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This study investigates the film cooling process on  
a flat plate. The task addressed relates to the identification 
of the most universal CFD model for different film cooling 
hole shapes. 

The task has been solved by selecting an optimal com-
putational mesh and determining the most suitable turbu-
lence models for predicting film cooling effectiveness over 
a wide range of parameters. To investigate mesh‑indepen-
dence effects, four levels of polyhedral computational grids 
were generated. It was shown that the mesh with 5.8 mil-
lion elements, selected based on the mesh‑convergence 
analysis, performs nearly as well as a block‑structured 
mesh with identical settings. 

A validated CFD model based on a polyhedral mesh 
was built. A distinctive feature of the results is that the 
CFD model covers 4 hole geometries spaced 5D apart and 
inclined at 30° to the mainstream flow (classical cylindri-
cal, fan‑shaped, oval, and a diffused slot). 

The results include a comparison of seven RANS tur-
bulence models with experimental data. It was found that 
for the considered flow and geometric conditions, the most 
robust and generally applicable model is the k‑ε Realizable 
turbulence model. Its advantages may be explained by its 
improved stability and better sensitivity to regions of com-
plex flow kinematics, which enables more accurate predic-
tion of expanding (fan‑shaped and diffuser‑type) holes. 

Additionally, the model feasibility was verified for the 
7-7-7 hole configuration. For this type of hole, a prelimi-
nary analysis of the influence of thermal barrier coating 
configurations on film cooling effectiveness is presented. 
The proposed computational model could be used for opti-
mizing hole geometry and blowing conditions in gas tur-
bine blade cooling applications
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1. Introduction

Over the last two decades, Computational Fluid Dynam-
ics (CFD) simulation has undergone great evolution. CFD prob-
lems, which are based on the Reynolds-averaged Navier- 
Stokes (RANS) equations, can help the design engineer choose 
the optimal variant of a particular design, gaining knowledge 
about the nature of the flow in the studied area. Turbulence mod-
els offered in such commercial products as ANSYS CFX (USA),  
ANSYS FLUENT (USA), CADENCE FIDELITY (USA), STAR-
CCM (USA), etc. have a wide range of sub-models and settings, 
which, together with the settings of the computational grid, can 
give different results. However, in order to claim that the result 
fully corresponds to reality, according to [1]:

a) the mathematical model must cover all aspects of the 
real world;

b) the numerical method must accurately solve the equa-
tions in the mathematical model.

These two conditions cannot be fully satisfied, so the 
numerical solution is only an approximation to reality. In the 
case of film cooling of turbine blades of a gas turbine engine, 

this almost always means that the mathematical model and 
numerical method must reflect the distribution of film cooling 
efficiency (1) along the blade perforation hole with reasonable 
accuracy and similarity to reality

� � �� � �� �T T T Tg f g c/ , 	 (1)

where Tg is the gas temperature, Tf is the film temperature, 
which is a mixture of gas and cooling liquid, that is, air with 
temperature Тс.

Film cooling involves releasing the coolant on the surface of 
the gas turbine blades in order to push hot gas from them, the 
current level of which has reached 2000 K today and exceeds 
the operating temperature of existing materials. According 
to [2], the efficiency of film cooling is influenced by a number 
of factors, such as the location of the perforation holes relative 
to the gas flow (angles of inclination of the hole axis to the 
wall α and to the direction of the main flow β), the shape and 
density of the perforation holes of the film cooling, the number 
of rows, and the distance between the rows of holes, the relative 
length of the holes, the curvature and roughness of the surface, 
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the presence of a thermal barrier coating (TBC), and the blow-
ing ratio m of the film cooling hole

m w wc c g g� � �/ , 	 (2)

where ρc and ρg are the densities of air and gas, wc and wg are 
the velocities of air and gas.

The mathematical model of film cooling must take into 
account all of the above factors. But even then, general recom-
mendations for choosing turbulence models or the size of the 
computational grid in CFD simulation cannot provide guaran-
teed accuracy of calculations. That is why the CFD model must 
be validated by comparing it with experimental studies. The val-
idated CFD model can be further used to optimize the geometry 
of holes and injection modes in the problems of cooling gas tur-
bine engine blades. This also creates prerequisites for using this 
model in the development of new promising types of holes that 
can be produced only through additive 3D printing technologies. 
Another important task that is planned to be solved using this 
CFD model in the future is the study of the effect of partial block-
ing of blade holes by a thermal barrier coating, which requires 
a sufficiently fine grid. Therefore, studies aimed at validating 
a computational model are mandatory and relevant.

Further development of the topic involves the construction 
of an expanded database of CFD calculations for various types of 
film cooling holes, the development of new generalized dimen-
sionless criteria, and the formation of refined 1D correlations. 
That is why a validated CFD model should have a fairly wide 
range of application of geometric and operating parameters.

2. Literature review and problem statement

According to [3], in practical applications, all film cool-
ing holes have either a round or so-called profiled shape. In 
fact, all shaped holes consist of a round throttle channel and 
a uniformly and symmetrically expanded (up to 15 degrees) 
outlet section on the hot gas surface. It is shown that the man-
ufacturing technology of such holes is well-developed, and the 
adiabatic efficiency is high. It is also noted that the greatest ad-
vantage of diffuser holes is their reliability and stability of char-
acteristics. But issues related to the cost of manufacturing and 
further improvement of adiabatic efficiency remain unresolved. 

That is why a significant amount of work is devoted to op-
timizing shaped holes and finding options for increasing their 
adiabatic efficiency by solving CFD problems. Thus, in the re-
view paper [4], an analysis of current (2019–2025) numerous 
3D CFD studies in the field of film cooling on a flat plate, in-
cluding for round and shaped holes, is carried out. It is shown 
that the vast majority of works use RANS (Reynolds-Averaged 
Navier-Stokes) methods. The reason is an acceptable ratio of 
accuracy and computational costs.

In work [5] it is noted that RANS methods have insuffi-
cient ability to reproduce turbulence in the interaction of a jet 
with a cross flow and do not have a complete coincidence 
with experimental data. But at the same time, they are able 
to predict the trend of change in the adiabatic efficiency of 
film cooling quite accurately, and the research approach and 
calculation results when using them are reliable.

An option for improving the prediction of complex phe-
nomena, including the interaction of a jet with the main flow, 
is the use of Large Eddy Simulation (LES) methods. This ap-
proach was used in work [6] to study the influence of surface 
roughness of a shaped hole, and in [7] – to study the influence 

of the Reynolds number of a shaped hole located in a trench. 
In both cases, LES investigated a 7-7-7 fan-shaped hole, in 
which two lateral and one forward expansion angles are each 
7°, which explains its name. However, LES methods require sig-
nificantly higher computational costs with high mesh require-
ments, which limits their application in industrial practice.

Another option for improving the prediction of adiabatic 
efficiency is to use adapted turbulence models. This is the ap-
proach used in [8] for validating the CFD model of film cool-
ing and (partially) in [9] for optimizing the trench shape. In 
both cases, the k-ω group models for cylindrical hole shapes 
on a flat plate were adapted. However, changing the coeffi-
cients often improves the result only for a specific problem, 
which significantly limits the validation of the adapted model 
compared to the standard turbulence model. In addition to 
the loss of universality, there is a risk of violating the physi-
cal justification and worsening the predictive ability for new 
shapes of film cooling holes. 

In [10], the influence of the turbulent Prandtl number on 
the accuracy of numerical prediction of film cooling efficiency 
is investigated. The authors note that most CFD calculations use 
a constant value of the Prandtl number, which is equal to 0.85.  
However, in real film cooling flows, this parameter varies de-
pending on the turbulence structure, especially in the mixing 
zone of the cooling air jet with the main flow. Because of this, 
conventional models often incorrectly reproduce the distribu-
tion of cooling efficiency, overestimating it in the center of the 
jet and underestimating it at the edges from the hole. The au-
thors also showed that the real Prandtl number can vary in the 
range of 0.4–0.85 and this can significantly affect the predicted 
film efficiency. Based on the analysis of the results, the authors 
proposed their model, in which the turbulent Prandtl number 
varies depending on the transverse position relative to the jet 
axis. However, such a model is semi-empirical in nature and 
is tied to specific experimental conditions, which also limits its 
universality. It should also be noted that the validation in [10] 
was carried out only for experiments with round holes. This 
creates a risk that the model proposed by the authors may work 
worse for other types of holes.

Indeed, our literature review has shown that the vast 
majority of validation studies on computational models are 
limited to a single hole configuration or a limited number 
of geometries. Although this approach allows one to test the 
model’s ability to reproduce specific experimental data, it 
cannot guarantee correct predictions for other hole shapes.

The literature review also showed a significant uncertainty 
in the selection of turbulence models for the calculation of cy-
lindrical, profiled holes, and holes with injection into various 
types of recesses. Thus, in [4] it is shown that two standard 
RANS turbulence models are found in the works as selected 
based on the results of validation of the computational model, 
most often. These are the two-parameter RANS models k-ε 
realizable, proposed in [11], and k-ω SST (Shear Stress Trans-
port), proposed in [12]. Among current papers on modeling 
the efficiency of film cooling on a flat surface reviewed in [4], 
these two turbulence models together account for about 70% 
of studies. Moreover, the above turbulence models are equally 
used for both cylindrical and profiled holes.

In addition, in [4] it is shown that structured block grids 
with regular topology are the most common among other 
types of computational grids in the study of the efficiency of 
film cooling on a flat surface. There is a widespread belief that 
the most accurate and most efficient solutions are obtained 
on "good" grids, similar to structured Cartesian grids or grids 
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composed of identical ideal elements (ideal triangles, tetrahe-
dra, etc.). This idea contradicts the modern practice of com-
putational fluid dynamics (CFD), in which accurate solutions 
are calculated on practical grids, which many consider unac-
ceptable in many geometric indicators of mesh quality [13].

When calculating film cooling from shaped holes on a flat 
plate, polyhedral computational grids are gaining popularity. 
Due to the larger number of faces, this type of grid can reduce 
numerical errors when transferring data between elements. This 
approach was used in [14], in which a polyhedral grid is used 
to optimize the basic profile of the aforementioned 7-7-7 fan-
shaped hole. As a result of the optimization, the authors obtained 
holes with a complex shape with dune-shaped protruding sur-
faces on both sides of the hole that affect the main flow, forming 
a pair of vortices rotating in opposite directions. These vortices 
complicate the separation of the coolant from the outer surface 
and at the same time increase the spread of the jet. The effect 
of the cross-flow velocity on the cooling efficiency of a 7-7-7  
fan-shaped hole using a polyhedral grid is investigated in [15].

Each work on calculating the efficiency of film cooling on 
a flat surface must be generalized by many parameters to form 
recommendations. Therefore, the preliminary validation of 
the calculation model is an integral part of this work and can-
not be solved by general recommendations by other authors. 
It should also be noted that in the available literature on film 
cooling, there is variability in the level of detail of the criteria 
used in CFD calculations and analysis of the obtained data. 
In addition, the geometry and size of the model, as well as the 
selected turbulence model, must take into account the further 
work that the author plans to carry out. 

All this allows us to state that it is advisable to conduct 
a study aimed at finding the most universal CFD model 
in terms of regime and geometric parameters for the work 
planned by the engineer. Substantiation of the selected CFD 
model for further calculations is a logical step in ensuring the 
reliability of the results.

3. The aim and objectives of the study

The aim of our work is to devise the most versatile CFD 
model of film cooling of a gas turbine blade to determine the 
cooling efficiency of both cylindrical and shaped holes. This 
will make it possible to increase the accuracy of calculations 
when optimizing the geometry of holes and injection modes 
in the problems of cooling gas turbine engine blades.

To achieve the goal, the following tasks were set:
– to investigate the influence of mesh convergence of an 

unstructured mesh;
– to compare an unstructured mesh with a structured 

block mesh with identical settings;
– to compare the results with experimental data from dif-

ferent turbulence models;
– to analyze the ability of the validated model to investi-

gate the technological features of applying an TBC.

4. The study materials and methods

The object of our study is the process of film cooling on 
a flat plate, taking into account the specificity of the develop-
ment of a cooling film on gas turbine blades, such as clogging 
of holes, the presence of a thermal barrier coating. Therefore, 
the task was to find the most universal CFD model, taking into 

account different shapes of film cooling holes and possible 
clogging of holes. Calculations were performed in the commer-
cial three-dimensional CFD solver ANSYS FLUENT 2024 R2,  
which is based on pressure (pressure-based solver). 

The principal hypothesis assumes that a 3D CFD model 
could be built that adequately describes the main flow mech-
anisms. The difference between the results of numerical 
modeling and the experiment regarding the cooling efficiency 
would be statistically insignificant and would be within the 
error of experimental measurements and numerical methods.

For the validation of the CFD model of the film cool-
ing, an experiment was selected that was reported in [16] 
by Takasago Research and Development Center, Mitsubishi 
Heavy Industries Ltd (Japan) in 1999. This rare work is avail-
able only in the proceedings of the IGTC-99 conference but 
has several advantages. The cooling efficiency was studied 
for four different hole shapes over a fairly wide range of in-
jection parameters and relative lengths behind the hole (from 
0 to X / D = 70 – 112). The study of the influence of the main 
flow turbulence on the cooling efficiency, as well as the dis-
tribution pattern of the efficiency on the transverse planes YZ 
along the length X / D, is presented.

The velocity of the main flow in the experiment was 
20 m/s, and its temperature was 12°C. The absolute pressure in 
the main flow channel was 1.025 atmospheres. The tempera-
ture of the air supplied to the holes was 42°C. An experimental 
study of the cooling efficiency on a flat plate was carried out 
for four models of rows of holes (Fig. 1). Model 1 is a standard 
cylindrical row of holes, located at an angle α = 30° and with 
a pitch of 5D. The diameter D in the experiment was 10 mm, 
and the wall thickness LW, in which the hole is located, was 3D.  
Model 2 has the same parameters as model 1, but the cylin-
drical part of the hole at the outlet expands at an angle of 
15° in both directions and forms a complex fan-shaped hole. 
Models 3 and 4 have the same oval shape of the outlet holes, 
but model 3 has an oval shape along the entire length of the 
hole, and model 4 has an extension from a cylindrical shape to 
an oval at an angle of 15°. Models 3 and 4, unlike the first two 
models, have an inlet part of the hole (height H in the case of 
model 3 and diameter D in the case of model 4) of 6.25 mm 
(that is, the wall thickness is 4.8D, and the hole pitch is 8D). 
The ratio of the outlet hole width W to the hole pitch P for 
models 3 and 4 is 0.6. All 4 models have a zero angle β, that is 
the coolant exits in the direction of the main flow.

The main flow turbulence intensity was 0.5%, and with the 
turbulent grid installed, the turbulence was 10%. The effect of 
main flow turbulence on the cooling efficiency was determined 
for model 2.

The experiments were carried out on a flat plate with low 
thermal conductivity. The adiabatic wall temperatures were 
measured using 0.1 mm diameter chromel-alumel thermocou-
ples embedded in the surface. In the paper, the cooling efficien-
cy is represented as plots depending on the parameter X / MS. 
Here, X is the longitudinal length from the hole downstream,  
M is the blowing ratio, S is the width of the equivalent gap, 
which is the ratio of the hole area to the pitch between the holes.

To perform the tasks set, a geometric model of film cool-
ing was constructed, which is shown in Fig. 2. For simplicity, 
the model contains 1 film cooling hole with periodicity con-
ditions. According to the experiment in [16], the film cooling 
hole is located at angles α = 30°, β = 0°. The hole wall thick-
ness LW is 3D (L / D = 6), and the pitch between the cylindri-
cal holes is 5D. The length of the model downstream from the 
opening is 70D (models 1 and 2) and 112D (models 3 and 4).
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The boundary conditions were the velocity at the inlet to 
the main channel V∞ = 20 m/s and the turbulence intensity 
Tu∞ = 0.5%, as well as the physical flow rate of the coolant, 
which provides the required blowing ratio. The tempera-
tures at the inlets of the conditional coolant and conditional 
gas were 315 K and 285 K, respectively (inverted heat flow 
scheme). The density ratio of the coolant and the main flow 
(DR) in this experiment was 0.9. The working environment in 
this study is air, which is considered as an ideal gas. The de-
termination of the dynamic viscosity as a function of tempera-
ture was performed according to the Sutherland equation. 

The Reynolds number of the main flow Re = ρvDh /μ ≈ 
≈ 105000, where ρ and v are the density and flow velocity, 
Dh is the hydraulic diameter of the channel, and μ is the 
dynamic viscosity. The calculation of the Reynolds num-
ber in a cylindrical hole, where the diameter of the hole 
is taken as the characteristic dimension, 
namely 10 mm, indicates that the Reyn-
olds number in the film cooling hole is 
approximately 12000 for the injection 
parameter m = 1.

The controlling parameter for the con-
vergence of the calculation, in addition to 
the residuals, was the average temperature 
of the flat plate over the plane, that is, the 
change in the total surface temperature be-
tween iterations should not exceed 0.01°C. 
To calculate the blowing ratio, the weight-
ed averaged velocity and density of the 
coolant on the cylindrical part of the hole 
were used. The averaging of the cooling ef-
ficiency on the flat plate (lateral efficiency) 
was performed at 26 points in the lateral 
direction (with a step of 1 mm) along each 
X / D coordinate.

5. Results of determining the most  
universal CFD model

5. 1. Results of the study of mesh convergence
Increasing the number of elements of the computational 

mesh, on the one hand, allows for a more detailed description 
of the computational model and the processes occurring in it, 
and on the other hand, increases the computational cost. It is 
precisely to find a sufficiently fine mesh, the further thicken-
ing of which does not give significant changes in the results, 
that mesh convergence analysis is performed.

To assess the absence of influence on the results of the 
size of the selected computational mesh (Fig. 3), 4 variants 
of polyhedral meshes were constructed and tested in ANSYS 
FLUENT MESHER 2024 R2, the characteristics of which are 
given in Table 1. 

Lw
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° 15°
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H
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D 15°
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a b c d

Fig. 1. The shapes of film cooling holes were investigated according to [16]: 	
a – model 1 (standard round holes); b – model 2 (shaped holes); c – model 3 (quasi-two-dimensional slots or oval holes); 	

d – model 4 (diffuse two-dimensional slots)
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Fig. 2. Geometric model of film cooling with a standard circular film cooling hole with a diameter of D = 10 mm
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Fig. 3. Polyhedral computational mesh (3rd level – 5.8 million elements)
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The size of the maximum element was the same for all 
meshes and was 0.3D (3 mm). The coarse (level 1) mesh was 
chosen so that the Y+ parameter on the adiabatic flat surface 
was less than 4, and the finest (level 4) mesh had an average Y+ 
parameter less than 1 (Fig. 4). Local sizing for each mesh was 
performed the same for three surfaces, namely for the flat 
plate, the film cooling hole, and the upper part of the coolant 
cavity, where the entrance to the hole is located. However, the 
boundary wall layers for each mesh were applied the same for 
only two surfaces, namely for the flat plate and the film cool-
ing hole. The boundary prismatic layers at all mesh levels are 
constructed in such a way that there is a smooth, rather than 
a jump-like, transition between the last prismatic layer and 
the next element, which limits the interpolation error.

The independence of the solution from the grid size was 
tested using the kε-realizable turbulence model with an en-
hanced wall function. The kε-realizable turbulence model 
with an enhanced wall function showed excellent convergence 
of the lateral cooling efficiency already for a coarse (level 1)  
grid (Fig. 5, a). The GCI (grid convergence index [17]) when 
moving to the third-level grid, calculated from the total cool-
ing efficiency along the number of holes for the kε-realizable 

turbulence model is GCI fine21 0 55= . %.  This is quite suitable for 
detailed studies (GCI ≤ 5%).

Choosing a coarse (level 1) grid would reduce the grid 
size, but this choice would be wrong. With relatively constant 
lateral cooling efficiency, a rather significant change in the 
cooling efficiency along the centerline is observed for different  
grids (Fig. 5, b). Neglecting this criterion can affect the cor-
rectness of the idea of the physics of the process. Additional 
calculations using turbulence models of the kω group, namely 
kω – SST and kω – GEKO, confirm the influence of the grid 
on the cooling efficiency along the centerline.

The transition from the 3rd level grid to the fine grid of 
the 4th level has the least impact on this additional criterion 
for both groups (kε and kω) of turbulence models, and the 
nature of convergence in both cases is oscillatory (oscillatory 
convergence). Also, the 3rd level grid (Table 1) is acceptable 
for describing the presence of a thermal barrier coating on 
the working blade. Thus, the thickness of the thermal barrier 
coating on the working blade of a turbine usually does not 
exceed 0.4D, which is almost half the optimal value of the 
trench depth. Therefore, a sufficiently fine grid should be used 
to describe such a trench. 

Table 1
Characteristics of a polyhedral mesh in the study of mesh convergence

Mesh level Number of  
elements, mln.

Number of 
nodes, mln.

Max. 
element

Local thickening 
(Fig. 3)

Boundary prismatic 
layers (Fig. 3)

Minimal element of 
the prismatic layer

Averaged 
Y+

1 (Y+ < 4) 1.8 6.9

0.3D

0.075D

N = 10 (k = 1.20)

0.01D 3.3

2 (Y+ < 3) 2.9 10.5 0.056D 0.0075D 2.4

3 (Y+ < 2) 5.8 20.2
0.038D

0.005D 1.6

4 (Y+ < 1) 9.3 27.2 N = 20 (k = 1.15) 0.0025D 0.8

 

1.8 mln

2.9 mln

5.8 mln

9.3 mln

X/D=0 X/D=70

0 1 2 3 4 5

Fig. 4. Distribution of parameter Y + on a flat plate

a b

Fig. 5. Investigation of mesh convergence at the blowing ratio m = 0.5 with a cylindrical film cooling hole: 	
a – lateral; b – along the center line
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Thus, for further calculations, an intermediate third-level 
grid with a size of 5.8 million elements was selected.

5. 2. Comparison of unstructured mesh with struc-
tured block mesh

In addition to polyhedral meshes, structured meshes with 
the same maximum and minimum elements as the polyhedral 
meshes given in Table 1 were constructed in ICEM CFD 2024 R2.  
The conclusions about the convergence of the solution pro-
cess for these meshes turned out to be close to the conclusions 
for polyhedral meshes, so a third-level mesh with a size of 
6.2 million elements was also chosen for comparison (Fig. 6).

Fig. 7 shows a comparison between the calculations of 
two different types of meshes (but with the same settings) for 
the k-ε realizable turbulence model, which is more stable for 
each type of mesh.

The comparison showed almost identical values of lateral 
efficiency for the two types of grids over the entire X / D range.  
An additional comparison along the center line indicates 
similar trends of the curves of the two types of grids, but the 
curve of the block grid lies lower at m = 0.5, which is actually 
closer to the experimental data [18]. However, at the injection 
parameter m = 1.0, no significant difference between the two 
types of grids was observed. Such existing minor advantages 
of the block grid are not decisive, and it was decided that 
in further work a simpler polyhedral grid will be used. It is 
important that the geometric and regime conditions of the 
experiment in [18] are close to the experiment in [16]. There-
fore, such a comparison is appropriate.

5. 3. Comparison of turbulence models in their suit-
ability for film cooling analysis

Testing of turbulence models was performed for four 
types of film cooling holes (Fig. 1) and experimental condi-

tions [16], with blowing ratios corresponding to the efficiency 
values of each hole close to the maximum.

Seven RANS turbulence models were applied for each 
hole model, including two-parameter k-ω SST, k-ω SST (Low 
Reynolds corrections), k-ω GEKO, k-ω WJ-BSL-EARSM, k-ε 
realizable, k-ε RNG, and one-parameter Spalart-Allmaras model. 
The presence of the k-ω SST turbulence model with the "Low 
Reynolds corrections" option in the list is explained by the low 
Reynolds number in the film cooling hole itself, which is about 
12,000 at the injection parameter m = 1. The k-ε group models for 
solving the turbulent boundary layer were used exclusively with 
the "Enhanced Wall Treatment" option. The function includes 
the "Enhanced Wall Function" (EWF) and allows keeping the 
Y+ parameter both less than 1 and at the coarse mesh level. The 
standard k-ω and k-ε models were also used in the calculations 
but showed the worst convergence of the calculation in their 
groups; therefore, they were not presented in further materials.

Fig. 8, a shows the results of the calculation of the lateral 
efficiency of model 1, which is a cylindrical hole, the efficiency 
of which is the highest at low blowing ratios. It can be seen 
that all turbulence models, except for the k-ω WJ-BSL-EARSM, 
which is much lower, are quite close to the experiment and 
describe the trend well. The results of the k-ω GEKO, k-ω SST 
and even Spalart-Allmares turbulence models are closest to the 
baseline experiment. 

Fig. 8, b shows the results of the calculation of the effi-
ciency along the centerline for the same cylindrical hole at the 
blowing ratio m = 0.5. Due to the fact that the baseline exper-
iment does not provide an analysis of the efficiency along the 
centerline, a comparison is made with the experiment [18], 
which was carried out at different injection parameters and 
DR values. In this case, an experiment with values as close 
as possible to the base experiment is presented, namely at 
m = 0.515 and DR = 0.96. 

 

Minimum element
0.005D

Growth rate k = 1.20
Maximum element 0.3D 

Fig. 6. Fragment of a structured computational grid (level 3 – 6.2 million elements)

a b

Fig. 7. Comparison of the results of the k-ε realizable turbulence model for polyhedral and block structured 	
third-level meshes with a cylindrical film cooling hole at blowing ratios m = 0.5 and m = 1.0: 	

a – lateral; b – along the centerline
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As can be seen from Fig. 8, b, the results for all turbu-
lence models are significantly higher than the experimental 
data. The closest results to the experiment were shown by 
the models of the k-ε group (Realizable and RNG), although 
at large values of X / D, the calculation using the k-ω turbu-
lence model WJ-BSL-EARSM has a significantly better result. 
Unfortunately, the popular k-ω – SST model demonstrates the 
worst agreement with the experiments. Additionally, a CFD 
calculation [19] from Iowa State University is presented, with 
which the validation of the base model of a cylindrical hole 
was carried out in work [20]. As can be seen from Fig. 8, b, 
this CFD calculation, which was made using the k-ε Realiz-
able turbulence model, coincides well with the calculation 
carried out in this work with the same turbulence model.

Fig. 9, a, b shows the results of the calculation of the lateral 
efficiency of model 2, which is a fan-shaped hole, for turbu-
lence intensity of 0.5% and 10%, respectively. The authors of 
paper [16] noted that for this type of hole the cooling efficiency 

depends weakly on the blowing ratio m and still remains high 
at an blowing ratio greater than 1.5. For the blowing ratio 
m = 0.7, the authors presented an analysis of the influence of 
the main flow turbulence. 

All turbulence models for model 2 showed a satisfactory  
agreement with the experiment in both magnitude and trend, 
however, the k-ε Realizable turbulence model gives the 
closest absolute results of the cooling efficiency to the exper-
imental data for both turbulence intensity of 0.5% and 10%.  
According to the experiment for model 2, at a higher tur-
bulence intensity along the entire length X / D, a drop (on 
average by 0.04) in the cooling efficiency is observed. This 
relative drop in cooling efficiency with increasing turbulence 
is found to be better modeled by the k-ω models. The k-ε 
models (Realizable and RNG) are less sensitive to the drop 
in efficiency with increasing turbulence, while the one-pa-
rameter Spalart-Allmaras model exhibits the largest drop in 
efficiency when going from 0.5% to 10% turbulence.

a

b
Fig. 8. Film cooling efficiency calculations on a level 3 grid: 	

a – comparison of lateral efficiency calculations for model 1 (cylindrical hole) at m = 0.5; b – comparison of efficiency 
calculations along the centerline of model 1 (cylindrical hole) at m = 0.5
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Fig. 10, a shows the results of the calculation of the lateral 
efficiency of model 3, which is a quasi-two-dimensional slot 
or oval hole. According to [16], the film cooling efficiency of 
this hole reaches a maximum at m = 1.0. Comparison of the 
experimental data with the experimental Weidhardt equa-
tion (3) for the slot showed good agreement with the experi-
ment at large values of X / D; however, the proposed Hartnett 
correlation (4) generally demonstrates better agreement with 
the experiment:

� f X MS� � ��21 8 0 8. / ,. 	 (3)

� f X MS� � ��16 9 0 8. / .. 	 (4)

In this case, the width of the equivalent gap S was calcu-
lated by the authors of [16] as the ratio of the area of a con-
ditional cylindrical hole, the diameter of which is 6.25 mm, 

to the pitch between the holes. Thus, the blowing ratio m = 1 
is obtained by the coolant flow rate for this conditional hole.

All turbulence models of the k-ω group, as well as the 
Spalart-Allmaras model, agree well with the experimental 
data. The k-ε group models at small values of X / D showed 
clearly underestimated data.

Fig. 10, b shows the result of the calculation of the lateral 
efficiency of model 4, which is a diffuse slot. The diameter of the 
hole, equal to 6.25 mm in the initial section, expands laterally 
at angles of 15° and forms the initial oval part of the hole, as in 
model 3. The best results were provided by the k-ε Realizable tur-
bulence model. The k-ω group models in this case demonstrate 
a rather noticeable asymmetric distribution of the cooling effi-
ciency relative to the centerline, which in the stationary RANS 
problem can only be explained by the uneven distribution of 
the grid. The results for the k-ε Realizable turbulence model are  
given for the blowing ratios m = 0.7, m = 1.0 and m = 2.0.

Fig. 9. Calculations of film cooling efficiency on a level 3 grid: 	
a – comparison of calculations of lateral efficiency of model 2 (fan hole) at m = 0.7 with turbulence intensity of 0.5%; 	
b – comparison of calculations of lateral efficiency of model 2 (fan hole) at m = 0.7 with turbulence intensity of 10%

a

b
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In [16], experimentally obtained air temperature contours 
in the YZ plane at several X / D values were also presented, 
which were obtained by thermocouples installed on a moving 
comb. It was noted that in model 3, which is an oval hole, 
the maximum efficiency of the film is 
strictly behind the hole. A sharp drop in 
efficiency was also observed in the lateral 
direction immediately behind the edge of 
the hole of model 3 due to the mixing of 
the jet with the main flow. However, in 
model 4, which has the same geometry 
of the outlet section as model 3, the 
maximum efficiency is shifted to the side 
(to the left by the authors), which can be 
explained by the Coanda effect, that is, 
the jet breaking due to its sticking to the 
wall. A comparison of the film cooling 
efficiency of models 3 and 4 at the blow-

ing ratio m = 1 (but with the same coolant flow rate) for the 
k-ε Realizable turbulence model is shown in Fig. 11.

The efficiency distribution pattern on a flat plate confirms 
the above observations by the authors of [16].

a

b

Fig. 10. Calculations of film cooling efficiency on a level 3 grid: 	
a – comparison of calculations of lateral efficiency of model 3 (oval hole) at m = 1.0; b – comparison of calculations of lateral 

efficiency of model 4 (diffuse slot) at m = 0.7, m = 1.0 and m = 2.0

 

X/D=0 X/D=112

0.10 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Fig. 11. Comparison of film cooling efficiency of models 3 and 4 with 	
the same outlet cross section at the blowing ratio m = 1 with the turbulence 	

model k-ε Realizable
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To assess the operating range and stability of the working 
model, an additional calculation with boundary conditions [16] 
(DR = 0.9) was performed with the k-ε Realizable turbulence 
model for a 7-7-7 type orifice. The results obtained were com-
pared with the experiment at DR = 1.5, with which the model 
was validated in [15]. This approach allows us to assess the 
performance of the model in the case of mismatch of individual 
physical parameters, but comparable injection modes. In [15], 
the authors also used the k-ε Realizable turbulence model to val-
idate the calculation model. The 7-7-7 hole was located at an an-
gle of α = 30°, the length of the cylindrical part was 2.5D, and the 
length of the expanding section was 3.5D. The area of the output 
cross-section of the hole was 2.5 times larger than the area of the 
cylindrical channel. For comparison with the experiment under 
the same conditions, after the results obtained, the efficiency 
value for the model with P / D = 5 was reduced in proportion to 
the step. The comparison results are shown in Fig. 12.

The CFD calculation showed reasonable agreement with 
the experimental data, and, at the same time, it describes the 
trend well. The maximum deviation from the experimental data 
occurred for the curve m = 0.5. The average deviation along the 
X / D coordinates for this curve is 16%. The smallest deviation 
from the experimental data was shown by the curve for m = 1.0, 
the average deviation along the X / D coordinates of which is 7%.

5. 4. Analyzing the ability of the validated model to 
study the technological features of applying TBC

High-pressure gas turbine blades are often covered with 
a layer of ceramics that acts as a thermal barrier coating. The 

coating is applied to the blade after making perforation holes, 
including getting into the hole itself. It is obvious that such 
a technological sequence can lead to distortion of the outgoing 
air jet, changing the jet slope and affecting the efficiency of 
film cooling. That is why it can be proposed to make a trench 
in the TBC layer at the location of a number of holes. Making 
a trench with a small relative height H / D, which is far from 
the optimal values of the trench height in this case, prevents 
partial blocking of the hole and, as a result, jet deflection. These 
technological features of the production of film-cooled blades 
are the subject of further research, which would be impossi-
ble without careful validation of computational CFD models.

In this regard, simplified calculation models were addition
ally built for a possible option of blocking the TBC hole (Fig. 13, a) 
and a variant with a trench made in the TBC (Fig. 13, b). The 
3-level grid was taken as a basis (Table 1).

A preliminary analysis of film cooling on a plate has re-
vealed the influence of the TBC configurations on the film 
efficiency for a shaped hole. Figure 14 shows a comparison 
of the efficiency of the shaped hole 7-7-7, the variant with 
the TBC application after the hole is made, and the variant in 
which a trench is made in the TBC layer.

As can be seen from Fig. 14, at small blowing ratios, 
blocking the shaped hole does not harm the cooling efficiency. 
Making a trench in the TBC layer in this case is unnecessary 
and even worsens the cooling efficiency. At large blowing 
ratios, jet deflection due to blocking the TBC hole leads to 
a rather noticeable deterioration in the cooling efficiency. 
Making a trench in this case is justified.

Fig. 12. Comparison of CFD calculation results using the k-ε Realizable turbulence model with experimental data

   

TBC

Metal
TBC

Metal

Trench

a b

Fig. 13. The selected computational grid of level 3 with modeling of the thermal barrier coating layer (together with the 
sublayer) H / D = 0.4: a – hole shape 7-7-7 with blocking by the thermal barrier coating at the outlet; b – hole shape 7-7-7 

with a trench made inside the thermal barrier coating
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It is clear that even these initial results indicate the need 
to make adjustments to existing methods for predicting film 
performance.

6. Discussion of results based on the validation  
 of the calculation model

To substantiate the selected model and to confirm reasonable 
accuracy in determining the efficiency of film cooling from cy-
lindrical and shaped holes, a 3D CFD model on a flat plate was 
developed and validated. In the future, this will make it possible 
to optimize the geometry of the holes and injection modes in the 
cooling problems of gas turbine engine blades and provide rec-
ommendations for improving the film cooling system. The size 
of this model is sufficient for modeling a thin layer of thermal 
barrier coating both for describing partial blocking of the hole 
and for describing a trench made in the coating.

For the k-ε Realizable turbulence model, the best conver-
gence of the results for lateral cooling efficiency was obtained 
already on a coarse grid of level 1 (Fig. 5, a). The same conclu-
sion regarding this turbulence model was drawn in [9] when 
studying the mesh convergence for film cooling with injection 
into a trench. However, to calculate the film cooling efficiency 
for given geometric and operating parameters without loss of 
accuracy, only grids of 3 or 4 levels (Table 1) can be selected in 
the future, depending on the required geometry detail. Grids of 
1 and 2 levels cannot be selected due to their significant impact 
on the film cooling efficiency along the center line (Fig. 5, b).

The structured block grid has no advantage over the polyhe-
dral grid in modeling the lateral efficiency (Fig. 7, a). However, 
it showed a smaller excess of the film cooling efficiency values 
along the centerline (Fig. 7, b), namely by an amount of up to 
0.03 over the entire length of X / D for a round hole at m = 0.5. 

The k-ω class models showed a better match of the lateral 
cooling efficiency for a cylindrical hole at small X / D ≤ 10, es-
pecially at small blowing ratios (Fig. 8, a). However, the models 
of this class also demonstrated a greater excess of efficiency 
along the centerline over the experiment than the k-ε class 
models (Fig. 8, b). Thus, the popular k-ω SST model, with 
a good match with the experiment in lateral efficiency, showed 

the largest excess along the centerline (more than 0.2 over the 
entire range of X / D) among all models. It should be noted that 
the k-ω SST turbulence model with Low Reynolds corrections 
option showed better results than the basic k-ω SST.

In contrast to [8, 9], our study uses existing, unadapted 
turbulence models to calculate the efficiency of film cooling 
on a flat plate. This allows for a wider application of the 
CFD model, making it more versatile, but with a loss of 
accuracy in some criteria where an adapted model may be 
more useful.

None of the seven RANS turbulence models showed agree-
ment on all criteria of the four orifice models. However, the 
most universal among the considered models is k-ε Realizable 
with enhanced wall function and standard constants C2-Epsi-
lon = 1.9, TKE Prandtl number = 1, TDR Prandtl number = 1.2, 
Energy Prandtl number = 0.85, Wall Prandtl number = 0.85.

The k-ε Realizable turbulence model among all turbulence 
models provided the best agreement with the results of lateral 
efficiency of fan orifices, namely models 2 and 4 (Fig. 9, 10). 
This can be explained by the better distribution of turbulent 
stresses in the complex flow zones. Also, together with the 
k-ε RNG and k-ω WJ-BSL-EARSM turbulence models, the  
k-ε Realizable model showed the smallest error in determining 
the efficiency along the centerline of model 1. At the same time, 
the error in determining the lateral efficiency of model 1 at 
m = 0.5 and X / D > 15 for k-ε Realizable does not exceed 10%.  
Additionally, a calculation with boundary conditions [16] 
was performed with the k-ε Realizable turbulence model for  
a 7-7-7 type hole. The calculation showed a satisfactory agree-
ment with the experimental data (Fig. 12).

The k-ε Realizable turbulence model cannot be recom-
mended only for calculating the efficiency of the slot (model 3), 
although it describes the trend quite well (Fig. 10, a).

The above allows us to state that for these geometric and 
operating parameters the most universal CFD model of film 
cooling was developed, which is justified for further work.

In further theoretical studies using this CFD model, the 
following limitations must be taken into account, within 
which this validation was carried out:

– the model is valid for cylindrical and fan-shaped holes with 
expansion angles up to 15° in the lateral and front directions;

Fig. 14. Comparison of cooling efficiency results for a shaped hole with P / D = 5 when applying TBC after hole execution 	
and with the proposed trench
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– injection parameters m = 0.5–2.0;
– ratio of coolant density to main flow density DR = 0.9 – 1.5;
– main flow turbulence intensity Tu∞ = 0.5–10%;
– longitudinal relative length X / D = 2–112;
The disadvantages of the study include:
– underestimation of the lateral efficiency of the cylindri-

cal hole relative to the experiment, especially at high injection 
parameters m ≥ 1.5;

– conducting research at low temperatures of the coolant 
and the main flow, which may require adjustment by the ACR 
parameter (advective (heat) capacity ratio [21]) when scaling 
to real engine parameters;

The development of this research may consist of the fol-
lowing:

– validation has been performed for a flat plate, but real 
blade shapes (suction side and pressure side) require addi
tional calculations for convex and concave surfaces;

– performing calculations with different angles β, includ-
ing with backward holes directed towards the flow.

7. Conclusions

1. Mesh convergence study showed that the results of 
lateral efficiency and centerline cooling efficiency for given 
geometric and operating parameters can be sufficiently reli-
able only when using a level 3 mesh with a size of 5.8 million 
elements or higher.

2. The comparison of the unstructured computational 
mesh with the structured block mesh demonstrates the 
absence of a difference in calculating lateral efficiency. The 
advantage of the structured mesh in calculating centerline 
efficiency is not significant. For further studies, a simpler 
polyhedral mesh was chosen.

3. None of the considered turbulence models showed 
a coincidence in all criteria of the four hole models. How-
ever, the most universal among the seven turbulence mod-
els is the k-ε Realizable with an enhanced wall function, 
which is recommended for further studies for cylindrical 
and shaped holes.

4. The thorough validation of CFD mesh models allowed us 
to lay a reliable basis for studying the influence of technological 
features of applying TBC in the locations of perforation holes 
of gas turbine blades. The difference in the efficiency of film 
cooling of a shaped hole with the usual technology of apply-
ing TBC and the variant with a trench in TBC can reach 0.05.  
At modern gas temperature levels, this value can be up to 
50°C when calculating the film temperature.
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