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Abstract

This paper presents a design exploration analysing the film cooling channels optimized using fluid topology optimization (FTO) that
can be obtained via additive manufacturing. The primary objective is to identify the differences and similarities between these opti-
mized designs and current solutions. The design region considered in this study includesthe interna channel, the coolant exit hole, and
the surface upstream of the cooled hole. Two baseline design domains are examined: a fan-shaped coolant duct, to evaluate whether
FTO can enhance performance based on existing optimized designs, and a wider domain, to explore aternative solutions, allowing
FTO to generate new geometries. To carry out this analysis the platform ToffeeX is used. The objective functions employed aim to
minimize pressure losses while maximizing coolant coverage on the surface. The optimization process generated multiple configura-
tions, which are more complex than standard designs. When FTO is applied to an existing shaped channel, multi-hole configurations
are generated and the adiabatic effectiveness is increased. More interesting geometries emerged when allowing a wider design space.
In this case, four main features often appeared: branching within the channel, multihole exits, steps before the holes and deep pockets
on the side of the main hole (fed by the main channel). The observed performance improvements varied depending on free-stream
turbulence level. Both the baseline and optimized geometries were tested under awide range of operating conditions, with the optimized

designs showing performance gains depending on the turbulence level of the free stream.
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1 Introduction

Engineers have raised the turbine inlet temperature to levels
exceeding the melting point of the aloys used in blades.
These extreme temperatures necessitate advanced cooling
techniques[1]. Among these, film cooling has gained signif-
icant attention due to its ability to shield high-pressure tur-
bine nozzles and rotors from hot gases by creating a protec-
tive layer of coolant.

The influence of coolant hole geometry on lateral adiabatic
effectiveness was first studied by Goldstein et al. [2], who
demonstrated the advantages of shaped holes over standard
cylindrical holes. Thekey effect observed was areduction in
the momentum of the coolant perpendicular to the cooled
wall, which minimized jet lift-off. Andreopulos and Rodi [3]
later provided adetailed analysis of the flow structures caus-
ing coolant lift-off and reduced coverage, identifying a pair
of counter-rotating vortices, known as "kidney vortices," as
the primary cause of jet lift-off. These vortices are generated
by the redistribution of the boundary layer within the coolant
duct and push the coolant away from the surface through
their interaction.

Various geometries have been proposed to mitigate these
vortices, including cusp designs [4], laid-back shaped holes
[5-7], among others. The common goal of these designsisto
reduce the interaction of kidney vortices and minimize the
coolant perpendicular momentum component, thus maxim-
izing coolant effectiveness. As Gritsch et al. [7] demon-
strated, these geometries minimize the vorticity component
aligned with the free stream, enabling the cooling filmto re-
main attached to the surface.

More recent strategies have modified the blade external sur-
face to better distribute the coolant. Researchers such as Wu
et a. [8] have proposed embedding coolant holes in shaped
craters and trenches to improve coolant coverage, which has
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proven highly effective. The proposed designs can be
achieved either by controlling the thermal barrier coating
thickness or by shaping the surface before the coolant hole
to form steps, domes, or other structures that enhance cool-
ing efficiency. For instance, Oguntade et al. [9] introduced
shaped trench cavities to improve film cooling, while Mon-
tomoli et a. [10] employed a double back-facing step over
the coolant holeto increase lateral coverage, even for aggres-
sive designs with large pitch-to-diameter ratios.

Many of these designs are based on the fundamental physics
of kidney vortex interaction and engineering intuition and
experience. However, manufacturability also plays a crucial
role, as these channels are often created using lasers, which
impose limitations on the geometries angles and shapes. Re-
cently, additive manufacturing has enabled the exploration
of more intricate geometries, previously unimaginable. De-
spite the limitations of additive manufacturing, such as over-
hang anglesand minimum feature sizes, it offersgreater flex-
ibility for complex designs. Snyder et al. [11] reviewed sev-
eral high-performing shapes, such as consoles, crescents, 0s-
cillators, spirals, and tripods, which are now fully realizable
through additive manufacturing.

Although significant progress has been made in developing
optimal film cooling designs using additive techniques, the
full potential of the design space enabled by additive manu-
facturing remains unexplored. One promising computational
tool for designing components for additive manufacturing is
topology optimization. Traditionally used for optimizing or
reducing the weight of structural components, recent break-
throughs have demonstrated the applicability of topology op-
timization in thermo-fluid systems.

Fluid Topology Optimization (FTO) has gained recent atten-
tion. Dede et al. [12-13] used FTO code to a squared heat
dissipator. In 2010, Yoon [14] used a similar approach for
two dimensional problems. Matsumori et a. [15] introduced
the method with conjugate heat transfer and in more recent
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years, Marck and Privat [16] and Alexandersen et al. [17]
introduced porosity-dependent thermal conductivity.

This paper aims to introduce and explore the performances
of new geometries for optimal film cooling in gas turbines,
generated using fluid topology optimization. While fluid to-
pology optimization, as described by Raske et al. [18] and
Pietropaoli et al. [19], has shown promise in developing
high-performance geometries for cooling systems—primar-
ily in single-fluid heat exchangers. Very recently the same
platform used in this work has been applied to model fuel
cells and two fluid heat exchangers [20-22]. Thisisthe first
time the method has been applied to film cooling.

NOMENCLATURE
C Heat capacity
fy Objective function, temperature
p Lateral pitch
S Axial pitch
D Film cooling diameter
M Blowing ratio
T Temperature
Taw Adiabatic wall temperature
Tm Temperature hot gas
Te Temperature coolant
X,y,Z Principal Cartesian Axis
Y Heat capacity ratio
p Density
n Adiabatic film cooling effectiveness
Q Volume
TU Turbulent intensity

2 Methodology

The fluid topology optimization (FTO) method employed in
this study has been introduced and applied in previous pub-
lications [18-22] and used here. The performance of the op-
timized designs has been compared favorably with predic-
tions obtained with other commercia software and experi-
mental results, while it should not be considered a substitute
for high fidelity simulation. In the present work the samefor-
mulation as in previous work has been used.

The film cooling designs presented in this work were ob-
tained using the ToffeeX physics-driven design platform.
Based primarily on fluid topology optimization, ToffeeX
uses a finite volume method Reynolds-averaged Navier
Stokes (RANS) method to solve the governing equations
based on user defined boundary conditions. The solid field is
represented in the fluid TO problem with a Brinkmann im-
permeability term. The mathematical formulation and the
boundary conditions used can be found in detail in [18-22].
For the optimization, the solver controls the solid distribu-
tion in a fluid medium without a priori specification of the
shape or implicit modelling. The optimal design is obtained
by allowing each point of the design domain to switch be-
tween being either fluid or solid.

Multiobjective optimization is used. All specific objectives
in ToffeeX are weighted against the pressure losses, defined
asin[20] (1):

f =Jr<p+%|v|2)v.ndl" @)

Downloaded from www.euroturbo.com

The integral of pressure losses is evaluated over the bound-
ary of the domain and therefore the function isthe difference
in total pressure losses between inlet and outlet of the design
space.

To generate the optimized cooling geometry, the solver re-
quires adefined design domain within which it can solve the
physical governing equations and generate the optimized ge-
ometry.

In thiswork, two design domains are used

1) shaped hole proposed by [7]

2) wider volumeto explore more complex solutions.

This design domain delineates the volume where the FTO
optimizer can make modifications; the solver cannot add vol-
ume outside this specified geometry. It is possible to fine
tune the optimization in the design domain by specifying re-
gions with specific constraints; this is done in a graphical
user interface (GUI). By outlining volumes, multiple con-
straints can be applied, encompassing variationsin fluid and
solid properties (thermal conductivity, density, heat capacity
etc), heat sources, and specific volumetric optimization tar-
gets like component weights, local thermal gradients, or
maximum temperatures.
In addition, the geometry is optimized to manufacturing con-
straints, such as minimum passing area, minimum feature
size, constraints on overhang angles (essential for additive
manufacturing) etc. Although the geometry presented in this
study was tailored for additive manufacturing, the solver can
also optimize for aternative manufacturing methods like
milling, stamping etc. In case of film cooling, only the exter-
nal part of the hole can be optimized using milling constraint.
For the optimization of film cooling, two different objective
functions have been explored independently, while minimiz-
ing pressure |osses:

1) Maximization of heat transfer downstream the cool-
ant injection (in case of perfect cooling, this would
have allowed the maximum reduction of metal tem-
perature)

2) Minimization of temperature downstream the cool-
ant injection, from downstream edge to the exit
(with adistance up to 0.2D from the cooled surface)
allowing the generation of solid structures.

The minimization of temperature or the target temperatureis
achieved with anintegral over the specific volumeasin[20].
Minimization of temperature objective function (2):

fi = f (ypcT) dQ ()]
Q

wherey is the solidity, p isthe fluid density and c is the spe-
cific heat capacity.

3 Film-cooling hole test case

The baseline geometry used for the current optimization is
based on the shaped hole design proposed by the "Institut fir
Thermische Stromungsmaschinen” (ITS) at the University of
Karlsruhe, as described by Gritsch et al. (2000) [7]. In the
original design, the coolant duct and the main flow were two
independent loops, which could be aligned either parallel or
perpendicular to each other. In this study, the coolant chan-
nel
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Figure 1: Film cooling baseline geometry based on [7],
and baseline for domain 1

Table 1, geometrical parameters, fan shaped hole[7]

Values
D [mm] 5
Lateral expansion angle [deg] 14
Exit/entry area [-] 3.0
Pitch/D [-] 4.0
Length/D [-] 6.0

ismodeled asaplenum, but all other parameters remain con-
sistent with the origina design [7]. Further details about the
experimental setup can be found in [7].

The operating conditions are based on [26].

Coolant Temperature 310K
Hot Gas Temperature 540K
Blowing ratio M=1.2
Turbulence intensity 3.6%
Hot gas Reynolds number | 0.25 10°

Table 2, operating parameters, fan shaped hole [26]

This baseline geometry is already optimized and represents
a modern turbine film cooling hole design. The geometric
specifications, illustrated in Figure 1, include ahole diameter
of 5mm, alateral expansion angle of 14 degrees, and an out-
let width of 30 mm. The arearatio stands at 3.0, the length-
to-diameter ratio at 6, and the pitch-to-diameter ratio at 4.
The main parameters are repeated and summarized in Table
1

4 Computational domains

Two design domains are used:

e Basedontheoriginal work [7] wherethe codeisallowed
to modify the shaped hole volume only, no symmetry,
figure 2.

e Wider domain, expanding the lateral volume for cool-
ant, symmetry plane, longer main duct 60D, figure 3.
The coolant duct isnot shaped, it isaprismatic geometry
with the same inclination of the original duct.

The computational domain of first configuration is shown in

Figure 2 and employs amesh of 1 million elements. Thisdo-

main featurestwo inlets, onefor the coolant and the other for

hot gases. It also incorporates periodic boundary conditions,
viscous walls within the coolant duct, and an inviscid
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condition for the upper wall, domain 1. Symmetry planewas
not include to investigate if any a-symmetric solution was
generated. Figure 3 shows the domain used with the wider
rectangular space for the coolant duct, with longer exit used
for optimization and for the comparison of the performance
of optimal designs, domain 2. This second domain as differ-
ences, hasalarger optimization volume with wider prismatic
coolant

Slip wall

Periodic
Inlet
hot gas

Viscous wall

Outlet hot gas

ﬁ Inlet coolant

Figure 2: Original duct and computational mesh used
for optimization shaped hole, domain 1
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Viscous wall  Symmetry

Inlet coolant

Figure 3: Wider duct geometry and computational mesh
used for optimization shaped hole, domain 2

Figure 4: Domain 1 and domain 2 duct detail
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duct (figure 4), asymmetry plane, and longer free stream do-
main (figure 3). All the performance comparisons shown in
thispaper, are carried out on domain 2. Thedomain islonger
because a sengitivity analysis is conducted concerning pa
rameters like inlet and outlet distances, as well as the dis-
tance of theinviscid wall from the hole. For this assessment,
the outer wall distance from the coolant hole utilized is 60D.
For subsequent assessment on domain 2, a grid sensitivity
analysis is conducted to discern the impact of mesh resolu-
tion on the outcomes and the distance of the boundaries.
Three meshes, ranging from 1 million to 6 million elements,
are generated, revealing no discernible differences in adia-
batic effectiveness beyond 1 million elements. The assess-
ment of performance is based on the same code used before
[20-22]. Asturbulence closure ak-o sst formulation is used
[23].

The comparison between experiments and CFD simulations
of the baseline case [7] are shown in figure 5 on domain 1.
The effectivenessis defined as follows:

T — Taw
T, —T,

Thex axisshowsx/d where zero islocated at the downstream
edge of the coolant hole. The dots in the graphs are experi-
ments from [7]. The conditions in the experiments differ
dlightly from the current problem setup — in the original work
[7], the coolant duct isnot configured as aplenum. The graph
shows the adiabatic lateral effectiveness against x/D starting
from the downstream edge. The effectiveness is shown for
the blowing ratios M=0.5, where the blowing ratio is defined
asM = (pc Uo)/(pm Um). CFD predictions are overpredicting
the performance of coolant duct, if compared with experi-
ments. The configuration studied isnot exactly the same hav-
ing no flow in cross flow in the plenum in this case.

While RANS models such as those used in the current work
tend to overpredict the adiabatic effectiveness, the overall
trend at lower blowing ratio is similar to other observations
in literature [7], even if the error increases moving down-
stream.
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Figure 5: Comparison between CFD and experiments
fan shaped hole, M=0.5, TU=3.6% (free stream)
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5 Optimal geometries for the baseline case,
domain 1

Fluid topology optimization for the flow is conducted at a
blowing ratio of M=1.2. Figure 6 shows in green the regions
where the domain is allowed to change. The maximum vari-
ation normal to thewall is 0.2D.

The code can modify the shape of cooled surface to enhance
the lateral coverage instead of only changing the shape of
coolant hole. In the optimization area the optimizer can add
material shaping the hole, the inner duct and the surface up-
stream and downstream the hole.

As relative weights, the optimizer considers pressure 10sses
f1 and two different thermal conditions. maximum heat
transfer on the cooled surface f2 and minimal temperature of
the flow volume over the surface, 2 (next paragraph for the
wider domain). The objective function to minimize is de-
fined as below, where f; and f, are non dimensionalized:

F=m1f1+oof2 3

0.2D

Figure 6: Optimization area, schematic and full 3D vol-
ume, domain 1

The resulting optimal geometry is illustrated in Figure 7,
where the blue regions represent solid material added by the
optimizer to influence the direction of the coolant. Noticea-
bly, there are modifications made within the coolant duct, at
the hole exit, and along the cooled surface, both upstream
and downstream.
To understand the mechanics of the cooling flow induced by
the optimal geometry, a schematicisshownin Figure7. The
optimizer generates a converging ramp upstream of the hole.
This geometry pushesthe main fluid stream towards the cen-
ter of the coolant jet, enhancing the lateral spreading. Down-
stream of this converging structure two dimensional back
facing steps anchor the coolant before the coolant hole.
Similar ideas have been proposed in literature by [9-10]. In
contrast to what has been shown in literature these structures
are converging, pushing the main fluid stream to the central
part of the coolant jet. This causesthe coolant to spread more
Paper ID: ETC2025-293



alt

Converging ‘ Increased hot V Split hole in 3

flow ) Increased
Anchor cooling coolant
pressure

Figure 7. Optimal geometry maximum hest transfer.

laterally, with an effect that resembles cusp design [18]. The
combination of upstream geometries, placed at alarger dis-
tance from the wall, generates a backward facing step that is
anchoring the cooling, even if the complexity is higher than
what is usually observed in other designs proposed in the
open literature. The optimizer changesthe coolant hole struc-
ture to a multi-hole configuration instead of a fan-shaped
duct.

Thisis obtained by the optimizer that splits the exit hole in
3, adding material and changing the original shape. This
trend has been shown for different optimization parameters
and for other geometries not shown in current paper. During
the optimization, when the weight of lateral adiabatic effec-
tiveness is increased, a multi-channel configuration appears
[11]. Severa authors have proposed such configuration with
or without a ramp before the hole exit. A three hole design
with a shaped dome before the hole has been proposed by
Grine et a. [24]. Others have suggested multiple hole distri-
bution without ramp or domes[25]. Whilewhat found by the
optimizer is not a novelty by itself (as discussed similar ge-
ometries for the coolant hole have been proposed), but it is
remarkabl e that the optimizer is able to identify such class of
solutions, with no specific user input beyond the requirement
to reduce the pressure drop and decrease the surface temper-
ature.

In figure 8 by changing the weighting of equation 3, it is pos-
sible to achieve different geometries. Bottom figuresit isthe
case without heat transfer, only to minimize pressure losses
®2=0. Inthis case, the optimizer adds material to the channel
inlet (where a small recirculation otherwise is observed), in
the center of expansion area (where alocal separation tends
to occur) and on the hole’s upstream edge.

While the first two zones are generated to remove the sepa-
ration region, the third one acts near the upstream edge of the
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3 holes
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upstrea* ?
edge
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Figure 8 First design suggestions, M=1.2. &) maximum
heat transfer, b) no heat transfer target, only pressure
losses.

hole exit. This small geometry shields the coolant from the
main fluid stream and reduces the shear stress. In figure 8 @)
shows what happens when maximum heat transfer is pre-
scribed as objective.

The core concept was that by imposing an isothermal condi-
tion on the cooled surface—matching the temperature of the
hot gases—heat transfer would reach its maximum in the
case of perfect film cooling, where effectiveness equals 1 on
the cooled surface. The optimizer leaves the same structures
observed in b) but adds a step/ramp in front of the coolant
hole, with a converging structure. The hole exit is divided
into 3 dliptic holes and downstream splitters are formed,
counter acting the vorticity of the kidney vortices. Thelateral
coverage distribution benefit isshown infigure 9. Thisisdue
to the new hole design and to the downstream structures.
Downstream of the hole, there is a generation of inclined
splitters that have two effects: moving the coolant closer to
thewall, generating a region of low pressure, and promoting
the lateral coverage of the coolant. Despite some apparent
benefits associated with these geometries, there may also be
some drawbacks. The splitterslocally enhance the heat trans-
fer and in case of poor coolant injection, generates a region
with strong heat transfer that is not covered by the coolant.

ko
Wia

0

Figure 9 Lateral coverage of adiabatic effectiveness,
M=1.2, x/D=4.5

While these splitters downstream the hole are fluid dynami-
cally interesting, the design is not suitable for rea applica
tions._The splitters downstream the coolant duct promotes
high level of heat transfer and in the case the coolant is not
perfectly covering the surface, the turbine surface will suffer
damage.

For thisreason, the geometry has been simplified, cutting the
splitters downstream the coolant asin figure 10. The

Paper ID: ETC2025-293



Figure 10 First design suggestions, M=1.2 removing
downstream splitters and new optimization, maximum
heat transfer. Name: 3 holes cut
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Figure 11 Lateral Adiabatic effectiveness performance
with free stream turbulence level, M=1.2, 3 holes cut

performance is overall similar to the most complex design
shown before, without having to deal with therisk of splitters
after coolant injection. Inliteratureit isfound that fan shaped
holes are not heavily dependent on free stream turbulence.
This does not seem the case for this configuration. CFD pre-
dicts some variations of adiabatic effectiveness as function
of turbulence, figure 11.

6 Wider domain optimization, domain 2

In order to assess the possible capabilities of FTO a wider
domain is used as design domain, the domain 2 already pre-
sented. The overall geometry is the same, a coolant duct and
an hot gas channel in cross flow. The inclination of the con-
necting duct, where ToffeeX can generate the new coolant
duct is the same of fan shaped hole, but the whole pitch can
be used by the code.

The objective function is changed, specifically to minimize
the temperature of the coolant downstream the hole gjection
up to adistance of 0.2D but the code is not allowed to build
any structure downstream the hole injection.

To reduce computing cost, asymmetry planeis used, having
half of the pitch of previous case. A 6 million mesh is used
for all the cases compared in this paragraph. By changing the
relative weight of pressure losses and temperature minimiza-
tion, several designs can be achieved. In this case two of
them are shown.
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Figure 12: Optimization area, schematic, domain 2

FTO with awider domain spaceis showing different coolant
duct configurations, as shown in Figure 12. These two con-
figurations are chosen because they show some of the com-
mon features found in most of the geometries generated by
the solver. While the geometries may be different depending
on imposed constraints, there are similarities. In general the
solution is a multi hole shape, with multi duct branching in-
side the duct to feed the multiple ducts (Wide 3). As shown
in figure 13 (Wide 4), we observed the generation of large
coolant “pockets” inside the coolant duct, feeding the holes.
We believe that these pockets may reduce even further the
coolant component normal to the surface, increasing the ex-
pansion area. The general shape of all structures upstream
theduct are similar, with stepsand generation of “trench cav-
ities”. Another common feature observed isthe generation of
converging steps in front of coolant gjection. This channels
the hot gas against the center of the coolant, promoting alat-
eral spreading of the coolant. This feature is more clear on
the three hole cut configuration but has been found in several
designs. The exit hole can go from classical multi-hole con-
figuration to cusp design in many of the configurations gen-
erated. The overall performance of the geometries is com-
pared against the default shaped holein the following graph.
The 3 holes cut geometry is re-run on the same computa-
tional domain, to have consistent resullts.

Figure 14, shows the comparison of performance of 3 holes
cut, wide 3 and wide 4 against the baseline configuration.
Two levels of turbulence have been chosen, Tu=0 and 3.6%.

Pockets
Wide 3 configuration, solid  Wide 4 configuration,
(top) and fluid (bottom) do- solid (top) and fluid (bot-
main tom) domain
Figure 13 Two designs, Wide 3 and Wide 4, by ToffeeX

Pockets
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Theresultsin terms of performance gain are different. There
isan advantage of the wide 4 configuration in both cases. For
Tu=0% wide 4 has a clear advantage over the baseline of
more than 50% until x/D=10. It is shown that the 3 holes cut
has very good performance, while wide 3, the less perform-
ing configuration in case of Tu=0% has a maximum gain of
20%. For the reference free stream turbulence of 3.6%, the
situation changes. Up to x/D=20 the wide 4 geometry is bet-
ter than the baseline geometry, the 3 holes and wide 3, as
laterally averaged adiabatic effectiveness. The 3 holes con-
figuration with the cut, shows a benefit until about x/D=8 for
TU=3.6% and marginal impact until x/D=40.

Figure 15 shows a schematic of the exit hole of the configu-
rations studied with symmetry planesfor reference. The con-
tour plotsin Figure 16 and Figure 17 shows, from top to the
bottom, the baseline case, 3 holes cut, wide 3 and wide 4.
Wide 3 configuration shows a stripe of less cooled flow in
the center of the domain for both Tu=0% and TU=3.6%.

Tu=0%, Adiabatic effectiveness gain

Tu=3.6%, Adiabatic effectiveness gain
Figure 14 Performance gain against baseline for 3 de-
signs, with Tu=0% and Tu=3.6%

baseline 3 holes cut

wide 3 wide 4
Figure 15 Schematic of exit holes
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Figure 16 Eta for 4 designs, with Tu=0%, not in scale

symmetry

NS o

baseline n distribution
symmetry

3 holes cut n distribution
symmetry

wide 3 n distribution

wide 4 n distribution
Figure 17 n for 4 designs, with Tu=3.6%, not in scale

Wide 4, among al these configurations shows better perfor-
mance, having a better latera coverage. The advantage is
maintained even when higher turbulencelevel isimposed for
the main stream. The surface downstream the coolant injec-
tioniswell covered with wide 4 configuration, from the cool-
ant downstream edge to the exit.
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In terms of pressure losses, for 3.6% turbulence, in the 3
holes cut, the overall pressure loss is approximately 1%
lower than the baseline default geometry. This is due to a
trade off between the beneficial effect of fillet radius at the
entrance, and the negative contribution of higher wetted area.
In wide 3, the pressure losses are reduced by 22% and 30%
for the wide 4 configuration (compared to the baseline). This
is due to the higher passing areas obtained during optimiza-
tion.

7 CONCLUSIONS

Thiswork presents adesign exploration of fluid topology op-

timization (FTO) using ToffeeX to film cooling design, with

operating conditions representative of those found in gastur-
bines, while the flat plate is an idealized representation.

These ducts can be manufactured using additive manufactur-

ing (or EDM or other laser methods) and their performance

is above standard designs.

While the fluid topology optimization solver isnot trained in

any sense with existing film cooling design, it nevertheless

isableto identify features which resemble those proposed in
the literature.

In this work two design domains are used for exploration:

domain 1, afan shaped design (an aready optimal configu-

ration) and domain 2, awider designh where the code can gen-
erate any possible geometry. In both cases, ToffeeX pro-
poses modifications that are improving performance.

In domain 1, to reduce pressure losses the solver modifies

the shape of the inner cooling duct and places a geometry in

the fan shaped duct. At the same time in many cases, the
solver adds asmall dome near the upstream edge of the cool-
ant hole to minimize the interaction with hot gases.

To improve adiabatic effectiveness, both in the default fan

shaped hole and wider domain, the optimizer generally pro-

duces common features:

1. Generation of
configuration)

2. Adding a converging duct before the coolant hole with
some backward facing steps. Thisis similar to what has
been observed by other researchers who have proposed
trench cavities, and small ramps in film cooling
applications.

3. Complex coolant exits similar to cusp design with deep
pockets fed by branching channels.

While experimental validation is needed, the proposed

designs show that film cooling of a complete turbine can be

also redesigned with this approach.

In particular, by alowing the code awider design space, the

solver is able to generate the so called Wide 4 geometry that

has better performance than the baseline case.

multiple exits (multiple hole
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