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Redesigning Gas-Generator Turbines for Improved Unsteady
Aerodynamic Performance Using Neural Networks
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A recently developed neural network-based aerodynamic design procedure is used in the redesign of a gas-
generator turbine stage to improve its unsteady aerodynamic performance. The redesign procedure used incorpo-
rates the advantagesof both traditional response-surface methodologyand neural networks by employing a strategy
called parameter-based partitioning of the design space. Starting from the reference design, a sequence of response
surfaces based on both neural networks and polynomialfits is constructed to traverse the design space in search of
an optimal solution that exhibits improved unsteady performance. The procedure combines the power of neural
networks and the economy of low-order polynomials (in terms of number of simulations required and network
training requirements). A time-accurate, two-dimensional, Navier-Stokes solver is used to evaluate the various
intermediate designs and provide inputs to the optimization procedure. The procedure yields a modified design
that improves the aerodynamic performance through small changes to the reference design geometry. These results
demonstrate the capabilities of the neural network-based design procedure and also show the advantages of in-
cluding high-fidelity unsteady simulations that capture the relevant flow physics in the design optimization process.

Nomenclature

airfoil axial chord

eccentricity of airfoil leading-edge ellipse
time-averaged airfoil surface pressure
unsteady pressure amplitude on airfoil surface
semiminor axis of airfoil leading-edge ellipse
axial coordinate direction

transverse coordinate direction

angular extent of airfoil leading-edgeellipse
angular extent of airfoil trailing-edge circle

™R = T ™ ©°

Subscripts
i

inlt

l,u

min, max
rel

t =

grid point index

inlet quantity

upper, lower surface of airfoil
minimum, maximum value
relative quantity

total quantity

Introduction

HE aerodynamic design of transonic high-pressure (HP) air-
craft engine turbines is complicated by the presence of shocks,
wakes, tip leakage, and other secondary flow effects in the flowfield.
These shocks, wakes, and vortical flows are ingested by downstream
stages, which results in complex interactions with one another and
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with the flow in these stages. All of these effects are complicated fur-
therby the inherentunsteadinessof the flowfield thatresults from the
relative motion of the rotor and statorrows and givesrise to unsteady
interactions both within the HP turbine stages and between the HP
turbine and the adjacentlow-pressureturbinestages. These unsteady
interactionsmay be large enoughto affectthe time-averagedfeatures
of the flow. Cooling and heat transfer are also important consider-
ations in the design process because most HP turbine blades are
typically cooled to withstand high operating temperatures. The heat
transferis closely coupled to the unsteady acrodynamicsand is often
affected greatly by it.

Several experimentalinvestigationsof transonic turbinesaimed at
characterizingshock formation,' unsteady stage interactions? heat-
transfer effects,’ and other physical flow phenomena involved have
been performed over the years. Various numerical investigations
of these flowfields ranging from single blade row computations to
time-accurate Navier-Stokes computations in two dimensions,*~¢
and more recently in three dimensions,® have also added to our
understanding of these flows.

Modern HP turbines are usually composed of either one or two
stages. Two-stage turbines are longer and heavier but are subsonic
and usually more efficient® Single-stage turbines are lighter and
compact but operate in the transonic regime and suffer efficiency
penalties due to shock losses and high loadings ® Even in two-stage
designs that are designed to operate in the subsonic regime, there is
the potential for unsteady shocks in the flowfield due to high blade
loadings. Because of the detrimental effects of these shocks, such
as poor aerodynamicperformance,unsteady stresses, fatigue, vibra-
tion, and reduced blade life, designers have to pay special attention
to them. A design optimization method that would help the design-
ers in their efforts to mitigate the effects of these shocks would serve
as a very useful tool.

A variety of formal optimization methods have been developed
in the past and applied to turbine design. These include inverse-
design methods (for example, see Demeulenaere and Van den
Braembussche’), blade-shape-optimizaion procedures (for exam-
ple, see Chattopadhyayet al.'?), and multidisciplinary-optimization
proceduresthatintegratethe heat transferand aerodynamiceffects.!!
The gas turbine industry has also been incorporating design opti-
mization techniquesin the turbinedesign process for some time now.
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There are several referencesin the literature (for example, see Tong
and Gregory'? and Shelton et al.'*) dealing with the use of a com-
mercially available optimization environment (iSight) in both pre-
liminary design and final design optimization. However, most of this
work has its basis in traditional numerical-optimizationprocedures.

More recently, the authors have developed a different approach
to turbomachineryblade design optimizationthat is based on neural
networks.!*!% Thismethod offers several advantagesover traditional
optimizationprocedures.First, neural networksare particularly suit-
able for multidimensional interpolation of data that lack structure.
They can provide a greater level of flexibility than other methods
in dealing with design in the context of unsteady flows, partial and
complete datasets, combined experimental and numerical data, the
need to include various constraints and rules of thumb, and other
features that characterize the aerodynamic design process. Second,
neural networks provide a natural framework within which a suc-
cession of numerical solutions of increasing fidelity incorporating
more and more of the relevant flow physics can be represented and
utilized subsequentlyfor optimization. Here the term fidelity is used
to denote the extent to which the system of equations faithfully rep-
resents the physical characteristics of the flow. Third, and perhaps
most important, neural networks offer an excellent framework for
multidisciplinary-desgn optimization. Simulation tools from vari-
ous disciplines can be integrated within this framework. Efficient
use can also be made of parallel computingresources.Rapid tradeoff
studies across one or many disciplines can also be performed.

Although neural networks have been used in other applications,
including aeronautics, for some time now, their application to tur-
bine design optimization is relatively new. Sanz'® uses a neural
network to determine, from a database of input pressure distribu-
tions, a pressure distribution that would produce the required flow
conditions. An inverse design method is then used to compute the
airfoil shape that corresponds to this desired pressure distribution.
In other work,!? although not directly related to neural networks,
a turbine aerodynamic design method is developed that is based
on an evolutionary optimization technique and uses reinforcement
learning to learn adaptively from the design environment.

This paper reports on continuing work by the authorsin develop-
ing a neural network-based turbomachinery blade design method.
It deals with the application of this method!® to the redesign of a
gas-generatorturbine with the goal of improving its unsteady aero-
dynamic performance. The turbine chosen here is a two-stage con-
figuration with an aggressive design characterized by high turning
angles and high specific work per stage.'® Our interest s in the first
stage of this configuration. Although the turbine was designed to
operate in the high-subsonic regime, an unsteady analysis showed
very strong interaction effects including an unsteady moving shock
in the axial gap regionbetween the statorand rotorrows. Itis hypoth-
esized that the strength of this shock can be reduced by optimizing
the airfoil geometries, and the overall unsteady aerodynamic perfor-
mance of the turbine can thereby be improved. Because the shock
can only be discernedby an unsteady aerodynamic analysis,a time-
accurate Navier-Stokes solver'® is coupled to the neural network-
based optimizerand providessimulationinputs to it. The results pre-
sented here demonstrate that the neural network-based optimization
method yields a modified design that is very close to the reference
design and achieves the same work output, yet has better unsteady
aerodynamic performance because the flow throughit is shock free.

The rest of this paper deals with the application of the design
optimization method of Rai and Madavan'’ to the redesign of a
gas-generator turbine. The design goal is to improve its unsteady
aerodynamicperformance.Details regardingthe redesignprocedure
and the results obtained are discussed in the following sections.

Reference Design

The turbine that is considered for redesign is a preliminary de-
signdevelopedby Pratt and Whitney for a new generic gas-generator
turbine.'® This turbine is designed to operate in the high subsonic
regime and is a two-stage configuration thatis characterizedby very
high turning angles (160 deg in the rotor passage) and high specific
work per stage. Further, low-convergenceairfoil shapes are used for

the rotor blades. All of these features made the design process for
this turbine critical. In particular, the 160-deg turning angle was well
above most existing designs. Because this design was so far beyond
the range of their existing database, the designers were unsure of
the effects of unsteady interactionson turbine performance. A post-
design unsteady time-accurate analysis of the flow was performed®
as a final evaluationof the design. This analysisrevealed significant
unsteady effects and an unsteady shock on the suction surface of the
stator that spanned the gap region and impinged on the rotor blades
as they passed by the stator airfoils. The position of this unsteady
moving shock on the stator suction surface and its strength oscil-
lated periodically in time at blade-passing frequency. The shock is
entirely due to the stator-rotor interaction,and any analysis thatfails
to account for this interactionwill fail to indicate the presence of the
shock.® On the basis of these findings, a design modification that
increasedthe axial gap between the stator and rotor rows (from 30%
of mean chord to 75% of mean chord) was recommended. Unsteady
analysis of this modified design showed that the flow through the
stage was shock free. The uncooled stage efficiency of the modified
design was also higher, and the overall performancelevel was closer
to that expected by the designers.

Design Procedure

We use our recently developed neural network-based turboma-
chinery airfoil design procedure to improve the reference design by
successfullymitigating the effects of the unsteady shock. We accom-
plish our redesign objective by optimizing the shape of the airfoils
while maintaining the original axial gap (30% of mean chord). Our
purpose is to demonstrate the capabilities of our method for design
in an unsteady flow environment and also to show the advantages
of capturing the relevant flow physics using high-fidelity unsteady
simulations in the design optimization process.

Airfoil Geometry Parameterization

Geometry parameterizationand prudent selection of design vari-
ables are among the most critical aspects of any shape-optimization
procedure. Because this study focuses on airfoil redesign, the ability
torepresentvariousairfoil geometries with acommon set of geomet-
rical parametersis essential. Variationsof the airfoil geometry can be
obtained then by smoothly varying these parameters. Geometrical
constraints imposed for various reasons, structural, aerodynamic,
for example, to eliminate flow separation, etc., should be included
in this parametric representationas much as possible. Additionally,
the smallest number of parameters should be used to represent the
family of airfoils.

The method used for parameterizationof the airfoil geometries is
described by Rai and Madavan'® and is reviewed here for complete-
ness. Figure 1 shows the method for a generic airfoil. Some salient
features of the method are noted.
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Fig. 1 Schematic of a generic airfoil showing location of control points
on the airfoil surface and defining angles used in the parameterization
of the airfoil geometry.



MADAVAN, RAI, AND HUBER 671

First, the leading edge is constructed using two differentellipses,
one for the upper surface and one for the lower surface. The eccen-
tricity of the upper ellipse and the semiminor axes of both ellipses
are specified as geometric parameters (e, ,, and t;), respectively.
All other related parameters can be determined analytically. The
major axes of both ellipses are aligned with the tangent to the cam-
ber line at the leading edge. This tangent is initially aligned with
the inlet flow but is allowed to rotate as the design proceeds. The
angles o, and ¢y determine the extent of the region in which the
leading edge is determined by these ellipses. The two ellipses meet
in a slope-continuousmanner.

Second, the trailing edge can also be constructed in a similar
manner with the major axes of the ellipses aligned with the tangent
to the camber line at the trailing edge. However, in this study the
trailing edge was defined using a single circle. The angles 3, and
B, determine the extent of the region in which the trailing edge is
determined by this circle.

Third, the region of the upper surface between the upper leading-
edge ellipse and the trailing-edge circle is defined using a tension
spline. This tension spline meets the leading-edge ellipse and the
trailing-edgecirclein a slope-continuousmanner. Additional control
points for the tension spline that are equispacedin the axial direction
are introduced as necessary. These points provide additional control
over the shape of the upper surface. The lower surface of the airfoil
between the lower leading-edge ellipse and the trailing-edge circle
is obtained in a similar manner.

A total of 13 geometric parameters were used to define the sta-
tor vane geometries in the current study. These parameters are
1) leading-edge and trailing-edge airfoil metal angles (two parame-
ters), 2) eccentricity of upper leading-edge ellipse (one parameter),
3) angles defining the extent of the leading-edgeellipse (two param-
eters), 4) angles defining the extent of the trailing-edge circle (two
parameters), 5) airfoil thickness values at the leading-edge (two pa-
rameters), 6) airfoil y-coordinate values (see Fig. 1) at midchord on
the upper and lower surfaces (two parameters), and 7) airfoil y-co-
ordinate values at intermediate points on the upper surface (two
parameters).

Because the rotor blade geometries are somewhat more com-
plicated than the stator vane, five additional parameters were re-
quired to represent the blades. These parameters were the airfoil
y-coordinate values at five additional points on the suction and
pressure surface of the blade. Accurate representations of the sta-
tor and rotor airfoils in the reference design were obtained using
these 13 and 18 parameters, respectively. Acceptable modified air-
foil shapes required by the optimization procedure were obtained
easily by varying some or all of these parameters.

Unsteady Aerodynamic Analysis

Unsteady aerodynamic analyses of the turbine stage configura-
tions required during the redesign process were obtained using the
ROTOR-2 computer code.!” This code solves the unsteady, two-
dimensional, thin-layer Navier-Stokes equations for rotor-stator
configurationsin a time-accuratemanner. Three-dimensionaleffects
of stream-tube contraction are also modeled. The computational
method used is a third-order-accurate, iterative-implicit, upwind-
biased scheme that solves the time-dependent, Reynolds-averaged
Navier-Stokes equations. The ROTOR-2 code has formed the basis
of numerous publications (for example, see Refs. 6, 7, 14, 15, and
19). Details regarding the solution methodology, code validation
and accuracy studies, and grid refinement issues can be found in
these references and the references cited therein.

The flow domain is discretized using a system of patched and
overlaid grids; the grids attached to the rotor airfoils can move rel-
ative to the grids attached to the stator airfoil to simulate the rotor
motion. Figure 2 shows the stator and rotor airfoil cross sections at
midspan for the reference turbine design. The reference design has
38 airfoils in the stator row and 52 in the rotor row. To simulate this
flow at least 19 stator airfoils and 26 rotor airfoils would have to be
modeled as a system.

The computational expense of such a simulation can be reduced
considerably by modifying the number of stator airfoils to 39 be-

Fig. 2 Turbine geometry (at
midspan of reference design)
and computational grid used.

$Direction of

Inner O-Grid Rotor Motion

causethis would permit a simulation with 3 stator and 4 rotor airfoils
as a system with periodicity conditions to account for the rest of the
airfoils. The modification of the stator airfoil countis accomplished
by rescaling the stator geometry by a factor of % and keeping the
pitch-to-chordratio the same as the actual design. This rescaling is
relatively minor and is not expected to alter significantly most of
the relevant features of the flow.

Figure 2 also shows the grid system used to discretize the flow
domain. Each airfoil has two grids associated with it: an inner O
grid that contains the airfoil and an outer H grid that conforms to
the external boundaries. For the analyses performed here, each inner
O grid has 151 points in the circumferentialdirection and 41 points
in the wall-normal direction. Each outer H grid has 100 points in
the axial direction and 71 points in the transverse direction. For the
sake of clarity, only some of the grid points are shown in Fig. 2.

The dependent variables are initialized to freestream values, and
the equations of motion are then integrated subject to the boundary
conditions. The flow parameters that are specified are the pressure
ratio acrossthe turbine stage (ratio of exit static pressureto inlet total
pressure), the inlet Mach number, the inlet flow angle, and the inlet
unit Reynolds number. For the reference design, the pressure ratio
across the turbine stage is 0.455, the stator inflow Mach number is
0.0585, the statorinflow angle is 0.0 deg and the inlet unit Reynolds
number is 4.9 x 10°/in.

Optimization Problem Formulation

The goal of the redesign effort is to improve the unsteady aero-
dynamic performance of the turbine by optimizing the shape of the
stator and rotor airfoils. This is accomplished by formulating an
objective function that minimizes the unsteady pressure amplitudes
Di on the stator vane (or rotor blade) subject to the constraint that
the tangential force on the rotor airfoil, that is, turbine work output,
does not change from the reference design by more than 0.5%. The
pressureamplitude p; is used as a measure of the unsteadinessin the
flowfield and is defined as the difference between the maximum and
minimum pressures occurring over a complete cycle at each point
on the airfoil surface. For the stator vane, a cycle corresponds to the
motion of the rotor blade through a distance equal to the rotor pitch.
Similarly, for the rotor blade, a cycle corresponds to the motion of
the rotor blade through a distance equal to a stator pitch. Thus, the
pressure amplitude p; is defined as

ﬁi = (pt}max - pt}min)cycle (1)
In the current redesign, the goal is to improve unsteady aerody-

namic performance by eliminating the shock. The presence of the
unsteady shock in the reference design results in large unsteady
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pressure amplitudes. Thus, the pressure amplitudes are directly re-
lated to the shock strength. Hence, it is assumed that a reductionin
the unsteady amplitudes on the stator vane (and/or rotor blade) will
result in a weakened shock. The results obtained demonstrate the
validity of this assumption. Note that during the optimization pro-
cess any modification of either the stator or rotor airfoil geometry
could affect the pressure amplitudes on both the stator and the rotor
airfoils, due to stator-rotor interaction.

Neural Network-Based Design Procedure

The design procedure used here is that of Rai and Madavan.'?
The procedure uses a sequence of response surfaces based on both
neural networks and polynomial fits to traverse the design space in
search of the optimal solution. A technique called parameter-based
partitioningof the design space is used, where the functional depen-
dence of the variables of interest, for example, pressure, with respect
to some of the design parameters is represented using neural net-
works, and the functional dependence with respect to the remaining
parameters is represented using polynomials. The power of neural
networks and the economy of low-order polynomials (in terms of
number of simulations required and network training requirements)
are, thus, effectively combined. The method" can be viewed as
a variant of response surface methodology’®?! (RSM), where the
response surfaces are constructed using both neural networks and
polynomials. Traditional RSM uses only low-order polynomials in
constructing the response surfaces.

The method uses polynomial approximations on multidimen-
sional simplexes. An s-dimensional simplex is a spatial configu-
ration of s dimensions determined by s + 1 equispaced vertices, on
a hypersphere of unit radius. (By this definition, a two-dimensional
simplex is an equilateral triangle that is circumscribed by a unit cir-
cle.) This approach assumes that the local variation of the design
objective function can be accurately represented using low-order
polynomials, which is very often the case. The polynomial fit on
this simplex, together with the trained neural network, represents a
composite response surface. The optimization procedure then uses
a sequence of such compositeresponse surfaces to traverse through
the design space in search of the optimal solution.

Parameter-basedpartitioning of the design spaceis accomplished
in the following manner. Because the variation of the unsteady pres-
sure amplitudes along the airfoil surfacesis typically far more com-
plicated than the variation with small changes in geometric param-
eter values, a neural network is used only to represent unsteady
pressure amplitude variationin physical space. The three-layerneu-
ral network (with two hiddenlayers) shown in Fig. 3 is used for this
purpose. The first node in the input layer is a bias node (input of
1.0). The second set of nodesis used to specify the physicallocation.
Because we are dealing with two-dimensional geometries only, the
physical location is specified by a single parameter, the axial loca-
tion on the airfoil surface. Figure 3 shows a third set of input nodes
that are not activated in this study, but may be used in cases where
the functional behavior of the pressure amplitudes with some of the
geometric parameters is complex and one wishes to use the neural
network to represent this behavior.
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Fig. 3 Schematic of the three-layer feedforward neural network used.

The variation of the unsteady pressure amplitudes with the geom-
etry parametersis approximatedusing simple polynomials. Because
a linear variation is assumed, the points at which the pressure am-
plitude data are determined are located at the vertices of a simplex
of dimension equal to the number of geometry parameters.

The optimization strategy used here to redesign the turbine airfoil
geometry starting from the reference design can be summarized as
follows.

1) Populate the design space in the vicinity of the reference geom-
etry. The reference design geometry serves as the centroid of the first
simplex in the optimization process. A simplex in design space is
constructed around this centroid, and unsteady computational fluid
dynamics (CFD) analyses at each of the vertices are obtained.

2) Train the neural networks and compute the polynomial coef-
ficients to define the composite response surface. The input nodes
of the neural networks will typically contain parameters that cor-
respond to the physical location on the airfoil and those geometric
parametersthat give rise to complex surface pressure variations. The
neural networks are trained, and the polynomial coefficients
that define the pressure variation within the simplex are computed.
The trained neural networks in combination with the polynomial fit
then constitute the composite response surface.

3) Search the region of the design space represented by the com-
posite response surface. A conjugate gradient method was used to
perform this constrained search. Geometrical and other constraints
can be incorporated within this search procedure easily. In addi-
tion, constraintsthat limit the search procedure to the volume of the
simplex are also incorporatedin the search.

4) Relocate the simplex. If the local optimum obtained in the
preceding step lies on the boundaries of the simplex then this point
is chosen as the new centroid and steps 1-4 are repeated until the
search culminates inside the simplex. However, the process can be
stopped at any time when the design is deemed adequate.

5) Validate the design. As a final step in the process, the unsteady
aerodynamicanalysisis carried out for the geometry corresponding
to the optimal design to determine the adequacy and quality of the
design.

Implementation Details

The optimization procedure was initiated from the reference de-
sign. The processfocusedinitiallyon the suction surfaceof the stator
vane. Although 13 geometric parameters were used to represent the
stator vane, only 5 of these parameters that were related to defining
the suction surface were considered to obtain the modified design.
A linear variation of the objective function with respect to the ge-
ometric parameters was assumed, resulting in a five-dimensional
simplex (with six vertices) at each design optimization step. The
process of constructing new simplexes and searching for the local
optimum was repeated three times to arrive at the modified design
that met the requirement of a shock-free flow. The optimized de-
sign was obtained from the modified design by carrying out three
additional optimization steps. The first of these steps continued the
process of modifying the stator vane geometry, but used six param-
eters instead of five. In the next two steps, the stator geometry was
keptunchanged, and the rotor blade geometry was modified. Unlike
the stator geometry modification, the process focused on the leading
edge of the rotor blade. Six parameters that were related to defining
the rotor leading edge were allowed to vary.

Each of the six three-layernetworks (representingthe six vertices
of the simplex) had two input nodes, one for the bias and one for
the axial location, and one output neuron. Both the first and second
hiddenlayers had 11 neurons, for a total of 154 connection weights.
Thus, the total number of connection weights for all 6 networks was
924. A sigmoidal activation function was used for all of the neurons.
A conjugate gradient-based optimization method was used to train
the networks. During the training process, the training error was
reduced by about four orders of magnitude from the initial value.
The three-layer network architecture was chosen because training
times were reduced significantly over that required by two-layer
networks.'*
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Results

The neural network-basedredesign method was used to optimize
the unsteady performanceof the referenceturbine. This optimization
yielded a design (referred to as the modified design) that was close
to the reference design, but the unsteady shock was eliminated re-
sulting in better unsteady aerodynamic performance. The modified
design was obtained by optimizing the shape of stator vane alone.
As a further demonstration, the optimization process was contin-
ued by modifying the shape of both the stator vane and rotor blade.
The resulting design (referred to as the optimized design) showed
further improvements in unsteady aerodynamic performance, but
the shape of the stator vane differed noticeably from the reference
design. Detailed comparisons of both the modified and optimized
designs with the reference design are presented in this section.

Comparison of Stator Vane Geometry for Reference
and Modified Designs

Figure 4 compares the stator vane geometry for the reference and
modified designs. The geometry of the modified design obtained
at the end of the optimization process is very close to that of the
reference design. The suction surface has been thinned out in the aft
region, and the location of the point where the maximum thickness
occurs (the airfoil crown) has moved slightly downstream. Because
the geometry modifications are slight, the effect on flow angles and
other mean flow parameters is small. However, the impact on the
unsteady flow features through the turbine stage is substantial, as
the following results will show.

Comparison of Flow Parameters for Reference and Modified Designs

Table 1 compares the flow parameters for the reference and mod-
ified designs. The differences between the overall flow parameters
in the two cases are very small. This is to be expected because the
geometry has been modified very slightly from the reference design.

Static Pressure Variation on Airfoils

Figure 5 shows the time-averaged static pressure variation (nor-
malized by the total pressure at the stator inlet, p, j,;) on the stator
vanes. The static pressure is time averaged over a stator cycle that
corresponds to the rotor blades moving by a distance equal to that
between adjacent rotor blades, that is, rotor pitch. In the modified
design, the pressure minimum near the vane trailing edge is not as
low as in the reference design. The vane loading near the midchord
region is larger in the modified design.

The variation of time-averaged pressures (normalized by the rel-
ative total pressure at the inlet to the rotor row, p, ;) on the rotor
blades is compared for the reference and modified designs in Fig.
6. In this case the time averaging is performed over one rotor cycle,
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Fig. 4 Comparison of the stator vane geometries for reference and
modified designs.

Table1 Geometry and flow parameters for reference,
modified, and optimized designs®

Reference ~ Modified  Optimized
Parameter design design design
Number of stator vanes 38 38 38
Number of rotor blades 52 52 52
Pressure ratio across stage 0.455 0.455 0.455
Unit Reynolds number at 49 4.9 4.9
stator inlet (per inch), x 10°

RPM 24,000 24,000 24,000
Ratio of specific heats 1.3699 1.3699 1.3699
Stator inflow Mach number 0.0585 0.0587 0.0587
Stator inflow angle, deg 0.0 0.0 0.0
Stator outflow angle, deg 83.20 83.24 83.18
Rotor-relative inflow angle, deg 79.40 79.37 79.18
Rotor-relative outflow angle, deg —82.00 —81.98 —82.01

*All angles are measured from the axial direction.
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Fig. 5 Comparison of time-averaged pressure distributions on the sta-
tor vanes for reference and modified designs.
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Fig. 6 Comparison of the time-averaged pressure distributions on the
rotor blades for reference and modified designs.

which correspondsto the rotor blades moving by a distance equal to
that between the stator blades, that is, stator pitch. Because the rotor
blade geometry was not modified, the difference in time-averaged
pressures between the reference and modified designs is quite small
and is limited to the vicinity of the leading edge of the blade.

Instantaneous Contours in the Flow

Figures 7a and 7b compare the instantaneous pressure contours
in the flow for the reference and modified designs, respectively. The
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Fig. 7 Instantaneous pressure contours in the flow for a) reference
design and b) modified design.

major difference between the reference and modified designs is the
unsteady shock in the gap region. This shock can be seen clearly
in the reference design, whereas the flow in the modified design is
shock free. In the referencedesign, the shock lies on the vane surface
and impinges upon the rotor blades as they pass by the vanes. This
unsteady shock, and its motion, is one of the causes of the large
temporal pressure variations on the vane and blade surfaces. This
shock is entirely due to the interaction between the stator and rotor
airfoils. The slightchange in the stator vane geometry on the suction
side of the modified design effectivelyeliminates the shock. Figures
7a and 7b represent different instances in the rotor-blade-passing
cycle. The time instances correspond to the rotor position when the
instantaneous Mach number in the flowfield is maximum and was
chosen to represent the worst-case scenario.

InstantaneousMach numbercontoursare shownin Figs. 8aand 8b
for the reference and modified designs, respectively. The maximum
instantaneous Mach number is 1.33 in the reference design and
1.13 in the modified design. Whereas pressure contours, in general,
highlight only the inviscid aspects of the flow, Mach number con-
tours also highlightthe viscous aspects, such as boundary layers and
wakes. The shock-wake interaction in the reference design can be
clearly seen in Fig. 8a. Despite the unusually high turning angles,
the contours show no indication of boundary-layerseparation. The
instantaneous pressure contours at several representative instances
in the rotor-passing cycle showed that the flow was shock free for
different relative blade-vane locations. In addition, an animation of
the instantaneousflowfield that was created for an optimized design
(described in a later section) also showed that the shock had been
eliminated over the entire rotor-passingcycle.

Unsteady Pressure Amplitudes on Airfoils

A quantitative measure of the unsteadiness in the flow can be
obtained from the unsteady pressure amplitudes on the surfaces of
the stator and rotor airfoils. The pressure amplitudes p are defined
as the difference between the maximum and minimum pressures
occurring over a complete cycle at each point on the airfoil surface
[see Eq. (1)]

The pressure amplitudes on the stator vanes for the reference and
modified designsare shownin Fig. 9. The abscissaon Fig. 9 is the ax-
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Fig. 8 Instantaneous Mach number contours in the flow for a) refer-
ence design and b) modified design.
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Fig. 9 Comparison of the pressure amplitude distributions on the sta-
tor vanes for reference and modified designs.

ialdistancex (normalized by the statoraxial chord c) along the stator
vane measured from the leading edge (x/c =—1.0) along the suc-
tion surface to the trailing edge (x/c =0.0) and then back to the
leading edge along the pressure surface (x/c =1.0). It is evident
from Fig. 9 that the large unsteady interaction effects in the refer-
ence design have been reduced substantiallyin the modified design.
In particular, the maximum pressure amplitude that is located at the
trailing edge of the vane has been reduced by about 30%. As noted
earlier® the large pressure amplitudes are caused by the presence
of an unsteady moving shock in the gap region. The reduced pres-
sure amplitudes in the modified design indicate that the strength of
this shock has been reduced, and its detrimental effects have been
mitigated.

The pressure amplitudes on the rotor blades for the reference
and modified designs are shown in Fig. 10. Unlike in Fig. 9, the
abscissa on Fig. 10 is the axial distance x (normalized by the ro-
tor axial chord c) along the rotor blade measured from the trailing
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Fig. 10 Comparison of the pressure amplitude distributions on rotor
blades for reference and modified designs.
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Fig. 11 Comparisonofthe stator vane geometries for the modified and
optimized designs.

edge (x/c=—1.0) along the suction surface to the leading edge
(x/c=0.0) and then back to the trailing edge along the pressure
surface (x/c=1.0). Although the time-averaged pressure on the
rotor blade is hardly affected by the stator vane modification, the
unsteady pressures on the rotor blades are considerably reduced in
the modified design. At the leading edge, the reduction is again
about 30%.

Note that the reduction of unsteady effects in the modified design
is due primarily to the elimination of the shock. The unsteadiness
due to potential and wake-blade interactions between the stator
vanes and rotor blades continuesto be present because the axial gap
between the vanes and blades was not changed in the optimization
process.

Further Optimization of the Modified Design

Although the modified design achieved our design objective of a
shock-free flow with minimal changes to the stator airfoil geometry,
the optimization process was continued beyond this point to explore
the possibility of further reduction in unsteady pressure amplitudes
by modifying both the stator and rotor geometries. The optimized
design that resulted is compared to the modified design next.

Figures 11 and 12 compare the stator vane and rotor blade ge-
ometries, respectively, for the optimized and modified designs. The
shape of the stator vane in Fig. 11 is noticeably different from the
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Fig. 12 Comparison of the rotor blade geometries for the modified
(unchanged from reference) and optimized designs.
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Fig. 13 Comparison of time-averaged pressure distributions on the
stator vanes for modified and optimized designs.

modified design (and the reference design, see Fig. 4). In particular,
a flattening of the airfoil crown is noticed on the suction surface.
The rotor blade modifications shown in Fig. 12 are quite small.

Figures 13 and 14 compare the time-averagedstatic pressure vari-
ationon the stator vane and rotor blade, respectively,for the modified
and optimized designs. The stator suction surface for the optimized
designshows anincreasedloadingatabout65% chordand decreased
loading toward the trailing edge in comparison to the modified de-
sign. This redistributionof the airfoil loadingis a continuationof the
trend that was observed in obtaining the modified design from the
referencedesign (Fig. 5). The differencesin the rotor blade pressure
distributions shown in Fig. 14 are quite small and for the most part
are confined to the leading- and trailing-edge regions of the suction
surface.

Figures 15 and 16 compare the pressure amplitudes on the stator
vane and rotor blade, respectively, for the modified and optimized
designs. The pressure amplitudes in the optimized design are lower
than in the modified design. Recall that the modified design,in turn,
had much lower pressure amplitudes than the reference design. The
peak pressure amplitude on the stator vane has been reduced from
0.22 in the reference design to 0.14 (36% reduction) in the mod-
ified design and to 0.10 (55% reduction) in the optimized design.
Similarly, the peak pressure amplitude on the rotor blade has been
reduced from 0.40 in the reference design to 0.27 (33% reduction)
in the modified design and to 0.20 (50% reduction) in the optimized
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Fig. 14 Comparison of the time-averaged pressure distributions on
the rotor blades for modified and optimized designs.
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Fig. 15 Comparison of the pressure amplitude distributions on the
stator vanes for modified and optimized designs.
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Fig. 16 Comparison of the pressure amplitude distributions on the
rotor blades for modified and optimized designs.

design. These reductions in unsteady pressure amplitudes were ob-
tained without changing the tangential force on the rotor blade and
the work output of the turbine. For the grid densities used in these
computations, the uncooled stage efficiencies for both the modi-
fied and optimized designs were also nearly identical to that for the
reference design. Efforts are currently underway to compute the un-
cooled stage efficiencies using more refined grids to further validate
these findings.

Convergence and Accuracy of the CFD Simulations

The grid densities used in the CFD simulations for the design op-
timizationstudies reported here and in our previous work are typical
of those used in the analysis of turbomachinery configurations. It
has been our experiencein all of these studies that design improve-
ments obtained on these grids are retained when the grids are further
refined. This is of considerableimportance because it allows design
optimization studies to be performed rapidly. The computations on
the refined grids also help establish grid convergence. The CFD
simulations used in the optimization process were performed on
composite grids with about 92,500 grid points. The CFD simula-
tions for the reference and optimized designs were also repeated
on a refined grid with about 2.5 times the number of grid points
(235,000). Grid refinement yielded nearly identical time-averaged
surface pressure distributions for both the reference and optimized
designs. However, more sensitive quantities, such as the unsteady
pressure amplitudes, did change slightly on grid refinement.

Figure 17 demonstrates that the improvement in flow character-
istics obtained through design optimization on the original grid are
retained when the flows through the referenceand optimizeddesigns
are computed on the refined grid. Figure 17 shows the variation of
unsteady pressure amplitudes on the rotor blades obtained for the
referenceand optimized designs on the two differentgrids. In Fig. 17
only the region of the rotor blade where the pressure amplitudes are
substantial is shown. Whereas there are some quantitative differ-
ences in the results obtained on the two grids, Fig. 17 shows that the
performanceimprovement obtained through design optimizationon
the original grid is essentiallyretained on the refined grid. For exam-
ple, both the original and refined grid computations show the same
reduction (about 0.20) in the peak rotor pressure amplitude in going
from the reference design to the optimized design. The grid densi-
ties used in the design optimizationto obtain the results in the paper
are, thus, adequate to resolve the essential features of the flowfield.

Computing Time Requirements

The time required to compute the unsteady CFD simulationsrep-
resents almost all of the computing time required. The time required
to train the neural networks and search the design spaceis negligible
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Fig. 17 Grid convergence studies; comparison of the pressure ampli-
tude distributions on the rotor blades obtained on original and refined
grids for reference and optimized designs.
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in comparison. The modified design was accomplished in three op-
timization steps, with seven (six vertices plus the centroid) CFD
simulations being required at each step. Each CFD simulation re-
quired about 5 h of single-processorCPU time on a Cray C-90. The
total computing time required to obtain the modified design was,
thus, about 100 h. The optimized design required three more op-
timization steps with eight (seven vertices plus the centroid) CFD
simulations being required at each step. Thus, an additional 120 h of
computing time were required to obtain the optimized design from
the modified design.

Summary

A recently developed method for aerodynamic design that incor-
poratesthe advantagesof both traditional RSM and neural networks
has been applied to the redesign of a gas-generator turbine to im-
prove its unsteady aerodynamic performance. The redesign proce-
dure employs a strategy called parameter-based partitioning of the
design space and uses a sequence of response surfaces based on
both neural networks and polynomials to traverse the design space
in search of the optimal solution. This approach results in response
surfaces that have both the power of neural networks and the econ-
omy of low-order polynomials (in terms of number of simulations
needed and network training requirements). By using high-fidelity,
time-accurate Navier-Stokes simulations to steer the optimization
process, the relevant physics of the flowfield is included at every
stage of theredesignprocess. The use of suchunsteadysimulationsis
mandatory in the current study because the moving shock in the ref-
erence designcould not be simulated accuratelyby any other means.

The application of this design method to a reference turbine
yielded a new design with a slightly different geometry. Results
shown demonstrate that the unsteady shock in the reference design
hasbeeneliminatedin the modified design. This leads to much lower
unsteady pressure amplitudes on the airfoil surfaces and, hence,
improved aerodynamic performance. The unsteady pressure ampli-
tudes were reduced even further in the optimized design that was
obtained by continuing the optimization process. The shape of the
stator vane was altered noticeably from the reference design. These
reductions in unsteady pressure amplitudes were obtained without
changingthe tangentialforce on the rotor blade and the work output
of the turbine. The uncooled stage efficiencies for both the modi-
fied and optimized designs were also nearly identical to that for the
reference design. These results demonstrate the capabilities of the
neural network-based method in design optimizationin an unsteady
flow environment.

The results presented add to our previous work'*!> in applying
the neural net-based method to design in steady environments and
demonstrate the versatility of the method. Although we have used
specific design problems as examples to illustrate the strengths of
the method, itis clear that the method can be applied to a wide range
of turbomachinery and other general design problems.
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