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In advanced gas turbine engines, fan-shaped cooling holes are widely employed to protect turbine components
from the high-temperature mainstream flow. The geometric characteristics of these holes are critical in
determining the film-cooling effectiveness. Therefore, identifying an optimal hole configuration is essential
to enhance thermal protection and overall cooling performance. In this study, a large eddy simulation (LES)
approach was conducted to investigate the influences of surface geometry modifications on the film-cooling
effectiveness and turbulent flow structures for a 7-7-7 laidback fan-shaped cooling hole (7-degree expansion
angle in each direction). The cooling hole was located on a flat plate with a 30-degree injection angle, operating
at a constant density and blowing ratio of 1.5. A novel modal shape parameterization technique was introduced
to systematically modify the hole surface geometry, providing a compact physic-based representation of
complex shape variations. Eight designed cases were generated using Latin Hypercube sampling (LHS) based
on two shape parameters: mode number and mode amplitude. The area-averaged film-cooling effectiveness
on the flat plate was selected as the objective function. A genetic aggregation method was adopted to
construct a response surface model using the LES data. Subsequently, a multi-objective genetic algorithm
(MOGA) was used to identify the optimal surface geometry. The results indicated a substantial improvement in
cooling effectiveness across all modified configurations compared to the reference case. The optimized design
demonstrated reduced internal turbulent fluctuations within the cooling hole and diminished flow disturbances
in the interaction region with the mainstream, resulting in a 22% improvement in cooling performance—from
0.2028 to 0.2475—compared to the reference configuration.

1. Introduction cooling enhances turbine efficiency by enabling higher turbine inlet

temperatures, it also reduces aerodynamic performance due to the

Components of modern gas turbine systems operate at extremely
high temperatures to achieve greater thermal efficiency. To enhance
thermal performance, turbine inlet temperature has been increased
to approximately 2000 K [1,2], significantly exceeding the melting
point of turbine blade materials. As a result, effective active techniques
are essential to protect the turbine blades from the hot mainstream
combusted gases and to extend the lifespan of turbine components.

One of the thermal protection techniques widely applied in
advanced gas turbine engines is the film-cooling technique. In this
method, relatively cooler air from the compressor section is injected
through discrete small holes on the blade surfaces, forming a thin,
cooler layer on the surfaces that prevents direct contact between the
hot mainstream flow and the turbine blades [3-5]. Although film
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interaction between the coolant jet and the mainstream flows, referred
to the coolant jet cross-flow, which increases mixing losses. Therefore,
improving cooling effectiveness while minimizing coolant usage is
essential to reduce flow disturbances in the interaction region.
Numerous studies have demonstrated that both operational and
geometrical factors significantly influence the effectiveness of film
cooling techniques [6-9]. Key geometrical parameters of cooling holes
include hole shape, length-to-diameter ratio, expansion and injection
angles. Various types of cooling holes have been developed, including
conventional cylindrical holes [10], shaped holes [11,12], diffusion slot
holes [13], cat-ear hole [14], and double jet holes [15]. Many investiga-
tions have examined how the geometrical features of cylindrical holes
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Nomenclature

A Mode amplitude

Cw WALE constant

D Cooling hole diameter

DOE Cooling hole diameter

DR Density ratio

e Total energy

H Energy flux generated by thermal energy
and work done by total stress

L Cooling hole length

LHS Latin Hypercube sampling

M Blowing ratio

N Mode number

P Pitch distance

p Pressure

SGS Subgrid scale

T Temperature

u Velocity

WALE Wall-adapting local eddy viscosity

Greek symbols

Injection angle

Forward expansion angle

Lateral expansion angle

Density

Film-cooling effectiveness

Lateral averaged film-cooling effectiveness
Area averaged film-cooling effectiveness

= DT XN ™ R

Non-dimensional temperature
Eddy viscosity
Molecular viscous stress tensor

5N Q9 = © =i

Stress tensor

Sub-, Superscripts

fwd Forward
j Jet
m Metering

affect cooling performance [10,16,17]. Over the past five decades,
shaped holes have consistently shown superior film cooling effective-
ness compared to cylindrical ones, primarily due to more uniform
lateral coolant distribution and reduced jet lift-off, particularly at high
blowing ratios [7,11,18]. Goldstein et al. [7] showed that the use of
a cooling hole with an initially cylindrical shape widened to each side
by a 10-degree angle significantly enhances film cooling performance
immediately downstream of the hole exit at various density ratios.
Bunker [18] provided a comprehensive review of shaped cooling hole
configurations applied in turbine film cooling technology, concluding
that these designs result in lower-momentum coolant injection jets with
broader surface coverage and continuously increasing effectiveness
with blowing ratio. Zamiri et al. [19] conducted numerical simulations
to investigate the effects of different geometrical parameters of shaped
cooling holes on film cooling effectiveness. Their results showed that
reducing the metering length enhanced the overall cooling effectiveness
on the flat plate surface. Moreover, it was found that increasing the
lateral expansion angle improved both the lateral and area-averaged
cooling effectiveness. Given the widespread adoption of fan-shaped
cooling holes in the gas turbine industry for their enhanced cooling
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performance, further research is necessary to explore alternative ge-
ometries and identify optimal cooling hole configurations for improved
thermal protection.

Several experimental studies have been conducted to optimize the
film cooling effectiveness of shaped holes. Park et al. [20] experi-
mentally investigated the influence of shape parameters of fan-shaped
holes on cooling performance using the pressure sensitive paint (PSP)
technique over a wide range of blowing and density ratios. Their
results showed that the overall cooling performance increased with
larger lateral and forward expansion angles, and the optimized cool-
ing hole design improved cooling effectiveness by approximately 50%
compared to the reference hole. Jo et al. [21] examined the impact
of geometric variables on the film cooling performance of compound
angled asymmetric laidback fan-shaped holes. In this study, the leeward
and windward expansion angles were selected as design variables,
and a Kriging optimization algorithm was employed to determine
the optimal values. It was indicated that increasing the expansion
angles significantly improved overall cooling effectiveness, with the
optimized configuration offering a 1.3% improvement in cooling effec-
tiveness over the reference cooling hole. Jeong et al. [22] performed
an experimental-based optimization to determine the optimal shape
of a butterfly-shaped cooling hole using the design of experiment
(DOE) methodology. Three geometrical parameters, forward expansion
angle, lateral expansion angle, and twist angle, were chosen as de-
sign variables under constant blowing and density ratios of 2. The
optimal configuration demonstrated an approximate 8% improvement
in cooling effectiveness relative to the baseline case. As the shape of
the cooling hole significantly affects film cooling performance down-
stream of the hole exit, accurately predicting cooling effectiveness is
essential. Although experimental techniques offer high measurement
accuracy, advancement in numerical schemes and high-performance
computational resources have led researchers to increasingly rely on
computational fluid dynamics (CFD) approaches to predict the heat
transfer characteristics due to their cost- and time-efficiency.

Most numerical studies on film cooling hole optimization have
been conducted using the RANS (Reynolds averaged Navier-Stokes)
approach [23-25]. Zhang et al. [24] developed an optimization frame-
work for film cooling hole shape design using RANS simulations to
achieve maximum cooling performance at an affordable computational
cost. Their results showed that the spatially averaged cooling per-
formance improved by 39% compared to the reference case. Jones
et al. [25] employed a RANS-based CFD method to investigate a wide
range of forward and lateral expansion angles for turbine film cooling
holes. The optimal configuration was found to be a hole with a 15-
degree lateral and a 1-degree forward expansion angle, resulting in a
40% improvement in cooling effectiveness. While the RANS approach
can reasonably predict flow fields, it tends to overpredict thermal
fields, particularly in complex flows like film cooling flows, due to
turbulence closure models that simplify the physics of turbulence.
Therefore, high-fidelity CFD approaches such as large eddy simulation
(LES) are required to resolve near-wall turbulence structures accurately
and capture the three-dimensional flow and thermal field characteris-
tics within fan-shaped holes [26-30]. Agarwal et al. [27] performed
a shaped hole optimization approach based on an LES method and
efficient global optimization. They sampled forty design cases and
the optimized hole showed significantly improved cooling effective-
ness compared to the baseline 7-7-7 fan-shaped cooling hole. Zamiri
et al. [31] conducted an LES-based optimization procedure to maximize
area-averaged cooling performance, achieving a 50% improvement
in cooling effectiveness over the reference cooling hole. Since fan-
shaped cooling holes are widely implemented in advanced gas turbines,
further studies are needed to identify optimal shape configurations for
enhancing film cooling effectiveness. Although numerous experimental
and numerical studies have reported on optimization of cooling hole
geometry, most of these studies have focused on geometric parameters
such as lateral expansion angle, forward expansion angle, metering
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Fig. 1. Schematic view of baseline 7-7-7 laidback fan-shaped cooling hole.

length, and diameter-to-length ratio. To our knowledge, no publica-
tion has investigated surface shape optimization of fan-shaped cooling
holes using a shape parameterization method in combination with LES
simulations.

In the current numerical analysis, a combined LES approach and
modal shape parameterization-based optimization strategy was applied,
for the first time, to optimize the surface geometry of a laidback
fan-shaped cooling hole to enhance cooling performance. A 3D, un-
steady, compressible LES approach was carried out using Simcenter
STAR-CCM+ V2302 for various fan-shaped cooling hole configurations
located on a flat plate, under constant density and blowing ratio of
1.5. The LES results for the reference case were validated against
experimental data [11] in terms of both flow and thermal fields. The
main objective of this study is to evaluate the potential of the combined
LES and modal shape parameterization approach in optimizing the
film-cooling effectiveness () of a laidback fan-shaped hole. Two key
design variables in the modal shape parameterization method, mode
number (N) and mode amplitude (A), were chosen, and the area-
averaged cooling effectiveness (i) was used as the objective function.
The Latin Hypercube sampling (LHS) method was utilized as the DOE
approach to generate eight different cooling hole geometries. A genetic
aggregation optimization algorithm was then employed to construct the
response surface based on LES results and identify the optimal cooling
hole configuration. The proposed LES/modal shape parameterization
framework demonstrates strong potential as a robust tool for optimizing
cooling hole surface geometry, offering significant value for advanced
gas turbine cooling design.

2. Numerical method
2.1. Film cooling hole specifications

The film cooling hole investigated in this study is the 7-7-7 laidback
fan-shaped cooling hole [11], as shown in Fig. 1. The cooling hole is
located on a flat plate with a 30° injection angle (a) relative to the
mainstream flow direction. The lateral (y) and forward (8) expansion
angles are 7°. The cooling hole has a diameter (D) of 7.75 mm and
an overall length of 6D, including a metering section of 2.5D and
a diffuser section of 3.5D. The holes are arranged with a lateral
spacing of 6D, which is intended to reduce interaction effects between
adjacent coolant jets. Table 1 summarizes the detailed specifications
of the 7-7-7 fan-shaped cooling hole. Film-cooling effectiveness was
obtained from surface temperature measurements using a FLIR SC62
infrared camera [11]. Further geometric details of the cooling hole and
a comprehensive description of the experimental setup can be found
in [11].

Fig. 2 presents a schematic view of the baseline cooling hole and
a modified cooling hole configuration developed using a modal shape
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Table 1

Baseline cooling hole specification.
Cooling hole diameter (D) 7.75 mm
Injection angle (a) 30°
Overall length (L) 6D
Metering length (L,,) 2.5D
Forward length (L;,,) 3.5D
Forward expansion angle (4) 7°
Lateral expansion angle (y) 7°
Pitch distance (P) 6D

Ref.
——— Modified case (N = 6)

Fig. 2. Comparison of cooling hole surface profiles on the mid-span plane for
the reference case and modified case based on modal shape parameterization
technique.

parameterization technique on the mid-span plane. As shown, two
different parameters, mode number (N) and mode amplitude (A),
were considered as design variables to investigate the influence of
cooling hole surface shape variations on film cooling performance. It
should be noted that the modal deformation was applied exclusively
to the diffuser section of the cooling hole, while the metering section
remained unchanged throughout the study.

2.2. Numerical domain and grid

Figs. 3(a) and (b) present the computational domain and grid con-
figuration for the modified cooling hole designed by the shape modal
parameterization technique. The mainstream flow channel is defined
as a 100D x 20D x 6D in the streamwise, normal, and spanwise
directions, respectively. The coolant supply chamber is modeled as a
10D x 12D x 6D box. The mainstream inlet is positioned 35D upstream
of the cooling hole exit to ensure the development of the inlet boundary
layer. To promote the formation of a turbulent boundary layer, a
tripping wire (0.25D) is located 15D downstream of the mainstream
inlet. Fig. 3(b) shows a detailed view of the computational mesh on
the mid-span cutting plane and within the diffuser section of the
cooling hole. The numerical mesh, generated using Simcenter STAR-
CCM+ V2302 software, consists of approximately 11,000,000 mesh
elements. Polyhedral cells in combination with 21 prism layers near all
solid surfaces were generated, which provide a balanced solution for
complex mesh generation problems. As shown in the figure, local mesh
refinement zones were applied within the cooling hole and near the flat
plate surface to ensure sufficient grid resolution for the LES simulations.
The maximum grid spacing in the streamwise (4x*), spanwise (4z"),
and wall-normal (y*) directions were 20, 10 and 0.25, respectively,
which fall within the recommended range for LES simulations [32]. As
shown in Fig. 3(b), the y* distribution on the cooling hole surfaces is
maintained below 0.3. It should be noted that the current meshing strat-
egy and grid resolution were selected based on the authors’ previous
studies [28-31].

2.3. Solver setup

The governing equations for the LES approach are obtained from the
compressible, time-dependent, three-dimensional Navier-Stokes equa-
tions [32] by applying a spatial filtering operation. The filtered con-
tinuity, momentum, and energy equations are given in Egs. (1)-(3),
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Fig. 3. Modified case based on modal shape parameterization technique: (a) computational domain, (b) computational grid on the mid-span cutting plane.

respectively.

ap  9lpiy)

= =0 1

ot + 0xJ ( )

LES

(i) i( i di;) = _9 i + ﬁ 2
o ox T oG T o T oxg

W) o, . 9

- L= — 3

Tt o, (pe + p) i o, 3

where p, i, p and & are density, velocity, pressure and total energy,
respectively. H is the flux of energy generated by the thermal energy
and work done by total stress. The fundamental concept of LES is to
filter the large and small turbulence scales, where the large scales of
turbulence are directly resolved in the flow domain, and the small
turbulence eddies are numerically modeled using a subgrid scale (SGS)
model. In the present study, the WALE (wall-adapting local eddy vis-
cosity) SGS model was selected, which utilizes a modified form of
the velocity gradient tensor, allowing to accurately represent the near-
wall behavior of turbulence without requiring any additional damping
functions [32]. The SGS eddy viscosity in the WALE model is defined
as Eq. (4):

Hsgs = P (CWA)Z “4)

where C,, denotes the WALE constant, 4 is the length scale, and Si‘;
is the traceless symmetric part of the square of the velocity gradient
tensor.

The SIMPLE algorithm (semi-implicit method for pressure linked
equations) was used for the pressure-velocity coupling [33]. For spatial
discretization of the convection terms, a bounded central differencing
(BCD) scheme was used [34]. This scheme blends the central differ-
encing method with a second-order upwind approach to achieve both
accuracy and numerical stability, particularly in regions with strong
gradients. An implicit second-order scheme was employed for temporal
discretization.

To reduce computational cost, a single-hole model was conducted
for the LES simulations, with translational periodic interface boundary
conditions applied to the pitchwise domain sides. Air is considered
an ideal gas with an inflow velocity of 10 m/s and a temperature
of 295 K was set at the mainstream inlet. At the outlet, a static
pressure boundary condition corresponding to atmospheric pressure
(1 atm) was applied. The plenum chamber inlet was specified with
a temperature of 196 K, a turbulence intensity of 1%, and a mass
flow rate to match a blowing ratio of 1.5, consistent with experimental
conditions [11]. Sutherland’s law was used to model the viscosity
and temperature-dependent thermal conductivity of the working fluid
accurately. Adiabatic and no-slip boundary conditions were set for all
walls. To further reduce the computational time, preliminary solutions
were obtained using a RANS approach based on the realizable k-¢
turbulence model. These RANS results served as the initial condition
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Fig. 4. Grid dependence test.

for subsequent LES simulations. For the LES simulations, a time step
of 5 microseconds with 15 inner iterations was selected, ensuring a
CFL number below 0.45. To eliminate the influence of the initial RANS
solution on the LES results, each LES case was run for approximately
five mainstream channel flow-through times. Then, the flow fields were
time-averaged over an additional ten flow-through times to capture
statistically periodic flow behavior at several monitoring points in the
computational domain. All simulations were conducted on the high-
performance computing cluster at the University of Bristol using 256
parallel processors. The total computational time for each LES case was
approximately 200 h.

2.4. Numerical validation

To evaluate the impact of grid resolution on the predicted film
cooling effectiveness, three different mesh resolutions were generated:
coarse (6.5 million elements), moderate (11 million elements), and
fine (21 million elements). Fig. 4 compares the lateral-averaged film
cooling effectiveness (i) profiles computed by the LES approach for
the reference case at a fixed density ratio and blowing ratio of 1.5.
As shown in the figure, the coarse grid noticeably over-predicts the
cooling effectiveness along the streamwise direction when compared to
the moderate and fine grids. However, it is observed that by increasing
the number of grid points from moderate to fine mesh, there is no
significant change in the cooling performance. This suggests that the
moderate grid provides a sufficient resolution to capture the heat
transfer characteristics near the flat plate surface while maintaining
reasonable computational cost. This observation is further supported
by the area-averaged cooling effectiveness computed using the LES
approach on the flat plate surface for various grid resolutions, as
summarized in Table 2. The area-averaged cooling effectiveness was
evaluated over a rectangular region on the flat plate, extending 6D
in the lateral direction and 30D in the streamwise direction from the
trailing edge of the hole. It can be observed that the coarse mesh
overpredicts the cooling effectiveness by approximately 11% and 12%
compared to the moderate and fine meshes, respectively. In contrast,
the area-averaged effectiveness changes only slightly by about 0.6%
when refining the grid from the moderate to the fine case.

To validate the accuracy and reliability of the numerical method,
the flow field and adiabatic film-cooling effectiveness of the reference
cooling hole, computed by the LES approach, were compared with
available experimental data [11]. Fig. 5(a) presents the time-averaged
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Table 2
Variation of area-averaged cooling effectiveness with different grid resolutions.

Grid resolution Area-averaged film-cooling effectiveness (77)

Coarse 0.2251
Moderate 0.2028
Fine 0.2010

normalized velocity contours on the mid-span plane near the hole
exit, obtained from LES results and experimental measurements using
particle image velocimetry at a density and blowing ratio of 1.5. Good
agreement is observed between the LES predictions and experimental
data, particularly in terms of the jet penetration characteristics into the
mainstream flow, both in pattern and velocity magnitude. Furthermore,
Fig. 5(b) compares the streamwise velocity profiles on the centerline
plane located at x/D = —2.3, measured by laser Doppler velocimetry
and computed by the LES approach. The LES method demonstrates a
strong capability in predicting the detailed velocity profile, especially
in the near wall region (0 < y/D < 0.4), where the high-momentum
coolant jet significantly alters the local flow structure.

Fig. 6(a) shows the film cooling effectiveness contours on the flat
plate surface for the reference case at a blowing ratio of 1.5, obtained
from both experimental measurements [11] and LES results. As illus-
trated, the LES approach captures the cooling effectiveness distributions
with good agreement compared to the experimental data. Additionally,
Fig. 6(b) compares the lateral-averaged film cooling effectiveness pro-
files along the streamwise direction between the LES predictions and
experimental results. The LES results closely match the experimental
data, demonstrating strong consistency in the streamwise decay and
peak effectiveness locations. Figs. 6 and 7 confirm the LES approach’s
accuracy in capturing the essential flow structures and thermal behav-
ior associated with film cooling, confirming its suitability for detailed
analysis of cooling performance.

3. Optimization method

The design variables and objective function were first defined using
a preliminary RANS-based study. Subsequently, a design of experiment
methodology gave a representative set of samples within the design
space. Each of these cases were then evaluated using LES simulation to
capture the detailed flow physics accurately, with the resulting objec-
tive function values then permitting construction of a surrogate model.
This surrogate serves as an efficient approximation of the high-fidelity
simulations and allows optimization within the defined design space,
however, it is critical that the dimension of this space is not excessive,
which motivates the need to have an efficient shape parameterization
that can deliver good design space access using a small number of
design variables.

3.1. Modal subdivision shape parameterization

Geometric parameterization permits a numerical optimizer to con-
vert from the vector of design variables to the wetted surface required
for CFD analysis [35]. It is a key component, the efficacy of which is
fundamental in determining how much of the design space is available
to the optimizer, as well as the convergence properties of the process
in terms of final objective function value and the avoidance of local
minima. A good parameterization allows access to a wide range of
designs for a small number of design variables, and delivers good final
objective function results that are not sensitive to initial starting points
or constraints.

Within the context of cooling hole optimization, relatively little is
known about the likely optimal shapes, and therefore parameterization
flexibility is key to ensuring the design space is adequately explored.
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(b)

Fig. 5. (a) Time-averaged normalized velocity distribution on the mid-span plane, measured using PIV technique [11] and computed by the LES approach for
the reference case, (b) velocity profiles measured using laser Doppler velocimetry [11] and computed by the LES approach at x/D = —2.3 in the streamwise

direction.
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Fig. 6. Time-averaged film-cooling effectiveness distribution measured by experiment [11] and computed by the LES approach for the reference case: (a) film-
cooling effectiveness contour on the flat plate surface, (b) lateral-averaged film-cooling effectiveness along the streamwise direction.

This is in contrast to, for example, airfoil or wing optimization where
parameterizations are readily available but often tailored to those spe-
cific geometries [35]. Prior cooling hole design has explored common
parameterizations that include radii, angle and lengths [20-22,31], but
these unreasonably limit the palette available to the numerical proce-
dure and constrain results to conform to what practitioners perceive
might be beneficial, rather than leaving this open to the optimization
to resolve.

One parameterization method involves using subdivision surfaces
[36] (commonly used in computer animation), whereby the control
point motions permit geometric changes to be propagated through to
the final limit surface. This has been successful in matching or exceed-
ing airfoil-specific methods while remaining generally applicable to any
surface, and also supports hierarchical optimization [37]. However,
for the surrogate process used here, and given the high cost of LES
modeling, an alternative approach is warranted to simplify the design
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space further without compromising the geometrics flexibility. It would
be unreasonably costly to explore the high dimensional design space
generated by full control point motions for a subdivision scheme, which
motivates finding a much smaller design space based on an orthogonal
decomposition of that space.

In this work, rather then employing subdivision control points
directly [38], a set of design vectors is derived through a singular
value decomposition of the subdivision limit matrix for an initial sur-
face mesh [37]. These design vectors can then be summed with the
coordinate positions of the initial surface mesh. Each vector applies
global, wave-like deformations to the surface of different frequencies.
Subdivision is a mesh smoothing and refinement algorithm which
defines a limit surface from a coarse surface mesh through a process
of recursive refinement [36,39]. The process works on the basis of
inserting additional surface nodes alongside those that already exist
in the surface mesh, before a smoothing operation is applied over all
nodes. This process and applied recursively, but it is also possible to
calculate the final, limit position of any node on the surface. These limit
positions of each of the surface mesh vertices can also be calculated as
an average of its coordinates and the coordinates of its surrounding
vertices [40]. This allows a matrix multiplication to be written which
maps each point on the initial surface to its limit position

C,, =LG, )

where C, gives the initial coordinates of the surface mesh and C_
gives the coordinates of the limit position of the same points. The limit
matrix, L, is a sparse matrix which contains adjacency information
with smoothing properties. It is this limit matrix that is suitable for
singular value decomposition, and therefore the subdivision control
points themselves are not used directly here; rather, the connectivity
information present in the subdivision scheme is used for construction
of the orthogonal space.
The singular value decomposition of this sparse matrix gives

L =USV* (6)

where U is a matrix whose columns are an orthogonal basis in the row
space of L; S is a diagonal matrix of singular values; and V* is the
conjugate transpose of V, a matrix whose columns are an orthogonal
basis in the row space of L. The columns of U can be used as a set of
orthogonal design vectors of increasing frequency which can be scaled
with an amplitude and summed with the surface mesh coordinates to
apply smooth deformations. These design vectors can be defined as the
modes. For reference, mode numbers can be given to the successive
columns.

In summary, using a design of experiment approach necessitates a
small number of design variables. Geometrically orthogonal modes give
an efficient coverage of spatial deformations, and the matrix system
that a subdivision surface scheme produces is highly amenable to this
type of decomposition. Even after a compact decomposition of this type,
it is still necessary to select those modal deformations that might be
anticipated to provide the greatest benefits, with the lowest frequency
shapes likely being the most attractive for this purpose.

3.2. Design of experiment method

As illustrated in Fig. 2, two important geometric parameters of
the cooling hole surface, the mode number and mode amplitude, are
selected as the design variables for the optimization process. In this
study, only the surface of the diffuser section of the laidback fan-shape
cooling hole was modified, while the metering section and hole exit
area were kept unchanged to isolate the effects of diffuser geometry
on film cooling performance. The blowing ratio (M = 1.5) and density
ratio (DR = 1.5), were maintained constant throughout all simulations
to ensure consistent operating conditions. The primary objective of this
study is to enhance the cooling effectiveness by optimizing the surface
contour of the diffuser section. Therefore, the area-averaged cooling
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Table 3
The design variables for design of experiment method.

Design variable Lower bound

Mode number (N) 1 8

Upper bound

Mode amplitude (A) -0.175D 0.175D
Table 4
LHS designed cases.

Case Mode number (N) Mode amplitude (4/D)

Reference - -

Casel 1 -0.025

Case2 2 0.125

Case3 3 -0.125

Case4 4 0.025

Case5 5 0.175

Case6 6 -0.175

Case7 7 0.075

Case8 8 —-0.075

effectiveness was adopted as the objective function for the optimization
algorithm. Table 3 summarizes the lower and upper bounds for the
design variables, which were selected to constrain the experiment to
physical shapes with no intersections.

The DOE technique is a statistical method used to determine repre-
sentative sampling cases while minimizing the total number of required
simulations or tests. In this study, the Latin Hypercube sampling (LHS)
approach, originally introduced by McKay et al. [41], was employed to
generate the sampling configurations. The LHS method enhances the
Monte Carlo technique, ensuring that samples are uniformly distributed
across the domain without repetition, which leads to a reduction in
number of generated samples. In the current study, eight sampling cases
were generated using the LHS DOE method and evaluated by the LES
approach, as detailed in Table 4. Fig. 7 presents the schematic view of
eight representative cooling hole geometries, highlighting the cutting
edges on the mid-span plane for each of the selected sampling cases.
It can be observed that the surface geometry of the diffuser sections of
the cooling holes exhibits noticeable variations with a wavy pattern,
introduced by the shape modal parameterization technique.

After conducting LES simulations for the designed cases, a response
surface methodology (RSM) was employed to statistically relate the
objective function to the design variables. In the present study, a
genetic aggregation (GA) technique [42] was utilized to construct a
surrogate model capable of accurately capturing the system’s response
characteristics. The GA method constructs an ensemble-based surrogate
model by defining a weighted average of multiple response surface
models. The optimal set of weighting factors is determined by minimiz-
ing the root mean square error at the design points. Once the surrogate
model was established using the GA method, a multi-objective genetic
algorithm (MOGA) [42], an iterative algorithm that supports all types
of input variables, was used as the optimization algorithm to identify
optimal design parameters.

4. Results and discussions
4.1. Impact of design parameters on cooling performance

Fig. 8 presents the distributions of time-averaged film-cooling ef-
fectiveness computed by the LES approach for both the reference and
selected sampling cases on the flat plate surface at M = 1.5 and
DR = 1.5. The results indicate that both the magnitude and spatial
distribution of the coolant are significantly influenced by modifications
to the diffuser section geometry of the cooling hole. Specifically, the
application of shape modal variations on the internal surface of the
diffuser section leads to a notable downstream extension of the film
coolant coverage compared to the reference hole. As shown in Fig. 8, all
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Fig. 7. Schematic view of sampling cases generated by the LHS method.
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Fig. 8. Distributions of time-averaged film-cooling effectiveness calculated by the LES approach on the flat plate for the reference and designed cases at M =

1.5.

designed cases exhibit an increase in film cooling effectiveness near the
hole exit relative to the reference case. Furthermore, lateral spreading
of the coolant on the flat plate surface is enhanced, particularly in
Case2, Case6, Case7 and Case8. These cases feature outward dilation
of leeward-side surface of the diffuser, as previously illustrated in Fig.
7. This geometric alteration modifies the flow structure within the hole,
especially the separation bubble near the leeward surface, which plays
a critical role in determining the coolant trajectory, surface coverage,
and the nature of coolant-mainstream interactions in shaped cooling
holes.

Fig. 9 presents a comparison of 7 profiles computed by the LES ap-
proach for the reference case and several designed cases. Note that the
experimentally measured lateral-averaged cooling effectiveness pro-
file [11] is also included. It is evident that all the designed cases
show a significant enhancement in lateral coolant coverage along the
streamwise direction, particularly within the range of 0 < x/D< 10,
which aligns well with the cooling effectiveness distributions illustrated
in Fig. 8. Among the various cases, Case6 and Case8 demonstrate
superior film cooling performance in the lateral direction, indicating
improved coolant spreading and surface protection.
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Fig. 9. Lateral-averaged film cooling effectiveness profiles computed using the
LES approach on the flat plate for the reference and various designed cases at
M =1.5.
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Fig. 10. Overall area-averaged film cooling effectiveness computed by the LES
approach on the flat plate for the reference and designed cases.

To evaluate the overall impact of cooling hole surface modifications
on cooling performance, the area-averaged cooling effectiveness com-
puted by the LES approach for various designed cases is compared with
that of the reference cooling hole at a blowing ratio of 1.5, as shown
in Fig. 10. As shown in Fig. 10, all the designed cases demonstrate
an improvement in area-averaged cooling effectiveness relative to the
reference configuration. Among the designed cases, while Case5 shows
the lowest cooling effectiveness, it achieves approximately 4% higher
than the reference hole. Case6 shows the highest cooling performance,
with an enhancement of approximately 17% over the baseline case.
This was caused by the enlarged cross-sectional area on both the
leeward and windward sides of the hole. The enlargement in the
diffuse section reduces the coolant jet momentum, particularly near
the windward side, allowing the low-momentum jet to reach the hole
exit and interact with the hot mainstream flow. Consequently, the
mixing between the jet and the mainstream is reduced, and the jet
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penetration into the mainstream is weakened, thereby enhancing the
overall cooling performance.

Fig. 11 presents the instantaneous dimensionless temperature ()
contour obtained using the LES approach on the mid-span cutting plane
for reference and designed cases. The temperature is normalized using
the mainstream and coolant temperatures. As shown in Fig. 11, the
interaction between the coolant jet and the mainstream flow induces
complex unsteady structures at the cooling hole exit, known as Kelvin—
Helmholtz instabilities. Although the overall temperature distribution
patterns are generally similar between the reference and the designed
cooling holes, the designed cases show a more extended high-intensity
coolant penetration along the streamwise direction, particularly evident
in the pink-colored regions of the contours. A comparison of the dark
blue color regions adjacent to the surface, indicating lower tempera-
tures and thus better cooling effectiveness, reveals that Case2, Case6,
Case7, and Case8 outperform the others. This improvement can be
attributed to modifications on the leeward side of the diffuser surface,
which alter the separation bubble configuration and enhance coolant
jet attachment and spreading.

To investigate the influence of cooling hole surface geometry on
film-cooling performance along the streamwise direction, Fig. 12 com-
pares the time-averaged, dimensionless temperature fields calculated
by the LES approach for the reference hole, Case5 (the lowest cooling
performance among the designed cases), and Case6 (the highest cooling
performance among the designed cases) on three streamwise cross-
sectional planes located at x/D = 0, 5, and 10. It should be noted
that both the x and y axes are normalized by the cooling hole diam-
eter. Across all cases, increasing x/D results in a reduction of cooling
effectiveness and a broader spread of the coolant in the wall-normal
direction. At x/D = 0, the coolant distribution for both designed cases
extends more in the lateral direction and remains concentrated closer
to the surface and hole exit, leading to improved cooling performance
relative to the reference case. In contrast, the reference cooling hole
shows a greater vertical extension up to y/D = 1, indicating more
significant jet lift-off and less effective surface coverage. At x/D =
5, both Case5 and Case6 demonstrate improved coolant effectiveness
compared to the reference case. At x/D = 10, only Case6 maintains a
notable low-temperature region (depicted in blue in Fig. 12), consistent
with the results shown in Figs. 8 and 11.

4.2. Impact of design parameters on flow structure

Fig. 13 presents the normalized time-averaged velocity magnitude
computed by the LES method on the mid-span plane for the reference
and designed cases. The velocity magnitude is normalized by the
freestream velocity (10 m/s). As shown in Fig. 13, alterations in the
diffuser surface geometry significantly affect the coolant jet behavior
and the structure of the separation bubbles within the cooling holes.
For all designed cases, a reduction in jet momentum at the hole exit
is observed compared to the reference case. This reduction is primarily
attributed to variation in the cross-sectional area of the diffuser section,
which enhances the film cooling efficiency by promoting a more favor-
able jet trajectory. Case5, characterized by the largest outward modal
amplitude deformation, exhibits a pronounced cavity-like formation
on the windward side of the hole. This change further diminishes
the jet momentum and reduces the size of the internal separation
bubble relative to the other designed cases. Despite demonstrating
improved cooling efficiency over the baseline hole, Case5 shows the
lowest film-cooling effectiveness among all the designed cases. This
finding indicates that jet momentum and separation bubble positioning
within the shaped cooling hole play important roles in determining the
interaction between the coolant jet and the mainstream flows, thereby
influencing overall cooling performance.

To better understand the impact of surface modifications of the
cooling hole on flow structures within the hole, Fig. 14 shows the
instantaneous distributions of the normalized z-component of vorticity
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Fig. 11. Instantaneous non-dimensional temperature distributions on the mid-span plane for the reference and designed cases.
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Fig. 12. Time-averaged, dimensionless temperature distributions calculated by the LES approach for the reference case, Case5, and Case6 on cross-planes located

at x/D = 0, 5, and 10.

on the mid-span plane for the baseline configuration, Case5 and Case6.
The vorticity is non-dimensionalized using the hole diameter (D) and
the freestream velocity (U,). As shown in Fig. 14, periodic clockwise
vortical structures (represented by dark blue regions in the figure) are
generated at the inlet of the cooling hole due to entrance effects and are
subsequently convected downstream through the metering and diffuser
sections. In the reference hole, these vortical structures are directed
toward the windward side of the hole and are extended toward the

10

hole exit, interacting with the mainstream flow. In contrast, in the
modified geometries (Case5 and Case6), the altered diffuser surfaces
significantly affect the internal flow structures. In these cases, the initial
vortices are disrupted and interact with additional vortical motions
generated within the diffuser section, preventing them from persisting
to the hole exit. In Case5, the cavity-like feature on the windward side
promotes the formation of a prominent counter-clockwise vortex (dark
red region highlighted by (D), which redirects the coolant jet toward
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Fig. 13. Time-averaged, normalized velocity magnitude distributions calculated by the LES approach for the reference and designed cases on mid-span plane.

the windward side. However, the subsequent inward bump on the same
side (indicated by (2)) acts as a partial flow obstruction, diminishing
the jet’s momentum and altering its exit trajectory. For Case6, outward
expansion on both the windward and leeward sides facilitate a broader
flow path, pushing the coolant jet toward the windward side. This ge-
ometric configuration results in earlier interaction between the coolant
and mainstream, particularly near the leading edge at the hole exit.
To investigate the impact of diffuser surface modifications on the
turbulence characteristics of the coolant jet, the time-averaged, normal-
ized turbulence kinetic energy (TKE) computed by the LES approach
for the reference hole, Case5 and Case6 is shown on the mid-span
plane in Fig. 15. The TKE values are normalized by the square of the
freestream velocity. TKE represents the mean kinetic energy associated
with turbulent eddies, which affects the development and dispersion of
the coolant jet as it exits the cooling hole and interacts with the high-
temperature mainstream flow. As shown in Fig. 15, the magnitude of
the high TKE region within the cooling hole is noticeably reduced in
the modified geometries (Case5 and Case6) compared to the reference
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case. In the reference case, a high TKE region originates in the diffuser
section of the hole and extends toward the windward side at the hole
exit. In contrast, the designed cases confine this high TKE region mostly
within the diffuser section, preventing it from reaching the hole exit.
This reduction of turbulence intensity in the designed cases contributes
to a reduction in the jet’s momentum, thereby weakening the mixing
between the coolant and mainstream flows. As a result, the coolant jet
exhibits reduced penetration into the mainstream and remains more
closely attached to the surface, enhancing surface coverage, as shown
in Fig. 10. It is interesting to note that, in Case5, an additional high
TKE region appears within a cavity-like structure inside the cooling
hole. This localized turbulence intensification further reduces the jet’s
momentum and increases the flow unsteadiness within the diffuser,
leading to a decline in film cooling effectiveness relative to Case6.
Figs. 16(a) and (b) present a comparison of the instantaneous iso-
surfaces of the Oc,i1rion fOr the reference hole and Case6, respectively.
The Qcyirerions S€L to @ constant value of 350,000 s~2, is commonly
used to visualize coherent vortical structures and assess the impact of
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Fig. 14. Instantaneous distributions of the normalized z-component of vorticity on the mid-span plane for the baseline configuration, Case5 and Case6.
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Fig. 15. Distributions of time-averaged normalized turbulence kinetic energy computed by the LES approach on the mid-span plane for the baseline configuration,
Case5 and Case6.
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Fig. 16. Instantaneous iso-surface of Qc,;,n colored by the non-dimensional temperature over the flat plate surface: (a) reference hole, (b) Case6.

Fig. 17. Schematic view of the optimized cooling hole configuration.

geometric modifications to the cooling hole on flow behavior over the
flat plate. Note that the iso-surfaces are colored by the instantaneous,
non-dimensional temperature field. As shown in Fig. 16, the tripping
wire upstream of the coolant injection effectively induces a turbulent
boundary layer, which plays a crucial role in enhancing the interaction
between the main flow and the coolant jet. The hairpin vortices are
generated at the cooling hole exit and are convected downstream.
These vortical structures are extended in both the lateral and normal
directions, generating a pair of counter-rotating vortices between their
legs, which are important factors in maintaining the coolant close to
the surface. A comparative analysis of Figs. 16(a) and (b) indicates
that Case6 generates a higher number of hairpin vortices, with greater
lateral extension. This enhanced vortex generation improves coolant
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dispersion and surface coverage. In contrast, the reference hole config-
uration exhibits larger hairpin vortices that are more elongated in the
normal direction, as evident in the side-view figures in Fig. 16. This
behavior is attributed to the higher momentum of the coolant jet at
the exit, leading to increased jet lift-off and consequently, a reduction
in surface cooling effectiveness.

4.3. Cooling hole optimal configuration

The LES results obtained from eight different designed cases were
utilized to optimize the surface geometry for enhanced film-cooling
performance. As discussed in Section 3.2, variations in modal num-
ber and amplitude were introduced to maximize the area-averaged
film-cooling effectiveness. A GA algorithm was applied to construct a
surrogate response surface model, while a MOGA algorithm was used
to identify the optimal design parameters. The optimal values of the
design variables, along with the corresponding cooling effectiveness
computed by the LES approach and predicted by MOGA method, are
presented in Table 5. The discrepancy between the LES-computed and
MOGA-predicted optimal film-cooling effectiveness was approximately
0.6%, demonstrating the reliability and predictive capability of the
LES-based optimization framework for determining the most effective
cooling hole configuration.

Fig. 17 shows a schematic illustration of the optimized cooling
hole geometry and its mid-span plane profile, compared with that of
the baseline hole. The geometry reveals an outward expansion on the
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Case Design variables Objective function
Mode number Mode amplitude MOGA prediction LES
V) A
Reference - - - 0.2028
Optimal —0.154D 0.2491 0.2475

windward side of the hole, while the diffuser region near the exit
exhibits an inward protrusion resembling the characteristic shape of
trenched cooling hole configurations [8,17].

Fig. 18(a) compares the time-averaged film-cooling effectiveness
distributions, computed by the LES approach, on the flat plate surface
for both the reference and optimized cooling hole configurations. In the
case of the optimized hole, a notable enhancement in cooling perfor-
mance is observed near the hole exit, corresponding to the red region in
the figure, with the high-effectiveness region extending further down-
stream up to x/D =~ 5. Additionally, the lateral spread of the coolant
is wider compared to that of the reference hole, indicating improved
lateral coolant coverage. Fig. 18(b) shows the lateral-averaged film
cooling effectiveness for both cases. Across the entire x/D range, the
optimized hole demonstrates superior cooling performance relative to
the reference case. As quantitatively summarized in Table 5, the overall
cooling performance of the optimized hole exhibits an improvement of
approximately 22% compared to the reference case.

Figs. 19(a) and (b) present the instantaneous and time-averaged
normalized temperature distributions, respectively, obtained using the
LES approach across multiple cutting planes for the optimized cooling
hole configuration. A comparison between Figs. 11 and 19(a) reveals
a marked improvement in the instantaneous temperature field at the
mid-span plane for the optimized geometry. This enhancement is par-
ticularly evident in the gray color region near the hole exit in Fig.
19(a), which extends further downstream along the flat plate surface,
indicating a more effective thermal coverage and improved cooling
behavior. Furthermore, Fig. 19(b) demonstrates that the time-averaged
temperature distribution near the wall is also improved relative to
the reference case depicted in Fig. 12. Across all x/D cross-sectional
planes, the optimized hole configuration shows superior thermal per-
formance, maintaining higher normalized temperatures and thus better

cooling effectiveness. Notably, it even exceeds the performance of the
best-performing design among the evaluated designed cases (Case6),
highlighting the success of the optimization strategy.

Figs. 20(a) and (b) present the time-averaged normalized velocity
and TKE distributions within the optimized cooling hole along the mid-
span cutting plane. As shown in Fig. 20(a), the coolant jet remains
attached to the windward side wall up to the exit of the cooling hole.
This attachment facilitates an earlier and more directed interaction
between the jet and the mainstream flows, thereby enhancing the
local cooling performance [43]. Furthermore, the presence of a trench-
like feature near the trailing edge of the hole enlarges the separation
bubble within the diffuser region. This geometric modification pro-
motes a lateral deflection of the coolant jet toward the windward
side, contributing to a more favorable flow structure for film cooling.
A comparison of the TKE distributions shown in Fig. 20(b) for the
optimized hole with those of the reference and designed cases (as seen
Fig. 15) reveals a noticeable reduction in TKE, particularly near the
interface between the metering section and diffuser. This reduction in-
dicates diminished unsteadiness and lower turbulence intensities within
the hole. As a result, the turbulence convected through the hole exit
is also reduced, leading to a weaker jet-mainstream interaction and
consequently less turbulence mixing. Such flow behavior is beneficial
for maintaining a coherent coolant film along the surface downstream
of the hole.

Fig. 21 presents a comparison of time-averaged, normalized velocity
magnitude distributions between the reference and optimized cooling
hole configurations at four streamwise cross-sectional planes along the
centerline (L/D = 1.5, 2.5, 3.5, and 4.5). At L/D = 1.5, the flow
structures predicted by the LES method are similar for both cases. A
low-momentum (separated) region appears near the leeward side of the
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Fig. 18. Comparison of the cooling performance between the reference and optimized holes: (a) time-averaged cooling effectiveness distributions, (b) lateral-

averaged cooling effectiveness.
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Fig. 20. Distributions of time-averaged flow fields within the optimized hole
on the mid-span plane: (a) velocity magnitude, (b) turbulence kinetic energy
(TKE) magnitude.

metering section, attributed to the entrance effect of the cooling hole.
The high-velocity region, corresponding to the coolant jet, is primarily
directed toward the windward side. At L/D = 2.5, the optimized
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Fig. 21. Distributions of time-averaged normalized velocity magnitude for the
reference and optimized cooling holes at streamwise planes located at L/D =
1.5, 2.5, 3.5, and 4.5.

hole exhibits an expanded low-velocity region to the reference case,
indicating the development of a larger separation bubble along the
leeward surface of the diffuser section. As L/D increases to 3.5 and 4.5,
the low-velocity region (depicted in blue) becomes more pronounced
in the optimized configuration, accompanied by a noticeable reduction
in jet momentum compared to the reference hole. This decrease in
momentum contributes to lower turbulence intensity and improved
cooling effectiveness, which is consistent with the TKE distributions
shown in Fig. 20(b).

4.4. Analysis of temporal/spatial characteristics

Since cooling hole surface geometry significantly affects the cooling
effectiveness, a time/space analysis is conducted to evaluate the flow
characteristics and unsteady phenomena both inside the hole and in
the mixing region downstream of the hole exit. Fig. 22 illustrates
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Fig. 22. Time/space distributions of instantaneous normalized velocity magnitude for the reference and optimized cooling holes along the centerline within the

hole.

the normalized velocity magnitude distributions in both temporal and
spatial domain, computed by the LES approach for the reference and
optimized cooling hole configurations. The velocity data is extracted
along the centerline of the cooling hole, extending from the inlet to the
exit. The horizontal axis represents the time (+* = L/U,), indicating
the time-passing period of the coolant flow through the hole, while
vertical axis corresponds to the hole length (L) normalized by the hole
diameter (D). As shown in Fig. 22, the velocity magnitude increases
gradually from the hole inlet (L/D = 0), reaching a peak near L/D =1,
indicated by the red color region in the figure. This peak is attributed to
the cooling hole entrance effects, which are also evident in Fig. 20(a).
Beyond L/D = 1, the velocity magnitude decreases due to the onset
of a separation region generated near the leeward side of the metering
section of the hole. For L/D > 1, periodic velocity fluctuations, often
referred as velocity waves, are observed. These disturbances are pe-
riodically generated and are propagated downstream toward the hole
exit over time. It is interesting to note that the slope of these waves
reflects the convective velocity of coolant jet along the centerline. In the
optimized configuration, the velocity magnitude along the centerline
is generally lower than that of the baseline case, especially near the
hole exit. This reduction indicates a lower momentum of the coolant
jet before it interacts with the mainstream flow, thereby enhancing
cooling effectiveness. Furthermore, as shown in Fig. 22, the optimized
configuration generates fewer and smoother velocity waves compared
to the reference case. This improvement contributes to a more stable
internal flow structure and a less wavy velocity pattern, indicating a
decrease in turbulence intensity within the cooling hole.

To investigate the influence of cooling hole geometry modifications
on flow unsteadiness within the mixing region, the power spectral
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Fig. 23. Power spectral density profiles of pressure fluctuations for the refer-
ence and optimized cooling holes, measured at a monitoring point located at
x/D=-2and y/D=0.1.

density (PSD) of the pressure fluctuations computed by the LES ap-
proach is analyzed for both the reference and optimized cooling holes,
as shown in Fig. 23. The monitoring point is located at the hole exit,
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specifically at x/D = —2 and y/D = 0.1. The PSD offers a frequency-
domain representation of the pressure energy distribution, providing
valuable insights into unsteady flow characteristics, which are essential
for understanding cooling effectiveness. As shown in Fig. 23, although
the overall spectrum trends for the optimized geometry resemble those
of the reference case, a noticeable reduction in the magnitude of the
spectrum baseline, particularly at low frequencies, is observed. This
indicates a suppression of coolant jet fluctuations at the hole exit, which
suggests a more stable jet structure, reduced mixing, and potentially
enhanced cooling performance.

5. Conclusions

In this study, an optimization framework was developed using an
LES approach alongside a subdivision surface model shape parameter-
ization and a genetic algorithm-based optimizer. This study focuses on
two key geometric variables, mode number and mode amplitude, which
were applied to a laidback fan-shaped cooling hole to improve the cool-
ing effectiveness. The LES-WALE method was conducted to obtain the
cooling performance for eight modified hole configurations, generated
by an LHS DOE approach. The objective was to maximize the area-
averaged cooling effectiveness on the flat plate surface downstream
of the cooling hole exit. The numerical LES results for the baseline
configuration were validated against experimental data to ensure the
reliability of the LES predictions.

1. It was shown that surface modifications in the diffuser section
of the cooling hole, achieved through modal shape parameterization
technique, significantly enhanced film-cooling effectiveness across all
designed cases compared to the reference geometry. Among the mod-
ified configurations, Case5 exhibited the lowest improvement, with
an cooling performance increase of approximately 4% relative to the
baseline, and Case6 achieved the highest enhancement, showing an
improvement of about 17%.

2. In general, the cases with outward expansion of the hole’s cross-
sectional area on both the leeward and windward sides showed superior
cooling performance. This led to a reduction in the jet TKE near the
hole exit and a weakening of the interaction between the jet and
mainstream, thereby enhancing surface coverage and cooling perfor-
mance. Additionally, it improved the lateral distribution of cooling
effectiveness by altering the internal separation bubble characteristics
and promoting better coolant jet attachment to the flat plate surface.

3. The flow field analysis demonstrated that, in all designed cases,
the coolant jet momentum at the hole exit was consistently lower
than that of the reference case, contributed to a more favorable jet
trajectory within the hole. In the reference geometry, periodic vortical
structures were observed at the hole inlet, propagating toward the
windward side and extending downstream toward the hole exit. In
contrast, the modified cases introduced significant alterations to the
internal flow behavior due to change in the diffuser surface. These
modifications disrupted the formation of coherent vortical structures
and promoted interaction with additional vortices within the diffuser
region, preventing their propagation to the hole exit.

4. It was shown that the optimized hole configuration showed
improved lateral cooling effectiveness across the entire streamwise
distance (x/D) compared to the reference case. The overall film-cooling
effectiveness increased by approximately 22%, attributed to the forma-
tion of a trench-like feature near the trailing edge of the hole. This
geometric characteristic enlarged the internal separation bubble and
redirected the coolant jet more effectively toward the windward side,
thereby enhancing surface coverage and cooling performance.

5. The time/space evaluation of the instantaneous velocity field
within the cooling hole revealed a lower velocity magnitude in the
optimized configuration, especially near the hole exit, compared to the
baseline case. Additionally, the optimized hole exhibited reduced flow
unsteadiness and weaker velocity disturbances relative to the reference

17

International Communications in Heat and Mass Transfer 171 (2026) 110097

hole. These characteristics contributed to a decrease in turbulence in-
tensity and suppressed mixing between the coolant and the mainstream
flow at the hole exit.

The presented numerical optimization framework, which integrates
LES with a modal shape parameterization technique, has been em-
ployed to identify the optimal cooling hole configuration for maximiz-
ing cooling performance under fixed blowing and density ratios. In this
study, the modal shape parameterization was restricted to modifica-
tion in the diffuser section of the cooling hole. Future research will
extend this approach to encompass a wider range of hole geometries
and operating conditions, aiming to provide a more comprehensive
understanding of their impact on film-cooling effectiveness.
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