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Abstract. This paper presents the compressor blade algorithm for predicting the defect 

influence on the characteristics of the stage, axial compressor or GTU as a whole. The 

developed model is based on the use of Bezier curves, with the control point coordinates 

calculated using the main geometric parameters of the airfoil, which provides highly precise 

geometry of both the airfoil and the blade as a whole. The paper shows some results of 

verification of the developed method and the selected numerical model parameters, as well as 

the analysis of the defect influence on the airfoil flow conditions in order to demonstrate the 

capabilities of the algorithm. The main results of the study were summarized and 

recommendations for further research were developed. 

1. Introduction

Currently, the application range of gas turbine technologies tends to widen including transport (air and 

maritime) and various industries (chemical, oil and gas) [1]. In addition, gas turbines are increasingly 

being used in power industry, e.g. in the combined steam and gas cycle at thermal power plants. In 

modern combined-cycle plants, a gas turbine unit (GTU) generates more than half of the output power. 

At the same time, gas turbine operating parameters substantially contribute to the overall reliability 

and efficiency. 

The GTU efficiency largely depends on the technical condition of its components, which can be 

changed significantly while in operation [2]. GTU technical condition determines its service limit [3].  

One of the most complex and important GTU components is an axial compressor. The axial 

compressor consumes more than half of the power generated by the turbine, which depends on the 

pressure ratio in the cycle, turbo-machine efficiency, incoming gas temperature (before it goes to the 

turbine), and incoming air temperature (before it goes to the compressor). Since the axial compressor 

consumes a large amount of power, it is important to achieve and maintain its high efficiency and 

sufficient gas-dynamic stability margin, which primarily depend on the quality of the blade row [4]. In 

this regard, allowable size and shape deviations are specifically regulated during manufacturing and 

repair of axial compressor blades, as well as other turbines [5, 6]. Significant geometric deviations 

from the reference or allowable values may lead to various turbine breakdowns. Thus, making a blade 

leading edge thinner (in other words, reducing its radius) will result in a significant margin reduction 

of the axial compressor stable operation in variable operating modes, as well as in the loss of the blade 

strength characteristics [7]. However, at the same time, this defect is relatively beneficial – with a 

thinner leading edge, the edge losses will be lower, which will improve the stage efficiency when 

operating at rated mode [2, 4]. Reducing the maximum airfoil thickness may serve as another example 
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[8]. The negative impact of this factor is related to the blade channel deformation, which leads to 

changes in the flow parameters near the airfoil and can result in local failures and, in some cases, in 

the blade strength and dynamic characteristic degradation. On the other hand, the level of friction loss 

may decrease due to the reduced friction area. Such deviations that are contradictory in their impact on 

the axial compressor efficiency may concern almost all airfoil geometric parameters, so the assessment 

and analysis of such an impact is an important and long-term task. The operating mode of the stage 

should be seriously considered, since it will be the factor determining the nature of the defect 

influence on the main parameters of the axial compressor operation [4, 9]. 

There are three types of blade defects according to their causes: structural (for example, the presence 

of stress concentrators), technological (usually caused by a deviation from the optimal blade 

production process), and operational (corrosion and erosion processes, deviations from the rated duty, 

etc.). According to the statistics in [10], 29% of defects are structural, 17% and 11% – technological 

and operational, respectively, while the remaining 43% of defects are caused by a combination of 

those factors. However, a number of researchers (e.g. [11]), still consider operational defects (often 

blade erosion) the primary reason of rated mode deviations and GTU breakdowns. The development 

of certain defects will greatly depend on the scheme of the gas turbine, the degree of design solution 

testing and operating conditions. 

Today, 3D scanning is the main tool used to create models of defective blades (as an element of 

reverse engineering). In fact, the quality of a manually created or virtual three-dimensional model of 

an object may not always meet the problem setting, while 3D scanning allows achieving higher 

precision by using the real object, which is emphasized in [8]. However, the use of this method is 

limited due to related expenses (an expensive 3D scanner, a set of positioning targets, and other 

additional equipment) and the possible lack of access to the object under study. The development of 

completely digital models that would allow to predict accurately the performance of a gas turbine with 

defective components of geometric deviations in its design is a quite promising task. That is why 

many machine-building enterprises are actively engaged in researches in this field. 

2. Developed Method 

This research is aimed at developing a mathematical model that allows to predict the influence of a 

particular geometric deviation of the blade on the characteristics of the axial compressor and GTU as a 

whole with a reasonable degree of accuracy (figure 1). At the initial stage of creating this model, the 

main task is to develop a mathematical description of the blade, which would not only ensure the 

accuracy of its design, but also allow to make significant changes to the shape of the blade in all its 

regions and sections. In the future, the developed geometric topology will be applied to create a 

computational model used for numerical simulation of the working fluid flow in the air-gas channel 

containing defective blades. A database will be formed from the results obtained. If there were any 

defects in certain components of the air-gas channel, the user would get accurate information on the 

GTU compressor performance by setting specific parameters of the defect (for example, the value of 

the airfoil chord in the periphery). Similarly, a mathematical model determining the influence of 

defects on the blade strength characteristics can be developed. The tasks of the enterprises 

manufacturing, repairing and operating GTUs include the creation of a primary mathematical model, 

its implementation, and gradual refinement (based on up-to-date information).  
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Figure 1. Defect influence model algorithm 

 

The developed mathematical description of the blade geometry uses various Bezier curves (figure 2, 

a): second-order Bezier curves for edge modelling (1), and third-order Bezier curves for the suction 

and pressure sides of the blade (2). In this case, the airfoil coordinates are determined using the 

following equations: 
𝑋𝑙𝑒𝑎𝑑 = (1 − 𝑡)2𝑋𝐵3

𝑠𝑠 + 2𝑡(1 − 𝑡)𝑋𝐴1 + 𝑡2𝑋𝐵0
𝑝𝑠

𝑌𝑙𝑒𝑎𝑑 = (1 − 𝑡)2𝑌𝐵3
𝑠𝑠 + 2𝑡(1 − 𝑡)𝑌𝐴1 + 𝑡2𝑌𝐵0

𝑝𝑠

𝑋𝑡𝑟𝑎𝑖𝑙 = (1 − 𝑡)2𝑋𝐵0
𝑠𝑠 + 2𝑡(1 − 𝑡)𝑋𝐴2 + 𝑡2𝑋𝐵3

𝑝𝑠

𝑌𝑡𝑟𝑎𝑖𝑙 = (1 − 𝑡)2𝑌𝐵0
𝑠𝑠 + 2𝑡(1 − 𝑡)𝑌𝐴2 + 𝑡2𝑌𝐵3

𝑝𝑠

; (1) 

 

𝑋𝑠𝑠 = (1 − 𝑡)3𝑋𝐵0
𝑠𝑠 + 3𝑡(1 − 𝑡)2𝑋𝐵1

𝑠𝑠 + 3𝑡2(1 − 𝑡)𝑋𝐵2
𝑠𝑠 + 𝑡3𝑋𝐵3

𝑠𝑠

𝑌𝑠𝑠 = (1 − 𝑡)3𝑌𝐵0
𝑠𝑠 + 3𝑡(1 − 𝑡)2𝑌𝐵1

𝑠𝑠 + 3𝑡2(1 − 𝑡)𝑌𝐵2
𝑠𝑠 + 𝑡3𝑌𝐵3

𝑠𝑠

𝑋𝑝𝑠 = (1 − 𝑡)3𝑋𝐵0
𝑝𝑠

+ 3𝑡(1 − 𝑡)2𝑋𝐵1
𝑝𝑠

+ 3𝑡2(1 − 𝑡)𝑋𝐵2
𝑝𝑠

+ 𝑡3𝑋𝐵3
𝑝𝑠

𝑌𝑝𝑠 = (1 − 𝑡)3𝑌𝐵0
𝑝𝑠

+ 3𝑡(1 − 𝑡)2𝑌𝐵1
𝑝𝑠

+ 3𝑡2(1 − 𝑡)𝑌𝐵2
𝑝𝑠

+ 𝑡3𝑌𝐵3
𝑝𝑠

. (2) 

 

In equations (1) and (2) 𝑡 ∈ [0, 1] – the parameter that determines the position of a point on the Bezier 

curve. In this work, the setting unit for the suction and pressure sides of the blade is 0.01 and 0.04 for 

the edges, which allows calculating the coordinates of 100 and 25 points, respectively. 

The coordinates of the control points (𝐵0, 𝐵1, 𝐵2, 𝐵3) of the curves describing the leading and trailing 

edge as well as the suction and pressure sides of the blade are calculated using the main geometric 

parameters of the airfoil – pitch angle (𝛽у), chord (𝑏), radii of the leading and trailing edge (𝑅𝑖𝑛;  𝑅𝑜𝑢𝑡) 

and edge angles (𝜑1;  𝜑2), inlet and outlet blade angles (𝛽1𝑏; 𝛽2𝑏). This approach ensures highly precise 

design of the initial airfoil and provides the possibility to flexibly change its geometry [12]. Other 

geometric parameters of the airfoil (e.g. the maximum thickness) are calculated so that they could be 

controlled. The similar approach has proven itself in solving airfoil optimization problems [15, 16]. 
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a) 

 

b) 

 

c) 

 
 

Figure 2. Design of the airfoil (a), blade (b) and air-gas channel (c) of an axial compressor 

 

Using the required number of airfoils, set to a certain radius, allows to design a blade of any geometric 

shape (figure 2, b). The algorithm provides for setting the airfoil offset along the x and y axes. The 

axial compressor air-gas channel is formed by placing the blade along the root line of the channel at a 

certain axial distance (figure 2, c). Thus, a set of defects and deviations of the axial compressor blade 

row is reconstructed using local changes in the airfoil geometry. 

This study analyses the proposed approach. As an example, the geometry of the NACA 65 airfoils 

with known characteristics [13] was reproduced using the described topology. Numerical simulations 

were performed in an axisymmetric setting, so the blade was set at the maximum distance from the 

axis of calculated domain (1400 mm) in order to approximate the experimental conditions. The 

boundary conditions were set based on the principle of total pressure and temperature, flow direction 

at the inlet (𝑃1
∗ = 1300 𝑃𝑎; 𝑇1

∗ = 288 𝐾;  45°), and static pressure at the outlet𝑃2 = 786 𝑃𝑎, taking 

into account Reference Pressure = 100000 Pa. The static pressure value was assumed based on the 

conditions specified in the report [13]: flow velocity 𝑤 = 95 𝑓𝑡/𝑠 = 28,96 𝑚/𝑠 and Reynolds 

number 𝑅𝑒 = 245000. The inlet was located at a distance of one chord from the leading edge of the 

blade, and the outlet at a distance of three chords from the trailing edge. The blade height and pitch 

were assumed based on the solidity 𝑏/𝑡 = 1.0, their value was 127 mm, and the number of blades in 

the hub was equal to 72. The k-Epsilon turbulence model was chosen due to lower requirements for 

computing resources and better convergence while maintaining reasonable accuracy of the results [9]. 

The Air Ideal Gas model was used as the working fluid. The calculation results were compared with 

experimental data [13] on the distribution of the pressure coefficient along the airfoil at different 

angles of attack, as well as with the airfoil characteristics, including the angle of attack – flow turning 

angle relationship (figure 3). The pressure coefficient is defined as follows: 

𝑆 =
𝑃∗−𝑃

𝑃1
𝑑𝑦𝑛 , (3)

where P*–total pressure in the hub; P– static pressure at a point on the airfoil surface;  

P1
dyn– dynamic pressure in the hub. 
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Experiment; Modeling 

Figure 3. Comparison of experimental and calculated characteristics of the NACA 65-(27)10 airfoil 
 

The calculated pressure distribution and characteristics of the NACA 65-(27)10 airfoil coincide with the 

experimental data with reasonable accuracy for this study. In this case, the observed deviations are due to 

the complexity of taking into account all the features of the experiment and the assumptions that idealize 

the numerical model (for example, the working fluid properties and the absence of surface roughness).  

Figure 3 shows that the calculated values of the turning angle coincide with the experimental ones to 

the accuracy of up to 1% within the range of angles of attack 𝑖 = 17 … 22°. Greater deviation of the 

calculated data from the experiment at the angles of attack 𝑖 > 22° can be explained by a faster 

increase in the calculated value of the suction side flow separation compared to the experimental one, 

which led to a change in the value of the flow turning angle in the blade channel. The maximum 

deviation in the specified range was 7.1% (absolute) at the angle of attack 𝑖 = 33°. Similar results 

were obtained in [16].  

It should be emphasized that the task of computational model verification is an important stage of 

numerical simulation, but it is not the priority in this work. The main purpose of this study is to 

demonstrate the developed approach. The selected parameters of the computational model allow to 

conduct the research with relatively low requirements for computing resources and ensure reasonable 

accuracy of the results. For more detailed results of calculations on other types of airfoils, as well as 

recommendations on the parameters to choose for calculation models, see [12, 14, 16].  

3. Results presentation 

This paper studies five artificially created defects of the NACA 65-(27)10 airfoil, conventionally 

designated as the leading edge thinning, trailing edge thickening, thickness decrease, leading edge defect, 

and trailing edge defect. In fact, the changes made had an impact on several geometric parameters of the 

airfoil. The airfoil geometry was modified by changing the position of the control points of the Bezier 

curves (figure 2, a). All geometric parameters in accordance with the developed topology for the initial 

and defected airfoils are shown in table 1. The table also shows defected airfoil regions. “The angle of 

attack – total pressure loss – flow turning angle” characteristics were made based on the results of the 

calculations. They are shown in figure 4 together with the data for the initial airfoil. 
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Table 1. Created blade defects 

№ 

Parameter 

(figure 2), 

units 

Initial airfoil 

Defected airfoil 

Initial airfoil region; Defected airfoil region 

     
1. Lead. edge 

thinning 
2. Trail. edge 

thickening 
3. Thickness 

decrease 
4. Leading 

edge defect 
5. Trailing 

edge defect 
1 𝐵0

𝑠𝑠(x; y), mm 121.07; 5.64 121.07; 5.64 110.55; 12.10 121.07; 5.64 121.07; 5.64 121.07; 5.64 

2 𝐵1
𝑠𝑠(x; y), mm 71.50; 40.00 71.50; 40.00 65.00; 37.00 71.50; 37.00 71.50; 40.60 71.50; 40.00 

3 𝐵2
𝑠𝑠(x; y), mm 12.70; 22.06 12.70; 22.06 12.70; 22.06 12.70; 21.00 10.00; 21.00 12.70; 22.06 

4 𝐵3
𝑠𝑠(x; y), mm -0.074; 1.79 -0.074; 1.79 -0.074; 1.79 -0.074; 1.79 0.930; 1.79 -0.074; 1.79 

5 𝐵0
𝑝𝑠

(x; y), mm 1.98; 0.611 1.98; 0.611 1.98; 0.611 1.98; 0.611 2.98; 0.611 1.98; 0.611 

6 𝐵1
𝑝𝑠

(x; y), mm 30.00; 14.50 30.00; 14.50 30.00; 14.50 30.00; 17.00 30.00; 14.50 30.00; 14.50 

7 𝐵2
𝑝𝑠

(x; y), mm 97.50; 18.00 97.50; 18.00 90.00; 16.50 97.50; 19.00 97.50; 18.00 97.50; 18.00 

8 𝐵3
𝑝𝑠

(x; y), mm 120.42; 5.10 120.42; 5.10 112.29; 8.49 120.42; 5.10 120.42; 5.10 120.42; 5.10 

9 𝐴1(x; y), mm -0.953; -1.20 -3.00; -3.00 -0.953; -1.20 -0.953; -1.20 0.050; -1.20 -0.953; -1.20 

10 𝐴2(x; y), mm 133.25; -5.37 133.25; -5.37 120.00; 6.50 133.25; -5.37 133.25; -5.37 136.00; -5.37 

11 𝑅𝑖𝑛, mm 1.0 0.5 1.0 1.0 1.0 1.0 

12 𝑅𝑜𝑢𝑡, mm 0.1 0.1 0.4 0.1 0.1 0.1 

13 𝛽1𝑏 , deg. 60 60 60 60 54 60 

14 𝛽2𝑏 , deg. 45 45 48 45 45 50 

15 𝑏, mm 127 130 115 127 125 129 

16 𝐶𝑚𝑎𝑥, mm 12.64 12.64 12.64 9.55 12.64 12.64 

 

 

 
Figure 4. The airfoil characteristics based on defects 

 

4. Results analysis 

The calculations performed prove that the proposed approach to the construction of the axial 

compressor blade row allows to describe various defects with sufficient flexibility by changing the 

position of the control points. Since the results of the airfoil description in the proposed method are the 

coordinates of the blade, it is possible, if necessary, to create complex local defects (e.g. nicks) by 

manually changing the coordinates. The defects discussed above lead to a change in the characteristics 

of the axial compressor airfoils. The geometric changes may turn positive or negative depending on 

the airfoil operating mode. The results obtained are in qualitative agreement with the theory [4]. 
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When changing the shape of the leading edge (option 1, table 1), there is the decrease of total 

pressure losses by 1.0...5.5% in a certain optimal range of angles of attack 𝑖 = 24 … 30°. Beyond 

this range, losses increase, exceeding the initial airfoil losses by 9.8% and 4.1% at angle of attack 

values 𝑖 = 17.5° и 33°, respectively. The airfoil characteristics become steeper, and the range of 

stable operation is reduced due to the leading edge sharpening. 

From the theoretical perspective, increasing the radius of the trailing edge should result in more losses 

due to worse blurring of the vortices behind the blade. Creating a similar defect in the airfoil (option 2) 

led to the increase of total pressure losses by 0...7.3% in the range of angles of attack 𝑖 > 29 ° and its 

decrease by 0...14.6% at 𝑖 < 29 °.  

The airfoil thickness decrease (option 3) resulted in a reduction in the pressure loss value over the 

entire range of angles of attack. The maximum deviation between the initial and calculated values was 

17.7% at the point 𝑖 = 22°. Along with the thickness decrease, the airfoil camber and the area of the 

friction surface have changed affecting the level of losses. 

When the blade end sections were bended (options 4 and 5), both an increase and a decrease in the loss 

level were observed. At angles of attack 𝑖 < 24°, the losses were higher when the leading edge angle 

was reduced, and, on the contrary, the losses were lower compared to the initial airfoil when the trailing 

edge angle was increased. At the point 𝑖 = 24°, the level of loss was the same for all three airfoils, and 

at larger angles of attack the reduction of 𝛽1𝑏 led to the decrease in level of losses by 3.9% at the point 

𝑖 = 33°, while the increase of 𝛽2𝑏 resulted in the increase of losses by 2.8% at the point 𝑖 = 33°. 
A change in the angle of attack – flow turning angle relationship was observed for all the considered 

defects, which is mainly due to a change in the flow-delay angles. The pressure was also redistributed 

along the airfoil in its various regions. For example, with the leading edge thinning, the redistribution 

was observed in the initial region (up to 0.1b). When the thickness was changed, the redistribution 

took place on the suction side at (0.1...0.5)b and on the pressure side at (0.1...0.8)b. 

It is worth noting that all the considered defects led to a shift in the optimal range of angles of attack, 

which corresponds to the minimum losses. This is often one of the reasons for incoherence of the blade 

vertical sections and stages in a multi-stage compressor, which negatively affects the GTU performance. 

Having performed a series of numerical calculations with various axial compressor blade row defects 

and their combinations, a cluster analysis can be conducted in order to identify groups by the degree 

and nature of the defect influence on the characteristics of the axial compressor and GTU. Based on 

the correlation and regression analysis, it becomes possible to further identify relationships between 

the geometry of the same type of defects of different depths and the main performance parameters of 

the axial compressor and GTU.   

5. Conclusion 

Technical condition of the GTU axial compressor and other components is gradually decreasing while 

in service. The size of the blades, their surface condition, and the radial clearances are changing as a 

result of the operational processes, which results in axial compressor characteristics changes and 

reverses the GTU operating parameters as a whole. During inter-repair periods, manufacturers restore 

the blade row shape or replace it (partially or completely). At the same time, geometric deviations of 

certain axial compressor blades from the reference values occurring after the restoration and repair can 

also affect the level of output power, efficiency, and operational stability margin. In this regard, the 

task of predicting the GTU performance having certain information about deviations and defects of its 

certain components seems to be an important and promising one. A large number of different software 

systems available allows to find a solution not only to this, but also to some related problems.  

The axial compressor blade algorithm presented in this paper, which allows to make local changes to 

blade geometry, is a basic component of a larger model under development that enables predicting the 

GTU performance with certain accuracy, taking into account various deviations. This model can be 

used for detecting blade defects and batching axial compressor at the stage of GTU repair, as well as 

for forecasting changes in GTU operating parameters when in service. 
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