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A multidisciplinary optimization procedure, with the integration of aerodynamic and
heat transfer criteria, has been developed for the design of gas turbine blades. Two dif-
ferent optimization formulations have been used. In the first formulation, the maximum
temperature in the blade section is chosen as the objective function to be minimized. An
upper bound constraint is imposed on the blade average temperature and a lower bound
constraint is imposed on the blade tangential force coefficient. In the second formulation,
the blade average and maximum temperatures are chosen as objective functions. In both
formulations, bounds are imposed on the velocity gradients at several points along the
surface of the airfoil to eliminate leading edge velocity spikes which deteriorate aero-
dynamic performance. Shape optimization is performed using the blade external and
coolant path geometric parameters as design variables. Aerodynamic analysis is per-
formed using a panel code. Heat transfer analysis is performed using the finite element
method. A gradient based procedure in conjunction with an approximate analysis
technique is used for optimization. The results obtained using both optimization tech-
niques are compared with a reference geometry. Both techniques yield significant im-
provements with the multiobjective formulation resulting in slightly superior design.
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NOMENCLATURE

e semi-major axis of leading edge ellipse
bie semi-minor axis of leading edge ellipse
C; tangential force coefficient

Co, C1, €2, C3 cubic spline coefficients

F a performance function

f an objective function

f prescribed target value of an objective function
h convective coefficient

k thermal conductivity of the blade
NCONT number of thickness control points
NCONV number of velocity control points

NDV number of design variables

NPR Prandtl number

NRE, Reynold’s number based on ¢

T blade temperature

t airfoil thickness at the kth control point
VG; velocity gradient at jth control point

X meridional coordinate

y tangential coordinate

061 starting angle of leading edge ellipse

B2 ending angle of leading edge ellipse

K thermal conductivity of air

d design variable vector

Om mth design variable

£ streamwise coordinate along airfoil

Q angle between major axis of leadingedge ellipse and

meridional direction

Subscripts

ave average value

1 lower bound

le leading edge ellipse

00 boundary value
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INTRODUCTION

The design of turbine blades in gas turbine engines requires the
integration of several important disciplines such as aerodynamics, heat
transfer and structures [1,2]. The performance of the turbine is
strongly coupled to its aerodynamic efficiency. The high temperature
environment in the turbine affects the life of the blade and its
structural integrity and efficient removal of heat from the blade
interior will help in prolonging blade life. The method of heat removal
also impacts the blade’s structural integrity.

Improvement of the aerodynamic efficiency of the blade may be
done in several ways. The primary method for achieving higher
aerodynamic efficiency is the efficient design of the blade external
shape. This involves the design of inlet and exit portions of the blade
configuration such that there is a smooth and efficient transition
between the blade channel and the free stream. This smooth transition
is affected by the sharp velocity spikes associated with the blade
leading edge on both the suction and the pressure surfaces (Fig. 1).
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FIGURE 1 Velocity distribution for a typical blade section.
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These velocity fluctuations can cause flow separation leading to poor
aerodynamic performance. The aerodynamic efficiency of the blade
can be greatly improved by eliminating such spikes. For a convectively
cooled blade, the coolant path geometry of the blade is governed by
the heat transfer between the external flow, the blade and the coolant.
Due to allowable limits on material melting temperature and thermal
stresses, both the external shape and the coolant path geometry must
be designed such that the maximum and average temperatures in the
blade are maintained as low as possible. Since the external flow heats
up the blade, effective reduction in temperature can also be achieved
by appropriate modification of the blade external shape. From a
structural point of view, it is important to maintain the blade structure
under allowable stress and vibration levels. Efficient turbine blade
design therefore requires the integration of all of these disciplines.

Formal optimization techniques are being widely used in a variety of
engineering design problems today. An extensive amount of work has
been done in developing optimization procedures to bring the state of
the art to a very high level [3]. The use of numerical optimization
procedures for the design of airfoils has been a subject of considerable
interest, primarily for wing design [4-8]. However, only limited
information is available on applications of formal design optimization
procedures for efficient turbine blade design. Chattopadhyay et al. [9]
developed an optimization procedure for efficient aerodynamic design
of turbine blades that successfully eliminated the leading edge velocity
spikes without compromising blade performance. Dulikravich et al.
[10—12] have developed inverse procedures for the design of blade
coolant passages with specified temperatures and heat fluxes. How-
ever, the effect of blade external shape on heat transfer was not
considered in these efforts. All of the above investigations were based
on criteria related to a single discipline. However, a proper formula-
tion of the design optimization problem must include the coupling of
the necessary disciplines that impact the design to ensure realistic
designs. Therefore, it is necessary to develop optimization procedures
with multidisciplinary couplings.

In the present work, a multidisciplinary shape optimization pro-
cedure is presented for the design of turbine blades with the integration
of aerodynamic and heat transfer criteria. To improve aerodynamic
performance, it is desirable to eliminate the leading edge velocity
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spikes (Fig. 1). The blade tangential force coefficient (C,) is a measure
of the torque produced by the turbine and hence, the work output of
the turbine. During optimization, it is important to maintain the C;
value close to the reference value thus ensuring that there is no
degradation in the work output of the turbine. It is also desirable to
maintain the maximum and the average temperatures in the blade
material as low as possible. In the present work, these requirements are
appropriately incorporated into two multidisciplinary optimization
problem formulations described in the next section. An appropriate
model is developed for the blade section and the coolant path
geometry. Since the aerodynamic performance is affected directly by
the blade external shape and the heat transfer is affected by both the
external shape as well as the coolant path geometry, the parameters
defining the external shape and the coolant path geometry are used as
design variables during optimization. Results from the two optimiza-
tion procedures are compared.

OPTIMIZATION FORMULATION

Two different optimization formulations are investigated in the
present study. The first represents a conventional single objective
function and multiple constraints formulation. The second is a
multiobjective formulation in which more than one design objective
are included.

Single Objective Function Formulation

The maximum temperature in the blade section (7,.x) which
represents a measure of the heat transfer between the external fluid,
the blade and the coolant, is used as the objective function to be
minimized. Bounds are imposed on the velocity gradients at several
control points along both the blade surfaces so that the leading edge
velocity spikes are eliminated. A lower bound constraint is imposed on
the tangential force coefficient (Cy) to maintain the aerodynamic
efficiency of the blade at a desired level. It is also necessary to maintain
the average temperature of the blade section (7,y.) below an allowable
limit (7,y). Finally, to ensure that the procedure does not yield
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aerodynamically infeasible designs, constraints are imposed on the
airfoil thicknesses at various control points. Mathematically, the
problem is stated as follows.

Minimize

Maximum blade temperature, Tiax

subject to
VG, <VG; < VG, j=1,...,NCONYV,
t < e, k=1,...,NCONT,
Tave < T,
Ci > Cins

¢m1S¢mS¢mu, m=l,...,NDV.

Here, VG; denotes the velocity gradient at the jth control point and the
subscripts u and 1 represent upper and lower bounds, respectively. The
quantity ¢, denotes the airfoil thickness at the kth control point and ¢,,,
represents the mth design variable. The quantities NCONV and
NCONT denote the total number of velocity and thickness control
points, respectively and NDV is the total number of design variables.
In the present research, the velocity gradients at the control points are
calculated using a forward finite difference approach. The magnitude
of the velocities at two adjacent control points are differenced. This
quantity is then divided by the difference in their x-coordinates to
obtain the velocity gradients. The lower bounds for the velocity
gradients are set to zero and the corresponding upper bounds are set to
10% of the magnitude of the velocity gradient of the reference blade at
the corresponding control point.

Multiobjective Function Formulation

In this formulation, the average and maximum temperatures (7,y. and
Tmax, respectively) are minimized simultaneously. Constraints on the
tangential force coefficient (C;) and the velocity gradients are imposed
as in the single objective function formulation case. Since this
formulation involves two objective functions, traditional optimization
techniques based on single objective function cannot be used. In this
paper, a multiobjective function formulation called the modified
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global criteria approach developed by Chattopadhyay et al. [13] has
been used. Using this approach, the two objective functions are
combined into a single function as follows. Mathematically, if f;(®)
and f»(®) are the two objective functions and f; and f, are their
corresponding individually optimized values, then the global criteria
function, F(®), is defined as follows:

F@) = /(i =) + (o - 1) (1)

The global criteria function, F(®), represents the new objective
function which is to be minimized. As can be inferred from Eq. (1),
the minimization of F(®) forces the values of f; and f, towards their
optimum values.

BLADE MODEL

In the present work, only two-dimensional aerodynamic and heat
transfer analyses are carried out. Therefore, only the blade cross-
sectional shape is considered. The blade external shape and coolant
path cross sections are modeled as shown in Fig. 2. The suction surface
and the pressure surface are represented by a series of cubic splines of
the following form:

¥ = co+ c1x + cox? + e3x°, (2)

where x is the meridional coordinate, y is the tangential coordinate
and ¢y, ¢, ¢, and c; are the spline coefficients. Continuity of function
and slope are imposed at the end points of the splines. The tangential
(») coordinate and the slope of the surface at the spline joints on each
surface are used as design variables in the optimization.

The flow field around the blade is significantly affected by the blade
leading edge geometry. Hence, the blade leading edge shape and its
effect on the aerodynamic efficiency is an important aspect of the
shape optimization procedure. The leading edge geometry is modeled
as an elliptic arc (Fig. 3) and is defined by its semi-major axis (a),
semi-minor axis (bye), starting and ending angles that define the elliptic
arc (B; and f,; angles BOD and AOD, respectively, in Fig. 3),
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Coolant Paths

AB - Eliiptic edge
BC- Sucﬁqneggdaoe defined

ta' splines

AD - Pressure surface defined
tg}/ splines

CD - Tralling edge

D

FIGURE 2 Blade model.
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FIGURE 3 Elliptic leading edge.

orientation of the semi-major axis relative to the horizontal (),
meridional coordinate of the center O (x.) and the tangential
coordinate of the center O (y}). In the present work, all the above
parameters with the exception of x;, are used as design variables. The
trailing edge shape is held fixed (same as reference blade) in order to
satisfy the design requirement that the throat length of the turbine
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blade cascade remain fixed. The chord length of the airfoil section
along the x direction is also kept fixed. With the trailing edge fixed, the
leading edge is required to be tangential to the station y =0 through-
out the optimization (y=0 being the tangential coordinate of the
leading edge of the reference blade section). This tangency requirement
determines x;.. For elliptic leading edges, x,. is defined as follows:

Xie = a2, cos? ) + b sin® Q. (3)

The first and the second coolant holes, located near the leading edge
and the midsection of the blade, are defined using ellipses. The third
coolant hole located near the trailing edge is triangular in shape. The
first coolant ellipse has the same center as the outer surface, leading
edge ellipse (Fig. 2). Its semi-major and semi-minor axes are included
as design variables. The second coolant ellipse is defined by two
x-stations which represent the left and the right extremes of the ellipse.
The semi-major axis and orientation are determined by the thicknesses
and the slopes of the blade section at these two x-stations. The two
x values and semi-minor axis are included as design variables. The tri-
angular coolant path is positioned in the trailing edge region based on
the geometry of the airfoil trailing edge external surface. The x-
coordinate of the right vertex and the height of the triangle are included
as design variables.

ANALYSIS

The blade aerodynamic analysis is performed using a two-dimensional
panel code developed by McFarland [14]. The code calculates com-
pressible inviscid irrotational flow through a plane cascade of
arbitrary blade shapes based on surface singularity methods. A simple
forced convection model, based on a flat plate analysis [15], has been
used to evaluate the convective coefficient of heat transfer between the
external air and the blade. This model is as follows:

0-332(NPR)1/3(NRE )1/2I€
he = e 4)
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where £ represents the streamwise coordinate along the airfoil starting
from the stagnation point, 4 is the local convective coefficient, Npg is
the Prandtl number of air, Ngg¢ is the local Reynold’s number based
on the streamwise coordinate &, and « is the thermal conductivity of
air.

The temperature distribution in the interior of the blade is evaluated
using a finite element procedure. In the multiply-connected blade
section, it is formulated as the following scalar field problem:

o (,0T 0 (, 0T
5 (k5% ) + 2 (k55) =0 (5)

where T is the local blade temperature and k is the thermal
conductivity of the blade material. Robin-type boundary conditions,
based on the heat fluxes, are imposed on the blade external and
internal boundaries as follows:

hT — Tw) = ki - grad(T) = Heat flux, (6)

where T, is the local temperature of the air at the blade external and
coolant boundary, 4 is the local coefficient of convectivity and 7 is the
local outward normal to the boundary. The boundary value problem is
numerically solved using the finite element method. The computa-
tional domain is discretized using linear triangular elements. Figure 4
presents a typical computational mesh used in the finite element anal-
ysis. Since the geometry of the blade changes during optimization, an
adaptive mesh generation technique has been used. Using the Galerkin
approach, the above boundary value problem (Egs. (5) and (6)) is
reduced to the following system of linear simultaneous equations for
the unknown nodal temperatures:

KT = R. (7)

Here, the coefficient matrix, [K] and the right hand side vector, R, are
evaluated using the finite element formulation and the boundary

conditions. The solution of Eq. (7) yields the nodal temperatures, T.
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FIGURE 4 Finite element mesh.

OPTIMIZATION STRATEGY

In both the single objective and the multiobjective function formula-
tions, the optimization is performed using the method of feasible direc-
tions [16]. The design sensitivities are calculated using finite difference
techniques. In a gradient-based optimization several evaluations of the
objective function and the constraints are necessary. The use of exact
analysis to evaluate these at each iteration iscomputationally expen-
sive. Hence an approximation technique, known as the two-point
exponential approximation [17] is used. In this technique, the exponent
used in the expansion is based upon the gradient information from the
previous and current design cycles. This technique is formulated as
follows:

F(®) = F(®,) +§[(§;)”11.o} hOE), @

n

where F(®) is the approximation of the function F(®). The exponent,
Pn, 1s defined below:

(OF(®y)/0%,)
loge{c')_F((I)_?)/c’)—@,T} +1.0

log.{®o,/®1,}

DPn = (9)
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The quantity ®, refers to the design variable vector from the previous
optimization cycle and the quantity ®; denotes the current design
vector. A similar expression is derived for the constraint vector.
Equation (8) indicates that in the limiting case of p, = 1, the expansion
is identical to the traditional first order Taylor series and when
pn=—1, the two-point exponential approximation reduces to the
reciprocal expansion form. The exponent is then defined to lie within
the interval, —1 <p, <1.If p, > 1, it is set identically equal to one and
if p, < —1, it is set equal to —1. The exponent p, can then be considered
as a “goodness of fit” parameter, which explicitly determines the trade-
off between traditional and reciprocal Taylor series based expansions,
resulting in a hybrid approximation technique.

RESULTS

The two optimization procedures described above are used to optimize
an existing turbine blade geometry [14]. The reference geometric
configuration is defined by the set of geometric parameters (design
variables) presented in Tables I and II. Two splines have been used on
both the suction and pressure surfaces of the blade. The two splines
join at a meridional coordinate, x = 0.020 m. The blade external shape
is discretized into 70 panels. The panel code uses this discretized blade
geometry and evaluates the flow field around it. The blade interior is
discretized using approximately 600 nodes resulting in approximately
1000 finite elements. Since an adaptive mesh generation procedure is
used to generate the finite element mesh, the discretization of the
computational domain changes during the optimization. In the calcula-
tion of the coefficient of convective heat transfer (Eq. (4)) between the
external flow and the blade, the value of the Prandtl number (NpR) is
0.72, the kinematic viscosity of air is 9.1 x 107> m?/s and the thermal
conductivity of air (k) is 0.06115 W/m-°C. The thermal conductivity of
the blade material (k) is 34.62 W/m-°C and the coolant temperature is
300°C. In the multiobjective function formulation, the values of f; and
f> (Eq. (1)) are set to zero thus providing the optimizer with greater
flexibility.

Figure 5 shows the comparison between the reference and the
optimum values of the maximum and average temperatures in the
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TABLE 1 Blade leading edge design variables
Design variable Reference Optimum
Single Modified
obj. function global criteria

Semi-major axis of 3.4075E—03 m 4.8285E—03m  4.2594E—03m
outer ellipse, aje,

Semi-minor axis of 4.4918E-03 m 6.0574E—03m  5.6147E—03m
outer ellipse, by,

Semi-major axis of 1.5670E—03 m 3.2992E-03m  2.5556E—03m
inner ellipse, a;

Semi-minor axis of 2.1714E—03m 3.9613E—-03m  3.3369E—03m
inner ellipse, bje;

Starting angle of 60.7° 60.7° 60.7°
elliptic arcs, 3,

Ending angle of 62.7° 62.7° 62.7°
elliptic arcs, (3,

Orientation of the —1.4467E—-06° —1.4467E—06°  —1.4467E—06°
semi-major axis, {2

Tangential (y) 1.3852E—06 m 1.3852E—06m  1.3852E—06m

coordinate of
ellipse center, e

TABLE II Blade coolant path geometry and spline variables

Design variable Reference Optimum
Single Modified
obj. function global criteria

x-coordinate of second 1.8000E—02 m 1.9124E—02m 1.7520E—02 m
coolant path’s left point

x-coordinate of second 2.2000E—02m 2.3774E-02m 2.3426E—02m
coolant path’s right point

Semi-minor axis of 2.5000E—03 m 3.8959E—03 m 4.0000E—03 m
second coolant path

Height of third coolant 4.0000E—03 m 5.0054E—03m 5.0000E—03 m
path (triangular hole)

x-coordinate of third 3.9000E—02 m 4.0005E—02m 4.0241E—-02m
coolant path’s right point

y-coordinate of upper-outer 6.3111E-03m 9.9309E—-03m 7.7301E-03 m
splines at x=0.02m

Slope of upper-outer —5.4625E—-01 —5.4618E—01 —5.46229E—-01
splines at x=0.02m

y-coordinate of lower-outer —1.6035E—02m  —1.4760E—-02m —1.5442E—02m
splines at x=0.02m

Slope of lower-outer —1.1799E + 00 —1.1797E + 00 —1.1797E + 00

splines at x=0.02m
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FIGURE 5 Comparison of blade temperatures.

blade section. For the reference configuration, the maximum tempera-
ture (Tax) is 588°C and the average temperature (T,ye) is 537°C. Both
optimization procedures yield significant reductions in these quan-
tities. Using the single objective function optimization formulation,
the maximum temperature has been reduced by 8.6% and the average
temperature has been reduced by 8.7%. The modified global criteria
approach results in better improvements. The maximum temperature
has been reduced by 9.2% and the average temperature has been
reduced by 9.4%. These reductions are due to significant changes in
the external and the coolant path geometry of the blade after optimiza-
tion. Figures 6(a) and (b) compare the reference geometry and the
optimum geometries obtained using the single objective function
formulation and the modified global criteria approach respectively.
It can be seen that the external shape and the coolant path geometries
have been modified by both the optimization procedures. Further, it is
to be noted that the optimum configurations yielded by the two
optimization formulations are different. In the modified global criteria
approach, the blade average temperature is included as an objective
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FIGURE 6(a) Comparison of airfoil geometry; single objective function formulation.
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FIGURE 6(b) Comparison of airfoil geometry; modified global criteria formulation.

function. Unlike the blade maximum temperature which is a local
quantity, the blade average temperature is a global quantity. Its
inclusion in the optimization formulation forces the optimizer towards
designs which have cooler temperatures through out the entire blade
section. Due to this reason, the modified global criteria approach
yields a slightly improved optimum over the single objective function
formulation. However, there are some features common to the results
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from both procedures. The coolant paths in all the three regions have
increased in area. This increase in the coolant path cross-sectional
areas causes more heat to be removed from the blade leading to a
favorable redistribution of the blade temperature. The temperature
distribution of the reference blade is presented in Fig. 7(a) and the
corresponding distributions for the optimum configurations are

FIGURE 7(b) Temperature distribution for the optimum blade; single objective
function formulation.
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FIGURE 7(c) Temperature distribution for the optimum blade; modified global cri-
teria formulation.

presented in Figs. 7(b) and (c) respectively. The favorable redistribu-
tion of temperature in the optimum configurations can be seen from
these figures. The modified global criteria approach yields more reduc-
tion in the maximum and average temperatures than the single objec-
tive optimization formulation because the former approach yields an
optimum design with bigger coolant areas than the latter formulation.
Figure 8 compares the tangential force coefficients of the reference
and optimum blades. In spite of the significant changes to the blade
external shape, both the optimization procedures maintain the tangen-
tial force coefficient at the reference value. The tangential force
coefficient was introduced as a constraint in the single objective func-
tion formulation. It must be noted that this constraint represents a
critical constraint in the optimization. The velocity distributions for
the reference and optimum configurations are presented in Figs. 9(a)
and (b). The reference blade velocity profile exhibits a sharp spike on
the suction surface. In the optimum configurations, this spike is elimi-
nated using both single and multiobjective procedures. The leading
edge geometry, which is crucial in the determination of the velocity
distribution, has changed significantly. This is seen in Table I as well as
Figs. 6(a) and (b). However, the starting and ending angles (3; and
(3>), the orientation of the semi-major axis relative to the horizontal (£2)
and the tangential coordinate of the center of the leading edge elliptic
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FIGURE 9(a) Comparison of velocity distributions; single objective function
formulation.
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FIGURE 9(b) Comparison of velocity distributions; modified global criteria
formulation.

arc (yi) have not undergone any significant changes during the
optimizations. This indicates that these variables do not influence the
optimization as significantly as the other design variables that have
undergone significant changes during the optimization. Due to the
relatively low sensitivity of the design to these parameters, they can be
removed from the set of design variables, thus improving the com-
putational efficiency of the optimization procedures.

Both single objective function formulation as well as multiobjective
function formulation yield significant reduction in the blade tempera-
tures and successfully eliminate the leading edge spikes. However, the
optimum solutions from the two techniques exhibit some differences.
The optimum configuration obtained from the single objective func-
tion formulation shows more increase in the leading edge thickness of
the airfoil than the optimum configuration obtained from the multi-
objective function formulation. This results in a relatively smoother
optimum velocity distribution for the former case. The optimum
temperatures obtained using the multiobjective function formulation
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are slightly lower than the optimum temperatures from the single
objective function formulation because the coolant hole areas are
slightly higher in the former case. The single objective function
optimization procedure converges in 39 optimization cycles whereas
the multiobjective function formulation converges in 12 optimization
cycles. Each optimization cycle requires approximately 20s of CPU
time on a Sun workstation. Thus, the single objective function optimi-
zation procedure requires nearly 800s while the multiobjective func-
tion formulation coverges in 250 CPU seconds. This clearly indicates
that the multiobjective function formulation using the modified global
criteria approach is computationally superior to the single objective
function formulation technique.

CONCLUDING REMARKS

A multidisciplinary optimization procedure, with the integration of
aerodynamic and heat transfer criteria, has been developed for the
design of gas turbine blades. Two different optimization formulations
have been used to study the design problem. The single objective
formulation uses the maximum blade temperature as the objective
function and imposes an upper bound on the average blade tempera-
ture and a lower bound on the tangential force coefficient. The multi-
objective function formulation uses the maximum and average blade
temperatures as objective functions. A lower bound is imposed on the
tangential force coefficient as in the single objective function formula-
tion. In both formulations, upper and lower bound constraints are
imposed on the velocity gradients at several points along the blade
pressure and suction surfaces to eliminate velocity spikes. A panel code
is used for aerodynamic analysis and the finite element method is used
for heat transfer analysis. The following observations are made from
this study.

1. Both optimization procedures are very effective in modifying the
blade external and coolant path geometries and yield significant
reductions in maximum and average temperatures of the blade.

2. The optimization procedures effectively eliminate leading edge
velocity spikes and maintain aerodynamic performance at the refer-
ence value.
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3. The reductions in the blade temperature are due to the redistribu-
tion of temperature in the blade section, caused by the increase in
the coolant areas and the changes to the external shape. The
elimination of the leading edge velocity spikes is due to the signifi-
cant change in the leading edge geometry.

4. The starting and ending angles, the orientation of the semi-major
axis and the tangential coordinate of the leading edge elliptic arc do
not change during optimization and are possible candidates for
design variable elimination.

5. The multiobjective function formulation using the modified global
criteria approach yields slightly improved blade temperatures.

6. Faster convergence to optimum design is achieved using the
multiobjective formulation.
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