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In order to further investigate dynamic characteristics of turbine runner blades under the
coupling effect of vibration and crack, in this article, a runner blade with a crack was taken
as the research object. The coupling effect of vibration and crack was analyzed, a nonlinear
dynamic model considering the coupling of the runner blade was developed, and the vibration
and fatigue characteristics were investigated. First, based on the contact characteristics of
the breathing crack surfaces in the runner blade under hydraulic excitation, a breathing crack
surface contact model was established. Subsequently, a nonlinear dynamic model considering
the coupling effect of vibration and crack was obtained. The crack surface contact force and
crack stiffness matrix were established and the vibration and fatigue characteristics were
analyzed. Finally, the feasibility of the dynamic model was verified by a case study, and
the dynamic and vibration fatigue characteristics under the coupling effect of vibration and
crack were revealed. The research results show that with propagation of the crack, the crack
surface contact force increases and the dynamic stress amplitude at the crack tip increases
as well. When the sum of the frequency of the hydraulic excitation and the crack surface
contact force acting on the runner blade is close to the natural frequency of the runner blade,
a combined resonance will occur. When the coupling effect of vibration and crack is taken
into consideration, the vibration fatigue crack propagation model is more accurate and can
provide a basis for fatigue strength and life prediction of runner blades.

Keywords: runner blade, vibration and crack coupling effect, dynamic model, nonlinear,
vibration fatigue

1. Introduction

Runner blades are the main force bearing and transmitting components of hydraulic turbine
generator units. Under the action of long-term hydraulic excitation, runner blades often expe-
rience complex vibration phenomena, and long-term vibration can lead to generation of fatigue
cracks in different degrees and different ways. The generation of fatigue cracks can further ag-
gravate the vibration of runner blades, causing a significant decline in the dynamic performance
of the unit, and even affect its safety. In order to assess the operation efficiency and relia-
bility of hydraulic turbines, it is necessary to develop a dynamic model of runner blade with
cracks.

Currently, the available research on dynamic models of runner blades with cracks has
mainly considered the effect of fluid-solid coupled as well as the effects of hydraulic param-
eters, structural parameters, and crack parameters and has developed dynamic models of
runner blades through simulation and theoretical analysis. For instance, Yang et al. (2014)
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used a singular element of the Ansys software to simulate the tip effect of cracks. A two-
-dimensional finite element analysis model of the crack was developed, and then, a dynamic
model of a blade with crack was constructed. In another study, Fernandes et al. (2016) con-
structed a finite element model of a crack by using mixed-type finite elements, and devel-
oped a dynamic model of a cracked blade with different crack angles. However, under hy-
draulic excitation, the runner blade crack can expand changing the stiffness and resulting in
a change of the dynamic response and the crack propagation rate. The dynamic response and
crack propagation rate affect each other. This phenomenon is called the coupling effect be-
tween vibration and crack propagation. This coupling relationship can affect vibration char-
acteristics and lead to crack arrest and instability propagation of the runner blade. In order
to better reveal the vibration and fatigue characteristics of the runner blades, it is neces-
sary to take the coupling relationship between vibration and fatigue cracks propagation into
consideration.

At present, the research on the coupling of vibration and crack has been mainly focused on
two aspects: crack stiffness and crack surface contact force. In terms of crack stiffness, scholars
have considered changes in the stiffness during crack opening and closing, and have developed
breathing crack models. For example, Chondros et al. (2001) used a nonlinear model to simulate
crack stiffness and investigate vibration characteristics of a cracked beam. Liu and Chen (2010)
studied the coupling problem between vibration and fatigue crack propagation of cracked beams
using a single degree-of-freedom spring vibrator model and a nonlinear breathing crack stiffness
model. Nevertheless, the study ignored the opening-closing phenomenon of the breathing crack,
which is local contact behavior. Andreaus and Baragatti (2011) developed a contact finite el-
ement model to investigate forced vibration of structures containing cracks. The contact finite
element breathing crack model considered elastic deformation when simulating the opening and
closing of cracks, increasing the accuracy of the simulated stiffness changes. However, during
the opening and closing process of the breathing crack, contact forces are generated on the
crack surface, thus, it is necessary to study the contact forces on the crack surface in depth.
For instance, Kucher et al. (2007) considered the contact on a blade breathing crack surface as
a friction-free contact problem, introduced nonlinear contact stiffness at the crack as a penalty
factor, and obtained an approximate expression of the contact force on the crack surface. To
solve the convergence problem, Duan and Singh (2007) introduced a tangent smooth function
into the Kucher equation, combining the Lagrange multiplier and penalty function methods in a
contact problem. Bednarz (2017) considered the effect of crack parameters such as the crack gap
on the crack surface contact force of a blade structure, and established an expression for the crack
surface contact force using the penalty stiffness method. Although the crack stiffness and surface
contact force models constructed in the above research included structural material parameters
and crack parameters, the effect of vibration characteristics on the crack stiffness and surface
contact force was not taken into consideration. The vibration characteristics affect the crack
opening-closing cycle as well as the gap size of the crack during each cycle, which in turn affect
the crack stiffness and contact force characteristics on the crack surface. Therefore, it is necessary
to take into account the effect of vibration characteristics and develop a mathematical model
able to reflect the internal relationship between crack stiffness and crack surface contact force
characteristics.

Taking a turbine runner blade with cracks as the research object, this paper constructs
a breathing crack contact model of a runner blade, develops a crack stiffness model includ-
ing structural parameters, material parameters, crack parameters and vibration characteristics,
formulates an analytical equation of the crack surface contact force, and obtains a nonlinear
dynamic model which couples the vibration and crack propagation characteristics of the runner
blade. The dynamic characteristics are obtained by decoupling the dynamic model, and then,
the fatigue crack propagation model of the runner blade is obtained.
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2. Breathing crack contact model

The blade can be considered as a shell structure. In order to develop an analytical model for the
surface contact of breathing cracks in the blade excited by hydraulic excitation, the following
assumptions need to be introduced:

(1) It is assumed that the surface contact behavior of the breathing crack is based on a gradual
opening and closing process, the change trend of which is linear.

(2) When the crack surfaces contact with each other, the effect of axial displacement is rela-
tively small and can be ignored, and only the effect of the radial displacement along the
contact surfaces of the crack on the contact force is taken into consideration.

(3) According to the opening closing behavior characteristics of breathing cracks, the contact
between corresponding point pairs on the crack surfaces can be used to simulate this
behavior.

Based on the above assumptions, a breathing crack surface contact model of a runner blade
was developed, as shown in Fig. 1. According to the third assumption of the breathing crack
contact model, two groups of corresponding crack contact point-pairs were: point a to point b
(upper surface), and point a’ to point b (lower surface). During the actual movement of the
runner blade, two forms of contact behavior on the crack surface of the runner blade can occur.
The first form is displayed in Fig 1 (II) and the second in Fig. 1 (III).

(I) Stereogram

(1D (2)

-

Im (1) (II) Front view 15 (2)
(I11)
—
(IIT) (I1I) Front view (III)

Fig. 1. The breathing crack surfaces contact model of the turbine runner blade

3. Coupling effect of vibration and crack

3.1. Crack surface contact force

Based on the shell-like mechanical model of the breathing crack surface of the blade shown
in Fig. 1. When the crack opens, the surface contact force of the breathing crack in the local
coordinate system can be expressed as (Luo et al., 2019)

fc,z = _K*(Ha_ﬂb_bc)é(ﬂa_ﬂb_bc) fl;: _f(; (3'1)
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and
f;/ = —K*(ﬂa/ — Uy — bc)é(ﬂa/ — Up — bc) fé/ = —fcll/ (3.2)

Equation (3.1) is the crack surface contact force in the first contact form, f, and f;, represent
the crack surface contact force acting on points a and b, respectively. Similarly, Egs. (3.2) is the
crack surface contact force in the second contact form, f, and f represent the crack surface
contact force acting on points a’ and ¥, respectively. In addition, (@, —up — b.) is the unit step
function, which expressed as

5(ﬂa —Uup — bc) = { ! for ga Zb be =0
0 for w, —up —b. <0
Moreover, T, and u, represent the radial displacement of points a and b, respectively, along the
z-axis in the local coordinate system, u, and %y represent the radial displacement of points a’
and b, respectively, along the x-axis in the local coordinate system, b, is the crack gap width,
and K* is the contact stiffness of the shell element, also called penalty stiffness, which can be
expressed as
2
oo PAL (3.3)
3(1 -2V

where V' is the volume of the crack contact area of a plane shell element, A. is the crack contact
area of a plane shell element, v is Poisson’s ratio of the runner blade material, and F is its elastic
modulus.

Subsequently, @, and @, in Egs. (3.1) and Ty, Ty in Egs. (3.2), can be calculated based on the
neutral surface of the crack, and the distance between the contact-point pair can be transformed
into the displacement of the corresponding points A and A’ on the neutral surface. When the
first contact form is expressed in the local coordinate system of the crack in Fig. 1 (II), @, and
Uy in Egs. (3.1) can be expressed as follows

h— h—
Ug = UA + §9y,4 up = ug + §6yA/ (3.4)

where T4 and 7 4/ represent the lateral displacement of points A and A’ along the z-axis, §y A and
§y A represent the angular displacement of points A and A’ around the y-axis, and h denotes
the thickness of the shell element.

When the second contact form is expressed in the local coordinate system of the crack in
Fig. 1 (III), u, and uy in Egs. (3.2) can be expressed as follows

h— h—
Uy =TUA — 50ya Uy =T — 50yn (3.5)

For the first contact form, the contact force acting on the crack surface of points a and b can be
obtained by substituting Eq. (3.4) into Egs. (3.1)

*[— = h ) w u %) 0
fo=—K"Ta —Tar + 5(0ya = Oya) — bc}‘s[uf‘ ~ T+ 5 (0a = Opa) - bc} (3.6)

For the second contact form, the contact force acting on the crack surface of points a’ and b’
can be obtained by substituting Egs. (3.5) into Egs. (3.2)

N __h
fur = =K [0 =Ta = 50y = Oyar) = be] 3[04 — T = 500 — ) = be]

fiy = —Ju

(3.7)
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The radial and angular displacement of points A and A’ in the local coordinate system of
the crack in Eqs. (3.6) and (3.7) can be expressed by a displacement interpolation function.
Therefore, the contact force acting on the crack surface of points a and b in the first type of
contact can be expressed as

fL/z = _K*(d’lPu - bc)(s('l»blPu - bc) fé = _fc/L (3'8)

where 1, is 1 x 20 row vector, and (1)1 = b./(2a), (¥1)3 = [3h/(8a®)](2l.be + b?),
(¥1)s = (2abch — 3bZh — 6bclch) /(8a°), (¥1)16 = —be/(2a), (1)1 = —[3h/(8a”)](2cbe + b),
(11)20 = —(—2ab.h — 3b>h — 6b.l.h)/(8a?), and the rest are zero, which is related to the struc-
tural parameters and crack parameters of the shell element. In addition, /. is the length of the
crack from the left end of the plane shell element.

Similarly, the crack surface contact force in the second type of contact can be expressed as

for = —K"(pPu —b)d(1p,Pu—be) for = —fa (3.9)

where b, is 1 x 20 row vector, and (5)1 = b./(2a), (¥5)s = —[3h/(8a®)](2l:b. + b2),
(W2)5 = —(2abeh — 352h — Gb.lch)/(82), ($p)16 = —be/(2a), (o)1 = [3h/(8a7)](2Ucbe + b2).
(19)20 = (—2ab.h — 3b2h — 6b.l.h)/(8a?), and the other elements are zero, which is related to
the structural parameters and crack parameters of the shell element.

According to Egs. (3.8) and (3.9), the contact force on the crack surface is affected by
vibration characteristics, which are related to material parameters, such as the elastic modulus
and Poisson’s ratio, structural parameters such as length and thickness of the shell element,
crack parameters such as crack length, gap width, crack angle, contact area and contact area
volume, vibration characteristics including radial displacement along z-axis and the angular
displacement around the y-axis.

According to Egs. (3.8) and (3.9), the crack surface contact force of a shell element includes
two step functions, (¢»;Pu—0b.)d(¢»;Pu—10.) and (¢,Pu—b.)0(¢p,Pu—b.), which are nonlinear
terms, thus, the crack surface contact force is a nonlinear force.

3.2. Crack stiffness matrix

According to deformation characteristics of plane shell elements with cracks under the action
of crack propagation, strain energy is released. In addition, according to the stress characteristics
of runner blades with cracks, considering only the strain energy released by type I (open type)
and type II (sliding type) cracks, the strain energy P, released due to crack propagation can be
expressed as

1
Pe=+ / (KE+ K}) dA, (3.10)
Ac

where K7 and Kir correspond to mode I and II stress intensity factors at different crack inclina-
tion angles, which can be expressed as follows

K1 = Fi(a)oaM(D)Vnl Ki = Fii(a)ra M ()Vrl (3.11)

where « is the crack propagation angle, o, is the normal stress along the crack propagation angle
direction at any time, 7, is the shear stress along the crack propagation angle direction at any
time. F1(a) and Fyr(«) are the propagation angle correction coefficients of mode I and II cracks,
respectively, which can be determined based on the crack propagation angle «, Ar(l) and Arr(1)
represent the stress intensity factor correction functions of mode I and II cracks, respectively,
which can be determined based on relative length of the crack.
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Considering large geometric deformation of the runner blade and ignoring the effect of bend-
ing deformation of the y-axis, the displacement-strain relationship for the crack section of the
plane shell element can be expressed as

. ou . Pw 1 (8111)2 e —0
e — z— —( — —
T ox or? 2\ 0x v (3.12)
8u+8v+2 82w+8w8w ’
—_ Z— —_—
M=y = By T o T 0xdy | Oz Oy
Equation (3.12) can be transformed into a matrix form as follows
e.=Sou+ - Zku S u (3.13)
j 1
where
2
€l, _ (% 0 Z%
=10 So=10 0 0 |N
0 0 9?2
Ny oy Oz 228:):8?;
N —

Nyi 0 0 0 0 Nyo 0O 0 0 0 Nys 0O 0 0 O Nyg O 0 0 O

0 Nyt O 0 0 0 Nyg2 0O 0 0 0 Nyzg 0O 0 0 0 Ny O 0 0

0 0 Nuyi1Ng,1Ng,1 0 0 Nyz2NgaNgo 0 0 NyzNg,sNgs 0 0 NygNg,aNoya
and Nui, Nyi, Nwi, Noyi, Noyi (i = 1,2,3,4) are form functions, k; (j = 1,2,3), where
ky = [1,0,0]7, , ky = [0,1,0]T, k3 = [0,0,1]T, S; (j = 1,2,3) is 20 x 20 matrix, where

ONz ONg
- ox - 8:):
Si = [aaNm O20x1 O20x1| |O1x20 So = [O2O><1 O20x1 020x1} O1x20
’ lego O1><2O
[ ONg

- oz
ONT  oNT
Sy = [ oy O 020“} O1x20

| O1x20

and
N3 = [0,0, Ny1, Ng,1, No,1,0,0, Ny2, No,2, No,2,0,0, Nu3, No,3, No,3,0,0, Nya, No, 4, No, 4]
The relationship between stress and strain is
o. = De, (3.14)

where o, = [0y,,0, Tlﬁy]T, D is the elastic matrix of the shell element, which can be expressed as

0 (3.15)

By substituting Equations (3.11); to (3.14) into Eq. (3.10), the following expression can be
obtained

1
P. = Tk u —|— /Z Z uTkTuh jru Tkpu dA,

7=1k=1
Ae (3.16)

I [~ e _
+ ;T—E Z(unguTkju + uTk?uggu) dA,
A, J=1
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where

R N o N F () 0 0
g =S;D'AS; hj, = S;DTADS,, A=| 0 0 0
0 0 Fi(a)Af;

Subsequently, the shell element stiffness matrix k. caused by crack propagation can be ob-
tained

27l

ke =
E

SIDTADS, dA, (3.17)
Ac

According to Eq. (3.17), the crack-stiffness-matrix is affected by the vibration characteris-
tics, which are related to material parameters, such as the elastic modulus and Poisson’s ratio,
structural parameters such as length and thickness of the shell element, crack parameters such as
crack length, crack propagation angle, crack contact area and contact area volume, and vibration
characteristics such as normal and shear stress amplitudes.

4. Dynamic coupling model of vibration and crack

The relationship between the generalized coordinate vector i of element u; and the generalized
coordinate vector U of the shell structure in the global coordinate system can be expressed as

u; = RZ‘BZ‘U (4.1)

where B; is the coordinate matrix between the unit number and system number, and R; is the
conversion matrix between the coordinates unit i and the global coordinates.

For large geometric deformation and the crack surface contact force, the dynamic equation
of a runner blade with a crack can be written as follows

(M; + M,)U +CU + (K - K,)U = F + F' — MU,

+ 5 ZZ/ (G;;UTk,;U + 2UTG;k;U) dV
i=1j= 1V

n 3
- Z/ 3y 2> (G4 UTk;U + 2UT Gk, U) dA
Z'ZlAci J=1

n 3 3 n 3
-3 % / > S kTUH;, UKk, U dAg + - L Z Z > / k; UH;;,; Uk, U dV

o J=Lk=1 i=1j=1k=1

where Gj; = B/ Rfg;;, G;; = BIR/g;;, Hjri = BR'h;,R;B;, Hj;; = BfR h;;R,;B;.
In addltlon U, Uand U correspond to the generalized coordinate vector, velocity vector, and
acceleration vector in the global coordinate system of the blade with crack, Uy is the rigid body
acceleration vector, M, U, is the self-excited inertial force of the system, M; and M,, are the
mass matrix and additional mass matrix, respectively, C is the damping matrix, K is the stiffness
matrix, F and F’ are the hydraulic excitation and crack surface contact force, respectively.
According to Eq. (4.2), the dynamic equation of the blade with the crack includes the nonlin-
ear crack surface contact force, a nonlinear term representing the large geometric deformation of
the blade >_1 Z?‘:1 [ (G;;UTk;U +2U"TG,;;k;U) dV, and a nonlinear term representing the
crack strain energy of the blade — 71 [, [7li/(2E)] ?:1(éjiUTij +2UTG,ik;U) dA.,
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therefore the dynamic equation of the blade with the crack is a nonlinear equation. In the dy-
namic equation of the blade, the F/ (nonlinear crack surface contact force) and K. U (elastic
restoring force) terms caused by the crack as well as the nonlinear terms generated by crack
strain energy of the blade include not only crack parameters, but also vibration parameters.
Consequently, this is a coupling relationship between vibration and the crack.

5. Vibration and fatigue characteristics of runner blades

5.1. Dynamic characteristics of runner blades

By solving Eq. (4.2) using the multi-scale method, the dynamic response of the blade with
the crack can be obtained

U = iy (5.1)

where ¢ is the regular modal matrix and 7 is the corresponding modal coordinate array of the
blade. Subsequently, the approximate solution of the displacement response U of the blade with
the crack can be expressed as

U=o¢n U = o)

U=> ne" (5.2)
r=1

Based on the developed finite element model of the blade, the relationship between displace-
ment and strain is as follows

I 1
e =Sou+ 5; S;u kju (5.3)

where € = [e4, &y, Vay]", can be expressed as

. ou i 0%w i 1<8w)2 e (1) ov 0%w 1(8w)2
T,t)=—+z2—5 + == T l) =+ 275+ 5
R Ox 0x?2 2\ 0x yr 0 oy 2\ 0y (5.4)
(2,1) 6u+6v+2 Pw  Owow .
€T = — —_— z R
Tay oy Oz 0xdy Oz Oy
where S; (j =1,2,3) is 20 x 20 matrix, and
ONjy ONjy
" . ox ox
_ [oN ON _ ON
S1= [ 72 O20x1 O2x1| | F* Se = [020><1 2 O] |
O1x20 O1x20
[ ON3
ONT  ONT a?\}v
S3 = [ ayg 3—333 020><1} 8—y3
| O1x20
The relationship between stress and strain is
o =De (5.5)

Refer to Eq. (3.15) for the D matrix above. By combining Egs. (4.1), (5.3) and (5.5), the dynamic
stress at any position of the blade with the crack can be obtained as follows

1 3
o =DSoR;B;U + > Dk,U'B/R/S;R,B,U
j=1

(5.6)



Nonlinear dynamic model of a turbine blade considering...

83

5.2. Vibration fatigue characteristics of blades with cracks

According to the Pairs fatigue crack propagation model, the fatigue crack propagation rate
of a runner blade with a crack can be expressed as

dl

— = Cy(AK)™ 5.7

o = Co(AK) (57)
where [ is the crack length of the member with the crack, N is the number of cycles of dynamic
stress, m and (| are material constants of the members with the crack, and AK is the stress
intensity factor amplitude. Considering the contact and vibration characteristics of the crack
surface, the amplitude of the stress intensity factor can be expressed as

Af(U)
vl

where F(I) is the crack shape correction factor, which is related to the crack size and which
can be obtained from the stress intensity factor manual, AK7 and AKjy are the amplitudes of
K7 and Ky, respectively, and Af(U) is the amplitude of the contact force acting on the crack
surface, which can be determined by combining Equations (3.8), (3.9) and (5.2).

By substituting Eq. (5.8) into Eq. (5.7), the crack propagation rate model of the runner
blade with the crack can be expressed as

1
A8 = L eos 21AK~(1 + cosa) — 8AK sl + F()

(5.8)

N = C’O(% Ccos %[AKI(l + cosa) — 3AKysina] + F(1) 5%‘”) (5.9)

According to Equations (5.6) and (5.9), due to the coupling effect between vibration and the
crack, the contact force on the crack surface and the crack stiffness change continuously with
propagation of the crack, resulting in a continuous change of the dynamic stress characteris-
tics. Consequently, the crack propagation model of the runner blade is related not only to the
amplitude of dynamic stress, but also to the amplitude of the contact force on the crack surface.

6. Case study

In this Section, a large Francis turbine in Guangxi is taken as an example. The main param-
eters of the runner are as follows: rated speed of 75 RPM, rated head of 59.4m, rated flow of
Qo = 580m?3/s, rated working condition of 302.5 MW, maximum runner diameter of 8.33 m,
height of 5.19 m, upper crown and lower ring mass of 101.4 - 103 kg and 68 - 103 kg, respectively,
and upper crown and lower ring moment of inertia of 8.52 - 10° kg-m? and 1.15 - 10° kg-m?, re-
spectively. In total, 13 blades are evenly distributed in the runner. A single blade has mass
of 7.7 - 10% kg, width of 1.65m, thickness of 0.62m, elastic modulus of E = 210 GPa, material
density of 7.85 - 103 kg/m?, and Poisson’s ratio of v = 0.3.

In actual operation, due to the thin water outlet edge of the blade and the stress concentration
phenomenon at the “T-shaped” connection between the blade and upper crown, penetrating
cracks often appear at the water outlet edge of the blade. Table 1 lists the statistical values
of through cracks found on the outlet edge of the blade of a hydropower station. The runner
blade material is ZGOCr13Ni5Mo, the material constant is m = 3.65, Cy = 3.46 - 1070 and its
allowable stress is o = 43.27 - 107 Pa.

In order to verify the correctness of the developed model, No. 3 blade under rated working
conditions was taken as the research object. Based on the characteristics of hydraulic excitation
acting on the blade, a crack 100 mm away from the upper crown was analyzed. It was assumed
that the blade contained only a single crack. Two different crack lengths of 100 mm and 150 mm
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Table 1. Statistical table of through cracks on the water outlet edge of blades of a hydropower

station
‘ Blade number ‘ Crack location Crack type ‘ Crack size ‘
3 100 mm from upper crown | Through crack 150 mm
8 20 mm from lower ring Through crack 90 mm
9 30mm from upper crown | Through crack 140 mm
11 50 mm from lower ring Through crack 130 mm

Table 2. Each node direction displacement representation symbols of the crack blade

Displacement in each
node direction

Representation symbol

Lateral displacement
along X-axis

Ui, Use, Us1, Use

Ui, Us, Ur1, Uss, Uai, Usg, Usi, Usg,

Lateral displacement
along Y-axis

Uiz, Uyz,? Usz, Usy

Us, Uz, Uiz, Uiz, Uso, Uaz, Usa, Usy,

Lateral displacement
along Z-axis

Uis, Usg, Usz, Usg

Us, Us, Uiz, Uig, Uaz, Usg, Uss, Usg,

Angular displacement
around Z-axis

Uia, Usg, Usy, Usg

Us, Ug, Ur4, Urg, Usa, Usg, Uy, Usg,

Angular displacement
around Y'-axis

Uss, Uso, Uss, Ugo

Us, Uvo, Uis, Uao, Uss, Uso, Uss, Uso,

U2
Uis'tr vy,
13
41
Uiz
Uss

Fig. 2. Finite element model of the runner blade with cracks

and crack gap widths of 1.6 mm and 2 mm were investigated. In order to simplify the simulation
model, the runner blade was divided into 9 rectangular elements, each blade had 60 degrees-of-
-freedom, the element number was represented by (1), (2), A1, As,..., indicated the crack number,
the node numbers were represented by 1,2,... (Table 2). The finite element model of the blade
with the crack is illustrated in Fig. 2.
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Time-domain simulation diagrams of the contact force on the crack surface and dynamic
stress at the crack tip were obtained according to Egs. (3.8), (3.9) and (5.6), for a crack length
of 100 mm and crack gap width of 1.6 mm. The results are shown in Figs. 3a and 3b, respectively.
For a crack length of 150 mm and crack gap width of 2mm, the results are shown in Figs. 4a
and 4b, respectively.
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Fig. 3. (a) Simulation curve of the crack surfaces contact force and (b) time domain simulation curve
crack-tip dynamic stress when the crack length was 100 mm and the crack gap width was 1.6 mm
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Fig. 4. (a) Simulation curve of the crack surfaces contact force and (b) time domain simulation curve
crack-tip dynamic stress when the crack length was 150 mm and the crack gap width was 2 mm

According to Figs. 3a and 4a, the contact force on the crack surface increases with prop-
agation of the crack. In addition, as the crack gap width increases, the period of the contact
force on the crack surface increases as well. According to Figs. 3b and 4b, the dynamic stress
amplitude at the crack tip increases with propagation of the crack.

As shown in Figs. 5a and 5b, the correctness of the developed model is verified. The fracture
module in Ansys workbench was used to establish the crack, the surface unit surface body was
inserted at the crack location and the grid was divided, dynamic load was applied and transient
dynamic analysis was carried out. The results show that the closer the crack position is, the
greater is the dynamic stress. Among them, the dynamic stress at the crack is 32.7 MPa and the
mean dynamic stress in Fig. 3b is 30.1 MPa, the error is 2.6 MPa, and the error rate is 7.9%.

According to Eq. (3.17), the crack stiffness increases due to propagation of the crack, which
leads to a continuous reduction of the natural frequency of the runner blade with the crack.
Moreover, width of the crack gap increases due to propagation of the crack, and the period
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Fig. 5. (a) Blade crack model, (b) crack position force diagram

of the contact force on the crack surface increases as well. When the sum of the frequency
of hydraulic excitation and the crack surface contact force acting on the blade is close to the
natural frequency of the blade, a combined resonance of the runner blade will be caused. Based
on the characteristics of hydraulic excitation acting on the blade, when the crack extends to
132 mm, the combined resonance will occur. By comparing Figs. 3b and 4b, it can be observed
that when the crack length is 150 mm, the dynamic stress at the crack tip was more irregular
than that when the crack length was 100 mm, which also provides a theoretical basis for unstable
propagation of the crack under resonance.

0.6

— Considering vibration and crack coupling effect
— Neglecting vibration and crack coupling effect
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Fig. 6. Simulation curve of fatigue crack propagation

In Fig. 6, when only dynamic stress is considered without considering the coupling effect of
vibration and crack, the crack propagation life curve is the blue line; and when the contact force
and dynamic stress on the crack surface are considered, taking the coupling effect of vibration
and crack into consideration, the crack propagation life curve is the one red. It can be observed
that when the working condition was only the rated load, the crack expanded to the length of
150 mm after 4.53-107 s (524.3 days). When the coupling effect of vibration and crack was taken
into consideration, the crack propagation to 150 mm took 4.42 - 107 s (511.6 days). According to
(Yang et al., 2014)], the turbine blades are mainly operated near the rated working conditions
and are stopped for inspection every 4.25 - 10”s (491.7 days). When considering the coupling
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effect of vibration and crack, the error between the simulation and test results is 4.04%, while,
without considering the coupling effect of vibration and crack, the error is 6.63%. This indicates
that the vibration fatigue crack propagation model considering the coupling effect of vibration
and crack is more accurate, and provides a basis for fatigue strength and life prediction of blades.

7. Conclusions

e With propagation of the crack, the contact force on the crack surface increases, its period
increases, and the dynamic stress amplitude at the crack tip increases as well.

e The propagation of the crack increases the crack stiffness, which leads to a continuous
reduction in the natural frequency of the blade. When the sum of the frequency of hydraulic
excitation and the crack surface contact force acting on the blade is close to the natural
frequency of the blade, amd a combined resonance occurs, which also provides a theoretical
basis for unstable propagation of cracks under the resonance.

e When the coupling effect of vibration and crack is taken into consideration, the developed
vibration fatigue crack propagation model is more accurate, and can provide a basis for
prediction of the fatigue strength and life of the blades.
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