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Abstract - A thorough numerical analysis of of cratered
injection holes which are frequently seen in turbine blades with
thermal barrier coatings (TBCs)—is presented in the current
research. During the TBC application process, injection holes are
typically masked, resulting in a characteristic cratered
geometry where the hole is surrounded by a raised layer of
coating. This alteration in surface topology is expected to
influence the flow behavior and cooling effectiveness compared
to standard cylindrical holes. The objective of this research is to
evaluate the influence of such cratered geometries on film
cooling effectiveness and associated vortex dynamics. Three-
dimensional simulations are performed using the k-¢ to resolve
the flow field and thermal characteristics. The study is
conducted at a fixed mainstream Reynolds number, based on the
freestream velocity and hole diameter. Film cooling
effectiveness is evaluated for both cylindrical and off-centered
forward cratered (OCFC) holes across three blowing ratios (BR):
0.6, 1.0, and 1.4. Air is used as the coolant, maintaining a density
ratio of 1.14. The results indicate that cratered holes
consistently yield higher area-averaged film cooling
effectiveness in comparison to cylindrical holes. The
enhancement is attributed to the altered vortex structures and
improved lateral spreading of the coolant film induced by the
crater geometry. The most significant performance gain is
observed at BR = 1.0 with lower vorticity, where cratered holes
exhibit up to a 48% improvement in cooling effectiveness.
Keywords: Cratered holes, Film cooling, Effectiveness,
vorticity, Cylindrical shape, Gas turbine.
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Nomenclature
Symbol Description
ui Velocity components in ith directions
P Static pressure
T Temperature
Cp Specific heat at constant pressure
A Thermal conductivity
1! Dynamic viscosity
Mt Turbulent viscosity
p Fluid density
k Turbulence kinetic energy
€ Turbulence dissipation rate
Gk Turbulence kinetic energy production
Ge Buoyancy production of turbulent kinetic
energy

Contribution of fluctuating dilatation in

Yu compressible turbulence

n Film cooling effectiveness

Ve Coolant velocity

Ve Mainstream velocity

Taw Adiabatic wall temperature
Te Coolant gas temperature

Too Mainstream gas temperature
BR Blowing ratio

S Strain rate magnitude

13 Auxiliary variable in k-€ model
I Strain rate tensor component
X,Y,Z Spatial coordinates

Wx x-component of vorticity
Subscript Description



ij Directional indices

o0 Freestream/mainstream conditions
c Coolant properties
aw Adiabatic wall

1. Introduction

The gas turbine (GT) engines operate under
extreme thermal conditions, particularly in the high-
pressure turbine section, where blades are exposed to
hot combustion gases at temperatures that often exceed
the melting point of the base metal alloys [1]. To ensure
the safe and efficient operation of these turbines,
effective cooling strategies are essential [2,3]. Among the
various cooling methods developed, film stratified
cooling is mandatory for preventing turbine blades by
forming a layer of air along the surface, thereby
minimizing the direct impact of hot gases and reducing
thermal stresses [4-6]. Traditionally, turbulated internal
cooling passages [7] have been used to lower the
temperature of turbine blades by enhancing convective
heat transfer within the blade structure. However, to
further shield the external surfaces from intense thermal
loading, film cooling is employed in conjunction. In this
technique, coolant typically bled from the compressor, is
ejected through small discrete holes drilled in the blade’s
outer surface, forming a thin insulating film that reduces
heat transfer from the mainstream hot gas to the metal
surface [8-10]. As turbine inlet temperatures continue to
rise with advancements in engine efficiency and thrust
output, the demand for more efficient and reliable
cooling injection geometries has increased. In relatively
low-temperature  turbine environments, simple
cylindrical film cooling holes, typically inclined at an
angle to the surface in the direction of flow have shown
adequate performance [11,12]. However, these
Structures may not suffice under elevated temperature
gradients or when thermal durability is a critical
requirement.

To further enhance surface protection, especially
in high-temperature environments such as those found
in industrial gas turbines and thermal reactors, thermal
barrier coatings (TBCs) have become a standard solution
[13]. These are ceramic-based coatings applied in thin
layers on the external surface of turbine components.
During the application of TBCs, the cooling holes are
often masked to prevent blockage, which inadvertently
creates geometric features such as trenches or craters
around the hole exit [14,15]. These features significantly
alter the local flow dynamics and the interaction
between both the gases. While these cratered or
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recessed configurations were initially considered
incidental outcomes of the TBC application process,
recent studies have shown that they may actually benefit
film cooling performance. The cratered geometry can act
as a secondary expansion zone, modifying the jet's
momentum characteristics and promoting better lateral
spreading of the cold film over the flat plane [15]. This
transformation in the coolant-mainstream interaction
leads to a more uniform and effective cooling film. Over
the years, researchers have extensively investigated
various film cooling hole designs to improve cooling
effectiveness, particularly under high blowing ratios
(BRs), defined as the ratio of coolant jet momentum to
that of the mainstream flow. The performance of film
cooling holes is known to be highly sensitive to
geometric factors such as hole exit shape, inclination
angle, compound angle, hole aspect ratio, and spacing.
Among these parameters, hole exit design has emerged
as a particularly influential factor. The seminal work of
Goldstein et al. [16] in 1974 was among the first to
highlight the importance of hole shape in determining
film cooling performance. They studied fan-shaped holes
that featured lateral expansion with a 10° diffusion angle
at the exit. This design reduced the jet's exit velocity and
helped achieve wider coolant film coverage, significantly
improving cooling effectiveness compared to cylindrical
holes. Since then, numerous shaped hole designs have
been developed and studied, including conical, laid-back
fan-shaped, console-shaped, and anti-vortex
designs[17-20]. Shaped holes have consistently shown
superior performance, particularly at higher blowing
ratios (BR > 0.5), where cylindrical hole layouts often
fail due to excessive jet liftoff or mainstream penetration.
For instance, shaped holes enable smoother coolant
ejection, reduce jet separation, and maintain closer
adherence of the cooling film to the surface, thus
enhancing adiabatic film cooling effectiveness [21,22].
Innovative features such as triangular tabs placed
upstream of the cooling holes have also been
investigated [23]. These notches induce anti-kidney-pair
vortices—secondary flow structures that counteract the
traditional vortex pairs responsible for lifting the coolant
jet off the surface. By suppressing jet penetration into the
mainstream flow, these vortices promote closer
adherence of the coolant film and increase the lateral
spread. Experimental studies have shown up to a 300%
increase in local adiabatic effectiveness using such
modifications across a range of blowing ratios (0.5 < BR
< 2.0). In more recent advancements, researchers have



turned their attention to cratered and trenched hole
geometries [14,15,24], where the hole is embedded
within a shallow depression. These setups either formed
deliberately or as a byproduct of the TBC masking
process, offer new mechanisms for enhancing film
cooling. The recessed zone acts as a buffer region where
the coolant jet can expand and lose some of its
momentum before entering the main flow. This
transition can result in a less aggressive jet with greater
lateral coverage, thereby increasing the area-averaged
cooling effectiveness. The cratered configurations
represent a promising alternative to conventional
shaped holes, especially in applications where
mechanical strength, coating durability, and simplified
manufacturing are important. While fan-shaped or laid-
back hole designs offer high cooling effectiveness, they
may require more complex fabrication processes or
suffer from durability concerns under cyclic thermal
loads. Cratered holes, in contrast, can be integrated more
easily during the TBC masking process and may provide
comparable improvements in thermal performance.
Despite the considerable progress in enhancing film
cooling effectiveness through hole shaping and vortex
manipulation [25], the search for optimal designs
continues. The existing literature confirms that laterally
diffused and shaped holes have significantly
outperformed simple cylindrical geometries [8,26,27],
but there is still room to explore alternative or hybrid
exitarrangements. Specifically, setups like off-centered
forward cratered holes, where the crater is asymmetric
or offset in the streamwise direction, may hold the
potential for even better cooling performance by
influencing local flow separation and vortex dynamics in
favorable ways. The surface characteristics that
naturally develop during the masking process in thermal
barrier coating (TBC) applications are quite similar to
the cratered configuration that is being investigated
here. Because of this, it doesn't need any extra machining
or intricate shaping, which makes it a useful and
affordable way to improve the performance of film
cooling. Cratered holes are easily incorporated without
sacrificing structural integrity or maintenance protocols,
in contrast to fan-shaped or trenched holes, which may
need complex manufacturing processes or provide
durability issues under cyclic heat loads. Additionally,
the present study's limitations are now clearly stated.
Both the settling chamber's affect and the numerical
model's assumption of constant thermophysical
parameters can have an impact on the development of
coolant flow. In order to increase forecast accuracy and
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fully capture the complexity of turbine cooling settings,
future work will strive to integrate more realistic
boundary conditions and property fluctuations, even if
these simplifications are typical in preliminary
parametric research.

This study aims to contribute to this ongoing
exploration by focusing on the film cooling effectiveness,
vortex dynamics, and flow behavior associated with
cratered injection geometries. Using the k-€ turbulence
model for simulations, the study compares the cooling
performance of standard cylindrical holes (CY) with that
of off-centered forward cratered holes across a range of
blowing ratios. The results provide new insights into
how crater-induced flow modifications influence cooling
film attachment, lateral spreading, and overall thermal
protection of turbine blade surfaces. While previous
research [14,15] has demonstrated improvements in
film cooling effectiveness with cratered and trenched
hole geometries, the impact of cratered geometry on
vortex interactions remains insufficiently explored.
Additionally, the effects of varying BRs and injection exit
geometries on film cooling procedures need further
investigation. This study aims to address these gaps by
examining the impact of cratered cooling ejection
geometries on heat transfer and effectiveness.
Specifically, we also investigate the role of vorticity in
enhancing film effectiveness and transmission of heat
through fluids. The vorticity due to jet in cross flow,
which forms the rotating vortices near the injection
point, depends on the BR and the associated velocity
gradient that significantly affects film effectiveness. The
vorticity established by the jet in cross flow also depends
on injection exit shapes, which control the near injection
flow velocity gradient, mostly in the vertical direction (y-
direction in this research) of the resultant flow. This
specific aspect has not been investigated before. The
variation of the velocity gradient is also analyzed for
both injection hole types. A 3D RANS approach is
employed for BRs of 0.6, 1.0, and 1.4. The injection
geometry and associated vorticity from the jet in cross-
flow are optimized to enhance heat transfer. This
numerical research uses a three-dimensional domain to
compare the geometric impact of cylindrical holes and
off-centered forward cratered (OCFC) holes, examining
how vortex interactions and BRs effects the film layer
across a flat surface.



2.Computational domain and
specifications

To examine the three-dimensional geometric
influences, vortex structures, temperature distribution,
and fluid flow behavior relevant to air-film cooling, this
study investigates two configurations: a conventional
cylindrical film cooling hole and a cratered setup
connected to a cylindrical metering tube. The cratered
design features a depression with a depth of 0.75 mm
integrated into the circular tube, intended to alter jet
behavior and enhance lateral coolant coverage. The
computational domain (as shown in figure. 1 and 2) is
segmented into three key zones: the mainstream flow
duct, the injection tubes, and a settling chamber. The
total domain spans (Lq) 46D in the streamwise direction
and 22D in height (Hq), where D is the hole diameter. The
film cooling hole is located at a streamwise distance (Li)
of 26D from the inlet. The injection angle (a) is
maintained at 35°, a value supported by prior
optimization studies [14,15].

While the length of the coolant passage and
settling chamber can influence jet development and
numerical predictions, the effect of the settling chamber
is excluded from the present study. The geometric
arrangements and parameters used in the simulations
are summarized in Table 1. The metering tube length (L)
is set to 3.1D (see figure. 2). The entry diameter of both
holes is 6.35 mm. The settling chamber dimensions are
consistently kept at 14D in length, height, and width
(Hs=Ws=Ls). The inclusion of a crater geometry at the exit
modifies the coolant jet dynamics, reducing its
momentum and promoting wider lateral dispersion,
which enhances surface cooling effectiveness compared
to standard cylindrical injection.

setup

Table 1: Geometric parameters and symbols

Parameter Symbol | Value
Hole diameter D 6.35mm
Crater depth ta 0.75mm
Injection angle A 35°
Computational domain length | Lq 46D
Computational domain height | Hq 22D
Distance from inlet to hole Li 26D
Metering tube length L¢ 0.75D
Settlm_g chamber length, height H.=W.=L. | 14D
and width

sSymmetric
¢ Walls

let (\“v'm

Chamber -golant n

Figure 1. Schematic diagram of the three-dimensional
computational domain and cooling hole setup

Coolant outlet

Crater
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Figure 2. Schematic and three-dimensional computer-
aided design of the off-centered forward cratered (OCFC)
hole for coolant gas attached with cylindrical metering tube
configuration

3. Grid construction

To perform the simulations, a hexahedral
structured mesh was developed using a grid generation
tool. Each case, cylindrical injection, and cratered
injection, comprised approximately 7.9 million cells, as
illustrated in Figures 3 and 4. The multi-block strategy
ensured enhanced control over grid quality, especially in
regions with high velocity and temperature gradients.
Figures 3(a) and 4(a) depict the computational domains
for the cylindrical and cratered geometries, respectively.
In both cases, mesh refinement was implemented in
critical regions such as the flat adiabatic surface and near
the coolant injection inlets using inflation layers.
Accurately resolving boundary layer formation and
preserving the mixing between the coolant and
mainstream flows required these layers. Each setup
utilized a single injection hole with an inlet diameter D
=6.35mm, and the injection tube length was maintained
at 3D, adhering to standard design practices [19,28].

To ensure the fidelity of numerical results, the
mesh quality was assessed using several key metrics.

+_ pury)
u

The non-dimensional wall distance (y was



maintained between 30 and 300, suitable for simulations
using the realizable wall function in the k-g turbulence
model. Grid skewness was kept below 0.25 to minimize

%)
Vi
was limited to 1.2 to ensure gradual layer growth.
Figures 3(b)-(c) and 4(b) display the refined mesh
distribution concentrated around the hole exits, where
accurate resolution is critical. An O-grid meshing
approach is applied to the metering section to effectively
manage cell skewness, a key factor in achieving reliable
numerical results. The use of the O-grid significantly
enhances the local grid alignment, minimizing skewness
and improving cell orthogonality. This, in turn, allows for
a more accurate capture of velocity gradients, shear
layers, and vortex dynamics in the vicinity of the
injection holes. The refined mesh structure is crucial for
resolving the intricate interactions between the coolant
jet and the mainstream flow, which directly influence
film cooling effectiveness. By concentrating mesh
density in the near-hole region, the simulation is better
equipped to represent the detailed behavior of jet
penetration, spreading, and associated vortex structures.

numerical errors. The grid expansion ratio (r =

ES ]

Injection )
tube : Inflation layer of
dense mesh near the
Plenum > 44444 adiabatic down wall
chamber
£ J,
‘\\k_‘//’/

Figure 3. (a) 3D mesh of studied domain with ejection
tube and plenum section for CY case, (b) CY injection outlet
mesh and (c) Mesh for injection tube.
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Figure 4. (a) Meshing of the computational domain for
crater injection (OCFC) case, (b) OCFC Mesh of crater outlet,
with injection tube.

4. Numerical procedure and turbulence model
The present study employs the commercial CFD
software ANSYS Fluent to perform numerical
simulations. A mathematical model was developed by
solving the three-dimensional, steady-state,
incompressible  Reynolds-Averaged Navier-Stokes
(RANS) equations, along with the energy equation [29],
to accurately represent the velocity field and
temperature distribution. To model turbulence, the
realizable k-¢ turbulence model was adopted due to its
proven capability in predicting complex flow
phenomena such as boundary layer development,
recirculation zones, and shear-driven mixing, especially
in regions subjected to strong thermal gradients. The k-¢
model, particularly its realizable variant, is well-suited
for film cooling applications in gas turbine engines,
where it helps capture key flow features such as jet-
mainstream interaction, turbulence-induced mixing, and
momentum diffusion. Its formulation, which solves
transport equations for turbulent kinetic energy (k) and
its dissipation rate (€), enhances the model's ability to
simulate the influence of turbulence on convective heat
transfer. A major advantage of the k-€ model in cooling
film simulations is its robustness and computational
efficiency, allowing reliable predictions of adiabatic film
cooling effectiveness, jet spread, and coolant trajectory
under varying operating conditions. Previous research
[30,31] has validated its accuracy for a wide range of
blowing ratios and mainstream turbulence intensities,



confirming its suitability for evaluating coolant coverage
and thermal shielding performance in high-temperature
environments.

4.1 Mathematical framework

To perform the fluid flow analysis, the governing
equations for incompressible mass conservation,
momentum, and energy transport were solved. In the
context of turbulent flow, additional equations are
introduced to capture the effects of turbulence,
necessitating the application of a suitable turbulence
model to account for energy dissipation and turbulent
transport. In this study, the fluid properties were
assumed to be constant, a common and empirically
supported simplification for simulations involving
moderate temperature variations. The numerical
solution was obtained using ANSYS Fluent, with
convergence criteria set to ensure solution accuracy and
stability. Specifically, the residuals for the continuity
equation were restricted below 107¢, while velocity and
energy equation residuals converged consistently to
values less than 107® and 107* respectively. For
turbulence quantities k and ¢, convergence was achieved
with residuals also below 10™*.To enhance accuracy, a
second-order upwind discretization scheme was
adopted for the momentum, energy, and turbulence
variables. This approach improves solution precision,
especially in regions with steep gradients, by reducing
numerical diffusion and providing better spatial
resolution of the flow field. This discretization method,
with strict residual criteria, ensures a reliable prediction
of film cooling effectiveness and thermal behavior.

Continuity and momentum equations.

g =0
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Realizable k-€ model. The underlying transport
equations provide the turbulence kinetic energy (k), and
its rate of dissipation (€):
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In the above equations, Gk denotes the turbulence
kinetic energy production by the mean velocity
gradients. Cic and C; are constants. The turbulent Prandtl
numbers are denoted by ox and o..

 _ou
Gy = (—Pufuf)a—xll (7)
j

Adiabatic film effectiveness (1) is normalized by
the temperature difference between the mainstream gas
(Tw) and the coolant gas (T¢). The local effectiveness over
the surface is computed using Eq. (8), which quantifies
the efficiency of the coolant film in protecting the
surface. This is achieved by comparing the local wall
temperature to the temperatures of the mainstream and
coolant gases. This normalization allows for a
standardized comparison of film cooling performance
under different injection geometric conditions.

Ty —Ta
T T -T, (8)
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4.2. Boundary conditions

Figure 1 presents the computational domain
layout along with the assigned boundary conditions,
which include a velocity inlet, a pressure outlet,
symmetric boundaries, domain walls, and an adiabatic
bottom surface. Each boundary is defined with specific
conditions to accurately simulate the physical behavior
of the film cooling process. At the mainstream inlet, a hot
flue gas velocity of 20.2 m/s is prescribed, consistent
with benchmark studies by Zhao et al. [19,28], ensuring
comparability and model validation. At the point of
settling (plenum) chamber's entrance, the blowing ratio
(BR), an important measure demonstrating the
proportion of cooling fluid to mainstream gas, is
adjusted. This makes it possible to determine the mass
flow of the injected coolant that is suitable for every
modeling context. The flat plate's bottom surface is
subjected to the adiabatic wall boundary condition (Q =
0), which prevents the transmission of heat from the wall
and permits precise assessment of the effectiveness of
surface film cooling. A temperature ratio (T./T) of 1.14
is maintained, with the mainstream temperature (T.) set
at 323K and the coolant temperature (T.) fixed at 288 K.
These thermal conditions are also aligned with validated
literature values. A detailed list of boundary conditions
and their respective zones is provided in Table 2.

Table 2. Boundary conditions of computational domain
Boundary

Region condition Value
Main duct hot i Voo=20.2m/s,
gas inlet Velocity Inlet T»=323K

. : BR=0.6to 1.4,
Coolant gas inlet | Velocity Inlet T.=288K
Main-domain Pressure Outlet | 1atm

outlet

Side walls of
main domain
Side walls of the
plenum

All other walls

Symmetric -

Symmetric -

No-Slip Walls -
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4.3. Grid independence test

A grid independence study was conducted to
identify an optimal mesh density for both cylindrical (see
figure 5(a)) and cratered injection configurations (see
figure 5(b)). Simulations were performed at BR=0.6,
evaluating five different grid sizes ranging from 1.1
million to 9.6 million cells. A pressure-based solver was
employed, using the SIMPLE algorithm to couple
pressure and velocity fields. Figure 5 presents a
comparison of centerline temperature profiles along the
normalized streamwise distance (X/D) for each grid
level. The results reveal that the profiles begin to
converge beyond grid number 3 (4.2 million cells), with
negligible variation observed between grid number 4
(7.9 million cells) and grid number 5 (9.6 million cells) in
both injection cases. This convergence indicates that the
solution is approaching grid independence, where
further refinement does not significantly impact the
accuracy of the results. Based on this analysis, grid
number 4 was selected as the optimal mesh, offering a
good compromise between computational cost and
solution precision. All subsequent numerical results in
the study are based on this grid resolution. The grid
independence test ensures confidence in the mesh
quality and establishes reliability in the predicted
thermal and flow behavior across both geometries.

330 T T T T T T T T T
(a) Cylindrical case 1
325 F "
320
gBIS -
2310+
g
2305+
E p
5 ‘
=300+ 4 —=—Grid no. 1 (1.1 million)
205 —=— Grid no. 2 (2.08 million)
'y e Grid no. 3 (4.2 million)
200 Grid no. 4 (7.9 million)
---==-- Grid no. 5 (9.6 million)
285 " 1 L 1 " 1 L 1
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285 i 1 1 " 1 " 1 " 1
0 10 20 30 40 50 60
X/D

Figure 5. Grid independence test results for (a).
cylindrical and (b). crater case

5. Results
5.1 Validation of present simulations

To validate the numerical model, its predictions
were compared against previously reported
experimental data for cylindrical injection holes,
particularly from the two-phase flow study by Zhao et al.
[19,28]. In their work, the coolant gas temperature was
reduced due to the evaporation of water droplets, and
the centerline film cooling effectiveness data were
normalized accordingly. The present study adopts these
conditions and evaluates the centerline film
effectiveness at a mass flux ratio (BR) of 0.6, ensuring
consistency with the referenced experimental setup.

Figure 6 illustrates the comparison between the
simulation results and the experimental data [19,28].
The model demonstrates good overall agreement,
although a slight overprediction in film effectiveness is
evident across the centerline. This minor deviation can
be attributed to several factors. First, inherent
uncertainties in experimental measurements and the
turbulence model's drawbacks, particularly the
realizable k-e model used in this study, can affect
accuracy. Moreover, local flow conditions near the
coolant exit, including surface roughness, geometric
imperfections, and sharp hole edges, may influence
vortex dynamics and mixing behavior. The larger
discrepancy of 12% observed at X/D = 5 can likely be
attributed to near-hole interactions, which are difficult
to model accurately in RANS-based simulations.
Nevertheless, the overall agreement further supports the
validity of the numerical model.
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Figure 6. Current study validation with previous data

[19,28] for a CY hole at BR = 0.6.
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5.2 Vorticity and velocity gradient variation

The vorticity, which is a measure of the local
rotation in a fluid flow, and the velocity gradient
variation are analyzed in this section. The x-component
of vorticity, often referred to as wy represents the
rotation or spinning of fluid elements around the x-axis.
The x-vorticity, as plotted in figure 7 for cylindrical
injection cases and in figure 8 for crater cases, is a crucial
parameter in understanding the rotational dynamics of
the flow. For a three-dimensional velocity field, the x-
vorticity is given by the equation:

_aw v

=5, T oz 9)
As the flow in this study is three-dimensional, x-
vorticity is significant as it indicates the rotation of fluid
elements about the x-axis due to variations in the
transverse velocity components. The partial derivative
of the y-component of the velocity with respect to z,
denoted as (dv/dz), measures the rate at which the y-
component of the velocity changes as move in the z-
direction. This term is important in film cooling to
understand the lateral spread and mixing of the coolant
gas at the exit of the injection and over the expanded
surface as it moves in the X/D direction (see figure 9). At
a BR of 0.6, the cylindrical hole exhibits strong and
concentrated regions of vorticity, as illustrated in figure
7, indicating significant formation of vortices near the



injection hole at a normalized distance of X/D=3. This
causes the intense mixing of the coolant air with the hot
mainstream, increasing the temperature of the cooling
film over the flat surface. Although the BR is low, there is
no separation of the film from the surface, which is
beneficial. These results for the cylindrical hole are
consistent with previous studies [15,32,33] that
identified BR = 0.6 as the optimal BR for cylindrical cases.
In contrast, the cratered hole exhibits a more diffused
vorticity field with broader, less concentrated regions of
vorticity as shown in figure 8. This indicates vortex
formation with a comparatively lower strength than in
the cylindrical case. The coolant jet remains closer to the
surface, enhancing lateral spread compared to the
cylindrical case and reducing jet lift-off, resulting in more
uniform cooling coverage. When the BR is increased
from 0.6 to 1.0, the contour of x-vorticity for both
cylindrical and cratered holes at the same streamwise
distance shows consistent trends. The vorticity strength
is higher in the cylindrical case, indicating increased
mixing of the hot mainstream with the coolant. Due to
the increased momentum of the jet, separation starts
near the injection point. On the other hand, at BR = 1.0,
the cratered hole shows less vorticity strength compared
to the cylindrical case. However, with the increase in BR,
there is a minimal increase in vorticity in the cratered
case. The lateral expansion is more pronounced in the
cratered case at BR = 1.0, indicating better coolant
spread and coverage. At a higher BR of 1.4, the vorticity
continuously intensifies for both injection cases, as
shown in figure 7and 8. Higher BRs are unsuitable for the
cylindrical case as the jet penetration and mixing of the
coolant become more pronounced [34]. The high
momentum of the strongly revolving vortical structures
lifts the coolant film, causing it to detach from the
surface. This detachment dramatically lowers the
effectiveness by preventing the coolant from
maintaining close contact with the surface.
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Figure. 7. Variation of turbulent kinetic energy for CY
at blowing ratios (0.2 to 2.0) at several locations (X/D = 0.5,
2.5,&5.0).
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Figure. 8. Turbulent kinetic energy variation for OCFC
at various blowing ratios (0.2 to 2.0) at several locations (X/D
=0.5,2.5,&5.0).

In contrast, while the vorticity also increases for
the cratered hole at higher BRs (1.0 and 1.4), the coolant
jet remains closer to the surface due to the injection's
geometric features. There is still considerable lateral
spread of the film, though slightly less than at BR = 0.6
and 1.0, and a slight jet lift-off is identified near the
injection in this case too. Thus, higher BRs exacerbate the
inefficiencies in cylindrical holes but do not severely
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impact the performance of cratered holes, which
continue to provide more effective and uniform cooling
coverage.

Figure 7 clearly shows that with the increase of BR,
the vortex strength increases, as identified by observing
the x-vorticity distribution. The white dotted lines
indicate the maximum expansion of the vorticity along
the yz plane. The vertical and lateral expansion of the
vortex can be easily compared by observing the white
lines in figure 7. It has been noticed that the vertical
expansion of the vortex is more than the lateral
expansion in the cylindrical case, which increases with
BR. This means that coolant jets with higher momentum
fly away with the mainstream hot gas at BR = 1.4,
resulting in a low cooling effect on the surface. On the
other hand, vertical expansion is less in the cratered
injection hole case, resulting in attached coolant jet film
at higher BRs.

Figure 9 illustrates the dimensionless y-velocity

gradient [%-VE] variation along the X/D direction,

normalized by the mainstream velocity (V) and the hole
diameter (D), providing a clearer picture of vortex
interaction at near injection locations. The term (dv/dz)
specifically tells us how the velocity in the y-direction
varies along the z-axis, which is important for
understanding vorticity in the fluid and associated
lateral dispersion of film. These zones indicate
significant vorticity generation and fluid element
rotation around the x-axis. For BR = 0.6, the negative
gradient is less pronounced, resulting in moderate
mixing and spread of the coolant. At higher BRs of 1.0
and 1.4, the negative gradient becomes more intense,
indicating stronger vortical structures and increased
coolant-mainstream mixing. However, the higher
momentum also leads to partial jet lift-off and reduced
cooling effectiveness. In the cratered injection case
(Figure 9(b)), the dimensionless y-velocity gradient
exhibits intense variation zones up to X/D=2.7. The high
negative gradient observed for BR = 0.6 enhances
immediate spreading of the coolant upon ejection,
leading to effective lateral distribution. At BR = 1.0 and
1.4, the gradient intensity slightly increases, but the
coolant remains closer to the surface, maintaining
effective lateral spread and reducing jet lift-off compared
to the cylindrical case. This gradient is directly related to
the calculation of x-vorticity (wx), given by Equation (9).
Figure 9 supports the observation that cratered holes,
with their geometric features, produce a more controlled
and diffused vorticity field, enhancing cooling



performance by maintaining the coolant closer to the
surface. This improved interaction between the coolant
jet and the mainstream flow in the cratered hole
configuration leads to better lateral spread and reduced
jet lift-off, resulting in more uniform cooling coverage
compared to cylindrical holes.

(a) Cylindrical injection hole

Intense variation

Dimensionless y- velocity gradient

_ dv D
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Figure. 9. Dimensionless y-velocity gradient along X/D
for different BRs in (a) cylindrical injection hole and (b)
cratered injection hole

5.3. Geometric impact on effectiveness distribution
The injection geometric impacts on effectiveness
with varying BRs are investigated in this section. Film
effectiveness results are presented for three blowing
ratios of 0.6, 1.0, and 1.4, with a density ratio of 1.14 (air),
and two injection geometries: cylindrical and cratered
holes. Figure 10 and 11 illustrates the local film
effectiveness of CY for coolant air. Figure 12 and 13
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further supports these findings by showing the lateral
distribution of effectiveness for cratered injection holes
at BR = 0.6, 1.0, and 1.4. The diffused vorticity field in
cratered holes as discussed in previous section,
enhances lateral spread and maintains the coolant film
closer to the surface, resulting in more uniform cooling
coverage. Figures 12 and 13 illustrates the vertical
effectiveness distribution on the y-z plane for both
cylindrical and cratered injection holes at different BRs
(0.6, 1.0, and 1.4) and at X/D=3. At BR = 1.0, cratered
holes maintain their superiority with comparatively a
broader and more uniform effectiveness distribution
laterally. At BR = 1.4, while the effectiveness decreases
for both configurations, cratered holes still perform
better except the region up to X/D = 5, providing more
effective coverage than cylindrical holes specially for
longer X/D distance.

B [ a

0 02 03 04 05 06 07 08 6.9

Effectiveness:
2

29
(‘ylindri%al hole

Figure 10. Lateral distribution of effectiveness for
cylindrical hole injection at different BRs along X/D

Figure 14 illustrates the centerline film cooling
effectiveness and enhancement for both cylindrical and
cratered holes at BR of 0.6, 1.0, and 1.4 along X/D. The
data demonstrates that cratered holes consistently
provide superior performance compared to cylindrical
holes at all blowing ratios, except at BR = 1.4. At lower
BRs (0.6), the enhancement is driven by. At BR = 0.6, the
peak enhancement of 20% is found at X/D=7 compared
to the cylindrical case due to the immediate and effective
lateral spread of the coolant. Also, the higher film cooling
effectiveness at BR = 0.6 is attributed to the expansion of
the coolant jet at the crater of the injection, which causes
most of the coolant fluid to remain attached for a longer
X/D distance. The percentage enhancement is
particularly significant at BR 1.0, reaching
approximately 48%. This enhancement is due to the
controlled and diffused vorticity field produced by



cratered holes, which reduces jet lift-off and ensures B | 7] 1
better cooling coverage. On the other hand, for blowing , Effectiveness: 0 0.2 03 04 05 06 07 08 09
ratios of 0.6 and 1.0, the appearance of a vortices couple i
that results in additionally longitudinal dispersion of the
film in the cratered hole case can be ascribed to
enhanced effectiveness close to the injection hole
(X/D<5).

The cratered hole performed better at BR = 1.0
compare to other BRs, and can be considered optimal for
off-centered forward cratered (OCFC) holes. Lower
effectiveness at the injection hole (X/D<10) for a high
blowing ratio of 1.4 in the cylindrical example can be s ‘
ascribed to the existence of a counter-rotating vortex Figure 11. Lateral distribution of effectiveness for
pair (CRVP) corresponding to a jet in a crossflow. This is cratered injection hole at BR = 0.6, 1.0, and 1.4 along X/D
evident in figure 10 and 12, where the Ilateral
distribution  of  effectiveness shows reduced T

. . . (Cylindrical hole) BR=0.6

performance at higher BRs due to increased jet X/D = 3

penetration and lift-off. At higher BRs (1.4), although the
enhancement decreases slightly, cratered holes still
maintain better performance due to their ability to keep
the coolant film attached to the surface and achieve more
uniform lateral spread. At BR = 1.4, the film cooling
effectiveness for cratered holes up to X/D =5 is slightly
lower than that of the cylindrical geometry. This
decrease in effectiveness is attributed to the high-
momentum coolant fluid encountering the sharp edge of
the cratered hole after expanding from the circular (Cylindrical hole)
metering tube, which directs the coolant vertically in the
y direction and additionally causes separation from the
film on the surface. However, the effectiveness disparity
is less than 10%. With an increase in X/D distance, the
effectiveness enhancement begins, and a peak
enhancement of 40% is noticed at X/D=9. The reason for
the lower effectiveness of the cratered hole compared to
the cylindrical hole at BR = 1.4 up to X/D=5 is that the
momentum of the coolant is almost equal in both
injection holes, which tends to separate the film from the (Cylindrical hole) BR=1.4
surface. Additionally, the crater edge directs the coolant Sh=
vertically after the collision of the jet.

Finally, according to the study, areas of high x-
vorticity in the cylindrical case result in more coolant-
mainstream  blending, which lowers interface
effectiveness and film adhesion. The coolant is kept
nearer the surface by the increasingly dispersed and
vertically confined vortices created by OCFC holes, 0

BR =1.0
X/D

Effectiveness

0.9

0.7

0.5

0.3

-1 0 1 0
resulting in greater lateral coverage and lowers lift-off. D
This phenomenon is particularly noticeable at BR = 1.0, Figure 12. Vertical effectiveness Distribution on y-z

where the regulated vortex strength leads to a cooling plane for Cylindrical (CY) Holes at Different BRs and X/D=3
effectiveness that is up to 0.5 times greater than that of

cylindrical holes.
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Figure 14. Centerline film cooling effectiveness and
enhancement for cylindrical (CY) and cratered (CR) holes at
BR=0.6,1.0,and 1.4 along x/d.

5.4. Overall (area-averaged) cooling performance

The area-averaged cooling effectiveness (&) and its
percentage enhancement vary significantly with BRs for
cylindrical and cratered injection holes (see figure. 15).
At BR = 0.6, the enhancement provided by cratered holes
is marginal, with a percentage increase of approximately
8%. This improvement is driven by the cratered hole's
ability to create a diffused vorticity field, promoting
immediate and effective lateral spread of the coolant.
Additionally, at lower BR, the momentum of the coolant
fluid is very low. Since the cratered hole expands the
coolant jet before ejecting it into the mainstream, the
coolant is further retarded, providing heavy cooling just
near the hole locations.
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Figure. 15. Area-averaged cooling effectiveness (§) as a
function of BR for CY and CR injection holes.

At BR = 1.0, the cratered hole exhibits the highest
enhancement, approximately 48.15%. This significant
increase is due to the geometric features of the cratered
holes that keep the coolant closer to the surface and
enhance lateral spread for longer X/D distance without
significant detachment. In cylindrical holes, stronger
vortices at this BR increase mixing and also cause the
coolant jet to lift off, reducing effectiveness. The cratered
holes, however, maintain more stable and effective
cooling films by controlling vortex strength. At BR = 1.4,
the enhancement percentage is approximately 24%.
Although the enhancement decreases slightly due to
increased jet momentum and partial lift-off, cratered
holes still perform better than cylindrical ones due to
their consistent lateral spread. The velocity gradient,
especially in cratered holes, plays a key role in spreading
the coolant efficiently across the surface, resulting in
higher area-averaged cooling effectiveness.

6. Conclusions

For crucial parts like turbine blades and combustor
liners in aviation combustion engines, film cooling is
imperative for controlling heat transport and
distributing the temperature. This numerical study
explores the film cooling effectiveness of cylindrical and
cratered hole geometries for three blowing ratios: 0.6,
1.0, and 1.4, using air as the coolant (with a density ratio
of 1.14). The study emphasizes the significant impact of
injection geometry on film cooling performance, as the
distribution of effectiveness and vorticity determines the
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spreading of the coolant jet and its efficiency. Key
conclusions include:

Cylindrical holes demonstrate reduced
effectiveness at higher BRs due to increased vorticity and
early film separation.

Cratered holes generally provide better cooling
performance than cylindrical holes, except at BR = 1.4
near the injection site. The enhanced effectiveness at
lower and moderate blowing ratios is attributed to a
more diffused vorticity field, which promotes effective
lateral coolant spread, reduces jet lift-off, and enhances
coverage.

At higher blowing ratios (BR = 1.4), the high
momentum of the coolant in cratered holes leads to film
separation after expansion, which diminishes near-hole
effectiveness.

Across all blowing ratios, cratered holes show
superior area-averaged cooling effectiveness. At BR =
1.0, cratered holes achieve a remarkable 48.15%
improvement due to the controlled vorticity and stable
interaction between the coolant jet and mainstream
flow. This leads to the coolant remaining closer to the
surface, enhancing lateral spread.

BR = 1.0 emerges as the optimal blowing ratio for
off-centered forward crater (OCFC), offering superior
cooling performance.

cratered holes outperform cylindrical holes by
maintaining better lateral and vertical spread, reducing
jet lift-off, and ensuring effective coverage.
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