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Introduction

Due to the fact that gas turbine engines provide high efficiency, reliability and power in a wide range
of operating conditions, they are considered key elements of modern aviation and power engineering. One of
their most important components is the fan disks, which operate under conditions of significant mechanical
loads and cyclic operating modes. A necessary condition for the reliability and stable operation of the engine
as a whole is to ensure their strength and durability under difficult operating conditions.

The growing requirements for the economy, environmental friendliness and resource of gas turbine
units require new approaches to the design, modeling and assessment of the disks strength. Scientists [1, 2]
pay special attention to the analysis of the stress-strain state, the influence of geometric parameters, materials
and manufacturing technologies on the operational characteristics, as well as the development of means of
improvement [3] and increase of the reliability of the gas turbine engine (GTE). One of the most threatening
defects affecting the safety of operation and requiring comprehensive research are cracks, the change in size
of which during rotation, as well as the variable contact of their edges, lead to destruction and the occurrence
of emergency situations. That is why a significant number of scientific papers are devoted to the analysis of
the processes of crack formation and distribution [4, 5].
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In this paper, the strength of fan disks of gas turbine engines is assessed based on the analysis of
their crack resistance taking into account modern operating conditions, and recommendations are given to
increase their service life and reliability.

Problem statement

Using an improved method for assessing the stress-strain state and crack resistance of structural ele-
ments [6, 7], the strength of a D-18T type gas turbine engine fan [8] made of VT3-1 titanium alloy was assessed.

The physical properties of the titanium alloy [9] are given below: density p=4.5 g/cm’; modulus of
elasticity £=1.15x10° MPa; Poisson's ratio v=0.3. The coefficients of Hooke's law for an isotropic elastic
material through physical constants are determined by the formulas

A= M =154808 MPa; A4,,= __Ev =66346 MPa; A= _E
(1+v)-(1-2v) (1+v)-(1-2v) 2-(1+v)

The GTE fan has 33 blades with fir-tree shanks with three teeth. The length of the blade airfoil is
about 86.2 cm, the length of the shank is 3.5 cm.

To determine the stress-strain state of the disk, we will consider two options of the calculation
scheme. In the first of them, the disk is considered taking into account the layer of the interlocking joints.
The interlocking joints of the blade shanks that contact the disk teeth are modeled by a layer with orthotropic
material properties. Centrifugal forces from the blade airfoil P, are transmitted to the shanks, which, in turn,
through contact interactions with the disk teeth (Fig. 1) load the disk rim together with the centrifugal forces
of the shanks and disk teeth.

The forces from the blade airfoil, which act on the orthotropic layer of the interlocking joints, are
distributed evenly over a cylindrical surface with a radius of 7,=0.385 m and a generating length of /=0.25 m,
whose area is 27:0.385-0.25=0.60476 m’. The centrifugal force of the blade airfoil is taken to be 1.8326 MN.
Thus, the radial stresses o, on the layer of interlocking joints from the blade airfoil of 33 blades are

o, = 1:8326:33 146 npa,

21-0.385-0.25

The gaps between the teeth of the shanks and the disk can be neglected, therefore the specific gravity of

the orthotropic layer of the interlocking joints is taken to be the same as that of the disk material (titanium alloy
VT3-1).

=45100 MPa.

4
L
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Fig. 1. Scheme of fir-tree interlocking joint Fig. 2. Meridional section of the disk with finite element discretization:
of blades with disk a — first option of the calculation scheme;
b — second option of the calculation scheme

Elastic properties of the orthotropic layer of the interlocking joints in the radial » and axial z direc-
tions of 4;; and A, are taken to be approximately two times smaller compared to the VT3-1 material, since
the area of the teeth of the shank and the disk is almost the same. In the circumferential direction, the layer of
the interlocking joints is loaded insignificantly. For these reasons, the elastic orthotropic properties of the
interlocking joints are taken as follows: 4;;=80000 MPa; 4,,=3000 MPa; 4,,=4000 MPa; 4,,=70000 MPa;
A33:1000 MPa, A13:A232100 MPa.
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A meridional section of the disk with finite element discretization, as well as a deformed state of the
disk, where the displacements are increased by 10 times, is shown in Fig. 2.

For the second option of the calculation scheme, we do not take into account the interlocking joints,
and the load is applied to the disk rim at a radius of 7=0.35 m. In this case, the centrifugal force load from the
interlocking joint of 27.5 MPa is added to the load from the blades. The disk rotation speed is
628 rad/s=6000 rpm. Thus, the radial load at a radius of »=0.35 m will be equal to 137 MPa. The first option
of the calculation scheme is more accurate, since additional bending stiffness in the meridional plane of the
disk rim teeth is taken into account.

The aim of the study is to assess the crack resistance of the disk r
in the presence of an axial scratch between two adjacent teeth with a = =]
depth of 0.15 cm and a length of 9.5 cm under zero cyclic loading, which "“i ®§

corresponds to the period from takeoff to landing of the aircraft.

The radial-axial crack in the disk rim develops according to the
fatigue brittle fracture diagram using the stress intensity coefficient at the
vertices (marked "+" and "-") of the semi-elliptical surface crack (Fig. 3). 3e =
The stress intensity coefficient at the maximum load in the cycle is de-
termined by the method of Ovchinnikov A. V. [10].

Fig. 3. Cross-section of a body in the
plane of a semi-elliptical crack

Calculation of crack resistance of the GTE disk

To calculate the kinetics of a radial-axial crack in the rim of a gas turbine engine disk, we first de-
termine the stress-strain state of the disk in an axisymmetric formulation [6, 7] for both options of the calcu-
lation schemes using the finite element method in order to compare the results.

The distribution of radial o,, axial o, and circumferential oy stresses, as well as the stress intensity o;
for the first option of the calculation scheme are shown in Figs. 4-7.

To calculate the stress intensity factor K according to the method of Ovchinnikov A. V. [10], the re-
gion of the disk rim in the form of a rectangle measuring 8 cmx25 cm is considered. In this case, the change
in stresses oy is taken into account only in the radial direction. Since in reality they also change in the axial
direction, we will consider the stresses along the median plane of the disk, as well as on the fifth row of finite
elements at z=0.3594 cm (Fig. 2), which will take into account the average value of oy(7).
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Fig. 4. Distribution of radial stresses o, Fig. 5. Distribution of axial stresses o,
for the first option of the calculation scheme for the first option of the calculation scheme
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Fig. 6. Distribution of circumferential stresses ¢ Fig. 7. Stress intensity distribution o;
for the first option of the calculation scheme for the first option of the calculation scheme
Table 1. Stresses c¢(x) in the rim of the disk
X, sm
6,MPa | z sm 0 | o5 | 15 | 25 | 35 | 45 | 55 | 65 | 15
Op, MPa
100 0 434.00 447.3 473.8 500.2 527.4 556.0 586.5 618.0 647.9
3.594 457.05 467.6 488.7 510.4 533.1 557.5 584.9 616.5 672.1
137 0 365.75 385.2 424.1 462.8 501.6 541.3 581.8 621.3 656.2
3.594 401.90 418.4 4514 485.1 519.7 556.1 595.9 640.5 715.9

The values of stresses oy(7) for calculating the kinetics of cracks in the disk rim are given in Table 1,
where x=38.5 cm — ¥ cm.

The rate of development of a surface semi-elliptical crack % under cyclic loading in the VT3-1

material is described by the Paris equation [6, 7]
AL g K2,

dN
where K| — stress intensity coefficient at the crack tip, MPa Ym; N — number of load cycles.

When the stress intensity factor reaches the level K=K;=250 MPa Vm the disk will be fractured
(downwards).

Results of calculations of the disk crack resistance at the initial parameters of a semi-elliptical crack
1p=0.15 cm, ¢¢=9.5 cm are given in Table 2.

In the table, /.x, cmax are the crack resistance parameters at the moment of disk failure; Ny is the

number of load cycles at the moment of disk failure; K, K, are the values of the stress intensity coeffi-

cients at the moment of failure at points "+" and "-", respectively (Fig. 3), in which the maximum crack sizes /.y,
Cmax are determined. The results for 6,=100 MPa z=3.594 ¢cm can be considered more accurate because they take
into account the bending stiffness of the interlocking joints and the averaged circumferential stresses over the
width of the rim.

The obtained circumferential stresses in the median plane of the disk are underestimated due to the
significant flexibility of the rim in the 7z plane; therefore, they give overestimated values of the number of
cycles to failure.
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The disk hub is more Table 2. Crack resistance parameters of the disc rim at the time of fracture
stressed than the rim. For this

hub, calculations of the kinet-

6,, MPa| z, sm | [ay, SM | Crax, SM | Nipax, cycles K,*,MPa\/m K, MPaVm

ics of a crack that developed 100 0 3.85 10.4 7580 250 180
from the groove in the form 3%94 431;(5) }82 18288 ;28 }gg
f i-elliptical k with : -
o1 & sermi-cliiptical crack wi 37 35041 2.00 | 104 8860| 250 178
semi-axes [=0.1 cm,
¢¢=0.5 cm from the inner cy- Table 3. Values of circumferential stresses cgin the disk hub
lindrical surface were per- X, sm
formed. 1\21’; 0 [0.4667 ] 1.4000 | 2.3333 | 3.2375 | 4.1125 | 4.9875 | 5.8625
The material proper- a G4, MPa

ties and the kinetic diagram | 100 | 91545 | 894.0 | 851.1 | 815.3 | 787.5 | 7684 | 7552 | 743.9
were taken to be the same as 137 | 919.25 | 897.7 | 854.6 | 818.7 | 790.7 | 771.5 | 758.3 | 746.9
for the disk rim. The circum-
ferential stresses were aver-
aged over the thickness of the c,, MPa lmaxa sm Cmax, S Nmaxs CyCleS K; > MPa\/m K; 5 MPa\/m

Table 4. Parameters of the crack resistance of the hub of the disk at the time of failure

hub. Their values for both 100 1.725 2.464 2826 202 250
options of the calculation 137 1.720 2.360 2800 202 250
scheme are given in Table 3.

The results of calculations of the kinetics of a semi- I,em
elliptical crack in the hub of the disk are given in Table 4. Fig. 8 3

shows the dependence of the crack depth / on the number of cy-
cles to failure NV: the dotted line indicates the result for the first
option of the calculation scheme; the solid line indicates the re-
sult for the second option of the calculation scheme.

It should be noted that in the disk hub for both calcula-
tion schemes, similar results were obtained both in terms of the
values of the circumferential stresses and in terms of the number
of cycles to failure. In the process of crack growth to a depth of
x, the stresses oy in the rim increased, and in the hub — decreased.

The destruction of the disk in the rim occurred at the point /,, | 78 8- Dependence of the crack depth lin the

while in the hub — at the point c.... disk rim on the number of cycles N
p e (the dotted line indicates the result for the first

calculation scheme, the solid line indicates
the result for the second one)

AV, thous. cycles

Since there are no reliable data on the disk blading, calcu-
lation studies were carried out for cases when the value of the cen-
trifugal force from the blades airfoil is 10% less and 10% more

than the accepted one. In this case, the load from the blade tip on the cylindrical surface at 7=38.5 cm cannot
exceed 110 MPa, since with a higher load, plastic deformations will occur in the hub. Calculations were made
for the load options 6,90 MPa and o,=110 MPa at a radius of 38.5 cm, as well as for 6,=126 MPa and
0,=146 MPa at a radius of 35 cm without interlocking joints.

Table 5. Stress values 64(x) in the rim

X, sm
G,, MPa | z, sm 0 J o5 [ 15 ] 25 ] 35 ] 45 ] 55 ] 65 ] 175
GQ,MPa
9 0 ]406.30]418.8 | 443.8 | 408.6 | 494.6 | 521.0 | 549.6 | 579.2 | 607.3
3.594 | 427.80 | 437.7 [ 457.6 | 478.6 | 499.3 | 522.3 [ 548.0 [ 577.6 | 629.6
110 0 [461.65]475.7 5038|5319 [560.7 [ 591.1 | 623.4 | 656.9 | 688.6
3.594 | 486.35 | 497.5 [ 519.8 | 542.7 | 566.8 | 592.7 | 621.8 [ 655.4 | 714.7
126 0 [343.20 ] 361.5 | 398.1 | 434.3 [ 470.8 [ 508.0 | 545.9 | 583.0 | 615.7
3.594 | 377.00 | 392.5 [ 423.5 [ 455.0 | 487.5 | 521.7 [ 558.9 [ 600.8 | 671.2
146 0 [338.10 [ 408.8 | 450.2 | 491.2 [ 532.5 [ 574.7 | 617.7 | 659.6 | 696.6
3.594 | 426.75 | 444.3 [ 479.0 | 515.1 | 551.9 | 590.6 | 632.8 | 680.3 | 760.6
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The obtained stress values oy(x) for calculating the kinetics of cracks in the rim are given in Table 5.

The results of calculations of the crack resistance of the disk rim at values of centrifugal forces of
blading, lower and higher than those accepted, are given in Table 6.

The values of circumferential stresses oy(x) in the disk hub at values of centrifugal forces of blading,
lower and higher than those accepted, for both options of the calculation schemes are given in Table 7.

The results of calculations of the crack resistance of the disk hub at values of centrifugal forces of
blading lower and higher than those accepted are given in Table 8.

Calculated crack resistance studies for centrifugal force values 10% lower and 10% higher than the
accepted one showed that the number of cycles to failure increases and decreases by approximately 15%,
respectively.

Table 6. Parameters of crack resistance of the disk rim at the moment of fracture
at different levels of centrifugal forces of blading

G,, MPa | z,sm | lpax, SM | Cax> SM | Ny, Cycles | K, MPaVm K;, MPavVm
90 0 4.10 10.5 8840 250 186
3.594 | 4.02 10.5 7960 250 190
110 0 3.61 10.2 6540 250 174
3.594 | 3.50 10.2 5860 250 174
126 0 4.43 10.6 12540 250 183
3.594 | 4.23 10.5 10320 250 184
146 0 3.98 10.4 9420 250 174
3.594 | 3.77 10.3 7700 250 174

Table 7. Values of circumferential stresses c4(x) in the disk hub at different values of centrifugal forces
of blading for both options of the calculation schemes

X, sm
r,sm | o, MPa | 0 ]0.4667 [ 1.4000 ] 2.3333]3.2375 | 4.1125 | 4.9875 | 5.8625
Oy, MPa
385 90 860.1 | 839.9 | 799.5 | 765.8 | 739.6 | 721.5 | 708.9 | 698.1
) 110 970.8 | 948.1 | 851.1 | 815.3 | 787.5 | 7684 | 7552 | 7439
350 126 864.6 | 844.3 | 854.6 | 769.9 | 743.5 | 7253 | 712.7 | 701.9
) 146 973.8 | 951.0 90.4 867.5 | 838.0 | 817.7 | 803.8 | 792.0
Table 8. Parameters of crack resistance of the disk hub at the moment of fracture
at different levels of centrifugal forces of blading
G, MPa | lpax, SM | Ciax, SM | Ny, Cycles | K, MPaVm K;, MPaVm

90 1.79 2.46 3280 201 250

110 1.66 2.27 2440 204 250

126 1.78 245 3200 200 250

146 1.66 2.26 2420 204 250

Conclusions

When studying the crack resistance of the GTE fan disk, two options of calculation schemes were consid-
ered with different nature of taking into account the transfer of forces from the blade airfoil tip to the disk. In the
first scheme, the transfer of forces is modeled by a layer taking into account the interlocking joints, in the second
one, the interlocking joints are not taken into account, and the loads are evenly distributed over the disk rim.

When studying the crack resistance of the GTE fan disk, two options of calculation schemes were
considered: when the radial load of the blade separation is evenly distributed over the cylindrical surface at
r=38.5 cm and without taking into account the interlocking joints, the load is applied at =35 cm.

The results obtained in the calculations taking into account the interlocking joints at the averaged
stresses oy over the width of the rim should be considered more accurate, since in this case, in the »z plane,
the bending stiffness of the teeth of the interlocking joints is included in the total stiffness.
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Significant refinements of the results when calculating the crack resistance of the disk rim allow to
obtain the averaging of the circumferential stresses over the width of the rim. In the hub, the occurrence of
even minor surface defects in the form of scratches or dents is dangerous.

The nature of the failure of the GTE disk from the hub and rim sides is different, which is explained
by the change in the circumferential stresses in the direction of the crack depth. The crack displacement dur-
ing the failure of the disk in the rim occurs in the radial direction, and in the hub — in the axial direction.

Computational studies of the crack kinetics were carried out for cases when the value of the centrifugal
force from the blade airfoil is 10% less and 10% more than the accepted one. The results showed that the number
of cycles to failure changes by approximately 15% (increases in the first case and decreases in the second one).

Analysis of the crack resistance of fan disks of gas turbine engines for various loading cases proved
that the presence and development of a crack significantly affects the number of cycles to failure, therefore,
to ensure reliable operation and timely detection of cracks, it is necessary to conduct inter-repair inspections
in the rim at least every 1 thousand, and in the hub — after 2 thousand flight cycles.
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Ouinka MiITHOCTI TUCKA BEHTHJISITOPA ra30TypOiHHOI0 ABUT'YHA
Ha OCHOBI aHaJi3y ii0ro TpimMHOCTIHKOCTI

IL. I1. T'ontapoBcbkuii, C. B. Yrpimos, H. B. Cmertankina, H. I'. T"'apma, 1. 1. Menexux, T. B. IlporacoBa

[HcTuTyT eHepreTyHUX MaluH i cucteM iM. A. M. [Tiaropnoro HAH Ykpainu,
61046, Ykpaina, M. Xapkis, Bys1. KomynaneHukis, 2/10

Kounxypenmocnpomoosicrhicmo i1 ekonomiuna egpekmuericms agiayiiHux eazomypoinnux oeueyrie (I'T/) eusna-
yaromocs pienem ix naoiunocmi U pecypcy. OOHumu i3 Hatbinbuw Hanpyscenux eremenmie I T/ € oucku. Bidomo, wo ix
PYUHYBaAHHA MOJiCe npueecmu 00 agiaxamacmpo@u, a NPULUHAMU YbO2O MONICYMb OYMU KOHCIMPYKIMUGHI, MEXHOI02IY-
Hi, ekcniyamayitini ma inwi pakmopu. 3a0anuil pieeHb HAOIIHOCMI NOGUHEH 3A0e3Neyy8AMUCs BNPOO0BIHC 6CbO2O UACY
excniyamayii 0gucyna. Y pobomi nposedeno oyinky mpiwgunocmiukocmi oucka eenmunsmopa I'T/ 3a donomozorw
VOOCKOHANEHOT MEMOOUKYU PO3PAXYHKY POZGUMKY MPIWUH Y KOHCMPYKYISAX NPU YUKTTUHOMY HABAHMANCEHHI, KA TPYH-
MYEMbCA HA BUSHAYEHHT PO3MAXI@ NPYICHO-NAACTRUYHUX Oehopmayiti MemoOOM CKIHYEHHUX eleMeHmi8 Y patioHi eep-
wiunu mpiwunu. /[ocniodicertss GUKOHAHO O 080X 6APIAHMIE PO3PAXYHKOBOI cxemu. Y nepuiomy 3 HuUX OUCK po3enada-
€MbCS I3 YPAXYBAHHAM 3AMKOGUX 3 €OHAHb X80CMOBUKIB TONAMOK, AKi KOHMAKMYOmMbs i3 3yoysmu oucka. Bonu mode-
JIOIOMBCS WAPOM [3 OPMOMPONHUMY BIACTMUSOCMAMY Mamepiany. [[is Opye02o eapianma po3paxyHKogoi cxemu 3am-
KOBI 3’ €OHAHHS He GKIIOUANUCA 00 MO0, a HABAHMAICEHHS NPUKIA0Anocs 0o 0booa oucka. Ilpu yvomy bpanocs 0o
yeazu HABAHMAIICEHHS GIOYEHMPOBUX CUI BI0 3AMK0B020 3 €OHAHHA. YcmaHoeneno, wo cmynuys oucka Oinoul Hanpy-
Jrcena, Hioe 00i0. Xapaxmep pyunysanns oucka I'T/ 31 cmoponu cmynuyi i 0000a pizHutl, uj0 NOACHIOEMbCS 3MIHONO
OKDYIICHUX HANPYIHCEHb Y HANPIMKY 2IUOUHU MPIuurU. 3pyueHHs mpiuHy nio 4ac pyuHyeanHs oucka 6 0000i gioby-
8A€EMbCS 6 pAdiANbHOMY HANPSMKY, d ¥ CMYRUYi — 8 0cbogomy. Pesynbmamu nposedenux 00ciodiceHs 0036015my nio-
SUWUMU CIMPOK HAOIUHOI eKxcniyamayii JimaibHuX anapamis, 3MeHWumy umpamu i 4ac ix pospoOKu, a maxoowc
CRpUAMUMYMb NIOBUEHHIO Oe3neKuU NPU 6UKOHAHHI YUBLIbHUX | OOU0BUX 3A80aHb.

Kniouosi cnosa: mpiwunocmiiikicms, Hanpyiceno-0epopmosanuii Cmau, Memoo CKiHUEHHUX eleMeHmis, Miy-
Hicmb, HAOTIUHICG.
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