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A new family of subsonic compressor airfoils, which are characterized by low losses and
wide operating ranges, has been designed for use in heavy-duty gas turbines. In particu-
lar the influence of the higher airfoil Reynolds numbers compared to aeroengine com-
pressors and the impact of these differences on the location of transition are taken into

Bernhard Kiisters account. The design process itself is carried out by the combination of a geometric code
for the airfoil description, with a blade-to-blade solver and a numerical optimization
Heinz-Adolf Schreiber algorithm. The optimization process includes the design-point losses for a specified Q3D

flow problem and the off-design performance for the entire operating range. The family
covers a wide range of inlet flow angle, Mach number, flow turning, blade thickness,
solidity and AVDR in order to consider the entire range of flow conditions that occur in
practical compressor design. The superior performance of the new airfoil family is dem-
onstrated by a comparison with conventional controlled diffusion airfoils (CDA). The
advantage in performance has been confirmed by detailed experimental investigations,
which will be presented in Part Il of the paper. This leads to the conclusion that CDA
airfoils that have been primarily developed for aeroengine applications are not the opti-
mum solution, if directly transferred to heavy-duty gas turbines. A significant improve-
ment in compressor efficiency is possible, if the new profiles are used instead of conven-
tional airfoils. [S0889-504X00)02102-4
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Introduction mental and numerical research wdeq. For the design process
. . - tself, two different computer-aided methods are commonly in
Modern heavy-duty gas turbine compressors used in comblnéqe,’ . . ;

cycle operation have to deal with a number of requirements. D g€ t_he o!lrect and the inverse approach. In th? direct method, the
ow field is completely described by the specified cascade geom-

to economical and ecological demands, high efficiency as well 88y and the flow conditions up- and downstream of the cascade
higher power output, based on both growing mass flows and i Ty @ . P L '
e inverse approach is based on the velocity distribution on the

creasing specific work, are desired. Gas turbines have to operate.. . . - - .

; - Lo : " rofile surfaces. Together with a given solidity and the inlet/exit
with _suffluent surge margin in different cllma_te_cor)dltlons, 3ow conditions thegassociated a?rfoil geome{ry can be defined
rotating speed variations due to freque_n_cy deviation in tht_a po 4. However, this inverse design method requires multiple
supply system, and at part-load conditions. These reqUIreme%zariations of the velocity distribution until an acceptable profile
can only be satisfied, if within the design process both the sta I%ometry is obtained. The first supercritical airfoil, which was

and dynamic strength demands and Fhe aerodynamic perforr_naﬁg igned by the inverse approach and validated by experimental
of the compressor blades are taken into account. The stacklngré) ults, was presented by StephéBb In the following years

the profiles in the radial direction, as well as the profiles therrl)ﬁany authors showed the superiority of the new design, both for
selves, play an important role for the efficiency and the Opergﬁpercritical and subsonic airfoil8,7] ’

tlogilesg et:]ye?]fi t?]emvzzosl?lgxnlﬁgeﬁi%r{ compressor stages have In the same way as gas turbines have to work at part-load, the
. gn o ipressor stag - rtﬂ'npressor airfoils have to operate at off-design conditions,
deal with transonic and supercritical velocity distributions, whil hich means different inlet flow angles, Mach numbers, and axial
in the middle and the rear stages subsonic flow is predominant. Qlocity density ratios. By using an ir;verse approach’, it is not
this subsonic region it is very efficient to use profile families fo ossible to consider the cascade's performance at part-load con-

blading in order to achieve a fast and reliable compressor desi fions. Only the employment of a direct flow solver can provide

The quality of an air.foil is mainly gletermined by the total pressurg . - ation on the airfoil’s off-design behavior.
losses and the attainable operating range.

In the past, different airfoil families have been developed fo A second reason for using the direct method is to enable the
he past, | . op (goupling of the flow solver with an optimization algorithm and a
use in subsonic compressor design. Based on extensive exp

(N . P L A .
mental studies, the NACA-65 airfoilid] were implemented in §5ometrlc code for the airfoil description in order to achieve an

many aeroengine and heavy-duty gas turbines. From the end®y omated design tool. The variables needed as input to the geo-

. g o= . tric code can be used as independent variables for the optimi-
the seventies controlled-diffusion airfof€DA) made their way zation process. With the use of gn automated approach aplarge

into modern compressor design, which were based on both EXPRlimber of airfoil designs can be carried out, which is required to

establish a new airfoil family. This idea of automated design has

Contributed by the International Gas Turbine Institute and presented at the 4 i
International Gas Turbine and Aeroengine Congress and Exhibition, Indianapo#neady been presented by Sanﬁﬁirand used for optimizing the

Indiana, June 7-10, 1999. Manuscript received by the International Gas Turbﬁf@Sign of a Com_rO”ed'diffleSion stator blade row. With the in-
Institute February 1999. Paper No. 99-GT-95. Review Chair: D. C. Wisler. creasing calculation capacity of modern computers, the employ-

Journal of Turbomachinery Copyright © 2000 by ASME JULY 2000, Vol. 122 / 397



A

——
hY
AN T te AL,
N X, j b

NN Q:)}{Mz

o(S,-S,, P,-P,): Start & End Points of Spline

Fig. 1 Aerodynamic and geometric cascade parameters S, 2 t S,
2 2 g

ment of such coupled, automated design tools is still rising, Sanz Fig. 2 Design parameters for airfoil generation
[9] used an inverse hodograph method in conjunction with an
optimization algorithm, Goel et aJ10] extended the use of this

automated design to turbine airfoils and Pierret ef ] coupled angleA\, . Together with thex/y coordinates at locatio8, (the

a Navier—Stokes solver with an artificial neural network. Evegonnection between the two suction side spliresd the corre-
a_Igorithms base(_j on g_ene_tic ideas made their_ way into airfoil d@ponding data for the trailing edge, the two spline functigrem
sign[12] and optimization is now used for solving different probg, to S, and fromsS, to S;) can be calculated. The pressure side is
lems in turbomachinery13]. But in all these airfoil design pro- attached with the requirement that the maximum airfoil thickness
cedures, the off-design behavior is excluded. matches the prescribed value ofln a further step the circular

_ Today in most heavy-duty gas turbines NACA-65 or CDA profeading edge is modified to an elliptical one.

files are in use for designing the subsonic compressor stagesthe effectiveness and flexibility of this model is demonstrated
While the NACA-65 profiles were initially developed as airfoilin Fig. 3 by the reproduction of three given airfoil geometries. In
profiles, the controlled-diffusion airfoils were originally designegnhe top diagram a controlled-diffusion airfoil of the V84.3A-
for use in supercritical cascades. Hence, both families were nglemens gas turbind 5] is shown. The next airfoil was designed
initially designed for use in subsonic heavy-duty gas turbine comsing the inverse approach for application in the first rotor hub
pressor stages. So the question must be raised: Do these airfgdgtion of an industrial compressft6] and the third diagram
represent an optimal solution to meet the requirements of sughows an inverse designed high turning stator cross selgion
large compressors, where the profile loss and the airfoil's operali three reproductions are almost congruent with the original
ing range are of utmost importance? ﬁeometries. This underlines the flexibility of the geometry pro-

This paper deals with the development and experimental va§iram to construct arbitrary profiles, which is necessary to allow a
dation of a new compressor airfoil family under consideration @juccessful optimization process.

the special flow boundary conditions in a heavy-duty gas turbine

compressotFig. 1). A direct approach is used because the design Blade-to-Blade Calculation Method. All calculations pre-
and the off-design behavior of the cascades need to be taken mted in Part | have been carried out with the inviscid/viscous
account. As the profile geometry can be described by a numberflov solver MISES developed at MIT by Gilgd7] and Drela
geometric parameters, the search for an optimal airfoil geometA8]. A two-dimensional, steady-state and inviscid calculation of
can be transferred to an optimum search in a multidimensiorie flow field is coupled with an integral, compressible boundary
space and can be solved with a modern numerical optimizati#yer calculation. The influence of the stream tube height is taken
algorithm. Based on a variety of optimized profiles, a new airfointo account and for local supersonic regions the “artificial vis-
family was created that covers the wide range of mechanical ag@sity” formulation is implemented. The flow is discretized by a
aerodynamic properties of the multistage axial compressor. D#ite-volume approach, where two of the four element edges are
tailed experimental investigations, carried out in the DLR traridentical to the streamlines. The corresponding computational grid
sonic cascade wind tunnel, confirmed the superiority of the optPPology and an enlargement of the leading edge region are shown
mized profiles. The corresponding results are presented in PartiFig. 4.

of this paperf14].

Analysis Methods 02 — SIEMENS-Airfoil, Direct Design
0.15 k -

The airfoil design process used for the development of the ng

profile family is carried out automatically by the combination of g = /\
geometric code for the airfoil description with a blade-to-blad o

solver and a numerical optimization algorithm. -0.05 b 57 0T e 0B 0B i
Profile Model. The geometry model implemented allows a 02 ‘_ ......... MAN-GHH-Airfoil inverse Desﬂ
direct description of the airfoil surfaces. As the suction side di 0.15 ‘ =

fusion is mainly responsible for the profile losses at design col g o
ditions, the profile generation starts with the suction side constru 0.05
0

tion and then attaches the pressure side.

Figure 2 gives an example of the airfoil geometry. For the 005 02 04 yc 08 08 !
construction of each surface two third-order spline functions ai 02 I DLR-Airfoil, Inverse Design
used. The leading edge geometry is described by an elliptic 0.15 Reproducti
function, the trailing edge by a circular arc. In general a splin| o o1
function definition requires the start and end point coordinates | > 05
well as the referring slopes. The leading edge enlargement sho 0
the parameters used in this geometry model to define the coor|  °% 02 03 yjc 08 o8 1
nates and the slope at the suction side starting &inthe lead-
ing edge radius ., the inlet metal angle\,, and the wedge Fig. 3 Reproduction of three compressor profiles
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tarting geometry = 1 set of n parameters => OBF

n gradients corresponding to n parameters
=> OBF,, - OBF,,

Fig. 4 Computational grid for subsonic compressor airfoil

determine step width = define actual

set of n parameters => OBF
Based on the inviscid flow results and the airfoil surface geom-

etry, an integral calculation of the two-dimensional, compressible

laminar and turbulent boundary layer equations is carried out dur-

ing each iteration step of the flow solver. The laminar—turbulent

transition can occur in three different modes depending on the

free-stream turbulence level, the Reynolds number, and the pres-

sure distribution: free, bypass, and transition in combination with

a separation bubblgl8,19. Inviscid and viscous code elements Fig. 6 Flowchart of optimization algorithm

are coupled by the displacement thickness. Contrary to most

inviscid/viscous codes, MISES solves the boundary layer equa-

tions together with the flow field as a coupled system. After each

iteration step, the computational grid node coordinates are adapted. . . | . o

to the local flow conditions, so that in a converged solution the OPtimization Algorithm.  The goal of each optimization pro-

grid lines in the main flow direction coalesce with the strearf€ss Is the m|n|m|z§t|on or maximization of an objective function.

lines. The exit flow angle and the total pressure loss are calculalés€ of the geometric parametés;, ANy ,r g, Np, AN, trg, .. )

by conservation of mass, momentum, and energy from the c8own in _Flg. 2_as optimization parameters for thl_s process Igads

cade exit to a specified mixing plane downstream. to an optimal airfoil design with respect to the given objective

For a first validation, experimental data and MISES calculdunction. For each parameter lower and upper bounds have to be
tions of the two inverse designed airfoils shown in Fig. 3 havéefined in order to avoid physically meaningless solutions. These
been compared. Fig. 5 and Table 1 show the results for the MAQefinition ranges are also used for the normalization of each pa-
GHH-Airfoil [16] at design point conditions with more than 3gi@meter. This allows comparison of parameter gradients based on
deg of flow turning. The calculated Mach number distribution jgifferent dimensions. The choice of which optimization algorithm
in excellent agreement with the experimental data for both suctigould be adopted to solve a given problem depends strongly on
and pressure side. Static pressure rise, exit Mach number, 4@ mathematical properties of the objective function. The higher
total pressure loss show a very good agreement and exit i objective function’s order of steadiness is, the more sophisti-

angle difference seems to be near the measurement accuracy. caigd the chosen optimization algorithm can be. But the question
MISES validation prior to the design of the new airfoil familiyOf whether the optimum reached is a global or local one cannot be

was extended to the comparison of the complete operating rafggwered. o o
for both inverse designed airfoils. MISES showed satisfying FOr the optimization presented in this paper, a combination of
agreement to the experimental data in all regarded conditions, ¢ @lgorithms has been adopted: a normal-distributed random

these first results confirmed the choice of MISES as the preferrggfrch cod¢GLOBAL) together with the deterministic Gauss—
flow solver for the intended airfoil design. Seidel-Coordinatéd GSO strategy, which basically is a gradient

method. A fundamental description of both is presented by
Schwarz and Spiegdl13] and the corresponding flowchart is
shown in Fig. 6. Each objective function call means blade-to-

optir;!zed geometr; => min{OBF)

p—y

E'Q - | . blade calculations for the stagger angle determination, the design

~ B,=128.3 and the off-design behavior for a given geometry set of n

g 08 M,=0603 | parametersand is symbolized by %" in the flowchart. Hence,

= R AVDR =1.067 for a certain airfoil the requested flow turning is achieved by the

2 0.6 determination of the required stagger angle through preliminary

c blade-to-blade calculations in each objective function call.

) At the beginning the user has to define one sat parameters,

= 04 2 which represent the initialstarting geometry and the basisa”

L0 i for the random search code. Within the given definition ranges, a

8’ > [ MISES - Calculation normal distribution of each parameter is generated with each start-

E 02F Experimental Data ing parameter as an expected value and a preliminary user-

2 [ I l I specified standard deviation. For each of the so-der@/eskts of

= 0l T T . o parameters the objective function values are calculated. As the
0 0.2 0.4 0.6 0.8 1

chosen objective function includes the calculation of the cascade’s

design and off-design behavior, the random search bagisvas

Fig. 5 MISES and experimental Mach number distribution set toa=2. With a number of parameters” used in the opti-

mization process between=6 andn=10.a" was in the range of

64 to 1024. That set of parameters, identified by the minimal

objective function value, serves as input/starting geometry for the

B2 Mo w p2/p1 GSC strategy. Each GSC iteration cycle consists of three steps:
MISES 89.7° | 0.466 | 1.51% | 1.098

Experiment | 90.4° [ 0.466 | 1.45% | 1.098

" Distance along chord, x/c

Table 1 Numerical and experimental exit data

» search for the optimization direction in thedimensional
space,
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 determine the step width for the found optimization directior 005
(leads to a new set af parameters
» check all defined convergence criteria. 0.04

3
The optimal set oh parameters defines the geometry, which witr§
respect to the objective function, repesents an optimal solution f2 o3|
the given problem. The higher the numberand the standard !
deviation in the random algorithm are, the more global the searc
is.

0.02 -

| pressure

The combination of the three presented codes, the geomet »
profile model, the blade-to-blade flow solver, and the optimizatio*™ oot}
algorithm together with a given objective function, enables th

user to automatically design airfoils for a given vector diagram. 0 et L y L ) :
3l -8 6 -4 2 0 2 4 6 8 10

Incidence, i

Airfoil Design

The prescribed tool for automated airfoil design has been used ~ Fig- 7 Elements for objective function definition
for a wide range of application. Based on a large number of op-
timizations, a new airfoil family has been developed.
terms, which introduce geometric restrictions for a mathematical
formulation. For instance, due to static and dynamic strength re-
Birements the cross section area of a rotor blade may not be less
an a certain given value. If during the optimization process a
éometry is generated that fails this criterion, a relating number
will be added to the objective function value OBF. The refer-
ce values allow a normalization of the different objective func-
€ti8h terms. The coefficient€ are used for weighting each term
%?ainst the others and must be specified by the user and validated

Range of Application. Because an airfoil family used for the
whole subsonic compressor has to cover flow turning proble
for both the mid and the rear part of the compressor, for both t
hub and the tip endwall blading, for both stators and rotors and f
different reaction numbers, each considered variation param
has to cover a wide range. In Table 2 the minimum and maximu
values for each design parameter are given. One discrete valu
each design parametéB,, AB, M4, t/c, s/c, and AVDR is
established in order to define one flow problem, which is to
solved by the automated design tool. Within these ranges o
design relevant combinations of parameters have been adopte
a basis for the new airfoil family.

test runs of the design tool. The objective of the optimization
ocess is to minimize this function.
ith this type of objective function a design will be achieved,
which is characterized by:
Objective Function. Apart from the flow solver the quality
of optimization results depend mainly on the optimization algo- , ; ; .
rithm itself and on the formulation of the objective function. If | :\évé?iii?epféﬁmi r:tgﬂerhargin'
this formulation mathematically represents the desired physical, a low and constant loss Ievél within the inner 80 percent
behavior, a good design can be expected by using an optimization incidence range:
process. So the validation of a chosen objective function is one, no violation of a’ny geometric restrictions
key to a successful automatic airfoil design. ’
As mentioned above, modern heavy-duty gas turbine compr&sis formulation represents a new approach in automated airfoil
sors have to operate with high efficiency at varying conditionglesign, because the cascade’s complete operating range is taken
This primarily means that the level of the total pressure loss at tirgo account.
design point and the entire incidence range of the cascade is es-. _ . o . . .
sential for the compressor performance. Figure 7 illustrates allAirfoil Optimization. ~ To give an impression of the presented
elements used for the objective function, which takes into accodfP!'S and objective function’s efficiency, an optimization ex-
the complete airfoil's operating range. The corresponding form@Mple will be presented and discussed in detail. Figures 8-10

 low loss at design point condition;

lation of the objective function is show comparisons between the profile before and after the opti-
mization. In the lower diagram of Fig. 8 the design point and
wp AB; cascade datg3;, AB, M4, t/c, s/c, and AVDR) are noted. With
OBF=C;- _ref+02' AB1 res a diffusion factor ofDF =0.42, the loading of this cascade is
‘e |(ABst/AB1) = (ABst/ A1) e
3 (AIBSt/Aﬁl)ref
0.12 1
+Cp 20 4oy T 4 SPF. 1 o LT
@80 ref 080, ref So0sf ~ G
The total pressure loss at design conditions is called The §006 / s 2
limits of the attainable operating range3; are defined by twice -g ' / NN g -3
the value ofwp . The relative stall margin is given by the expres-=%%* a3
sion (ABs/ABy). To aspire to a “flat” loss curve, the mean 0,02( e g 5t
value of the total pressure losses for the inner 80 percent of tI ; 5
operating range is calle@g, and the corresponding standard de- ~ ° Dios'tzancé)éongofhord?'i/c ° Distance ﬁlongoi?hom?‘?(/c
viation ogy. The abbreviatiorPF represents the penalty function
B, =145° AB=1422°, M, =0.60, Tu=3.0% _._........ Starting profile

t/c = 0.085, s/c = 0.933, AVDR = 1.05, Re = 2.510°

Optimized profile
Table 2 Range of design parameters

61 AB | My t/c | s/c | AVDR
Min 130° | 4° [ 035 ] 0.04 | 0.7 0.9
Max (| 165° | 30° | 0.80 | 0.16 | 1.2 1.2

Fig. 8 Geometry of starting and optimized profiles
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12 : : S layer is still thin. On the one hand this means that in the front
' | = .l 25— ‘s‘i°"°"?""° : accelerated part the boundary layer of the starting profile is al-
1——{' I g‘;;‘,:g;:;;‘;;,eF MY Transition] ready turbulent. On the other hand this leads to a smaller decel-

eration gradient for the optimized airfoil downstream of the peak
""" —4?Z Mach number. With incompressible shape factor values below
gz 18 both aiyfoils show significant margin to suction side separa-
e = > 0008 Distance along Shord, xic téo(;\,T\/\éhlch is assuc;neg to gccurl Bit»; values bethrelenk 25 agd
T h ) 1 ’_1_1; ] .0. The suction side boundary layer momentum thickness distri-
S == Syctensidel 1 butions are presented in the lower diagram on the right side. In
conjunction with the Mach number distributions, the important
0,002 | R role of the deceleration gradients can be clearly seen: The higher
‘ / the local deceleration gradient is, the higher the local momentum
o thickness growth rate is. For instance, between 30 and 70 percent
Distance along chord, x/o of chord, the diffusion on the starting geometry is significantly
higher and the boundary layer momentum thickness grows with a
higher gradient, as well. At the trailing edge of the starting profile
the momentum thickness is slightly higher than for the optimized
geometry.
within an usual range for subsonic heavy-duty gas turbine co The tota}l_pressure losses for both airfoils are presgnted in Fig.
irfoils. The Revnolds number is set 1218 and the TO. In addition, the corresponding elements qf the objec.tlve func-
pressor air : y tion are noted. With regard to the starting profile, the design losses

turbulence level to a value where bypass transition is predomllz o heen reduced by more than 6 percent, the incidence range
nant. That means that transition occurs at a location where ttq '

t thick R Id b h | %S been increased by more than 4 deg, including 1 deg larger
P;ﬁgﬁ; 2810 ICKness Reynolds number approaches a value gy margin, and the penalty function value has been reduced to

As th left di h both tries. the startiZ&"°: Correspondingly, the objective function value could be re-
s the upper 1efl diagram Shows, both geometries, he Startig o from 5.44 to 4.17. The main cause of the increased operat-
and the optimized design, have the saxhe value for the maxi-

. . . ing range is the thicker leading edge geometry, which is less sen-
mal thicknesgt/c at 25 percent. The thickness of the optimize itive to any off-design inlet flow angle. The almost flattened

profl!e In f_ron_tiof and behln(_:i the maximum IS higher, because tf}ﬁidpart of the profile and the smaller trailing edge momentum

starting airfoil's cross section area is too small and leads t04Rickness values lead to the reduced design point losses

violation of the corresponding mechanical restriction. In the UPPET The considerable improvement in the design and the off-design

right diagram the curvature distributions of suction and pressu}é%gavior of the optimized profile proves the efficiency in airfoil
(o}
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Fig. 9 Mach number distributions and boundary layer param-
eters for starting and optimized profiles

side are preseqted. T he greatest differences appear on the f ign of both the optimization process and the objective function
part of the suction side d'Str'bu“.On’ where the optimized airfo rmulation. The starting profile’s Mach number distribution with
has curvature values below5. This strong curvature leads {0 g 50 eleration untik/c=230 percent resembles closely a CDA-
a!most flatten_d midpart of the suction side, as shown in the .lOW pe distribution. For most of the CDA designs, apparently, it has
d'agram of Fig. 8. The front ngge "’.‘”9@1 has bee_n consid- been assumed that laminar flow is present on the suction side, at
erably increased during the optimization process, which resultslg}jlst partly up to 20-30 percent of chord. The new optimized

Cgﬁfoils, however, consider the effect of early transition at the high
Vﬁ'eynolds number and turbomachinery turbulence level.

This optimization process has been carried out for approxi-
ately 400 airfoil designs in order to get enough optimal profiles

oSr a basis for the new airfoil family. All design calculations have

of the optimized airfoil are characterized by an increase in cur
ture and a higher rear wedge andl@ .

Comparing the Mach number distributions for design condi,—n
tions in Fig. 9, the most significant difference is visible in th
upstream propagation of the peak suction side Mach numberieen carried out at a Reynolds number=2e5x 1CF, which rep-

the optimized airfoil. As shown in the upper diagram on the rig gesents an average for the blading in a real large-scale heavy-duty

side, the laminar—turbulent transition on the suction side is | S turbine comoressor. Because the turbulence level is about 3
cated upstream of 10 percent chord. Suction side diffusion stadf Mpressor. !
rcent and higher in the mid- and rear-part compressor stages

shortly after the transition location, when the turbulent bounda&o] and as further increase in turbulence level hardly affects the

MISES-calculated transition location at Reynolds numbers higher
than 2<10° (see also last section of this paper and Fig, 15
turbulence level was set to a value Dfi=3 percent.

008 [7 ___________ Starting profile The optimiz_ation results have bee_n used as a data basis_ to de-
o timige% profile velop_ corre_latlons for each geometric parameter as a function of
g 0.04 p the six varied flow and cascade parqmet(g&@ AB, M4, tlc, .
a e . s/c, and AVDR). Using these cor_re_lanons in compressor design
s Y| g, c1rere : leads to an extremely fast and efficient blading design. In contrast
"o 0.03 E Aﬂsz_ﬁ ;72/-““ i— to cqnventlonal airfoil families where geometric input I_|ke stag-
5 % o oaom 100 ger, inlet, and outlet metal angles is needed, only the six flow and
% ‘_‘ PF=0520 / cascade parameters have to be defined. As a two-dimensional
5 002 \d 8F = 544 L duct- or throughflow compressor design calculation results in the
] S E TR R o AR EERTTEH S — radial distributions of the flow properties in the axial gaps, all six
:§ . 2 0502 parameters for each cross section in the flow path are given and
0.01 o, = 1606 % the corresponding airfoil geometry is directly determined by the
0u - O83410" developed correlations. In order to validate these correlations and
OBF - 417 _ the corresponding airfoil family, a four-step process has been

00035~ 737 139 141 143 145 147 149 151 153 155 adopted:
Inlet flow angle, B, o o o
» Check airfoil geometry within given ranges of application for

Fig. 10 Total pressure losses of starting and optimized pro- violation of geometric restrictions.
files » Check objective function curves/planes of the new airfoil
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Table 3 Design parameters of test cascades A-D

is
Is

= =
Cascade A B C D Bost/r TN\ a] Rosl
M, 0715 | 0.607 | 0556 | 0.438 E I \\ E LN |[B]
B 149.4° | 142.0° | 147.3° | 137.0° S08p=N Cos \'B
AB 10.3° | 147° | 12.8° | 18.0° S -0
t/c 5.0% 7.0% 7.4% 9.3% 2 £
S/C 0.855 0.888 0.953 0.874 g0-2 - Test Profile 1 202 [ Test prof.ile -
AVDRE || 1.06 1.05 1.05 0.99 § o oA § J o A
DF 0.393 0.393 0.407 0.422 UDist%ioeoé‘:onglgho(l)'g x/c UDist%%oeoa'Tong?:ho(r)ds, x/c
= =
family for unusually high values in order to determine regions §0.B _fg"oﬂ
where the geometric correlations do not match the support points/g \\ [Q E
results from the optimization process. Eos : S Eostf N\ D]
» Compare geometry and objective function values of an opti- § |eie \'\) S |/ \\
mized airfoil with the corresponding representative of the new 04 = =04 P
family for arbitrary combinations of the six flow and cascade pa- ‘g I | T - S‘o.z = —
rameers. 8 sl MR B B gty oy
« Compare representatives of the new airfoil family with con- 8 oL =1 1 8.
ventional controlled-diffusion airfoils. ) Dist%iceoﬁongo'ghogii x/c ODist%iceoé‘}ong'gho?da, x/c

Steps one and two were performed for more than 4000 geom: 1, Design Mach number distributions of CDA and new
etries. In those parts of the range of application where thegeis

checks revealed unsatisfying results, the correlations have been

corrected. In the third step for about ten combinations of the six

flow and cascade parameters, new optimizations have been pRgfscade A to OFig. 11, which are characterized by decreasing
formed and their results have been compared to the represeffigs; pach numbers. As controlled diffusion airfoils were initially
tives of the new airfoil family. All examples showed almost NQyesjgned for use in supercritical and high subsonic applications
changes in airfoil geometry and the decrease in the objective fungyy afterward transferred to use in mid and low subsonic stages,
tion value was negligible. As a part of the validation of this new, narticular the low subsonic airfoils show significant changes in
approach, four examples for the step four comparisons are pssign. In contrast, cascade A is quite similar for both designs, as
sented in the following section. a significantly increased front loading based on a thicker leading

Comparison to Reference CDA Cascades.For the experi- €dge for the test profile would result in a local transonic flow
mental investigation of the new airfoil famifi4] four cascades region and lead to higher total pressure losses.
have been selected, which are typical representatives for rotor anffigure 13 presents the total pressure losses for all four test
stator sections in the mid and rear part of a comprel&Hr The profiles together with the corresponding controlled-diffusion air-
design parameters together with the diffusion factors are presenf@é- All representatives of the new airfoil family are character-
in Table 3. For these parameters, four profilés-D) have been ized by increased operating ranges, including higher incidence
adopted from the new airfoil family, where the inlet Mach numbei@nge to stall. The highest growth can be seen for cascade B,
is decreased from cascade A to D. In order to demonstrate t#{Bere the stall margin rises from 5 deg for the CDA to 9 deg; all
superior behavior of the new design, four controlled-diffusion aifhree other airfoils show an increase in stall margin of at least 1.5

foils have been selected, which satisfy the same design requi€g- All four new profiles likewise show lower total pressure
ments. losses over the entire operating ranges.

A comparison of the airfoil geometries is presented in Fig. 11. In order to demonstrate the achievable benefit of this new air-
As the inlet Mach number decreases, the ritas) profiles show foil family on the compressor eff|C|en_cy and cos_t, additional _Ioss
smaller stagger angles than the controlled-diffusion airfoils. SinfHrves(dash-dotted lingsare included in all four diagrams of Fig.
lar to the earlier exampléFig. 8), the new airfoils show more 13. The five design parametevs, , 8;, AB, t/c, and AVDR are
camber in the front and less camber in the midportion, and tk&Pt at the same values already presented in Table 3, while the
leading edge geometries are thicker compared to the CDA shapich-to-chord ratios are increased. For the test case D the same

The corresponding design point Mach number distributions apéall margin as for the controlled diffusion airfoil has been
shown in Fig. 12. All test profiles are characterized by a fronichiéved by adopting a pitch-to-chord ratio of 1.05. Even with the
loaded pressure distribution, boundary layer transition shortly b@aximum pitch-to-chord ratio covered in the range of application,
fore the velocity maximum at about 7-10 percent chord, arthe Sti'il" margins for the |ncreaseq-p!tch airfoils of test cases A—C
smaller deceleration gradients in the midpart of the airfoils. TH€ still higher than for the CD airfoils. Hence, for the presented

differences between the new and the CDA design increase fr&@mparisongA—C) a s/c value of 1.2 has been adopted. As the
stall margin(compared to CDAdoes not decrease, the same com-

pressor operation range can be guaranted based on reduced num-
L bers of blades and vanes. In all four cases a significant reduction

--------- CD Airoil . . . . .
——  Testprofile in the total pressure losses for the entire operating ranges is vis-
ible. At design point conditions the losses are decreased by 20
percent. Based on this example a compressor efficiency rise of 1
percent and more can be expected.

In order to elucidate the reasons for the considerable increase in
operating range the Mach number distributions-&tdeg and+5
deg incidence for cascade C are compared in Fig. 14. The corre-
sponding incidence flow angles are marked in the total pressure
loss diagram in Fig. 13. The importance of the thickened leading
Fig. 11 Geometry of CDA and new airfoils edge vicinity is demonstrated by the off-design behavior of test
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2 003 N v . .
ﬁ \ . / Fig. 15 Influence of Re and Tu on transition onset
g 0.02 F 2 S
S o0} - =T
[=]
Ll . . . .
number distribution, lower total pressure losses and considerabl
012 8 %) 0 2. : : | Pre .
005 Incidence, i higher operating ranges including increased stall margin.
3 b | Seet profile C N Influence of Reynolds Number. Compared to CDA, the new
g ’ e Increased pitch, sic = 1.20 airfoil family is characterized by a front-loaded Mach number
g oo3f- o W S -| distribution. In order to emphasize that the upstream propagation
- \ d of the boundary layer transition is caused by high Reynolds nhum-
- - bers, a corresponding numerical parameter study is presented in
_— b e e e ek . p g p p
£ oo ! iz 450 this chapter.
. . =8 ! Due to the high mass flow and the resulting large dimensions in
12 B Inciddnce. i 8 2 a heavy-duty gas turbine compressor, the rotor and stator chord
. y-auty ! ] f
0.05 ———— — lengths have to be considerably increased compared to aeroengine
CD Airfoil . g . . y . p . A
° VY S I I R Test profile D dimensions. Together with the higher inlet density at design point
g - : Increased pitch, s/c = 1.05 conditions, the profile Reynolds numbers are significantly higher
£ 003 p— - \ / K (Re=2-4x10°). Together with the high turbulence levels in the
g 0.02 S pa ’ mid and rear part of a multistage compressor, this leads to an early
| B S i S e L — — bypass transition of the blade boundary layer even at favorable
:'9’ 0.1 pressure gradien{g2].
o In this context a numerical parameter study based on MISES
26 2 Incidence, i 2 calculations is presented in the right diagram in Fig. 15. Boundary

layer transition is calculated for the suction side Mach number
Fig. 13 Total pressure losses of CDA and new airfoils distribution shown on the left side of this figurd(=0.6). Both
increasing Reynolds number and rising turbulence level result in
an upstream propagation of the transition location. For low Rey-
profile C. While the CDA’s peak Mach numbers are in the supenolds numbers and small turbulence levels, the transition is insight
sonic range, the new airfoil avoids these peaks atdeg and+5 a laminar separation bubble. For high Reynolds numbers and high
deg incidence and stays at a moderate Mach number level. Thisbulence levels the transition occurs in the bypass mode. The
peak reduction leads to a significant boundary layer unloading ¢orresponding Mach number distribution is accelerated wdil
the vicinity of the leading edge and finally results in an improve= 30 percent. So, with turbulence levélsi=3 percent and Rey-
ment of the separation behavior. In both diagrams in Fig. Ifblds numbers Re2x1(° the onset of transition migrates up-
downstream ofx/c="50 percent on the suction side and downstream into the region with an accelerated boundary layer to a
stream ofx/c= 10 percent on the pressure side, differences in thelative chord ofx/c=7 percent. A further increase of the turbu-
Mach number distributions can hardly be seen, so the cause [grice level does hardly affect this transition location. It is assumed
the increase in operating range has to be related to the changeéhit even unsteady effects like wake passing, described for ex-
the front part. ample in the work of Halstead et d123], do not significantly
Summarizing, one can find that, compared to the reference ditfluence this early transition location, because the Reynolds num-
foils, the new airfoil family is characterized by an increased leadber is high.
ing edge thickness and a flattened midpart, a front-loaded Machan optimal airfoil design has to take into account the change in
transition location and mode. Hence, compressor airfoils, which
were initially designed for aeroengine flow conditions and then

212 212 transferred to heavy-duty gas turbines, do not account for these
= [Ps-peak = SS-peak | effects and do not represent the optimal solution for the heavy-
i FEN duty gas turbine compressor design.

Eos Eﬂ Eos EEF To answer the opposite question, whether the new airfoil family
c > S = "X"\\\ would also show superior behavior in flow conditions where the
Ry =~ o0 Sy transition onset is located further downstream, the results of a
= S s s = . final optimization are presented in Fig. 16. As a basis for this
004 L 04 iy | . . . .

2 - 2 - design test profile C was selected. The corresponding design pa-
Eo02 T ostprofle Cly - Fo2f———— cebefie€l  rameters are noted in Table 3. This test profile is used as starting
2 0 P S S . ] I geometry for an optimization carried out at R@.8x10° and

ODist%ﬁceoa":ong'ghogéi x/c ODist%iceoé‘;ong'gho?&i x/c Tu=1percent. The results and a comparison of both cascades are
presented in Fig. 16. The top diagram shows the two geometries,
Fig. 14 Off-design Mach number distribution of CDA and new the representative of the new airfoil family as a dotted line and the
airfoils low-Reynolds-optimized profile as a solid line. In particular the
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‘:: N -E Nl
=]
Poor [Bol Fo.01 [Bol
l ‘
141 145 1)49 153 157 ?7 141 145 149 15‘13 157
Inlet flow angle, B, Inlet flow angle, B,
No. | profile Re Tu wp Ap1 | OBF
la | start. | 2.5-10° | 3% || 1.49% | 16.9° | 4.18
1b start. | 0.8-10° | 1% || 1.56% | 17.3° | 4.99
2a | optim. | 2.5-10° | 3% || 1.56% | 13.6° | 4.55
2b | optim. | 0.8-10° | 1% || 1.55% | 14.2° | 4.29
Fig. 16 Influence of Re and Tu on optimized profile geometry

Hence, for application in a heavy-duty gas turbine compressor
with its specific boundary conditions, the new designed airfoil
family has proved superior performance for design and off-design
conditions. From this final low-Re optimization result, the transfer
of this airfoil family to aeroengine application cannot be advised,
as the controlled-diffusion airfoils in use until now seem to pos-
sess equal or even superior design and off-design behavior.

An important advantage is achieved by an automated design
process, in which the blade geometry generation program and the
flow solver are coupled to search for an aerodynamically opti-
mized airfoil. Thereby, this process is not restricted to the “state
of the art” experience of a design engineer. A further extension of
the range of application can easily be achieved by integrating the
results of additional optimizations/profile designs into the existing
new airfoil family.

The superior performance of the new airfoil family for high
Reynolds numbers, which is characterized by an increase in the
attainable operating range and a decrease in the total pressure
losses, confirms the efficiency of both the automated tool for op-
timized airfoil design and the formulation of the objective func-
tion. As the heavy-duty gas turbine compressor specific high Rey-
nolds numbers lead to an upstream propagation of the boundary
layer transition, an optimal velocity distribution has to account for
these effects by a suction side maximum position in the front
portion of the airfoil. Utilization of the newly developed airfoil
family allows a reduction in blade and vane counts in comparison
to conventional airfoils. For a given compressor operating range
this leads to a further significant increase in efficiency.

As for each of the optimized airfoils the design and the off-
design behavior is known, a complete database including the total
pressure losses and the exit flow angles for different inlet flow
angles, inlet Mach numbers, and AVDR values can easily be de-
veloped. Consequently, for the new airfoil family, such an exten-
sive database has been generated in order to replace flow turning
and total pressure loss correlations used in two dimensional duct-
or throughflow streamline curvature codes. So, in the future, the
risks in compressor development are significantly reduced by the

T L L ]Re =0.810°
. | [Re=0.810%5 Tu=1% s Too 1%
= //—/\fﬁ—’
_§OAB ! B sl "I A C lusi
F O onclusions
E & 7‘3 Tosp ) Re = 2.510°
06 &
c B <] o J Tu=3%
§ N\ \ E 2 :‘P.
gos S S &5 N —
5 : 2
£ [ (AU Starting profile i : :
ﬁ Optimized profile osb |77 -- Starting profile F
’ Optimized profile
0 T | l i 0 I I I '
o 06 05 08

midprofile region is characterized by an increase in camber.
the Mach number distribution at design point conditiomsdleft

diagram the front-loaded suction side curve is changed to
“roof-top” or CDA-similar distribution with laminar suction sur-
face flow up to 35 percent of chord. On the pressure side a decel- a
eration in the first 20 percent of chord is visible for the optimizedVDR
profile. In the rear parts of the suction and the pressure side the ¢

Mach number remained almost unaffected by the optimization. &s —Cg =

the shape factor distributions for the low-Re numbgrsdright Cr
diagram indicate, the optimized airfoil’s transition has migrated DF
further downstream. Lower losses on the suction side due to arH,
extension of the laminar flow region are compensated by higher |
losses on the pressure side due to slightly increased deceleration M
in the front portion. Hence, both airfoils possess almost the sam®BF
design point value:wp=1.55 percent 1.56 percent(compare p

2(b)=1(b) in the attached table The objective function value P,—P5 =

for the optimized airfoil has dropped from 4.99 to 4.29. In par- PF
ticular, the rise in stall margin is responsible for this improvement.  r
So, for low-Re conditions the optimized, CDA-similar profile Re
shows better design and off-design behavior, which confirms the s
use of such airfoils for these boundary conditions. S-S5

In order to demonstrate that the representative of the new airfoil
family still possesses superior performance at high Reynolds num- Tu
bers, the objective function values for both airfoils have been w
calculated at Re2.5x10° and Tu=3 percent. The correspond- X
ing total pressure losses are presented in the lower left diagram in 'y
Fig. 16. The test profile Ccurve Xa)) is characterized by lower B
losses and a wider operating range, which results in an objective A8

function value of 4.18 compared to 4.55 for the low-Re-optimized AB; =

airfoil (curve 2a)). ABst
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owledge of the exact off-design behavior during the first steps
of the design process.

Romenclature

basis for number of random search points

axial velocity density ratio

profile chord, m

objective function coefficients

curvature

diffusion factor

incompressible shape factor

incidence= 8, — B, p ,deg

Mach number

objective function

pressure, Pa

spline points on pressure side

penalty function

radius, m

Reynolds number(w,-c)/v

pitch, blade spacing

spline points on suction side

maximum profile thickness, m

turbulence level

relative velocity, m/s

coordinate in chordwise direction, m

coordinate perpendicular to chordwise direction, m
flow angle with respect to cascade front, deg
flow turning= 8,— 8,, deg

incidence range from negative to positive stall, deg
incidence range from design to positive stall, deg
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81 = boundary layer displacement thickness, m
8, = boundary layer momentum thickness, m
N = profile (meta) angle, deg
AN = profile wedge angle, deg
v = kinematic viscosity, rfis
o = standard deviation
o = total pressure 10ss(pi1— Pr2)/ (Pi1— P1)

Subscripts

1 = inlet plane

2 = outlet plane

80 = inner 80 percent of incidence range
D = design value
LE = leading edge

is = isentropic entity
ref = reference value in objective function

t = total, stagnation value

tr = transition
TE = trailing edge
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