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ABSTRACT

A software tool has been created to aid in autodhate

impeller design within an integrated design sysfemradial
flow impellers. The design tool takes the resultsf the 1D
preliminary design process and uses these to dedine
parameterized blade geometry, which incorporategufes
that are required for low mechanical stresses ampls
manufacturing. This geometry is then adjusted toimize a
global objective function using a throughflow cortegion.
The adjustment is based on selection with a bregdeetic
algorithm. The initial population includes “elitelesigns from
a database of earlier well-proven experience, dmad final
design is honed to perfection with a hill-climbimgthod.

With the help of a suitable global objective fupcti
incorporating mechanical and aerodynamic critexial taking
into account wide experience with the design ofeligrs, the
tool provides a fast screening of various desigssjimlities to
produce a geometrical input for more advanced coatiomal
fluid dynamic and mechanical analysis. This is destated
through the redesign of an impeller previously gesd by
conventional methods. Comparisons of the resulth@fCFD
analysis of the new impeller with that of the earldesign
demonstrate that the tool can rapidly produce peaptimal
designs as an excellent basis for further refingrngithe more
complex analysis methods.

NOMENCLATURE
d = recombination parameter
DH = De Haller number (WW,)
M = Mach number
P = penalty function
Py = Start population
p = number of individual
u = Bezier parameter
w = weighting factor
X,y = Free parameters
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X, Y = Vector of free parameters
Greek Symbols

a = parameter in optimizer
B = blade angle

0 = blade thickness

A = work coefficient
Subscripts

c = casing

h = hub

mean = area-averaged

ref = reference value

req = required value

peak = maximum value

Ss = suction surface

INTRODUCTION

Centrifugal compressors for small gas turbines, for
turbochargers and for compression of industrialegaare
increasingly pushing the limits of efficiency, whig inertia,
compactness and cost effectiveness. These teche®log
require efficient impellers and the competitive unat of the
business requires the design process to be asahpudssible.
The goal of this project was to develop a desigh fior radial
impellers with the capability of screening and st of the
key design variables before further refinement with
computational fluid dynamic (CFD) and finite elerhen
mechanical (FEM) methods takes place. The workridestin
this paper was carried out during a period of jcattraining
of the second author, who is a student with spieeid@n in
turbomachinery in Stuttgart University.

Most turbomachinery design systems use extensivdRA
3D CFD and FEM mechanical analysis for the detailesign
in an iterative manner. The designer repeatedlystsljthe
shape of the blades and flow channels (in a videake) until
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he finds a suitable geometry that combines accéptab

aerodynamic performance, good matching to the &tsoc
system, low stress levels, low noise, no resorraquincies in
the operating range and is economic to manufactlings

process of continual refinement can be expensadiots and
time-consuming since at each stage the geometiaal and
grids for computational analysis must be prepared the

results of the simulations analyzed. Any effort maghrly in

the design process to eliminate unsuitable designsan

effective screening process upstream of the moraphlex

analysis tools, is rewarded by a quicker designs Phovides
more time for the engineer to examine real desiguds rather
than wasting time analyzing in considerable detdiat prove
to be totally unsuitable designs.

As part of a new radial tubomachinery design systam
number of earlier tools (Came and Robinson (1988ye now
been further improved and merged to form a fullegnated
impeller design system, see Casey and Robinsor7j20be
preliminary design tools produce a 1D design tocimahe
prescribed duty of the machine and allow the desigm move
seamlessly to a 3D geometry in the ANSYS BladeMedel
environment for more detailed 2D and 3D analysis.

This paper concerns the extension of this desigesy
with an optimizing tool which allows parts of theopess to be
automated. The goal is not to replace CFD in thelfi
refinement of the design, merely to ensure that tihee
invested in CFD is wisely spent. Specific aspetthe design
system are described in this paper, followed bglaation of
the method. For this, an impellers previously desih “by
hand” for an industrial air compressor has beersigthed by
the new optimization tool. The results show tha tbol is

able to closely achieve the performance levels of a

experienced designer, but in considerably less.time

AUTOMATED DESIGN SYSTEM

The elements of this automated design system are as

follows, and are described in the sections bel@e (gure 1):
» A correlation based preliminary design system fadial
impellers (known as Vista CCD and Vista CCP).

* A new parameter-based geometry definition system fo

radial impellers (based on Bezier curves and sindlahat
published by Casey (1983)).

* An interface between the geometry system to ANSYS

BladeModeler software allowing data transfer toeoth

software systems (for example, ANSYS CFX for CFI an

ANSYS Mechanical for mechanical stress and vibrgtio
* An interface between the geometry system and arstiree

curvature though-flow code, (known as Vista TF and

described by Casey and Robinson (2008)).

* An optimization method for determining the best @thgr,
which includes a breeder genetic algorithm (BGA)aled
with a hill-climbing technique and a process toetakto
account experience from earlier “elite” designsirtitiate
the optimization.

» Considerations with regard to the definition of tmest
suitable global objective function based on extensi
experience of impeller design.

Start
Preliminary

design tool Pl
v

“Elite” Design
Database

»| Breeder Genetic
A Algorithm

2

Geometry Definition

v L 2

Through- Stress and
flow Vibration

v v

Global
objective function

v

Convergence
criterion

v

Hill climbing
optimisation —>

A

Detailed
3D Analysis

Fig 1 Components of the design system

Software development has been made to link the eziesn
to the preliminary design tools to produce an irdézd
software-package with a Visual Fortran control uNibte that
the diagrammatic representation of the design systbove
includes aspects of stress and vibration optinoratvhich are
currently under development.

GEOMETRY DEFINITION METHOD

The geometry definition method described here asely
based on that published by Casey (1983), wherelé&ilils of
the basic theory can be found. The new implementadf this
theory takes into account the author’s experiemcefeedback
from other users with the original software systarar twenty-
five years.

There are two Kkey differences in the current
implementation compared to that described by C#%6§3).
Firstly, in the new code, all of the key input paeders of the
blade meridional channel geometry and the blade and
thickness distributions are based on Bezier polyabm
approximations, whereas in the earlier methodwlss not the
case for the blade angle and blade thickness llisions.
Secondly, no attempt has been made to generatezeerBe
representation of the blade surfaces, see appdoad&asey
(1983), as this possibility is nowadays availabiéhiw other
CAD systems. The meridional channel is represerteda
series of Bezier patches, and the blade is repessas a fine
mesh of points in space, which in the examplekisygaper lie
along the straight line generators of the bladésar
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The parameters used to define the precise shapmaeel
on experience with the earlier method. The actimlice of
parameters for such a system is largely a mattéasdé, but a
selection has been made which allows the geometripet
defined with a minimum number of non-dimensional

parameters and at the same time to provide maximum

flexibility. 52 free parameters are used to defthe whole
geometry of an impeller with splitter vanes, asvatian figure

2. Many of these may remain fixed during the optetion of
the impeller, such as the length of the inlet clehror the
diffuser outlet radius ratio. In addition, it hasdm found that
many other parameters retain almost constant vafiges

impeller to impeller. This allows experience on artigular

impeller type to be easily cloned into a new design

Meridional flow channel

The meridional geometry of the impeller is defingda
template (based on a single subroutine) which eaadapted
to represent the different types of meridional ctes that can
be found, such as a radial impeller with axial tinledial
impeller with radial inlet, radial turbine and sn.0

r A

® patch corner Diffuser
O patch internal
i+ virtual internal

>

Fig 2. Template for a radial impeller meridionalaohel
defined by Bezier points, following Casey (1983)

The template for a typical centrifugal impeller lwian
axial inlet and a radial outlet used in this papemprises a
series of three Bezier patches or segments, seeefig) The
first patch is the inlet channel of the impelléig second is the
impeller itself, whereby the leading and the trajliedges of
the impeller are coincident with the patch bouretamn the
hub and the casing, and the third represents desmdiffuser
channel with pinch. Further templates are availaiiiech can
be used to define a typical radial turbine impelerd others
can be envisaged to define a mixed flow pump inapel
radial stage with return channel and other typesiade rows.
The software has been developed to be as flex#j@oasible
to allow these changes at some point in the future.

The meridional channel geometry definition takew in
account the fact that the impeller design is uguadirried out
in a step-wise process, beginning with a prelimiridd design
method. This means that some key skeletal parasneter
already fixed by the preliminary design optimizatiprocess
or by other constraints, and no longer need to henged
during the subsequent optimization. For exampke ctivice of
the impeller diameter generally results from theliprinary
design process, and in some cases a fixed valu¢heof
backsweep angle might be imposed based on thaedded
the required operating range.

The key geometry parameters for the meridional eéln
are split into four groups. The first group is dimmnal and
provides the impeller diameter and the axial laratof the
hub at the leading edge. This allows a changeze and a
translation along the axis to be incorporated iffedknt
impellers.

All subsequent parameters are non-dimensional aed a
defined as a ratio to the impeller outlet radiusasra ratio to
some other relevant dimension, such as the axiatheof the
impeller hub. The skeletal dimensionless geometyms
below can then be considered as parameters toedefiamily
of impellers of a particular diameter. This alloeasy transfer
of experience gained on a certain design with aater
diameter to be simply scaled into another desiga different
size for a similar application.

The second group of parameters define the locatidhe
patch corner points in the meridional channel. Tdi®wing
parameters are needed:

» Inlet radius ratio on casing at duct inlet
Inlet radius ratio on hub at duct inlet
Axial length of the inlet duct
Impeller inlet eye radius ratio
Impeller inlet hub radius ratio
Axial lean of leading edge at inlet
Axial length of impeller hub
Impeller outlet width ratio
Diffuser outlet radius ratio
« Diffuser outlet width ratio

The third group of parameters for the meridionalrgetry
determine the curvature of the meridional chanmeitaurs.
Various shape factors along the hub and casingasalused to
determine the location of the internal Bezier papadtygon
points. Each shape factor determines the locatibrthe
associated internal point as a fraction of an aaset length in
the channel. Roughly half of these parameters can b
determined in advance and fixed for the designnaipétion
process so in fact typically only 6 free shape peters are
generally used for the shape of the meridional svall the
impeller region of the channel during the desigacpss. As
these parameters are based on fractions of thehlerigthe
meridional channel experience shows that many ekeh
remain sensibly constant across a range of designs
impellers. This eases the task of a new design hat t
parameters optimized in an earlier design can leel as the
starting values.

The fourth group of parameters for the meridional
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geometry determine the slope of the meridional obkhn
contours at the patch corner defining points ateiliep inlet
and outlet. Separate slope angles for each of aseng and
hub walls at the leading and trailing edges arénddf Note
again that these angles may also be set by thé@npraty
design process or some other constraints, or ormacoe of
them may be set to zero, so that in fact typicatily three free
slope parameters are free to be optimized.

Note that based on experience with the system itescr
by Casey (1983) three internal polygon points aseduto
define the hub contour within the impeller, requiyifour
parameter values, whereas on the shroud only twee fr
parameters are required. The shroud impeller conisu
defined initially as a Bezier curve with two intafrpoints and
this is converted to become one with three intepoatts to be
consistent with the hub, using general rules rdlateBezier
curves which increase the order of a curve whilaintaining
its shape. It would of course also be possible gfind the
shroud contour with three internal points but thsuld
require two additional free parameters.

Blade shape

The impeller blade is defined as a ruled surfacgtraight
lines joining points on the hub and the shroud @org which
are equidistant along the meridional channel ofitheeller,
between the leading edge and the trailing edge.erOth
orientations of the ruled surface can also be tsdebut are
not used here. The use of ruled surfaces is aatdrtelchnique
for impeller design leading to simpler manufact(tterough
flank milling). This is not considered to be a sevimitation
from the aerodynamics point of view.

In the case of an impeller with a splitter, the it
leading edge position is defined by the axial lmratf the
leading edge on the hub and on the casing. Theesgkading
edge is also a straight line and the orientatiorthef ruled
surface of the impeller is adapted to make this tine of the
blade generating lines of the main blade. Currethidysplitter
is considered to be a shortened version of the ivlaihe with
no leading edge re-camber (see Came and Robin€&®))1
This would be relatively easy to take into accduuitcurrently
constitutes a part of the detailed design process.

Another group of parameters define the blade stk
the number of blades. The hub and shroud bladéorecare
defined as distributions of camber line and thidenspecified
as Bezier functions along the normalized merididealgth,
whereby the leading edge and trailing edge ellipsegefined
as separate parameters. The angle distributiorgatoe hub
(and a similar equation is used for the casingjened as a
Bezier polynomial with three internal points, ségfe 3, as
follows

Bn = BroL- U)4 +4Lul- U)3

+68,u° (1=U)? +4,3u° (L-u) + B,u*
whereby the Bezier parameter u in this distributisnthe
normalized meridional length, which varies lineafigm O to
1 along the meridional walls of the impeller frohretleading
to the trailing edge. The blade outlet angle wilngtimes not
be a free parameter as the 1D design will deterrtiiige so

1

there remain 8 free parameters to determine thpesbathe
blade. These are also not completely free as thehamécal
constraints on the design may also require no riathde lean
at the leading edge and a certain rake at thenga#gdge.
These constraints mean that actually only 7 coralyidtee
parameters remain for the blade shape.

.................... i ﬁhs
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Fig 3. Blade hub and casing angle distributionsagidezier
curves

A useful option has been included which allows hi
blade angle distribution to be modified internadly the code
to achieve a specified lean (typically 0°) of tleading edge
and a specified rake angle at the trailing edgehese values
are usually known in advance from mechanical canrsiibns.
This description of the blade with lean and rakeapeters
and the hub and shroud blade angle distributioraatg to
equation 1 is over-determined, so that the codethasodify
some of the information specified by the user. Thde takes
into account the relative importance of the shretrdamlines
in the diffusion process of the impeller and maatifthe user-
specified hub angle distribution, while keeping tbasing
angle distribution the same as specified. The neatibn is
made by applying a small correctigfi to each internal Bezier
point along the hub, whereby this correction igaitieely
determined to match the specified lean and rakéeandhe
modification makes use of the user-defined hub engl
distribution as a guide but overrules this withie tlade row,
keeping the inlet and the outlet blade angles #messo that
incidence and work input are not affected.

The hub and casing thickness distribution is deffias a
Bezier polynomial with two internal points, wherelifie
roundness of the leading edge and trailing edgel neebe
defined by separate parameters:

O = O L—u)® +30,,u(l-u)?

+33,,u° (L-U) + Jpgu®
The hub and casing thickness distribution is defires a
Bezier polynomial with two internal points, wherelige
roundness of the elliptical leading and trailingyesl need to be
defined by separate parameters.

2
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STREAMLINE CURVATURE THROUGHFLOW
The new streamline curvature throughflow code used
this design tool is described in detail in a conparpaper,

Casey and Robinson (2008), so only the features dha

particularly relevant to its use in this optimizatiprocedure

are briefly described here. The code has a longypssland is
derived from the throughflow method of Denton (1p@8d its
adaptation to radial machinery by Casey and Ra#84)L As
with the geometry definition method, experience hwthe
original version of the throughflow code over 25age has
strongly influenced the newly written version tiatised here.
Casey and Roth (1984) provided several validation
examples that amply demonstrate that the throughfitethod

is a useful tool for impeller design. It allows idence and

Mach number levels at the leading edge to be exainand

gives a good estimate of blade loading in the fiadf of the

impeller. It cannot properly take into account thiscous
effects in the last part of the impeller, such las $econdary
flows and strong jet-wake flows, but well-desigrisstkward-
swept impellers tend to be less affected by theatufes than
earlier radial impellers, and the throughflow meths then
highly suitable for preliminary design optimization

Key features of the code of relevance to this apfitin

are listed below:

. Highly curved annulus walls are allowed providing a
simple definition of axial and radial wall geomesiand
any combination of these required for radial imgresl]

* Any combination of blade row calculating stations,
together with duct flow regions, can be used in the
domain, so that in this application the domain udels
the axial inlet duct, the impeller and the diffusbannel.

. Internal blade row calculating stations are used,just
leading and trailing edges and blade force terngs ar
included to take into account the lean of the bdade
whereby the body force is assumed to act normé#heo
blade camber surface.

»  Compressible and incompressible fluids are possible
including limited amounts of supersonic relativevlin
blade rows, such that transonic impellers may be
calculated.

*  The presence of blade row choking is not just idethas
an additional loss, but the effect of choking afiindual
stream tubes on the redistribution of the merididioav
distribution is taken into account.

. In impeller blade rows 15 internal planes are tgihc
used and this allows an approximation for the biade
blade flow field to be calculated estimating thetin
and pressure surface velocity distributions, which
includes the effect of splitter vanes in an apprate
way.

*  The code includes the automatic selection of theswér
slip factor for radial impellers and allows losdesbe
taken into account through a small-scale polytropic
efficiency, which can be selected to be consisiéttit the
correlations used in the 1D preliminary design pesc

The code also includes an option that allows arefiom
a previously converged solution. This considerabguces the

effort for a new calculation with slightly changgegometry,
which is particularly useful in combination with ethBGA

optimization method. The flow field information o&

converged iteration is stored on the basis of rioredsional
span-wise and meridional coordinates. These canskd to
start a new simulation, even if the geometry haskmhanged,
by mapping the values onto the new geometry.

The restart file used is that for the current tiegteller of
the optimization process so that, as the optinopagiroceeds
and smaller geometrical changes are made, lesst affo
needed for the throughflow simulations. This alsonds
enormous benefit in combination with the hill-climg
procedure where only small changes in geometrynpeters
are examined to obtain the gradients.

OPTIMIZATION METHOD
The use of the type of breeder genetic algorithr@AB

described here was biased by the good experientee dfrst

author in using this approach for other applicatjanvolving
hydraulic turbines (Sallaberger et. al (2000)) aaxial
compressors (Sieverding et al. (2004)). In the gmks
application, the method is based on the optiminatioa single
objective function, rather than a multiple objeetfunction, as
the method is designed to provide a single iniiesign for
subsequent detailed analysis. The objective functis
described in more detail below.

Experience showed that the BGA had two principle
weaknesses. It was unable to take into accountriexoe
from earlier designs that are known to be good altdough it
converged on a reasonable design relatively quickly
required extremely long calculating times to achiethe
ultimate best design. A survey of the technicaréture on
optimization methods identified four different walys which
an acceleration of such an optimization can be eaeli,
Giannakoglou (2000):

. Improvement of the genetic operators by various
technical features of the genetic algorithm (binargal
coding, asexual / multisexual reproduction, onenpdi
multipoint / uniform reproduction, adaptive techugs).

. Multiprocessing with  simultaneous evaluation of
candidate solutions or separate processors fortigene
operations and evaluation of a defined objectivetion.

. Reduction of exact solutions through the use ofstad
lower accuracy to increase the speed, or the use of
artificial neural networks (ANN) which are dynaniiga
trained during the genetic evolution.

*  Hybridization with numerical optimization methods
including improved random search to provide a good
starting position for the numerical optimization or
coupling with a numerical gradient method for hill-
climbing.

The first issue has been dealt with in that theetee
genetic algorithm BGA used here is one of a clabghvis
among the best. Multiprocessing has not been ateztrgs in
the cases considered here computational timessfttean one
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hour on a laptop can be achieved without this. ethod

makes use of a low-fidelity throughflow code rathban a

fully 3D viscous RANS CFD code for the analysistisat very

short computational times are possible. By reducihg

number of exact solutions neural networks can acatd a

genetic algorithm optimization. The process desttithere

already uses a rapid low-fidelity flow solver, d$w teffort of
implementing a neural network seems not to be wdrille.

The examination of these options have led to thecten
of an optimization software used in this design teith three
different parts:

» The first population of impellers is generated atdom,
but includes additional impellers from a databas&lite”
designs, to seed the second generation with good
parameters.

* A breeder genetic algorithm to survey the availajtebal
design space in the search for better designs

* A final hill-climbing optimizer to ensure that thénal
design is at the local optimum of its design space

Elite designs adapted from preliminary design process

The preliminary design tool determines the appratém
skeletal geometry and flow parameters for the desigth the
help of well-established correlations. On this baai start
population B with p individuals is formed. Each of the
individuals is defined as a vector X =(x.,xy) with X being
the different free geometry parameters needed fimed¢he
impeller, whereby bounds can be imposed so thHat{xn; ,
Xmaxd- The individual geometry parameters of each iitlial
are chosen at random within the allowable bounds.

The start population is then extended by the auiditf a
number of well-proven “elite” impeller designs. Nypecial
additional interpolations are made, as the “eli@st of
impellers includes designs covering the whole rarge
specific speeds and pressure ratios to be expetter best
impellers in the “elite” population seed the secgaheration
with their own geometrical properties, which theactme
automatically adjusted to the bounds set for tharmpaters. As
many radial compressor applications are relatigatyilar this
usually means that one of the “elite” designs ity ftetained
during the first few generations of the geneticatym, until
a better design has been found.

In the early development of the BGA, very largeges
were chosen for the bounds of all parameters. Teads to
designs which fulfill the aerodynamic targets vewnell
(according to the defined objective function, seltw) but in
which some features of the geometries look verysualand
would certainly not be accepted by an experiencesigder.
For example, in some cases the meridional charatehbhvery
high hub line to avoid a low velocity at the hubtbe pressure
side of the blade. This has clearly unacceptatdaddiantages
regarding the rotor hub stresses, which has nat bpecified
as a part of the objective function. The use okt d elite
designs to guide the choice of parameters and aibden
constriction of the bounds on the parameters ldadgood
improvement of the BGA optimised designs. It seas# the
BGA needs a little hint from the user, where it@ddook for
a quasi-global optimum.

Breeder genetic algorithm

The breeder genetic algorithm (BGA) makes use of
evolutionary computation, which is a sub-field dtifecial
intelligence  that involves combinatorial optimizati
problems, Mitchell (1996). The basic principlestioé genetic
algorithm in optimization processes are similath® theory of
natural selection of Darwin, whereby a populatiof o
individuals changes over several generations fatiguaws of
natural or artificial selection, involving reprodion and
mutation of the fittest surviving individuals. lhi$ case each
individual is a different impeller design. Its cleanof survival
into the next generation (fitness) is related tav heell it meets
the user defined design objectives.

Details of these methods can be found in standexd t
books, whereby the algorithm used here has beamibed in
more detail by Sieverding et al (2004).

The BGA is the optimization algorithm that searcfes
the best individual according to the defined obyectunction.
This search extends over several generations, ezach
new generation is formed using rules of selectieproduction
(or recombination) and mutation. Selection is simpihe
process of choosing the best Tr % of the individuahd
eliminating the rest. Recombination involves getiegaa new
population of p individuals by combining geometry
information from two randomly chosen parent indiads (X =
(Xg,.-%n) @and Y = (Y,...,yn)) to give a new individual W =
(wy,...,Wy). Different recombination strategies are possihle
in this case an extended recombination strategyeach
individual parameter is used such that
W, =X +a(y; =) 3
wherea is a random number between —d ,1+d and d (roughly
0.25) is the recombination parameter. Note thatvdiee ofa
can be greater and less than unity so that thisegmincludes
an element of extrapolation. Following the recoration all
individuals are slightly changed (mutation) by tledowing
algorithm
W =w; m(Wmaxj _Wmin,i) 4
with m O [0,1] the random mutation parameter.

After a new individual is created, the bounds repnted
by a lower and upper limit of each geometrical paater have
to be checked. If a parameter is out of this rdatgyealue is set
to the lower or upper bound. In order to ensure the
absolute best individual of each generation islostt through
mutation or recombination, this individual is cagprienchanged
into the next generation (elitism).

After the BGA has created a new generation of idials
the geometry definition program uses the paramettesach
individual to generate a virtual geometry of theprapriate
impeller. The throughflow code is then used to dale the
flow in the impeller. The fitness of each impeliedetermined
by means of a user-defined objective function (sekw).
This evaluates its effectiveness to decide wheihemay
participate in the genetic process that produces rtbxt
generation.
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Hill-climbing algorithm

The breeder genetic algorithm (BGA) is good at g@ag the
design space for a global optimum but is less tffecat
searching for the local optimum when the desigmasrly
complete. To finish off the optimization procedsil&climbing

approach is used. The routine uses a quasi-Newsbimoth and
an active set strategy to solve minimization protdesubject
to simple bounds on the variables. A finite-diffece method
is used to estimate the gradients though repeatddations of
the fitness function with the throughflow code.

GLOBAL OBJECTIVE FUNCTION

Ideally it would be best to optimize the efficiency
minimize the losses in the impeller to derive thetiroal
aerodynamic performance, but this would requireuse of a
more complex 3D viscous RANS CFD simulation, and
prohibited because of the time required. The thinflog code
is extremely fast, but cannot calculate the lossesurately
enough for this process. The losses in the imp#iteughflow
simulation are chosen to be compatible with theralVestage
performance correlations of the preliminary degigocess so
cannot form the basis of the optimization. Becaakehis,
other results and features of the flow-field frorhet
throughflow analysis have to be included in thel@stéon of
the impeller.

The parameters selected in the objective functiameh
been selected from a list of the most importantuies that
may influence impeller performance. This was done b
discussion with several experienced impeller desigifwith a
total of nearly 100 years of impeller design expeck).
Although there was general agreement on most paeasnef

is

relevance there was heated discussion and no denera

agreement on others. Some parameters were cledrlyyfall
designers to be important, and others were almosatter of
taste. This aspect is taken into account with tegkting of
the individual parameters, see below. In this serike
objective function provides a framework to quantifiye
experience and skill of several designers. So tihiat know-
how and experience can be used by novice designers.

The following parameters were considered to have an
effect on the efficiency and were included in thmefss
function:

1. Suction surface peak Mach number

2. Suction surface average Mach number

3.  Minimum Mach number on pressure surface hub
4. Incidence at hub

5. Incidence at tip

6. Loading limit of inducer

7. Loading limit of rear part of impeller

8. Loading limit of the middle part of the impeller
9. Loading limit hub to shroud

10. Shape of mean shroud velocity distribution
11. De Haller number

12. Work coefficient

13. Flow angle into diffuser

14. Rake angle at trailing edge
15. Lean angle at leading edge
16. Throat choke margin

In the first instance mechanical parameters havédeen
taken into account (other than through the spetiba of
blade thickness and the lean and rake angles dmenit
above). The aerodynamic analysis is carried outh vat
specified thickness distribution for the hub ané throud
taken from an earlier similar example which is wbanged
during the optimization. The following stress paedens could
be taken into account at a later stage:

17. Bore stress parameter

18. Blade root stress

19. Blade natural frequencies

The problem we are faced with is the minimizatidnao
function of several variables with different unigmd with
different importance. Some are constraints thatehtos be
attained (such as the desired work coefficienthers are
known to have a strong effect on the efficiency] athers are
“nice to have” as they are believed to have a sefédict on
the efficiency. The fitness function needs to tekeh of these
into account and a penalty has to be derived thateases
when the requirement for each parameter is nahatia

Different approaches to this problem are possihiethe
following fitness function is used based on various
publications on this subject (see, for example sivaete et al
(2007a) and (2007b))

F= > wp

penalties

The fitness function contains a sum of all indiatu
penalties P, each of which is related to the lisparameters
outlined above. Each of these is weighted by a Mg
factor to allow the user to reflect the importanck the
individual penalty factors in the optimization. Tlpenalties
can be split into different types. In some caseshsas the
work input factor, the user is interested in megtin design
constraint of a required value, and the designtbaachieve
this objective more or less exactly. Similarly, extiparameters
have very little freedom for variation, such as teen of the
blade at the impeller inlet, which for mechanicahsons is
always close to 0° in an open impeller. In othéhns, user is
interested in achieving a low value or a high vabfethe
parameter but small deviations from the requirddesahould
be allowed but penalized, such as incidence. lerotases a
positive deviation of a parameter may be penalibet a
negative deviation is of no consequence, sucheasliffusion
level on the impeller shroud contour which shoulgt o
below a limit defined by the De Haller number.

It is important that the individual penalty funcai® are
non-dimensional so that the units of the differgenalties
have no consequence, and that the individual peaate all
of the same order of magnitude. This can be actidwe
defining each penalty as follows:
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a

V -V,
Vref

where the difference between each valuand the required
valueV, is made non-dimensional with a reference valide
and deviations are penalized by an exponentialtimmavith

an exponent o&. In all the work reported here the exponent
was held fixed at a = 2. In order to take into actothe
different types of penalties the follow modificat® to this
approach have been considered:

Category (A)

The fitness parameter should be allowed to vargiwia small
amount, but otherwise penalized strongly, for examibe
work input coefficientA (that is the enthalpy rise made non-
dimensional with the square of the blade tip veyoci

=2l _5) 0o
A

req

P={ma

If the value of 0 was specified to be 0.01 (that is 1%) then
the penalty has no effect on an impeller in thegearof

0994, <A <1011, butincreases when the work input

coefficient differs from the desired value by mdhan 1%.
This, together with a high weighting for this paeter, will

effectively limit designs to give only those thatave

acceptable work input. It will kill off designs wittotally

wrong work input coefficient but will not penalizhose that
are relatively close to the required objectivetesgenalty then
becomes zero.

Category (B)

Parameters that need to be within a certain rabpgewhere
the range is more flexible, may also be specifiedhis way
and also may use a lower weighting function thaa teal
constraints. The same equation is used as abova lider
range. An example of this type of parameter wowdHhe hub
incidence at the design point. Designs should aehia
sensible hub flow incidence but as flow in the Istleamtube
generally accelerates through the impeller a fawide
tolerance on the hub incidence may be allowed.iftidence
at the shroud, however needs to be closely coatt@hd falls
into the category (A) above.

Category (C)

Parameters that need to be minimized or maximiZed,
example the peak suction surface Mach number wigelds to
be as low as possible.

a
P=<ma M s peak M s, peakireq ,00
M ss, peak, ref

If a low value of M is specified then this will

ss, peak,req
penalise values of the suction surface Mach numibéch are
higher than this. Note that the penalty functiorverefalls
below a value of zero so that when all other pé&wmlare
already reduced to a minimum value the peak sucioface
Mach number is further reduced.

Category (D)

Parameters that need to be maximized or minimizatd b
provided they are above or below a certain threshbken no
penalty should be incurred, such as the De Hallerhber

-] ]

If the de Haller number is above the required vahen no
penalty is incurred.

The section above outlines the ideas of the fitfiasstion.
The actual implementation of this in the softwaystem has
been organized via a control unit which allows sdiewbility
in the setting up and adjustment of the parametdris. allows
users with specific ideas about what constitutgead design
to adapt the fitness function to meet their ownetasd style,
although clearly defined default values are prodide
Intermediate results of the optimization process abso be
examined and the control unit allows the user tange the
optimization parameters during the optimizationgess.

Experience with the penalty function during theidaition
process has caused some of the initial featuré® tchanged,
and experience is still being gathered on this.éxample, the
blade loading from hub to shroud is specified &sdifference
in meridional velocity between the hub and shroividdd by
that on the mean stream line, following the bladading
criterion of Morris and Kenny (1971). A tendency afl
optimizations aimed at reducing the hub to shraadling was
found to be that the optimizer tends to do thisreyeasing the
meridional velocity on the mean streamline. Theraao direct
penalty associated with this, but this of cours® alffects the
rate of deceleration and the loss production ininfeeller and
tended to produce heavy impellers with a large thiaineter.
This problem and other similar problems has beeit deth
by allowing the user to set the range of the fremmeters to
be within certain bounds that are considered aatdégpt

VALIDATION AND VERIFICATION

To verify the use of the optimizer several testesaBave
been chosen, ranging from small gas turbine impelle
turbocharger impellers and impellers for industrial
compressors. The original successful designs weméed out
by hand using state-of-the-art fluid dynamic andchamical
analysis design tools. The impeller have now beelesigned
using the new optimization tool. The results shbat the new
optimization tool is able to closely achieve thefpenance
levels of an experienced designer, but in consideréess
time.
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High pressureratio industrial compressor

This case represents a compressor impeller desfgneah
inter-cooled two-stage industrial air compressorheT
application involved a direct drive electric motand was
speed limited so a high diameter impeller of medapacific
speed resulted from the preliminary design process.
particularly difficult aspect of this design wasethmbitious
efficiency level that was required, and this walsiened in the
initial design through extensive CFD optimizationdaso
represents a particularly challenging case for abematic
optimizer coupled to a throughflow code. The fimdsign
incorporated an impeller of diameter 160 mm, a tioal
speed of 60,125 rpm for a mass flow of approxinyatekg/s
and a total to total pressure ratio of the impedfe4.7.

The BGA control parameters for the optimizationtioé
test case are shown in Table 1 below.

Start population size 60
Population size 40
Number of generations 50
Selection parameter 0.30
Recombination extending factor 0.25
Mutation range 0.10

Table 1 BGA control parameters

The fitness function was established using theofdlg
key optimization targets as listed in Table 2 below

Target Value
Minimum Mach number on pressure 0.1
surface along hub streamline

Work coefficient 0.7
De Haller number 0.6
Flow angle into diffuser 7
Incidence angle at the hub 10°
Incidence angle at the tip 0°
Choke margin 15 %

Table 2 Optimization targets

The plots of the results from the throughflow asay
shown in figure 4 and figure 5 demonstrate thatube of the
BGA has been successful in removing some featufebeo
original design that are not considered to be agdtifdote that
the hub line increases radius more slowly in théndped
design and this leads to a general lowering of wblecity
levels in the impeller. In particular the optimiséesign has a
lower shroud suction surface Mach number as seégure 5,
which is an important feature for a transonic inggelln
addition the reduced velocity level in the impellas very
beneficial effects on the uniform blade loadinggdéans at the
tip as can be seen from figure 5. The optimisedgdesso has

a more uniform distribution of deceleration throughe
impeller, as shown in the Mach number plots for the
sections. The optimised design has a lower Machbeuaron
the hub which leads to a higher blade loading is thgion,
which is probably not entirely beneficial

Fig 4. Meridional velocity flowfield of the BGA ojmhized
design (above) and the original design (below)

Both designs have been analysed using 3D CFD
simulations using ANSYS CFX11 and the global resualte
summarised in table 3 below. The CFD computatichthe
characteristic curves of the stage (figure 6) destrate that
the optimised design (using the BGA and a simpieuthhflow
code) nearly achieves the performance levels ofdiggn
optimised by hand using CFD. The optimizer produees
design that is nearly, but not quite, as good asghoduced by
an experienced designer with more complex toolseftainly
is an excellent starting point for more detailedlgsis.
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Design Original BGA Optimized
Pressure ratio (t-t)| 4.77 4.61

Mass flow (kg/s) 1.013 1.015
Efficiency(s,t-t) 92.6 92.2%

Work coefficient 0.71 0.69

Throat area (mA) | 4044 4053

Speed (rpm) 60125 60125

Table 3 CFD determined performance parameters

Fig 5 Mach number and blade loading distributiohthe BGA
optimized design (above) and the original desigdiw)

OUTLOOK

The method described here includes the mecharspakts
only in the sense that the blade thickness didtdbuand the
lean and rake angle are chosen from experience atitar
designs to meet the specified requirements. Wockiiginuing
on the integration of a simple FEM mechanical dalton to
allow the optimizer to take this into account dgrithe
optimization of the impeller. When the detailed imemical
analysis is included then a multi-objective optiatian is
planned so that the trade-off between the mechlamiod
aerodynamic aspects can be assessed.

The optimization system has been described withretp
the optimization of centrifugal compressor imped|dsut there
is no fundamental limitation of any parts of thesteyn that
limit its application to compressors alone. Cars been taken
to allow subsequent development for applicatiopumps and
for radial turbine design. Here appropriate tengdain the
parameterized geometry definition system are neddgdther
with a clear formulation of the objectives that slib be
achieved.

1.00
0.95

+0.90 7
-50.85 1
$50.80 1
B0.75 |
<
50.70
Z0.65 -
2
S0.60 |
30.55
8050
S
=045 7
0.40

—— Optimised
—a— Original

0.35
0.30

Pressureratio (t-t)
@
n

‘mass flow (kg/s) H

Fig 6. Characteristic curves of original and optied impeller
calculated with ANSYS CFX11, Isentropic efficiengnd
work coefficient (above) and total to total pressumatio
(below)

10 Copyright © 2008 by ASME



CONCLUSIONS

The method described in this paper provides antiegci
practical use of optimization techniques in theyeatages of
aerodynamic and mechanical design of centrifuggeifars.
The method provides the designer with an optimized
preliminary design for subsequent detailed fluichaiyic and
mechanical analysis within an hour This frees tiimemore
complex engineering analysis. Real design issupshen be
examined with the higher level analysis tools, eatithan
wasting time to examine designs that are totalluitable.

A key aspect is the flexibility and reliability ofhe
throughflow code which provides both meridional ditdde-
to-blade information with empiricism that is coneig with
the 1D mean-line design process. The example gihemwvs
that the design using the simple throughflow codmrly
achieves the performance levels of designs optinizgy
hand” using more complex design tools, but in ahslworter
time.
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