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the radial velocity fluctuations were considerably attenuated be-
cause the 180-um particles could not follow the high frequencies
involved in the radial velocity fluctuations.
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Introduction

N evolutionary algorithm is implemented in a realistic auto-

mated design cycle of turbine blade film cooling. This design
cycle involvesthe use of empirical formulas for the flow calculation
and the use of a commercial software package for the simulation
of the heat transfer problem. The overall process consists of an en-
gineering multiobjective optimization problem with constraints. In
this work we consider the solution of this problem in the context
of an automated optimization cycle using evolution strategies. Evo-
lution strategies' are robust, highly parallelizable, and suitable for
optimizing multimodal functions without requiring gradient infor-
mation. An evolutionstrategy with derandomizedcovariance matrix
adaptation of the mutation distributionis chosen that acceleratesthe
convergencerate of the scheme by adaptively incorporating earlier
information? It is shown to be advantageousin this problem when
compared with an evolution strategy with isotropic mutation distri-
bution and cumulative global step size adaptation. In film cooling,
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Fig.1 Three cooling mechanisms and the initial (0) and final (O) row
positions from the optimization with the CMA-ES.

the coolant leaves the blade through rows of holes, forming a pro-
tective film on the outer surface of the blade, separating the hot
gas from the metal. The design of the cooling configuration aims at
both minimizing the coolantsupply and achievingoptimum cooling,
while obeying certain engineering constraints. For the simulation of
the cooling configuration, we compute the mass flow of the coolant
and the surface temperature of the blade based on given external
aerodynamic and thermal conditions for a two-dimensional blade
geometry.

Description of a Blade Cooling Configuration

A typical vane cooling configuration is shown in Fig. 1. It con-
sists of three components: 1) an insert for impingement cooling, 2)
the trailing-edge geometry for convection cooling, and 3) coolant
air leaving the inside of the blade through holes and keeping at-
tached as a film, thereby cooling the outer surface. The coolant flow
is described by three different cooling mechanisms based on em-
pirical correlations that compute the heat transfer coefficient and
the temperature in the boundary layer.3~> The geometry and the
external aerodynamic and thermal conditions are considered two
dimensional, and the shape of the blade is fixed.

Blade Cooling Optimization
Optimization Algorithm and Parameters

The two chosen optimization techniques® are evolutionstrategies
with intermediate recombination of all of the parents and with a
population of 3 parents and 12 children, using strategy parameters
according to Ref. 2. The first method is an evolution strategy with
derandomized covariance matrix adaptation (CMA-ES), whereas
the second method is an evolution strategy with isotropic mutation
distribution and cumulative global step size adaptation (ES).

The optimization parameters are the number of film cooling rows
R ;; the positionof film coolingrows s,,,(1- R ;); the injectionangles
of the holes, measured from the hole axis to the surface o(1-R;);
the number of holes perrow N, (1-R ;); the number of impingement
holes N;; and the loss parameter that is a function of the pressure
loss in the trailing edge Ajqs;s.

The only integer parameter in the blade cooling optimization is
the number of rows. Note that optimizing integer variables with an
ES only makes sense if the number of possibilities to adjust the
variables is large enough. Because of manufacturing requirements,
the number of rows should not exceed about 10. With respectto this
small number, this parameter is not included in the optimization
process, but rather is changed manually for different optimization
runs. First tries with R, =4 showed that the constraints for max-
imum and minimum temperature cannot be met. To homogenize
the temperature distribution, we increased the number of rows to
R, ="7. This number was found to be sufficient for achieving the
optimization goals and is used in this study.

All of the other parameters are real valued. For each film row
j=1,..., Rs, the position sy, the angle «, and the number of
holes per row N, can be chosen. The other two parameters are the
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numberofimpingementholes N; and the loss parameter A,q. There
are 3 x R, + 2 parameters altogether, in our case 23 parameters.

The limits of the optimization parameters are set to 0 < s, < 1,
30<a<90deg, 10< N, <100, 500<N; < 1000, I < Ao, <3.
The parameter range of s,,, covers the whole surface starting from
Spos = 0 at the trailing edge, continuing on the suction side to the
stagnation point, and on the pressure side back to the trailing edge.
For the angle o, a special constraintis imposed by engineeringcon-
siderations. In the leading edge of the blade, defined by values of
Spos between 0.49 and 0.53, holes with angles other than 90 deg are
difficult to manufacture due to the high curvature. Therefore, holes
in the leading-edge region should always be set to 90 deg. This is
a constraint that can be neglected for the following reason: In all of
the optimizationruns, the objective function values are not sensitive
to changes of the hole angles. This indicatesthat the influence of the
injection angle is not sufficiently incorporatedin the model. Instead
of the constraint, we compare the outputs of the converged solution
with the outputs computed with angles of 90 deg for rows of holes
in the leading edge. For all of our optimization runs, the difference
between both outputs was below 1%.

Objective Function

The main goal of the optimizationis to minimize the mass flow of
the coolant, m,. At the same time, constraintshave to be met. These
constraints are expressed by one equality constraint &, = 0.5,
where €pean 1S the normalized mean surface temperature, and also by
the two inequality constraints &,,,x < 0.6 and &,;, > 0.4, where &,
is a function of the minimum temperature at the outer surface and
where &,,;, is a function of the maximum temperature. These con-
straintsare incorporatedin the objective function f using a distance
method with Euclidean metric:
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where f| =m., f>=|emean — 0.5]/0.5, and

10,000 X (£ — 0.5)* if £ = 0.5
7o if o < 0.5
~[10,000 x (e — 0.5)* if epin < 0.5
o if e > 0.5

The coefficients and the exponent can be considered weights and
are chosen such that the functions f3 and f; are larger than f; and
/> for the initial parameters.

The computation of the optimization objectives entails two steps:
The mass flow of the coolantand the air temperaturesand heat trans-
fer coefficients in the boundary layer as a function of the geometry
haveto be computedfirst. Inasecondstep, the steady heatequationis
solved for the unknown temperaturedistributionusing second-order
finite volume techniques subject to the aforementioned boundary
conditions. The blade geometry is discretized using 660 x 20 mesh
points, and the solution is obtained applying a commercial pack-
age, STAR-CD.® One function evaluation is done in about 15 CPU
seconds on a Sun Ultra 60/Creator 3D, 300 MHz.

Results

With the initial parameter configuration s,,, = (0.2, 0.3, 0.4, 0.5,
0.6,0.7,0.8), o =50 deg, N, =50, N; =800, and A, =2, we ob-
tain the objectives m. = 0.367, &pean = 0.522, g0y =0.616, £y =
0.360, and f =4.22.

A reduction of the initial objective function value by 60% is
achieved with the CMA-ES after about 200 generations (=2400
function evaluations). After about 1800 generations(=21,600 func-
tion evaluations), convergence is reached.

The optimum parameters s, =(0.490, 0.500, 0.502, 0.508,
0.510,0.706,0.786), « = (65,90, 89, 30, 30, 73,30 deg), N, = (100,
10, 13, 95, 100, 35, 41), N; =501, and Ay =2.97 yield the
outputs 7, =0.257, epean = 0.502, &ax = 0.595, &min = 0.400, and
f =0.229. Here, the reduction of the cost function equals 95%.
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Fig. 2 Convergence of the objective function f: ——, CMA-ES and
-+ -4 ES.

The results of this study are summarized as follows: 1) The orig-
inal row configuration (rows equidistantly placed) was drastically
modified. The final configuration suggests to place five rows in the
leading edge and two rows on the pressure side, as seen in Fig. 1.
The number of holes per row attains small values for the rows on
the pressure side, whereas two rows in the leading edge are equal
to the upper limit, N, = 100. This result makes sense when consid-
ering that the hot gas is approaching the leading edge of the blade,
thus requiring efficient cooling in this area. 2) The mass flow can be
reduced significantly, and the mean temperature distribution comes
closer to the desired one. At the same time, the maximum and min-
imum temperatures are not exceeded, as seen from the constraints
Emax < 0.6 and &;, > 0.4 that are met. 3) As can be seen from Fig. 2,
where theimprovementof the multiobjectivefunctionis shown, con-
vergenceis reached after about 1800 generations (=21,600 function
evaluationsin a population with 12 offspring) for the ES with CMA.
Convergence is defined as reached when the difference of the cost
function for the best individualis less than 103 (in absolute values)
over 10 generations.On the other hand, the ES convergesslowerand
cannot reach the same good value as the CMA-ES within the same
number of iterations. The difference in convergence properties of
these two types of evolution strategies agrees well with results from
the optimization of several test functions? 4) Although evolution
strategies are often considered good candidates for global optimiza-
tion, they may also converge to local optima. Therefore, to find a
good optimum, it is recommended to perform several optimization
runs with different start configurations. Because the computations
in our case are relatively expensive, we optimized with only two
different initial settings of the strategy parameters. The converged
function values in both optimization runs did not significantly (1-
2%) differ from each other. The final model parameters were not
the same, but they representeda very similar configuration with five
rows close to each other in the leading-edgeregion and two rows of
holes on the pressure side.

When interpreting the results, one should keep in mind that we
use an empirical model that may not take into full accountthe prop-
erties of the flow and heat problem. Moreover, the results could be
improvedby replacing the combinationof the several objectivesinto
one single objective function by searching the Pareto front of the
multiobjective problem.

Conclusions

We presented results from the applicationof an improved parallel
evolution strategy to the multiobjective optimization of parameters
in a model of gas turbine blade film cooling with seven rows. The
optimization goals were to reduce the coolant mass flow and at the
same time achieve a homogenoussurface temperature while observ-
ing certain constraints in the range of the temperature distribution.
Starting from a number of initial configurations, the optimization
algorithm was always able to produce a number of improved de-
signs. The results of the present study suggest that evolution al-
gorithms present a robust, automated optimization tool offering a
viable alternative to the optimization of engineering devices using
gradient-based methods and engineering intuition.
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Introduction

N the late 1960s, Bird' investigated the flow over a delta wing

at high incidence and noted the asymmetric lifting of the apex
or tip vortices from the wing. However, a similar and more recent
investigation by Stahl et al.? found the corresponding vortices to
be symmetrical instead. Stahl et al.> and Ericsson® attributed the
conflicting results to the different tip conditions of the two delta
wings. They pointed out that the delta wing of Stahl et al.> had a
triangular tip with sharp edges, whereas the one used by Bird' had
a conical tip, which presumably was subjected to the same source
of vortex asymmetry as an ogive-cylinder or a cone. The preceding
explanation implies that the nose geometry plays a crucial role in
determiningthe orientationof the tip vortices. To determine whether
this is also true for other slender plates, we perform a series of flow
visualizationstudies on an ogive-shapedplate at a high angle of at-
tack. As the name implies, the plate has the same profile as the center
plane of an ogive-cylinder in much the same way that a delta wing
has the same profile as the center plane of an axisymmetric cone.
This particular geometry is chosen for study because, apart from
addressing the issue of vortex asymmetry, it enables comparison
with previous experimental studies of the ogive-cylinder*3

Experimental Apparatus and Procedures

The experiments were performed in the National University of
Singapore’s 0.4 x 0.4 m test section water channel using a dye
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visualization technique. A total of four ogive-shaped plates were
fabricated, with different tip and edge conditions. All of the plates
are 24 mm (D) wide and 3 mm thick and have the same tip finess
ratio, that is, 3.5D, as the ogive-cylinder used in our earlier study
(Fig. 1a). In the first plate or model, the edges were chamfered at 45
deg and extended all of the way to the apex of the model. For ease
of reference, it is referred to as sharp tip and sharp edges (STSE)
(Fig. 1b). This model has the same tip and edge conditions as the
delta wing used by Stahl et al.? In the second model, the edges were
also chamfered, but the apex has an axisymmetric ogive tip of length
5.27 mm (or 0.22D) (Fig. 1¢). This model is referred to as ogive tip
and sharp edges (OTSE). The third model has the same ogive tip as
the OTSE model, but the edges are rounded with a radius of 1.5 mm
(half of the model thickness) (Fig. 1d). This model is referred to as
ogive tip and round edges (OTRE) and is the counterpartof the delta
wing of Bird.! The last model has the same apex geometry as STSE
and the round edges of OTRE. Accordingly,itis referred to as sharp
tip and round edges (STRE) (Fig. 1e). These four models provide
all of the possible combinations of sharp and rounded edge and tip
geometries.

In the actual experiment, the base of each ogive-shaped plate
was supported by a mechanism above the water surface, and the
plate pitched downward and pierced through the free surface. This
arrangementallowed the tip of the plate to be farthest away from the
free surface, hence ensuring that free surface effects, if any, were
kept to a minimum. Before each run, a height gauge was used to
align painstakingly the model with the centerline of the test section
and ensure that the yaw and roll angles were zero with respectto the
freestream. This laborious process was deemed necessary because
the accuracy of the results depended critically on the accuracy of
the model alignment. To visualize the flow, dye was released slowly
and with minimum disturbance to the flow from the two dye ports
located at 20 mm from the apex and slightly on the leeward side of
the model. In all cases, the groove that carries the stainless tubing for
the dye injection was filled with epoxy resin and carefully shaped
to match the profile of the body. For the purpose of distinguishing
the two tip vortices, red dye was released from the port side of the
model, and blue dye was released from the mirror image port on the
starboard side. The operating Reynolds number based on the width
of the plate was approximately 3.2 x 10°.

The flow patterns were captured from the bottom and side of the
test section using two charge-coupled device (CCD) video cam-
eras and a Nikon F3 single-lens-reflex still camera equipped with
a Nikkor 50-mm lens. To avoid the effect of parallax, extreme care
was taken when aligning the camera with respect to the model. To
conform with the common practice of flow direction from left to
right, the side views of the captured images have been rotated by
180 deg, as shown in Figs. 2 and 3.

Results and Discussion

In Fig. 2, the side and the plan views of the tip vortices for the
four ogive-shaped plates tested are displayed. Although the plates
were tested for a range of moderately high angles of attack « from
40 to 60 deg, only the results for « = 40 deg are presented because
the salient flow features for the other angles are essentially the same.

Figure 2a shows the results for the STSE plate at « =40 deg. Itis
obvious from the dye patterns that the tip vortices were symmetrical
up to the locations of the apparent vortex breakdown. The existence
of the vortex breakdown is supported by the video images, which
clearly show aregion of recirculatingflow immediately after the dye
core has undergone sudden enlargement. It is not clear what caused
the vortices to breakdown at the different positions, but a similar
phenomenon has often been observed on the tip vortices from delta
wings at high angles of attack >

In Fig. 2b, the results for OTSE model are displayed. Here, it
can be seen that the vortices remained symmetrical up to the vortex
breakdown positions despite the model having an axisymmetric tip.
This flow behavioris contrary to the speculationby Stahl et al.> and
Ericcson,? which suggested that the vortices should be asymmetric
if the tip is rounded. That the vortices were not asymmetricindicated
thatthe axisymmetrictip may notbe solely responsiblefor the vortex
asymmetry. The sharp edges may have played an equally influential



