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Abstract—Today, film cooling is widely used in axial turbines 

of aircraft gas turbine engines. Typically, a turbine blade has 

a large number of holes, and finding their optimal 

configuration and location is a difficult task, where it is 

necessary to search for the optimal combination of a huge 

number of factors depending on many conditions. For this 

reason, the experimental study of film cooling is difficult. 

Here modern methods of numerical simulation come to the 

aid of the researcher. In this paper, a study is carried out 

aimed at finding the optimal settings for numerical models of 

the working process in film-cooled turbines using conjugated 

3D models of the working process, which take into account 

the flow in the blade and internal channels, as well as the 

thermal state of the blades. The stationary nozzle blades of 

the first stage of a high-temperature turbine, for which there 

are experimental data, was taken as the object of study. As a 

result of the research, optimal settings of numerical models 

were found, which allow simulating the workflow in cooled 

film-cooled turbines accurately and at a reduced cost. The use 

of these recommendations will make it possible to obtain 

results close to the real ones while reducing the required time 

and computational costs.   

 

Index Terms—axial turbine, cooling, nozzle blade, film 

cooling, numerical modelling, verification 

I. INTRODUCTION 

The temperature of the gases at the turbine inlet of 

modern gas turbine engines can reach up to 1800-2000K. 

This temperature exceeds the melting point of the 

construction material. For these reasons, the blades and 

other components have to be cooled intensively by 

blowing air, the temperature of which is considerably 

lower than the temperature of the gases. The coolant exits 

into the flow path and mixes with the main flow, which 

significantly affects both the gas dynamic processes and 

the heat exchange between the blades and the flow [1]. 

Therefore, when modelling the turbine processes, it is 

important to consider both the interaction of the main flow 

with the coolant and the heat release into the blade body. 

This will significantly improve the accuracy of the 

simulation and allow to assess not only the turbine 

efficiency, but also the thermal and stress state of the 

blades simultaneously. Modern computational fluid 
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dynamics (CFD) simulation programs make it possible to 

carry out such simulation and in available scientific 

publications one can find a lot of examples of coupled 

simulation of turbine processes [2-9, 11-15]. In these tasks, 

numerical process models have one thing in common. 

They have a large number of elements (due to the 

modelling of flow, solid body and cooling channels) and 

consequently a large computational time and demands on 

the computational resources and skills of the calculator. 

However, this results in high validity of the outcomes. It is 

achieved because this mathematical model takes the 

geometry of the real object into account as much as 

possible. The dimensions of all elements are matched, the 

loss of accuracy from the data transfer is minimised.  

However, after analysing the available publications, the 

authors were unable to find generally accepted 

recommendations for reliable modelling of cooled turbines 

with minimal use of computer resources and time. For 

these reasons, the aim of this paper is to find rational 

recommendations for the choice of settings of coupled 

numerical models of the cooled turbine working process, 

which will allow to obtain results close to the real flow and 

thermal state parameters, but requiring a reasonable 

solution time.  

The study decided to focus only on those computational 

model settings (turbulence models and finite volume grid 

parameters) that can be changed by a practicing engineer 

who is not sufficiently qualified to make changes to 

algorithms and software codes.  

In this paper, the authors focused on modelling the 

blades with a film cooling system. 

II.  NUMERICAL MODEL OF A NOZZLE BLADE WITH 

FILM COOLING 

The research was carried out on the example of an 

annular fixed nozzle blade of the high pressure turbine 

(HPT) first stage of one of Kuznetsov engines (Fig. 1). 

This blade has a large number of film cooling holes near 

the leading edge. The air is supplied to them through the 

deflectors. This blade has 2 coolant inlet cavities. 
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(a) (b) (c) 

Figure 1. View of Kuznetsov blade from pressure side (a) and suction side (b) with thermocouple arrangement 

diagram in experiment (c). 

For this nozzle blade (NB) of the first turbine stage, the 

results of its thermal condition evaluation are available on 

the model bench. Blade height – 0.06m, width -0.045m. 

The NB sector was purged with hot air with an inlet 

temperature of 1120K and overpressure of 70kPa. The 

static pressure at the NB sector outlet corresponded to 

atmospheric pressure. The Mach number at the NB outlet 

was equal to 0.92, Reynolds criterion 3.5∙106. Cooling air 

temperature at the inlet to the front cavity of the blade was 

650K, overpressure 74kPa. In the experiment, the rear 

cavity of the coolant was closed, and cold air was blown 

out only near the leading edge.  

During the tests, the surface temperatures of the middle 

blades of the three NB units were measured at 11 points, 

as shown in Fig. 1. The temperature of the blade surface 

was measured by thermocouples on three different blades 

in the same places. All thermocouples, except for those 

that failed, showed close results. The temperature 

difference was no more than 1%. During the tests, 

calibrated measuring instruments were used and all 

metrological requirements for such measurements were 

met. Since the information was provided by PJSC 

Kuznetsov, we have exactly the data that is given in the 

test report. Unfortunately, they are not available in the 

public domain. We are not aware of the presence of other 

similar experimental data in open publications. 

A 3D conjugate thermal and gas dynamic calculation 

was carried out in the work. 

The main goal of the work is to find the best settings of 

numerical models for accurate simulation of film cooling 

with minimal computational resources. For this reason, the 

study is aimed specifically at the issues of heat transfer and 

aerodynamics of blade and internal channels. The study 

does not address the issues of strength and resource of the 

blade airfoil. Strength studies were also not carried out due 

to the fact that the flow in a stationary nozzle blade is being 

investigated, for which the strength issues are not as acute 

as for the working blade, but it is important to provide 

thermal protection. In addition, a model problem of heat 

transfer in a blade with disabled convective cooling was 

studied. Those. The cooling system of the considered blade 

is far from real and its strength calculation will not give 

adequate results. 

The non-stationarity of the flow is not taken into 

account here due to the fact that for a given blade it comes 

from the combustion chamber and is of a complex nature. 

A numerical model of the blade working process was 

created in the Ansys CFX software package (Fig. 2) and 

included the main flow area, the front cavity of the coolant 

and the blade body. 

The initial grid model of the NB process consisted of 

30.3 million tetrahedral elements with prismatic wall lay-

ers (Fig. 3). 

The following settings were used to build the mesh 

model [10], which were derived from experience in 

building mesh models of uncooled turbine blades:  

‒ maximum global dimension – 0.002m;  

‒ near wall layer of the coolant cavity elements - 20 

layers with first element height of 1 µm and growth 

coefficient of 1.2;  

‒ near-wall layer of the blade passage - 40 layers with 

first element height of 1 µm and growth coefficient of 1.2 

(calculated height of the last element of the near-wall layer 

is 0.00147 m, total thickness of the near-wall layer is up to 

0.008m).  

The value of the dimensionless parameter y+ for the 

calculated model does not exceed 0.4 over the entire 

external surface of the blade. 

 

Figure 2. Numerical model geometry for working process calcu-

lation taking into account film cooling of the Kuznetsov nozzle 

blade. 
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Figure 3. Basic grid model appearance of the Kuznetsov NB with internal cavity at the leading edge. 

The following boundary conditions have been adopted 

for the calculation (Fig. 2):  

‒ the working fluid is an ideal gas, with temperature-

dependent values of heat capacity and viscosity; ‒ 
turbulence model - SST;  

‒ at the inlet boundary for the main flow in the turbine, 

the following boundary conditions p*=166713 Pa, 

T*=1123 K were set;  

‒ at the outlet boundary - p=98067 Pa;  

‒ boundary conditions for the coolant entering the 

cooling system channels p*=70047 Pa, T*=653 K  

Also, at the inlet boundary of the NB and the inlet 

boundaries of the coolant a turbulence intensity of 5% was 

set.  

As a result of the base model calculation, the 

temperature values at the locations where the 

thermocouples were located in the experiment (points on 

the profile surface in Fig. 4) were determined. For the 

obtained temperature values the film cooling efficiency 

coefficient was calculated by the formula:  

𝜃 =
𝑇∗

𝑔−𝑇𝑏𝑙𝑎𝑑𝑒

𝑇𝑔−𝑇∗
𝑐𝑜𝑙𝑎𝑛𝑡

, 

where 𝑇∗
𝑔 is the main flow temperature at the NB inlet;  

𝑇𝑏𝑙ade is flow temperature at the blade surface;  

𝑇∗
𝑐𝑜𝑙𝑎𝑛𝑡  is coolant temperature.  

Fig. 4 compares the calculated distribution of the film 

cooling efficiency around the blade perimeter with the 

experimental data. 

Analysis of the data in Fig. 4 shows that:  

1) the calculation results differ qualitatively and 

quantitatively from the experimental data. Qualitative 

coincidence is observed only in points 8 ... 11, located on 

the suction side of the profile;  

2) significant discrepancy with the experimental data is 

observed at the pressure side in the throat area (points 1-2), 

which requires further research;  

3) the discrepancy at points 4 ... 6 on the leading edge 

is explained by the presence in this area of holes for the 

coolant blow-out, which disturb the flow, thereby making 

it difficult to determine the correct temperature values;  

4) the calculation results coincide with the experimental 

data only at points 3, 7, which are a short distance away 

from the coolant blowout points.  

The difference between calculated and experimental 

values of cooling efficiency factor reaches 25%.  

Analysis of results of basic calculation shows that 

application of settings obtained from open sources 

(especially for uncooled turbines) does not lead to 

qualitative results when modelling operation process of 

cooled turbines with coupled heat exchange. As it was 

mentioned earlier there is no information in open 

publications about settings of calculation models for 

investigation of coupled processes in cooled turbines with 

film cooling. For this reason, it seems topical to conduct 

research aimed at finding such recommendations. 

III. FILM COOLING SIMULATION RESULTS 

In order to investigate the influence of the parameter y+ 

on the results of numerical simulation of the coupled 

working process in a film-cooled axial turbine, several 

numerical models were created. The value of parameter y+ 

in them varied from 0.1 to 2 over the entire surface of the 

blade. The results are shown in Fig. 5. It can be seen that 

the change of parameter y+ in the considered range does 

not significantly influence the results of calculation of 

cooling efficiency. 

Several numerical models have been created to 

investigate the influence of the number of elements in the 

near-wall layer of the finite volume grid on the numerical 

simulation results of the coupled working process in an 

axial-film-cooled turbine. The number of elements in the 

near-wall layer varied from 0 to 40. The value of parameter 

y+ in all models was equal to 0.4. The results are shown in 

Fig. 6. The following conclusions can be drawn from 

comparison of the results of these calculations with each 

other and with experimental data. 

1. Increase of layer number in near wall layer over 30 

does not lead to significant change of calculated efficiency 

values for points 1-3, 5, 7-11. Probably, for the number of 

layers 30 and more with the chosen grid model parameters 

grid convergence is established, i.e. increase of number of 

elements in the near wall layer does not lead to significant 

change of calculation results. The exceptions are points 4 

and 6, located in the area of the hole rows. 
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Figure 4. Comparison of results of film cooling efficiency cal-

culation with experimental data. 

Figure 5. Comparison of the calculation results of the film cool-

ing efficiency coefficient at different y+. 

 

Figure 6. Results of calculating the efficiency factor for film cooling 

with different numbers of layers in the near-wall layer. 

2. An increase in the number of layers from 10 to 30 

leads to a significant change in the calculation results. The 

resulting effect can be explained by the different resolution 

of the mesh model for the areas of both coolant interaction 

with the main flow and coolant spreading. So, for example, 

when the number of elements in the near-wall layer is 10 

the thickness of the near-wall layer is 0.0003 m, there is a 

blurring of the film curtain which leads to a high 

temperature on the blade surface.  

3. A comparison of the total temperature distribution in 

the cross section behind the coolant discharge holes is 

shown in Fig. 7 and 8. 

 

 
 

Figure 7. Distribution of braking flow temperature in the cross section be-

hind the blow-out holes for the number of near wall layers: 10. 

Figure 8. Distribution of braking flow temperature in the cross section 

behind the blow-out holes for the number of near wall layers: 40. 

From Figs. 7 and 8 it can be seen that the pattern of 

distribution of braking flow temperature is qualitatively 

and quantitatively different for the considered variants. For 

the model with 10 near-wall layers the area of low flow 

temperature caused by coolant blowing out occupies a 

large part of the main flow, while for the model with 40 

near-wall layers the coolant is localized near the blade wall. 

For the model with number of near-wall layers 40 a zone 

of low temperatures is observed in the area from the 

middle to the blade periphery, which is explained by 

coolant blowing out from the third row, which holes are 

located from the middle height to the blade periphery.  

To quantify the results obtained, an absolute error 

analysis was performed for all points - qMSE (Fig. 9). To 
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do this, first calculate the variance 𝜎2 (mean square of 

variance) using the following formula:  

𝜎2(𝜃) = 𝑀𝑆𝐸(𝜃) =
1

𝑛 − 𝑚
∑(𝜃exp 𝑖 − 𝜃𝑖)

2

𝑛

𝑖=1

, 

𝑖=1 where n is the number of points of the characteristic 

(calculated or experimental) lying within the range  

m - number of terms in the regression equation (m=0).  

The average value of cooling efficiency (both obtained 

in the experiment and by numerical model) was found 

according to the formula:  

𝜃𝑒𝑥𝑝 𝑎𝑣𝑒 =
1

𝑛
∑ 𝜃exp 𝑖

𝑛

𝑖=1

 

The so-called mean residual model qMSE, which 

characterises the mean deviation of the calculated data 

from the experimental data or the integral (over the whole 

characteristic) absolute error in determining the efficiency 

factor, was calculated according to the formula:  

𝑞𝑀𝑆𝐸(𝜃)√𝑀𝑆𝐸(𝜃). 

Fig. 9 shows that changing the number of layers in the 

near-wall layer from 10 to 40 has an effect on the integral 

error value of the film cooling coefficient, it changes by 

about 9%. The largest absolute error is obtained for the 

model with 10 layers and the smallest absolute error for 

the model with 25 layers. As the number of layers 

increases from 30 to 40, the absolute error of the film 

efficiency remains practically unchanged. 

In order to investigate the influence of the distribution 

of elements in the near-wall layer of the finite volume grid 

on the numerical simulation results of the coupled working 

process in an axial-film-cooled turbine, 7 numerical 

models have been created. All of them had 40 near-wall 

layer elements but different near-wall layer growth 

coefficients (ratio of thicknesses of neighbouring elements 

when moving towards the wall). The growth coefficient for 

the models considered varied from 1.05 to 1.5. The 

calculation results are shown in the Fig. 10. 

 
 

Figure 9. Comparison of absolute errors in determining the effi-

ciency factor of film cooling. 

Figure 10. Calculation results for film cooling efficiency at different 

values of the growth coefficient in the near-wall layer. 

 
 

Figure 11. Comparison of absolute errors in film cooling efficiency 

coefficient. 

Figure 12. Results of film cooling efficiency calculation. 

 

The following conclusions can be drawn from a 

comparison of the results of the calculations:  

1. An increase in the growth coefficient in the near-wall 

layer greater than 1.2 does not result in a significant shift 

in the cooling efficiency for all the test points. 

Consequently, the calculation results are more 

significantly influenced by the thickness of the near-wall 

layer. 

905© 2022 Int. J. Mech. Eng. Rob. Res

International Journal of Mechanical Engineering and Robotics Research Vol. 11, No. 12, December 2022



2. An increase in the growth coefficient from 1.05 to 1.2 

leads to a significant change in the calculation results. The 

obtained effect can be explained by the difference in the 

resolution of the grid model for the areas of both coolant 

main flow interaction and coolant spreading.  

To quantify the results obtained, an absolute error 

analysis was performed for all points - qMSE (Fig. 11).  

Fig. 11 shows that changing the growth coefficient in 

the near-wall layer from 1.05 to 1.5 has an effect on the 

integral error value of the film efficiency, it changes 

approximately by 4%. The largest absolute error is 

obtained for the model with a growth factor of 1.1, the 

maximum relative error for the model with a growth factor 

of 1.105. Models with a growth factor of 1.2 and above 

have close values of the absolute error of the film 

efficiency. 

In order to investigate the influence of the size of the 

first element in the near-wall layer of the finite volume grid 

on the numerical simulation results of the coupled working 

process in an axial-film-cooled turbine, 3 numerical 

models were created. They had the dimensions of the first 

element 0.25mm, 1mm, 2mm. Their numerical results are 

shown in Fig. 12. 

The following conclusions can be drawn from an 

analysis of the results of the calculations:  

1. Changing the size of the mesh element on the blade 

surface has a significant effect on the calculated coefficient 

of film cooling efficiency θ. Increasing the size of the ele-

ment leads to a decrease in the calculated value of the film 

cooling efficiency. This is explained by the rarefaction of 

the near-wall layer of the mesh and, as a consequence, the 

blurring of the boundary layer, which leads to an increase 

in temperature and a decrease in the coefficient of effi-

ciency of film cooling.  

2. In the area of a leading edge there is practically no 

change which is explained by the peculiarity of mesh 

building: in the area of a leading edge the profile geometry 

of investigated grid has high value of curvature, therefore 

the given value of the element size on a blade surface does 

not lead to mesh change in the area of a leading edge.  

To quantify the results obtained, an absolute error 

analysis was performed for all points - qMSE (Fig. 13). 

It can be seen that the change in size of the first element 

in the range under consideration has a minimum in 

absolute error. This is due to the different effect of the 

element size on the pressure and suction sides of the profile. 

 

Figure 13. Comparison of absolute errors. 

IV. CONCLUSIONS 

In a summary of the results of a series of studies on the 

influence of the grid model settings of a cooled nozzle 

blade with film cooling on the calculation results, the 

following results were obtained: 

1. Changing the number of layers while maintaining the 

near wall layer thickness has no effect on the calculation 

results when the number of layers is greater than 30. The 

recommended number of wall layers is at least 20 with a 

growth factor of at least 1.2.  

2. Changing the size of the near-wall element on the 

blade has a significant effect on the results of the film cool-

ing coefficient calculation. Increasing the size of the ele-

ment leads to a decrease in the calculated coefficient of 

film cooling efficiency.  

3. It is found that the influence of the investigated pa-

rameters on the obtained values of film cooling efficiency 

coefficient 𝜃 pressure and suction sides of profiles is dif-

ferent. On a suction side it is recommended to reduce the 

size of the element on the surface by 4 times in comparison 

with the size of the element on the surface of a pressure 

side.  

Recommendations for adjustment of numerical models 

of working process of turbine blades with film cooling in 

three-dimensional statement are formed:  

 ‒  y+ value not exceeding 2;  

 ‒  number of cells in the near wall layer: at least 20;  

 ‒  cell growth factor in the near wall layer: not less than 

1.2.  

The use of these recommendations will make it possible 

to obtain results close to the real ones while reducing time 

and computational costs. 
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NOMENCLATURE 

C3X  investigated blade;  

GTE  gas turbine engine;  

HTC  heat transfer coefficient;  

Mark II  investigated blade;  

NB  nozzle blade;  

PJSC  Public joint-stock company. 
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