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ABSTRACT h®  total enthalpy
Very fast and accurate flow calculation and performance pre- h relative blade height, fraction of span
diction of multistage axial flow turbines at design and off-design Ma  Mach number
conditions was performed using a compressible steady state in- m mass flow rate
viscid through-flow code with high fidelity loss and mixing mod- n rotational speed (rpm)
els. The code is based on a stream function model and a finite ns number of stages
element solution procedure. A new design system has been de- D pressure
veloped which optimizes hub and shroud geometry and inlet and R radius
exit flow-field parameters for each blade row of a multistage axial Re  Reynolds number
flow turbine. Optimization was performed using our hybrid con- 8 entropy
strained optimization code that includes the following modules: T temperature
genetic algorithm, simulated annealing, modified simplex method, t blade pitch
sequential quadratic programming, and a gradient search algo- U tangential velocity
rithm. Switching among the modules was performed automati- z axial coordinate
cally. By varying a relatively small number of geometric variables a absolute flow angle (from tangential direction)
per each turbine stage it is possible to find an optimal radial dis- B relative flow angle (from tangential direction)
tribution of flow parameters at the inlet and outlet of every blade 4 thickness, clearance height
row. Thus, an optimized meridional flow path can be found that is ¢ loss coefficient
defined by the optimized shape of the hub and shroud. The mul- n efficiency
tistage design optimization system has been demonstrated using T pressure ratio
an actual two-stage axial gas turbine as an example. The compar- w angular velocity (s7')
ison of computed performance of an already very high efficiency P stream function
initial design and its optimized design demonstrates more than 0 deflection angle
one percent improvement in the turbine efficiency at design and Subscripts
significant off-design conditions. The entire design optimization Cl  clearance tt total to total
process is feasible on a typical single-processor computer worksta- in  inlet TE trailing edge
tion or a personal computer. m mean radius U tangential component
out outlet 1 axial component
NOMENCLATURE r radial component 1 stator outlet
¢ absolute velocity E] isentropic 2 rotor outlet

h static enthalpy



INTRODUCTION

Multidisciplinary inverse design (Fujii and Dulikravich, 1999;
Dulikravich et al. 1999) and optimization design methods (Du-
likravich, Martin, Dennis and Foster, 1999) that are currently
developed for turbomachinery applications incorporate aerody-
namic, thermal, and structural calculation procedures (Martin and
Dulikravich, 1997; Dulikravich et al. 1998). Most of the early
work focused on optimization of 1-D pitchline design (for exam-
ple, Balje and Binsley, 1968). This technique gives the optimum
geometry of the row at mean diameter and is widely used for tur-
bomachinery preliminary design. There were also early attempts
at optimizing multistage axial compressor meridional planes (Bi-
agosch, 1984) and a highly analytical approach at optimizing inlet
and exit boundary conditions for each blade row in an axial turbine
(Lurie et al., 1982). Massardo et al. (1990) used a through-flow
code to optimize the spanwise distribution of an axial compressor
blade geometry. Egorov et al. (1990; 1996) used a sophisticated
stochastic optimization algorithm to suggest means for improving
a multistage axial compressor performance. Cravero and Dawes
(1997) presented a concept for optimizing the design conditions
of an axial turbine stage. The objective was to find a radial dis-
tribution of absolute swirl velocity at the inlet and exit of a stator
biade row and a rotor blade row that will minimize the overall
single stage aerodynamic losses. They used a standard streamline
curvature through-flow analysis code having standard loss correla-
tions. A simple polynomial parameterization of the swirl velocity
and the stator and rotor lean angles were used. For optimization,
they used a rudimentary gradient search constrained minimization
routine.

Petrovic, Dulikravich and Martin (1999a; 1999b) expanded
on this general idea by demonstrating a highly accurate and fast
method of maximizing efficiency of multistage axial gas turbines
by utilizing a high fidelity through-flow analysis code and a ro-
bust hybrid constrained optimizer. The method automatically
determines an optimal shape variation of hub and shroud with-
out changing the original blade shapes. As a byproduct, it also
automatically determines an optimal radial distribution of flow
angles at the inlet and exit of every blade row. The optimized
solution provides for maximum multistage axial turbine efficiency.
The design system was demonstrated on experimentally tested
single-stage and two-stage axial gas turbines.

Once the optimized inlet and exit boundary conditions of
each blade row are found, a relatively inexpensive method of de-
tailed inverse shape design of the entire 3-D blade (Dulikravich
and Baker, 1999) or shape optimization of 2-D airfoil cascades
in each blade row (Dennis, Dulikravich and Han, 1999) can be
performed subject to the optimized inlet and exit boundary con-
ditions. Based on these new detailed blade shapes, it would be
possible to repeat the optimization of hub and shroud shapes and
inlet and exit boundary conditions thus optimizing the shape of
the loss coefficient radial profile and further improving the turbine
efficiency.

THROUGH-FLOW CODE

A through-flow analysis method will be used as a cost-
effective alternative to a full 3-D multistage Navier-Stokes flow
analysis code. Our through-flow code was developed by Petro-
vic (1995). It is based on a classical through-flow theory (Hirsch
and Deconinck, 1985), but includes significant improvements and
extensions. It is basically an inviscid code with a high fidelity dis-
tributed loss model. A finite element procedure with eight-node
isoparametric quadrilateral elements and biquadratic interpolation
functions was applied to solve the distribution of a stream func-
tion in a turbine meridional surface. The loss model developed by
Traupel (1988) was adapted to 2-D calculations and applied in or-
der to compute the loss coefficient and the entropy increase. New
models for realistic radial distribution of losses, spanwise mixing,
2-D deviation and off design flow loss prediction have been de-
veloped and introduced in order to achieve high accuracy of the
code. An important feature has been added to encompass far off-
design flow phenomena (flow separation and flow reversal) and
low load operation at which the turbine last stage or part of it
works with power consumption. All applied models are based on
a large amount of experimental data thus enabling it to predict
main flow losses very accurately. More details about the analyti-
cal background of the method and applied loss and mixing model
are given in a paper by Petrovic and Riess (1997b).

This through-flow code is able to calculate axisymmetric
flow-fields in axial multistage gas turbines and steam turbines at
subsonic and transonic conditions. It can accurately and very
quickly predict the flow-field and the turbine performance at the
design load and over a wide range of partial loads. The relia-
bility of the method was verified by comparing the calculations
with the experimental results for several gas and steam turbines
(Petrovic and Riess, 1997a; 1997b). The comparisons of numer-
ical results with results of extensive experimental investigation
show very close agreement.

The through-flow code can be used in two modes: analysis
and design. In the analysis mode, the flow-field (distribution of p,
T, h, s and velocity vector components) on a meridional surface
and turbine overall performance are calculated for the specified
turbine geometry and fixed values of blade row inlet and outlet
angles. For optimization purposes, the through-flow code has
been rewritten in a design mode, in which the radial distribution
of the tangential velocity component is fixed. The flow angle and
turbine efficiency can then be calculated.

CONSTRAINED HYBRID OPTIMIZATION ALGORITHM
The design space for a typical optimization problem of this
type has a number of local minimums. A typical gradient based
optimization algorithm would quickly terminate in the nearest
available local minimum which might not even satisfy all of the
specified constraints. In order to avoid the local minimums, it
is advantageous to use a constrained evolutionary hybrid opti-
mization approach (Foster and Dulikravich, 1997; Martin and
Dulikravich, 1997; Dulikravich et al. 1998; Dulikravich, Mar-
tin and Han, 1998; Dulikravich et al. 1999). The hybrid con-



strained algorithm used in this work incorporated four of the
most popular optimization approaches: a genetic algorithm, the
Nelder-Mead simplex method, simulated annealing, and Davidon-
Fletcher-Powell gradient search method. Each time when a local
minimum was detected, an automatic switching logic was used
to change to another optimization algorithm (Dulikravich et al.
1999). The hybrid optimizer treats the existence of constraints
in three ways: Rosen’s projection method, a feasible search, and
random design generation. Rosen's projection method provided
search directions which guided the descent direction tangent to-
wards active constraint boundaries. In the feasible search, designs
that violated constraints were automatically restored to feasibility
via the minimization of the active global constraint functions. If
at any time this constraint minimization failed, a number of ran-
dom designs were generated using a Gaussian-shaped probability
density cloud about a desirable and feasible design until a new
design was reached. This hybrid constrained optimizer accepts
an arbitrary number of equality and inequality constraints.

OPTIMIZATION

The goal of the present optimization is to find the optimal
shape of hub and shroud and radial distribution of inlet and outlet
angles of every blade row giving the maximum turbine efficiency
Nt (M = (Ah + c?n/2 - czzmt/2)/(Ah8 + c?n/2 - cﬁut/z))'
Since the optimization algorithm is defined to minimize a scalar
function, the objective function in our case is: fop; = —ny.
During the geometry optimization process, turbine mass flow rate
i, total enthalpy drop AR, and rotational speed n are kept
constant. For computing losses in the through-flow code, we
have utilized an updated version of Traupel's loss model (Petrovic,
1995) that was adapted for 2-D flow calculation. In this model,
the correlations for profile, secondary, and clearance losses are
functions of geometrical and flow parameters.

The analysis of loss correlations indicates that turbine stage
efficiency is a function of geometric parameters (mean radius R,;,,
blade height h, pitch t, clearance radius Ry and height d¢y, trail-
ing edge thickness d g, chord length) and flow parameters (infet
and outlet flow angles: (1, B2, deflection 8, Mach and Reynolds
numbers Ma, Re, incidence angle, and velocity vectors). Some
of these parameters (0¢i, dTg) have to be fixed. The others are
not independent: velocities, Ma, and Re are functions of flow
angles, mean radius and blade height. Also, inlet angle is a func-
tion of the outlet angle of the previous row and of the incidence
angle. Consequently, four parameters need to be optimized for
each stage of the multistage turbine: radial distribution of flow
angles and axial distribution of mean radius and blade height.

However, it is easier to optimize the variation of the following
four parameters per each stage of the multistage machine:

cu1 (R) — tangential component of velocity at stator outlet,

cu2(R) — tangential component of velocity at rotor outlet,

Ry (2) — hub radius,

Rsproua(z) — shroud radius.

From the optimized values of cy;(R) and cyz(R) it is easy to
determine the corresponding optimized spanwise distribution of
angles.

The axial variation of hub and shroud radii can be described
by two spline functions (Akima, 1970), Ry ys(2) and Rghroua(2).
For simplicity, we decided to use only four geometrical parameters
per stage for hub and four geometrical parameters per stage for
shroud. This can be easily changed to an arbitrarily complex
spline representation of the hub and shroud.

Tangential components of velocities at stator and rotor ex-
its were described, similar to Cravero and Dawes (1997), by the
fourth degree polynomials as a function of relative blade height
(0.0 < A < 1.0). This representation needs the following 10
parameters:

Cy1 = Ay +B171+01712+D1}—13+E17l4 (1)
Cu2 = As + Boh + C2h? + Dyh® + Eoh? (2)

One of these 10 parameters can be obtained using a con-
dition where the turbine total enthalpy drop remains constant.
This means that for a single stage machine the integral of the
Euler equation over mass flow rate has to be constant for every
combination of flow and geometric parameters.

1
AR =/ (u1€u1 — ugeys)dyy = const. (3)
0
Replacing ¢,1 and ¢,,2 with the polynomials (1) and (2), we obtain

AR = Ajw (h - L) (4)
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Stream function, %, and radius, R, are functions of relative blade
height, h.

This means that there are finally 9 flow parameters to opti-
mize the tangential components of velocities at stator and rotor
outlets of a single stage:
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In summary, the total number of parameters to optimize for every
turbine stage is 17 (8 geometrical and 9 flow parameters).
In case of a multistage turbine, the distribution of the turbine

enthalpy drop over the stages can be also be optimized regarding
the following condition:

ns
AR’ =" Ahg; = const (9)

=1
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Fig 1. - Optimization algorithm

where ng is the number of turbine stages, Ahg-i is the enthalpy
drop of the stage i, and Ah? is the turbine total enthalpy drop. In
that case, there are additional ng — 1 parameters to optimize. If
enthalpy drop of every stage is known, the same above described
procedure (eqs 3-8) should be performed for every stage in order
to find corresponding set of 9 flow parameter.

The first optimization cycle (iteration) starts with a detailed
initial turbine geometry and input flow data: m, T;,, pin. The
through-flow code in its analysis mode then evaluates the overall
performance of the initial configuration and initiates Ah%; and
the distribution of ¢, and c¢,2 for every stage. The optimizer
then delivers an improved set of geometrical (shapes of hub and
shroud) and flow (distribution of cy; and cu2) parameters. A
new finite element grid is then automatically generated for the
meridional flow-field surface. The through-flow code in its design
mode then runs with the new distributions of ¢,; and c,o thus
creating a new set of flow parameters. The result is the spanwise
distribution of flow angles at the inlet and outlet of every blade
row, and the overall turbine efficiency. Depending on the achieved
7¢t, the optimizer enters the next iterative cycle by generating a
new set of parameters and the iterative optimization process is
repeated until the maximum of efficiency is achieved (Fig. 1).

By running the through-flow code in its analysis mode, the
overall efficiency of the optimized configuration over a wide range
of part loads is then calculated in order to check the optimized
turbine performance at off-design conditions. If the overall effi-
ciency of the optimized configuration at all expected operating
conditions is acceptable, the optimization process is finished.

The iterative design process runs fully automatically. The
designer’s task is to prepare the input data and to set constraints
for design variables. The flow variables are usually allowed to vary
without any limits. The variation of the rotor blade tip radius is
often limited by the maximum stress at the rotor root, that is, by
the maximum allowed tangential velocity if the rotating speed is
fixed.

EXAMPLES OF TURBINE OPTIMIZATION

The first reported use of this design methodology was an
example (Petrovic, Dulikravich, Martin, 1999a) involving a single-
stage uncooled transonic axial gas turbine that was experimentally
tested by Foerster and Kruse (1990). At the design conditions, the
calculated value of turbine efficiency was 7 = 0.8952, while the
experimentally measured value was 7;; = 0.8940 thus confirm-
ing the high accuracy of the through-flow code. Our multistage
design optimization method was able to increase the maximum
turbine efficiency to 74 0pt = 0.9154. The part load behavior of
the optimized turbine was significantly better over wide range of
load, but at very far off design conditions the initial configuration
showed higher efficiency.

Later, improving the optimizer search algorithm and the
connection between the optimizer and the through-flow code, we
have further improved the turbine performance. The efficiency
of the new optimized configuration was 7 ope = 0.9175. This
represents an absolute improvement of approximately A7y =
2.2%. Also, at part load behavior the new turbine was better over
the whole operating range compared to the initial configuration.

Figures 2-4 depict the initial and the optimized shapes of
the hub and the shroud and the corresponding field distributions
of enthalpy, Mach number, and entropy at the turbine design
operating conditions.

Initial conflguration

Optimized configuration

Fig. 2 - Enthalpy field of initial and optimized single-stage turbine
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Fig. 4 - Entropy field of initial and optimized single-stage turbine

The next example is a two-stage uncooled NASA axial tur-
bine that was experimentally tested and described by Whitney
et al. (1972). This well-documented set of experimental data
has been used to check the accuracy of our numerical results
and to demonstrate the capability of the proposed multistage tur-
bine design optimization system. The turbine was intended for
high-temperature-engine application. The turbine had a mean di-
ameter of 660.4 mm. The mean blade height in the first stage
was 100 mm. The blade height in the second stage was 134.6
mm at the stator outlet and 148.6 mm at the rotor outlet. Equiv-
alent design speed was N/v/8,, = 4407.36rpm where 8, is the
squared ratio of critical velocity at turbine inlet to critical velocity
of sea-level air. The turbine operated at an overall pressure ratio
ranging from 1.4 to 4.0. The design pressure ratio was g = 3.2.
The experimentally measured efficiency of the initial configura-
tion was already extremely high: 7y = 0.9320. To check the
through-flow code in analysis mode, the calculation of the tur-
bine flow at the nominal rotating speed has been performed. At
the design conditions, our through-flow analysis code predicted
the value of turbine efficiency as 1y = 0.9307 (Fig. 5), while the
experimentally measured value was 7 = 0.9320 (Whitney et al.,
1972).

Next, the two-stage turbine was optimized (Petrovic at al.,
1999b) while keeping constant rotational speed, mass flow rate,
total enthalpy drop, number of blades, rotor tip clearance, blade
chord lengths, and blade trailing edge thicknesses. Only a small
increase of the first rotor tip diameter was allowed and no increase
of the second rotor tip diameter. A polynomial spline discretiza-
tion of the hub and shroud geometry was performed using the
radii indicated in Fig. 6 as design variables.
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Fig. 5 - Efficiency of two-stage turbine at design rotating speed

Fig. 6 - Hub and shroud discretization of the two-stage turbine

The through-flow code in its design mode needed approxi-
mately 15 seconds to find each flow-field solution on a personal
computer with 400MHz speed. The applied mesh had only 250 el-
ements. Here, the finite element method with eight-node isopara-
metric quadrilateral elements and biquadratic interpolation func-
tions, is used. In this particular example where the starting two-
stage axial turbine already had an extremely high efficiency, about
2000 through-flow runs in the design mode were necessary to find
the turbine stage configuration that gives the maximum total-
to-total efficiency. This would have consumed an unacceptable
amount of computing time if a fully 3-D multistage Navier-Stokes
flow-field analysis code was used instead of the fast augmented
through-flow code. It was assumed that both blade count and
chord lengths have been already determined by some preliminary
design procedure (for example, meanline optimization). It is pos-
sible to include both of these parameters and other parameters
deemed to be influential, although this would result in more than
17 design parameters per stage to be optimized.
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Fig. 7 - Initial and optimized meridional flow paths in the two-
stage turbine
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Fig. 8 - Calculated initial and optimized efficiency variations of
the two-stage turbine (mp = 3.2 is the design pressure
ratio)

The resulting optimized meridional flow path became signif-
icantly different in comparison to the initial flow path (Fig. 8).
The corresponding maximum computed value for the optimized
turbine efficiency was increased to 7y opt = 0.9424. Comparing
to the efficiency of the initial configuration (7,init = 0.9307),
the absolute improvement is Arn;; = 1.17%. Figure 8 demon-
strates superior performance of the optimized configuration over
the entire range of operating conditions when compared with the
performance of the initial configuration.

The changes in tangential components of velocity are pre-
sented in Fig. 9. Comparisons of spanwise distributions of blade
exit metal angles, flow losses, reaction, stage efficiency for the ini-
tial and the optimized configuration are presented in Figs. 10 and
11. Figure 12 shows the computed flow-field entropy distribution
in the initial and the optimized configuration.
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It can be seen that it was not possible to reduce the flow
loss coefficient in the turbine blade rows (Fig. 11). Even, in the
hub region of the first stator and in the shroud region of the first
rotor, the loss coefficients are higher due to increase of the clear-
ance radii. A reduction of secondary loss coefficient was possible

Optimized configu

ration >

Fig. 12 - Calculated entropy distribution in initial and optimized
two-stage axial gas turbine configuration

in the second rotor in both hub and shroud region (Fig. 11).
The flow losses and the entropy increase have been reduced (Fig.
12) by a more suitable distribution of the enthalpy drop between
stator and rotor in both stages. This was achieved by decreas-
ing the tangential absolute velocity component at the exit of the
blade rows (Fig. 9), that is, by changing the blades metal outlet
angles (Fig. 11). The degree of reaction has been increased in
the second stage and slightly decreased in the first stage (Fig.
10). The optimized configuration has the degree of reaction at
the blade mean radius of approximately 0.35 in the first stage and
0.60 in the second stage. The efficiency of both stages has been
improved (Fig. 10).

CONCLUSIONS

A design system for multistage axial turbine geometry op-
timization has been developed. The system uses a fast and ac-
curate through-flow aerodynamics code and a robust constrained
optimization package. The analysis of loss models has indicated
that there are at least 17 parameters per every turbine stage that
could be optimized: 8 geometrical parameters to describe the
shapes of hub and shroud, and 9 flow-field parameters to describe
the tangential component of velocity at stator and rotor exits. By
varying these 17 parameters per turbine stage, the optimization
code automatically searches the flow-field and the turbine hub
and shroud geometry that gives the maximum efficiency. This
design system has been successfully applied to optimization of
the meridional flow path and radial distribution of circumferential
mean flow angles in a two-stage axial gas turbine. The achieved
efficiency of the optimized configuration was 1.17% better then
the efficiency of the initial configuration at the design load. The
through-flow code in an analysis mode was applied to analyze off-
design behavior of the optimized configuration which was found
to perform better over the entire range of loads compared to the
initial configuration. The same design optimization procedure is
applicable to multistage steam turbines.
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