrt')\{ljlaecr?cenlfgs/té?riscgynpsi‘tca;rl]lb E&: ;rr‘] é)mlnant_tha}t required criteria would no longer be relevant. This
higher. According to Abu-Ghannam and Shw@], there is no type of criteria is called “killer criteria” and checked beforehand.

f o o In the present case of an industrial axial compressor four killer
urther influence of turbulence on bypass transition for leve'(?riteria have been identified:
above 3%, so that the turbulence level is set to 5%. :

For all calculations the radius of the section is taken as constane the exit flow angle,
and the AVDR is set to unity, which means that both, stator ande. the moment of inertia,
rotor sections, can be optimized with no rotation. Adjustments for « the cross-section area, and
noncylindrical flow channel and therefore nonconstant radius ands the number of turning points on suction and pressure side.

AVDR>1 are made by modification of the desired exit flow angle. i ) ) )
The first of these is related to the achievement of the required

. . specific work and appropriate axial matching of the sections,

Breeder Genetic Algorithm and, the second and third take into account the bending and cen-

The breeder genetic algorithtBGA), developed by Mhlen- trifugal stresses, and the fourth is related to manufacturing re-
bein and Schlierkamp-Voosdn3,14], is based on the evolution quirements.
theories of Darwin and the genetics of Mendel. A population of Strictly speaking, the cross-section area concerns only the rotor,
individuals changes over a number of generations using thetin order to develop a standardized method for rotor and stator
mechanisms of selection, recombination and mutation, whereibys checked for the stator as well. The effect of taking into ac-
the best individual is always transferred unchanged to the nextunt the cross section area and the moment of inertia is demon-
generation(elitism). strated inFig. 3. Optimizing without these criteria leads to a pro-

According to the findings of former projects using this optimifile with littte camber, with the maximum thickness close to the
zation tool(see Sallabergd®] for details the parameters for the leading edge and a very thin trailing edge. On the other hand, the
optimization process were chosen to be 0.20 for the selectitgsulting profile with respect to the stress criteria shows increased
threshold, [ —0.20,1.2Q for the recombination interval and camber and a more regular thickness distribution. The previous
[—0.25,0.25 for the mutation interval. Starting with a populationshape might be superior in terms of loss coefficient and operating
size of 500 individuals, each following generation consists of 5@nge, but is of no technical interest.
individuals, which compromises the calculation time for one gen- So far the exit flow angle has been described and classified as a
eration and the number of generations needed until the optimurkiier criteria. This classification will now be examined in more

found. detail. A design which meets the exact exit flow angle is only an
It is worth noting here that the stringent convergence criteria
applied in the optimization procegsee beloyindicate that a true AB

optimum is found, and in this sense the results are independent of
the actual optimization algorithm that is used. Other systems of 0.08
optimization have been examindéhcluding gradient methods ABya
and neural networksbut none were found to be consistently bet-

ter than the breeder genetic algorithm. 0.0

0.04

Fitness Function

Experience obtained from former projects has led to the follow-
ing conclusions:

- O, (Oy)

0.02:

loss coefficient [-]

e Every term of the fitness function has to be associated to 0
suitable reference values so that the contributions to the fit- 25.00 30.00 35.00 40.00 4500 5000 55.00 60.00
ness value are all of the same order of magnitude. inlet angle [deg]

e The distinction has to be made between goals which are es-
sential and goals which are desirable. Only the latter shoulthy. 4 Parameter of the characteristic for the evaluation by the
be included in the fitness function. fitness function
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Fig. 6 “Convergence” behavior of the optimization process of

inlet flow angle [deg] the stator casing section
Fig. 5 Influence of weighting factor  a; on A B

It is interesting to note here that studies of the effect of the

weighting factorsa, andas did not substantially affect the design

acade_mic task, the designer will ra_thgr allow a defined toleran%q,the sections, indicating that the fullness and the width of the
especially as the methods for prediction of exit angle are not Pharacteristic close to low loss is probably similar for all axial

fect. Thus,_we ha_ve to dlstlngws_h between two cases. If the eégmpressor sections and is related to the global features of the
flow angle is outside of the specified tolerance, it is interpreted ASw rather than detail of the profile shape

a killer criteria and therefore the affected individuals excluded.
E_ut, if the an flow angle is within th_e tolerance, _|t is no Ionge_r a[ime Frame of Optimization Process
iller criteria. On the contrary, the exit flow angle is now an objec
of the optimization to meet the requirements as accurate as posThe optimization process is regarded as “converged,” if the
sible. For this reason, it is part of the fitness function, but thgest individual has not changed for more than 70 generations or
fitness value is only analyzed for those individuals whose estite 400th generation is reachésieFig. 6). There can, of course,
flow angle is within the tolerance. be no proof that with more generations a better individual would
The components of the fitness function to describe position angt be found. To test the risk of this, several sections have been
shape of the characteristic have been chosen according to the Riimized starting from different reference profiles and, with the
posal of Kdler et al.[7] and are sketched iig. 4. For the design convergence criteria given above, no differences in the optimized
point B, the profile shows a design loss coefficient @f.  profile could be identified even when starting from quite different
When decreasing or increasing the inlet flow angle, the losses vétarting profiles.
eventually start to rise until a loss coefficient double that of the This optimization process for one section typically requires
design point is reached. This range is defined as the operatiigput two weeks on a single DEC ALPHA ES40 processor,
range and the difference between the stall point and the desihereby the characteristic is only calculated if all geometrical
point is known as the safety against stall. For the inner 80% of tiiequirements are fulfilled and the exit flow angle is within the
operating range the average valug, and the standard deviation given limits for the design point.
ago are used to assess the flatness and the homogenity of the losghe time frame strongly depends on the section that is to be
characteristic. optimized. Rotor sections generally take longer than stator sec-
Altogether, the fithess function consists of 6 components  tions. This is due to the boundary conditiofmgher Mach num-
berg which require longer convergence times in MISESpe-

F-a wp | a ABrer| 2 ABstall ref e3+ wgo | * cially if shocks occur. The system has not been made parallel to
N wp ref 2l AB 3 ABga | wgo ref improve its speed, but on a multiprocessor machine different
o blade sections can be optimized in different processors at the same
g0 | B2 Baref | % :
80 2 2,re time.
+as +ag| 1+ |——— (1)
T80 ref B2 ref

whereby ref refers to values of the reference profile used to malﬁgsults of Optimization of Sections
each term nondimensional. It is interesting to note that becauserhe features of the optimized sections are in good agreement
the blade-to-blade code of MISES is able to predict the operatimgth the expected velocity profiles and boundary layer develop-
range and the loss coefficients, there are no elements of the fitnesnt expected for PVD and CD profilgsee introduction even
function which are related to the specification of optimum velogdhough no specific aspect of the fithess function is related to ve-
ity distributions or boundary layer distributions. locity distributions or boundary layer parameters. Clearly, the
Each component is associated with a weighting faat@nd an physics of the flow included in MISES is able to identify that the
exponente; . The exponent factorg; have not been used and aretypical velocity boundary layer distributions automatically mini-
all set to unity. It has been found expedient to examine the inflmize the fithess function chosen, which examines only losses and
ence of each of the weighting factoes separately. As an ex- operating range.
ample, the influence d; (responsible for the safety against stall One example of the results for the casing section of the stator is
is shown inFig. 5. given in Figs. 7-11. In these comparisons the reference data are
Increasing the weighting factoa; gives a higher margin the MISES calculation for the original NACA profile. In many
against stall through an increased stagger angle and leads to tesses the MISES simulation identifies problems that occur in this
incidence for high inlet flow angles. Furthermore, the leadingference section that could probably have been avoided by using
edge is thickened, so that the profile is less sensitive to incideneedifferent NACAG65 profile with different camber and stagger.
Both measures improve the safety against stall. On the other si@ie original design was carried out without the MISES results
due to the higher incidence for small inlet flow angles, the lossesing the procedure outlined by Casey and HugentdBleso that
are increased and the operating range towards choke is substaa-improvements given by the optimization process include some
tially reduced. effects due to the poor selection of the original reference profile.
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Fig. 7 Stator casing section. Camber and thickness distribution showing polygon points
(upper left ), geometry without stagger  (lower left ), and curvature (right ).

Geometric Features. On the right side oFig. 7 the curvature In this case all of the geometric “killer” criteria are fulfilled,
of the optimized camber [inéCL) is compared with that of the i.e. the number of turning poin{gressure side: 1; suction side: 0;
NACA profile whose camber is approximately a circular arc. ThEig. 7 right) and the cross section area and the moment of inertia
curvature in the front part of the optimized profile is increasedboth approx. 3% above their lower limit
while it is less over the rear 75% of the section, leading to the . . . . .
typical shape of CD profiles with a relatively low curvature to- Flow Features in Design Point. The positive effect of high
wards the rear of the blade. Additionally, the Iocation of the maxfzamber and thickness close to the leading edge is demonstrated in
mum thickness, which is at 40% of the chord length for thEid- 8. The flow at the suction side of the NACA profile is con-
now very close to its lower limit of 25% chord length, which hagdi-e. m"=0.05-0.06 inFig. 8) followed by a deceleration whose
been set to avoid too blunt leading edges. Finally, the new blageadient becomes increasingly steeper towards the trailing edge.
has a lower stagger angle than that of the NACA blade. When the adverse pressure gradient is too strong for the flow to
overcome, separation occufsig. 9). Consequently, the deviation
of the exit flow angle lies outside the desired tolerance and the
overall pressure rise is lower.

For the optimized profile the flow on the suction side is highly
accelerated and reaches its peak value shortly after the leading
edge at about 5% chord length. The deceleration which follows
starts with a strong gradient as in this region the boundary layer is
still thin and uncritical. When the conditions start to become criti-
cal, the gradient is weakened in order to stabilize the boundary
layer. This form of pressure distribution, often called “ski-slope”
is typical for PVD and CD profiles.

The effect of stabilization can also be seen on the boundary
layer form factor distribution HKFig. 8 right). After the transi-
tion, which occurs at the suction side right after the leading edge,
the form factor starts to rise slowly. With the reduction of the
deceleration gradient, thék-curve is flattened again and separa-
tion avoided, even though the stagger angle of the optimized pro-
file is less than that of the NACA blade. The resulting exit flow
Fig. 8 Pressure distribution and form factor ~ Hk of stator cas-  angle is within a 0.2-deg tolerance of the desired value.
ing section at design point While the flow at the pressure side of the NACA blade is de-
celerated, the optimized profile shows an almost constant pressure
distribution with a slight acceleration in the front part of the blade,
which delays the transition at the pressure side and reduces the
losses.

Flow Features at Off-Design. With increasing flow angle,
the velocity on the suction side close to the leading edge rises as
well and, in the case of the optimized profile, becomes transonic
(Fig. 10). The higher velocity of the new profile is due to the
lower stagger angle and the thickened leading edge, but, as a
thicker leading edge results in less sensitivity to incidence, the
velocity peak is not as distinct as for the NACA profile. The
effects of the optimized pressure distribution, which have already
Cotonis:5f Mach been described for the design poiiski slopg, are even more

Increment = 0.02 emphasized, the pressure gradient at the rear part of the blade is
very small. Still, separation cannot be completely averted, but
Fig. 9 Mach number distribution of stator casing section at compared to the NACA blade the separation is much smaller and
design point results in lower losses.
Journal of Turbomachinery APRIL 2004, Vol. 126 | 327

Downloaded 20 Feb 2012 to 129.241.69.190. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



Cp

OPT

Contours of Mach
Increment = 0.02

&1.0~ 0.15 P 0.20

0.40— OPT

Fig. 10 Pressure and Mach number distribution of stator casing section at high inlet flow
angle
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Fig. 11 Pressure and Mach number distribution of stator casing section at small inlet flow
angle

The lower stagger angle of the new profile, which has beenBiade Stacking
disadvantage at high inlet flow angles, becomes advantageous f
small inlet flow anglegFig. 11). Due to the higher stagger angle
and the thin leading edge the flow at the pressure side of tﬂe - - ; -

: . . jigs. This is possible, since all sections are members of the same
NACA blade separates immediately after the leading edge anrofile family and their shape, and therefore the location of the
sets therefore the lower limit of the operating range. At this pOirR’enter of rgvit is similar 'llc')h’e ontimized profiles tend to have a
the new blade is still working perfectly. Thanks to the smalle¥ 9 Y, ) P P

: : : ifferent location of the center of gravity relative to the chord
stagger angle and the thicker leading edge, the predicted operaﬁ%g ; :
range is increased by more than 50%. ength for different sections over the span and so they are stacked

over the mean value for all sections instead.

Loss Coefficients. Similar results were obtained for the re- Originally, optimizations were performed for seven sections
maining stator and rotor sections. The loss coefficients of all seasross the span of each blade. This required a lot of computing
tions, each compared to the corresponding NACAG5 profile, atine, and the resulting shape of the blade turned out to be slightly
given in Fig. 12 For all sections the losses have been reducédegular across the span. The question arose, how many sections
significantly and the operating range increased. For the rotor hids a proper definition of the blade were needed. To answer the
section, it is clear that the original choice of the NACAG5 profilguestion, both the rotor and the stator blades have been built up by
was not at all good. The loss curve of the optimized profile is nousing only the hub, midspan, and casing sections. At the span
in the desired range, while a shift to higher inlet flow angles caralues corresponding to the four nonused sections the resulting
be found at the casing section of the rotor. profiles have been generated by interpolation and their loss coef-

%o build up the three-dimensional geometry, the centers of
ravity are typically used as the stacking line for NACA65 pro-
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which is required for the Baldwin-Lomax model. The calculations
were performed for a machine Mach number of M5 with

total pressure and temperature inlet and a massflow outlet bound-
ary condition, respectively. The calculations were considered to be
converged if the difference between inlet and outlet massflow is

inlet flow angle [deg] -

Fig. 12 Loss coefficient for  (a) hub, (b) midspan, and (c) cas-
ing section of stator and rotor for existing (dotted ) and opti-
mized profile

] ABref

P

Bstall,rgf
»

e
I
|

,’\ INT

N

less than 1%., which took an average calculation time per operat-
ing point of 27 hours on an SGI octane.

The guide vane stagger angle of the existing NACA stage was
chosen to be 60 deg, since this value was found by the measure-
ments to give the highest efficiencies. For the new stage, the op-
timal guide vane stagger angle is not known in advance. There-
fore, as an initial guess it was assumed that the difference between
its design and optimum stagger angle is the same as for the NACA
stage, which leads to a value of 65 deg. This assumption has to be

checked by the measurements.

The overall polytropic efficiency and the total pressure rise
(calculated for the % stageg of the existing and the new stage are
presented inFig. 14. The peak efficiency of the new stage is
higher with a flattened characteristic and as a result an increased
operating range.

loss coefficient [-]

L A

stator section between
rms and casing

0.00

10. 20. 30. 40.

inlet flow angle [deg]

50. Comparison With Measurements

Experimental validation of the optimised blading has been car-
ried out in the large high-speed 4 1/2 stage axial compressor
“Palue” in Sulzer Innotec, which has a hub diameter of 400 mm.
This compressor was also used for the measurements of the origi-
nal NACA 65 blading and for these new tests the annulus geom-
ficients compared to those of the optimized profiles. As can Ig&y, and all instrumentation remained unchanged, the compressor
seen by the example of the stat@ig. 13), the difference is only was simply fitted with a new set of blades. The instrumentation
small which means that three sections per blade are sufficient fagluded measurement of the volume flow in a calibrated nozzle,
the definition of the blade. inlet and outlet conditionéstatic pressures and total temperatures

upstream and downstream of the blading, and static pressures be-
Comparison With Three-Dimensional Navier-Stokes tween each blade row. _
Simulation Tests in this compressor f_oIIow a s_tandard, and well-established

procedure whose objective is to derive measured stage character-

In order to test the performance of the newly developed prestics for repeating stage conditions at different stator vane stagger
files, calculations were carried out using the commercial CFBhgle settings. In these measurements the inlet guide vane and
package Fine/Turbo from Numeca. The geometrical model take@tor vane setting angles of all blade rows are adjusted to provide
into account all 43 stages of the axial compressor test rig ah geometry that repeats through the compressor. The annulus is
Sulzer Innotec as well as the inlet and exit part of the machine addsigned following Goede and Cadéy, and under these condi-
the tip clearances. tions there is one speed of the compressor which leads to repeat-

The mathematical model employs a steady, three-dimensiolivag stage conditions through the machine at the best operating
viscous turbulent Navier-Stokes solver with the Baldwin-Lomagoint. The establishment of repeating stage conditions can be con-
turbulence model incorporated. Furthermore, a central discretiZamed from the static pressure measurements on the casing. At the
tion scheme and first order extrapolation on rotor-stator interfacgiwen speed, the repeating stage conditions are then more or less
are used. The mesh consists-e2 million nodes with four pos- retained as stall is approached, but deviate from this as choke is
sible multigrid levels. This results in average- values of~3, approached with the last stages operating at a lower relative pres-

Fig. 13 Influence of number of sections used for the blade
(OPT: optimized profile; INT: profile generated by interpolation )
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Conclusions

A design system for the blade sections of industrial axial com-
pressors has been developed. The method combines a parametric
geometry definition method, a powerful blade-to-blade flow solver
(MISES) and an optimization techniquéreeder genetic algo-
rithm) with an appropriate fitness function. Particular effort
has been devoted to the design of the fitness function for this
application:

OPT

1.00 1

NACA

0.75

np / 1’]p,opt [-]

« All terms in the fitness function are nondimensional with re-

spect to reference values.

Essential aspects of the desigsuch as the required flow

turning, or mechanical constraiptshould not be part of the

fitness function, but need to be treated as so-called “killer”
criteria in the genetic algorithm.

* It has been found worthwhile to examine the effect of the
weighting factors of the fitness function to identify how these
affect the performance of the sections.

» The fitness function only includes terms related to the re-
quired performance at design and off-design operating points.
Nevertheless the optimized sections have the typical velocity
and boundary layer distributions associated with CD and

sure rise. Note that at higher stagger angles a lower speed is PVD profiles.

needed to attain repeating stage conditions as the stage produce

higher work input. : ; . .
The measurements on this stage were completed in Decem Oérthe middle stages of an industrial axial compressor. The result-
profiles show an increased operating range compared to an

2002, during the submission process for this paper. The results) | . . ) e :
which are summarized iRigs. 15and 16, are highly satisfactory ;F%]l:ﬁ;t% ?]S;ggnlf'g?(p'\elﬁriggg Iprrzfe"g:ﬁrzmgﬁtglrgzrrﬁtl)%gﬂatcelz?he
with regard to the operating range of the stage, but unfortunate . . . .
the optimized blading did not achieve a better efficiency than tgﬁc(talveness of the new profiles with respect to the operating
NACA 65 blading. In the short time available since the comple- ge.
tion of the tests it has not been possible to find an explanation for
mle; poor efficiency of the optimised stage. Work is continuing Oﬂcknowledgments
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variability in flow) than that of the NACA 65 bladingzigure 16
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operating range than the NACA 65 blading at all stagger angl®¥menclature
and speeds that have been tested. In this figure the operating range pypr = axial velocity density ratie: p,Cyo/p1Cyy
is denoted by the flow range defined as the difference between the
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Fig. 15 Measured polytropic efficiency — #,/ 1, o Of the exist-
ing (diamonds ) and the new stage (filled squares )

She system has been tested on the design of a repeating stage
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Mu=0.45, 0.50, and 0.54 and different stagger angles © AB = operating rangédeg

330 / Vol. 126, APRIL 2004

Transactions of the ASME

Downloaded 20 Feb 2012 to 129.241.69.190. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



Subscripts

0=
1 =
2 =
80 =
90 =
D =
is =
ref =
stab =

Superscripts

= safety against stalldeg
= dimensionless operating

range= (Vl,QO_ Vl,stal)/Vl,design

= boundary layer displacement thickndgss)
= polytropic efficiency

(total-total)= y— 1/y In(pg2/ Por) /IN(tgz/to1)
stagger angle with respect to circumferential
direction (deg

= boundary layer momentum thicknega)

flow coefficient=C, /U,
density (kg/m)

stage pressure ratiopg,/po;
standard deviation

= loss coefficient (poo,is— Po2)/(Por— P1)

stagnation value

inlet plane

outlet plane

inner 80% ofAB

90% of peak efficiency
design point

isentropic

reference value

at stall

= 1st deviation

2nd deviation
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