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This research is devoted to optimization of the detection system for damages of blades of a gas turbine engine in 

non-stationary conditions. The system is based on the approach on the method, when capsules with active sub-

stance are placed in a steel blade body, then a capsule is bursting due to difference of pressures during the process 

of crack propagation; as a result, ejected active substance is registered. The problem of this research is connected 

with optimal distribution of capsules, which contain active substance, in a turbine blade body. The research tech-

nique was developed for a modeling problem, when a steel turbine blade with constant cross section, having tensile 

crack and subjected to the action of extension centrifugal force, was observed. Development of the model with 

optimal distribution of capsules was based on assessment of pre-critical crack growth: it was required to distribute 

the capsules along the median line of blade cross section in such way, that it would be possible to detect the crack 

of pre-critical growth. Analysis of ultimate state of a blade with crack was carried out on the base of stress intensity 

coefficient, which allows to take into account the feature of crack location and to determine its critical length when 

its accelerated growth takes place. Variation of the pressure inside a capsule, required for its bursting depending on 

opening of crack sides. The suggested model takes into account location of the capsule with active substance relat-

ing to crack opening sides. Calculation of minimal number of capsules in blade bode depending on pressure inside 

the capsule and rotating speed of blades was conducted on the example of the steel turbine blade R-5530 B. The 

obtained dependences allow us to find the optimal combination between the geometric and physical characteristics 

of the crack detection system and the minimal number of capsules. The application of the proposed approach to the 

optimal distribution of capsules along the median line of the blade cross section will increase the efficiency of use of 

the damage detection system in turbine blades in non-stationary conditions, thereby ensuring the safety of operation 

of gas turbine engines in aviation technology.
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Introduction

At present time, owing to rise of the operating tem-

peratures and high rotation speed of rotors in gas turbine 

engines, the problem of cracks detection in turbine rotating 

blades seems more and more actual. Up-to-date rotating 

and nozzle blades of gas turbine engines are among the most 

responsible components of turbine equipment. Appearance 

of various internal or surface defects in blades can have ef-

fect on operation of turbines in working procedure. The 

problems of cracks detection in blades of gas turbine en-

gines are rather actual during recent years, because they 

are connected with operating safety of aircraft engineering. 

Despite the fact that different ways of solving this problem 

are suggested, the problem of cracks detection in non-sta-

tionary operating conditions of turbine blades is not solved 

yet. There are many methods for cracks detection in turbine 

blades using online monitoring, vibration analysis, X-ray 

testing [1-3]. However, they are not valid for assessment of 

state of blades in stationary conditions. The main methods 

of non-destruction control of blades of aircraft engines are 

examined in details in the works [4, 5]. The technique and 

technology of destruction diagnostics in aircraft turbine 

blades are considered in the researches [6, 7]. Early assess-

ment of defects in the components of turbine equipment is 

also one of directions in revealing damages at present time 

[8]. Possibility of diagnostics of damages in turbine blades 

and the methods of non-destruction control are observed 

in the works [9, 10]. 

As soon as cracks can appear due to various kinds of defor-

mation, the nature of cracks origination owing to creep and 

thermal fatigue on the example of turbine disks and blades 

via the method of finite element analysis [11, 12]. Assessment 

methods of stress state of disks, turbine blade and inter-

locks of turbine equipment are considered in the researches  

[13, 14]. As soon as turbine blades, especially rotating blades, 

are operating in the conditions of cyclic loading, the problem 

of fatigue destruction is very important. Prediction of fatigue 

parameters of turbine blades with damages are examined in 

the work [15]. The causes of cracks forming during fatigue 

loading, appearance of single cracks in blades during multi-

ple loading, decrease of fatigue destruction resistance abil-

ity in the process of cyclic loading were investigated in the 

researches [16, 17]. 
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Additionally, the important questions concern simulation of 

cracks propagation and assessment of dominating destruction 

mechanisms of turbine blades. The key problems of the crack 

formation theory are examined in the works of D. Nott, W. Broek, 

K. Hellan, N. Morozov [18-21]. Analysis of blade destruction 

mechanics based on cracking is considered in the research [22]. 

Peculiarities of crack growth in a nozzle blade are showed in the 

study [23]. The problems of mathematical destruction and math-

ematical simulation of cracks in turbine blades are displayed in the 

articles [24, 25]. Thermal loading of thermal blades, the problems 

of heat supply and optimization of heat removal are considered as 

one more cause having the effect on crack propagation process; 

corresponding investigation is presented in [26].

Thus, according to analysis of technical literature sources, 

the main methods of damages diagnostics using vibration anal-

ysis, X-ray images etc. are efficient only for analysis of turbine 

blades in non-operating conditions. There are a lot of works 

which are devoted to examination of causes of cracks forma-

tion, their growth and development models; at the same time, 

the problems of detection of blades damages for operating gas 

turbine engine are not studied practically. The existing meth-

ods and technologies are usually directed on cracks detection 

in stationary conditions. In this case, in the process of pre-crit-

ical growth, a crack is not always detected, while tearing-off of 

a blade part during operation of a gas turbine engine can lead 

to significant damages. Respectively, the problem of cracks 

detection in turbine blades appeared for non-stationary condi-

tions. For this purpose, the researchers in their works [27-30] 

examined the features of cracks propagation and suggested the 

system for detection of damages in a turbine blade for operat-

ing engine conditions. According to these researches, the cap-

sules with active substance, which displays ionizing properties 

at increased temperatures, are placed inside blade body. When 

crack sides in the area of a capsule are opening due to pressure 

gradient, tearing-off occurs and active substance is thrown in a 

flow-through part of turbine and is registered there. According 

to the conducted experiments [27-30], the suggested approach 

has possibility of practical realization. However, the problem 

of optimal number of these capsules in a blade body is still not 

investigated, because insufficient number of capsules can lead 

to the fact that propagating crack can not meet the incorpo-

rated capsule, and tearing-off of a blade part can occur before 

registration of damage. At the same time, superfluous number 

of capsules can require additional material expenses, what is 

not substantiated. 

Thus, the aim of this work is development of the approach 

for calculation of optimal capsules distribution in a blade 

body, in order to provide detection of cracks with pre-critical 

growth. It is important to mention, that the process of crack 

propagation is rather complicated, and it is not always pos-

sible to predict possible direction of crack propagation, depth 

of crack penetration and width of its opening. Additionally, 

the material of turbine blades can be heterogeneous, and 

inclusions, cavities and micro-cracks of different kind can 

cause damage origination. Various operating conditions of 

turbine blades, different geometrical configurations can 

also influence on the features of crack propagation. Owing 

to complication of accounting of the total diversity of the 

factors, it is suggested to solve a modeling task to calculate 

minimal number of capsules in a blade body for detection of 

cracks during loading process. Solving of a modeling task will 

be carried out on the base of several allowances and simplifi-

cations, which are listed below.

1. A turbine blade is solid, its cross section remains constant.

2. An examined turbine blade is under the effect of ex-

tension centrifugal forces. Operating turbine blades in actual 

conditions are subjected to action of centrifugal forces and 

bending distributed loads from gas flow. As soon as the values 

of bending forces, as a rule, is seriously smaller that extension 

centrifugal forces, we shall not take them into account.

3. Propagation of transversal tensile crack in a blade body 

is considered. This choice is stipulated by the fact, that such 

type of cracks is met more often in turbine blades and is the 

most dangerous, because it can lead to tearing-off of a blade 

part due to action of extension centrifugal forces. In this rela-

tion, longitudinal cracks are not so dangerous. 

4. Tensile crack propagation occurs in the direction of 

a median line of a blade shape, what is stipulated by crack 

growth perpendicular to direction of maximal extension 

stresses. Crack surface points are shifting in the direction 

perpendicular to direction of crack surface.

5. A capsule which is placed in longitudinal direction of 

a blade body, is a cylinder thin-walled shell. 

6. The 3rd strength theory is used for assessment of strength 

conditions of a capsule located near the opening area of crack 

sides. This choice is stipulated by the thesis, that destruction 

of a capsule occurs in the area of crack opening due to shell 

shearing, when tangential stresses achieve ultimate values.

Goal setting

Based on the assumed allowances, it is required to de-

velop the model of capsules distribution along the median 

line of steel blade shape (crack opening near the capsule on 

a b

Fig. 1. Turbine blade scheme with a capsule during crack growth:
a – in the area of entrance edge; b – inside blade body 



CIS Iron and Steel Review — Vol. 26 (2023), pp. 98–104 Metal Science and Metal Physics

100

the Fig. 1 is displayed for better visualization, in real condi-

tions motion of crack sides can be smaller than 1 mm). It 

should be taken into account in this case, that the required 

number N of capsules depends on the length l and width v of 

opening of crack sides, pressure p, which is created inside a 

capsule; it needs to consider the optimization task with the 

following restrictions:

N� min
l, '! p�D

, D:F (l,',p) = 0.

Optimal number of capsules will be determined from the 

condition of detection of a crack with pre-critical growth

N* = minN = N |l=l
*

where 2l* – critical crack length.

At present day, the stress intensity coefficient K, which 

allows to take into account shape and dimensions of a body, 

location and length of a crack, features of loading, is one of 

the main parameters to characterize crack growth:

K = &9*l Y,

where &�– extension stress, 2l- crack length, Y- К-calibration.

When studying crack growth in the area of entrance or 

exit edges (Fig. 1a), the authors used the Gross model [31] 

to calculate K-calibration of a crack on the body boundary 

under the effect of extension forces:

Y = 1.12 – 0.23"�+ 10.55"2 – 21.72"3 + 30.39"4,

where "�= l/L, L – length of a median line of blade shape.

To assess crack growth inside blade body (Fig 1b), K-calibration 

is carried out according to the Ishida model [31]:

Y = 9* [1 + 2.38"2 + 0.481"4].

To determine the critical crack length l*, which corre-

sponds to spontaneous crack propagation, the condition of 

start of quick crack growth  is used: K 4�K1с,where K1с- tough-

ness of material  destruction. When the intensity coefficient 

of destruction toughness is achieved, accelerated crack 

growth occurred. The corresponding critical crack length is 

determined from the following condition:

&�=�9*l* Y (l*) = K1c.                                                          (1)

The equation (1) is non-linear and, respectively, it has 

no analytical solution. Thereby the numerical Newton-

Raphson can be used for calculation of critical crack 

length.

Use of the relationship (1) allows to assess crack criti-

cal length on the base of data about destruction toughness; 

however, information about destruction toughness can be 

found in technical and reference literature for not many al-

loys (mainly for steel alloys). In these cases natural experi-

ments for K1с determination are required. 

According to the research [32], stress state in operating 

turbine blade with constant cross section, initiated by cen-

trifugal extension forces, does not depend on cross section 

square and is determined by the following relationship:

&����������(R2 – z2),
�$2

2

where � – density of blade material; $�– angular rotation 

speed; z – distance between rotation axis and selected cross 

section; R – external radius of blade ring.

Research technique

Let us determine the number of critical lengths of cracks, 

which are located on the median line of the shape: m = [L/l*], 

where […] is a “ceiling” function, rounding up the value of 

a non-integral number. If we call the number of capsules for 

the crack critical length as n, then the number of capsules 

along the median line of blade cross section will be deter-

mined by the following relationship:

N = [L/l*](n – 1) + 1.

Let us emphasize the small element of the capsule cylin-

der shell (Fig. 2) near opening of crack sides (Fig. 3) and con-

sider the equilibrium condition for a capsule shell element:

(2r'�+ '2 )��= 2rpv,                                                                  (2)

δ

τ

2υ

p

R

2υmax

υ

x

2l

Fig. 2. The element of the capsule shell near crack opening

Fig. 3. Opening of crack sides
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where r – internal radius of cylinder capsule; ' – capsule 

thickness; p – pressure inside a capsule; �� – tangential 

stresses.

Using the 3rd strength theory, we can see that the shear 

stress value in the case of capsule tearing-off can reach  

��4�&В / 2,where &В is material tensile strength. Based of the 

relationship (2), the value of internal pressure in a capsule is 

determined by the following dependence:

p* = p 4�&:��;��������������8
' '
2r 2v

�
�
�
�

�
�
�
�

                                                       (3)

The required internal pressure p, which is required for 

capsule tearing-off in the case of crack growth, depends on 

radius and wall thickness of a capsule as well as on opening 

value of crack sides. Let us introduce the coordinate system 

0vx, locating its beginning in the area of maximal crack open-

ing (see Fig. 3).

Vertical motion of a crack side points at |x| � l is calculated 

as follows (according to [31]):

v =         l 2 – x2,
=&

E
                                                                       (4)

where E- elasticity module of blade material.

Maximal crack opening is achieved at x = 0:vmax=2&l/E. 

If the capsule is located in the area of maximal opening of a 

crack with critical length at x = 0, then the pressure, which 

is required for capsule tearing-off, is determined according 

to the dependencies (3), (4) from the following condition:

pmin =          ;��������������8
&BE
>&

' '
2r l*

�
�
�
�

�
�
�
�

                                                            (5)

However, if the capsule is located at x 6�0, then the value 

of crack opening will decrease with |x| enlargement. Based 

on the obtained relationship (3), in the case of decrease of 

the crack opening area, the required pressure will increase 

in accordance to the calculated value (5), but it will be insuf-

ficient for capsule tearing-off. 

Thus, we shall consider that capsules are homogeneously 

distributed along the median line of shape, with constant 

step 	l, which is determined by distance between capsules. 

If we suggest that this distance is equal to crack critical length  

	l = 2l*, then the case when capsules will locate in crack tops 

is possible and, respectively, pressure inside a crack will be 

insufficient for its tearing-off (Fig. 4a). taking into account 

that location of cracks can’t be predicted beforehand, let us 

consider the case when distance between capsules is smaller 

than critical length. As soon as this distance 	l decreases, 

number of capsules for crack critical length increases.  

The closer is a capsule to the area of maximal crack opening, 

the smaller is internal pressure which is required for capsule 

tearing-off.

Let us consider variation of capsule location with the 

relative coordinate |xc| = xc/(2l*), as most close to the area 

of crack maximal opening, depending on the number n of 

capsules, which are accounted on the crack critical length 

(Fig. 4). 

1

a

c d

b

3

2 2

22

3

3

3

1

1

1

Fig. 4. Scheme of capsules distribution in the blade body with crack, depending on relative distance between  capsules �l = �l/2l*:
a – 	l = 1; b – 	l = 1/2; c –�	l = 1/3; d – 	l = 1/4; 

1 – «unfavourable» location of capsules and crack;  2 – «favourable» location of capsules and crack; 3 – capsule
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when n = 2 : 	l = 2l*, �xc������� !
whenn = 3 : 	l = l*, �xc�������"!
when n = 4 : 	l = 2l*/3, �xc�������#!
when n = n* : 	l = 2l*/(n$ – 1), �xc�������� �n$– 1)]!

. (6)

Capsule location with the minimal relative coordinate  

|xc| is considered as “unfavourable”, if it is located at maximal 

distance from the place of maximal crack opening. If the 

capsule is located in the area of maximal crack opening at 

xc = 0, then such state is assessed as “favourable” (see Fig. 4). 

Thus, “unfavourable” capsule location relating to the place 

of maximal crack opening is determined, according to the 

equations (6) by maximal value of |xc| coordinate:

|xc| =1/[2(n* – 1)] .                                                                  (7)

Then crack opening near the «unfavourable» location of 

capsule will be described by the following relationship, in 

accordance with dependencies (4) and (7): 

v =           =         1 –                  .
v�x=xc

2l*

& 1
�n*�– 1)2E                                            (8)

Using the expressions (3) and (8), we determine the re-

quired pressure inside a capsule for the case of «unfavour-

able» location of capsule relating to a crack:

p* = pmin 1 –                          . 
1

–1/2

�n*�– 1)2
                                                    (9)

Solving the equation (9) in relation to the number of cap-

sules, which are accounted for the crack critical length, we 

shall obtain:

a
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Fig. 6. Relationship between number of capsules and internal pressure inside capsules for different values of blade rotation: 
a – 10,000 rpm, b – 11,000 rpm, c – 12,000 rpm, d – 13,000 rpm, e – 14,000 rpm, f – 15,000 rpm
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Fig. 5. Relationship between the crack critical length and blade 
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n* =  1 –                          + 1. 
pmin

–1/2

p*

Then optimal number N* of capsules along the median 

line of blade shape is obtained from the following equation 

system (for the case n = n*):

�
�
�
�

�
�
�
�

�
�
�
�

�
�
�
�

�
�
�
�

N* =       1 –                             + 1

pmin =             1 +  

pmin

2 –1/2

p*

�
�
�
�
	
�
�
�



L

l*

l*

&BE ' '

2r>&

&���9*l* Y�l*����K1c

.                                       (10)

Solving of the non-linear equation system (10) allows 

to establish the dependence between the minimal number 

of capsules for diagnostics of damages and pressure value, 

which is required for capsule tearing-off during propagation 

of a crack pre-critical growth.

Calculation results

Let us consider the working turbine blade with shape 

R-5530 B [33] with the crack in the area of entrance 

edge. The steel SPN18K9M5T is selected as blade mate-

rial, it has the following characteristics: ��= 7,700 kg/m3 ,  

E = 2.1 ·105 MPa,K1c = 45 MN/m3/2. The capsule shell id 

manufactured from aluminium alloy with tensile strength  

&В = 100MPa. Geometrical parameters of the cap-

sule are such: r = 2.5mm, '� = 0.1mm.Geometrical pa-

rameters of the blade and examined cross section are:  

R = 0.3m, L = 0.1m, z = 0.25 m. Relationship between the 

crack critical length and rotation speed in the area of root 

cross section is presented for the preset parameters (Fig. 5).

The results of calculation of optimal number of capsules 

and pressure inside capsules for different values of blade rota-

tion frequencies in a gas turbine engine, having the crack in 

the area of entrance edge, are presented on the Fig. 6. 

Discussion of the results

According to the above-presented results (see Fig. 6), 

increase of pressure inside capsules in the system of tur-

bine blade cracks detection leads to reducing of the mini-

mal amount of capsules, which is required for diagnostics 

of cracks with pre-critical growth. The obtained relation-

ships allow to observe convergence of number of capsules 

as a pressure function to any ultimate value. Taking into ac-

count that the number of capsules should be integral, it is 

observed that the minimal number of capsules varies from  

5 to qq along the median line of cross section shape (within the 

examined range of turbine blade rotation frequencies 10,000- 

15,000 rpm). Rise of rotation speed leads to increase of the 

optimal number of capsules, what is caused by enlargement 

of load on a blade from centrifugal extension forces; decrease 

of the critical length of a crack, which provides possibility of 

its accelerated growth,  is also observed in this case.

Conclusion

The model of optimal capsules distribution for the system 

of damages diagnostics in turbine steel blades was built in this 

research for non-stationary conditions. The suggested ap-

proach of capsules distribution along the median line of blade 

cross section allows to provide detection of transversal cracks 

with pre-critical growth. The obtained system of equations 

can be applied in the case of development of transversal ten-

sile cracks in the areas of entrance or exit edges, as well as 

inside a blade body. The presented optimization model also 

allows to determine optimal combination of internal pressure 

inside a capsule, its geometrical parameters and number. The 

described calculation results, which are based on the example 

of the operating turbine blade, make it possible to improve 

operation of the detecting system for damages of turbine 

blades for non-stationary conditions, thus increasing its ef-

ficiency in providing safe operation of gas turbine engines. 

It should be noted also that the problems of restrictions in 

capsules geometry and their influence on stress state of tur-

bine blades with variable cross section, taking into account 

bending loads, were not examined in this research; they are 

the themes for additional investigation.

Acknowledgement
This scientific research was carried out at the expense 

of the grant of the RF scientific fund No. 22-79-10114 
«Development of the system for diagnostics the damages of 
turbine blades and the method of heat removal optimiza-
tion in the conditions of thermal fatigue» (https://rscf.ru/
project/22-79-10114/)

REFERENCES
1. Kumar M., Heinig R., Cottrell M., Siewert Ch., Almstedt H., 

Feiner D., Griffin J. Detection of Cracks in Turbomachinery 

Blades by Online Monitoring. Journal of Engineering for Gas Tur-

bines and Power. 2022. Vol. 20. p. 1830. DOI: 10.1115/1.4053705.

2. Yang Laihao, Ma Meng, Wu Shuming, Chen Xuefeng, Yan 

Ruqiang, Mao Zhu. An improved analytical dynamic model 

for rotating blade crack: With application to crack detection 

indicator analysis. Journal of Low Frequency Noise, Vibration 

and Active Control. 2021. No. 40. p. 146134842110126. DOI: 

10.1177/14613484211012602.

3. Nowell D., Duo P., Stewart I. Prediction of fatigue performance 

in gas turbine blades after foreign object damage. International 

Journal of Fatigue. 2003. No. 25. pp. 963–969. 

4. Rentala V. K., Mylavarapu P., Kumar A. POD of NDT Tech-

niques Using High Temperature Oxidized Fatigue Cracks in an 

Aero Engine Alloy. J. Nondestr Eval. 2021. No. 40 (2). p. 41.

5. Rentala V. K., Mylavarapu P., Gautam J. P. Issues in estimat-

ing probability of detection of NDT techniques a model assisted 

approach. Ultras. 2018. Vol. 87. pp. 59–70. DOI: 10.1016/j.ul-

tras.2018.02.012.

6. Petukhov A. N., Kiselev F. D. Diagnostics of operating destruc-

tions in turbine blades of aircraft engines. Zavodskaya labora-

toriya. Diagnostika materialov. 2019. Vol. 85. No. 3. pp. 41-51.  

DOI: 10.26896/1028-6861-2019-85-3-41-51.

CIS



CIS Iron and Steel Review — Vol. 26 (2023), pp. 98–104 Metal Science and Metal Physics

104

7. Kiselev F. D. Diagnostics of destructions and assessment of op-

erating workability in operating turbine blades of aircraft engines. 

Мoscow: Izdatelstvo MATI. 2013. 296 p.

8. Lakshmi M. R. V., Mondal A. K., Jadhav C. K. Overview of NDT 

methods applied on an aero engine turbine rotor blade. Insight. 

2013. Vol. 55 (9). pp. 482–486.

9. Kurz J. H., Jüngert A., Boller C. Reliability considerations of 

NDT by probability of detection (POD) determination using ul-

trasound phased array. Eng. Fail. Anal. 2013. Vol. 35. pp. 609–617. 

DOI: 10.1016/j.engfailanal.2013.06.008.

10. Zhao R. G., Deng L. Y., Liu Y. F., Ji N., Ren C. L., Li X. M. De-

tection and analysis of high temperature fatigue fracture surface 

oxygen diffusion of GH4133B superalloy used in turbine disk of 

aero-engine. IOP Conf. Ser. Mater. Sci. Eng. 2019. 531. 012021.

11. Semenov A. S., Grishchenko A. I., Kolotnikov M. E., Getsov L. B.  

Finite element analysis of thermocyclic strength of gas turbine 

blades. Part 2. Calculation results. Vestnik Ufimskogo gosudarst-

vennogo aviatsionnogo tekhnicheskogo universiteta. 2019. Vol. 23. 

No. 2 (84). pp. 61-74.

12. Dubov A. A.. Matyunin V. M. Early diagnostics of damages of 

steam turbine blades using the method of magnetic metal memo-

ry. Teknologiya metallov. 2008. No. 5. pp. 41-44.

13. Shulzhenko N. G., Grishin N. N., Palkov I. A. Stress state of in-

terlock of operating turbine blades. Problemy mashinostroeniya. 

2013. Vol. 16. No. 3. pp. 37-45.

14. Getsov L. B., Semenov A. S., Semenov S. G. Providing of operat-

ing reliability of gas turbine units in compressor plants. Gazovaya 

promyshlennost. 2013. No. 5 (700). pp. 72-77.

15. Adamczuk R. R., Seume J. R. Early Assessment of Defects and 

Damage in Jet Engines. In: 2nd International Through-life Engi-

neering Services Conference. 2013. Vol. 11. pp. 328–333.

16. Polyanskiy A. M., Polyanskiy V. M., Zaihyatulov I. I. On cracks 

formation in a turbine rotor blade after multiple testing. Trudy 

NPO Eneromash imeni alademika V. P. Glushko. 2007. No. 25.  

pp. 302-319.

17. Kashkarov A. M., Movchan Yu. V., Polyanskiy A. M. et al. On the 

causes of single cracks appearance on the blades of turbine work-

ing wheels. Trudy NPO Eneromash imeni alademika V. P. Glushko. 

2006. No. 24. pp. 199-211.

18. Nott D. F. Basics of destruction mechanics. Мoscow: Metallur-

giya. 1978. 256 p.

19. Morozov N. F. Mathematical problems of cracks theory. Мoscow: 

Nauka. 1984. 256 p.

20. Broek V. Basics of destruction mechanics. Мoscow: Vysshaya 

shkola. 1980. 368 p.

21. Hellan К. Introduction in destruction mechanics.Moscow: Mira. 

1988. 364 p. 

22. Nguen Ngok Т., Kolenko G. S. Analysis of destruction mechanics 

and workability of a gas turbine blade in presence of crack. Ma-

terialovedenie. Energetika. 2020. Vol. 26. No. 3. pp. 56-69. DOI: 

10.18721/JEST.26304.

23. Polyanskiy A. M., Polyanskiy V. M. Features of cracks growth in 

blades of nozzle plant in liquid propellant engine turbine. Trudy 

NPO Eneromash imeni alademika V. P. Glushko. 2014. No. 31.  

pp. 310-324.

24. Trebunskikh P. A. Building the mathematical model of defect ap-

pearance in turbine bladeor internal crack pump. Kontrol. Diag-

nostika. 2022. Vol. 25. No. 12 (294). pp. 20-25. DOI: 10.14489/

td.2022.12.pp.020-025.

25. Li Bing, Chen Lei, Wang Yuegen Gao, Mengqiu. 3D detection 

of internal defects for gas turbine blades. Insight - Non-Destruc-

tive Testing and Condition Monitoring. 2017. Vol. 59. pp. 364-370. 

DOI: 10.1784/insi.2017.59.7.364.

26. Andrianov I. K., Grinkrug M. S., Vakuluk A. A. Numerical calcu-

lation of the heat sink parameters of the shell turbine vanes at the 

modeling of the heat-protective coating with a different number 

of layers. Lecture Notes in Networks and Systems. 2021. Vol. 200, 

pp. 37–46.

27. Kara Balli M., Grinkrug M. S. Technological research of param-

eters of the system for early detection of micro-cracks in an engine 

turbine blade. Production technologies of the future: from creation to 

putting into practice. Proceedings of the V International scientific-

practical conference. Komsomolsk-na-Amure, December 06-11, 

2021. Komsomolsk-na-Amure: Komsomolskiy-na-Amure gosu-

darstvennyi universitet. 2022. pp. 290-293.

28. Grinkrug M. S., Kara Balli M., Tkacheva J. I., Novgorodov N. A.  

Experimental study in order to choose an active substance in 

the early detection system of micro cracks in the turbine blade. 

IOP Conference Series: Materials Science and Engineering. 2021. 

March. 1111 012020.

29. Grinkrug M. S., Kara Balli M., Tkacheva Yu. I. The method of 

detection of micro-cracks in Komsomolsk-na-Amure: Kom-

somolskiy-na-Amure gosudarstvennyi universitet. 2019. Part 3.  

pp. 226-229.

30. Grinkrug M. S., Kara Balli M., Tkacheva J. I., Novgorodov N. A. 

An experimental bench for testing the cracks detecting technology 

in the blades of working aircraft engines. IOP Conference Series: 

Materials Science and Engineering. 2020. Vol. 734. p. 012022.

31. Pestrikov V. M., Morozov E. M. Mechanics of destructions. St. 

Petersburg. Professiya. 2012. 552 p.

32. Birger I. A., Shorr B. F., Iosilevich G. B. Strength calculation of 

machine components. Мoscow: Mashinostroenie. 1993. 640 p.

33. Deich M. E., Filippov G. A., Lazarev L. A. Atlas of profiles of 

axial turbines grids. Мoscow: Mashinostroenie. 1965. 96 p.


