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ABSTRACT
In this paper, we apply damage tolerance analysis to a

certain compressor blade by finite clement and fracture me-

chanics methods. The blade is analysed by using the
isoparametric finite element with 20 nodes, its stress and dis-
piacement ficlds are deiermined, and the critical position
where the crack probably tnitiates is located Then the value
of J—integral with different crack sizes in the critical position
arc computed using the 3—-D J-integral program.On the ba-
sis of the fracture toughness of blade material,J .+ the blade
extension limit , é_, and the deviation of natural frequency,

FaY J,, the failure criterion of the blade is discussed and the
critical crack size, a_, is determined. Then according to the
crack growth ratc obtained from the testing, the residual life
of the blade with different crack sizes is evaluated. The max-

imum allowable crack size,a, , is determined using the con

dition that the crack would not grow to critical crack size
during deuble overhaul periods. This value can be used to de-
sign the structure of compressor blade or to establish the eri-
terion to judge whether a compressor blade with a crack can
be used.In this way the safety and reliability of airplanes is
maintained and the costs are reduced.So the damage toler-
ance analysis of compressor blades is practical and economi-
cal.

THE J-INTEGRAL OF CRACKED COMPRESSOR
BLADE

The 3-D J—integral in centrifugal forcc ‘field can he
cxpressed

J=j[wy T—-—ds) jj )dA

ua

-, F, —dA i=123 ()

The combination of the finite element method (FEM)
with the J—integral method is provided to determine the
J-integral valuc of the crack tip.

The FEM form of the 3—D J—integral can be expressed:
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Where we set the origin of the coordinates at the crack
front edge.and the axes of coordinates are the principle nor-

: mal,subnormal and tangent of the point,respectively. W is the

density of strain cnergy, T, T, and T are the stress on the

segment /S, which is the microelement of the contour I,

F, F, and F_ arethe centrifugal forces per unit volume.
Finite element method is used for the calculation of
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each unknown value versus crack length,a,on the right side
of eq. (2), then the vajues of J are obtained, the curve of J -'aA
is obtained as well.

For the influence of piastic zone at the crack tip, the
J-integral shouid be corrected. Using the Bucci method

, the equivalent crack length a,, is obtained, J p can be

obtained from & .

P
Where
adj=a+r’ (3)
r."
J,,=J£(1+?) (4)
J E
r,=—t— (5
ﬂzw,
E =E, f=2 Jor plane stress
E = £ T, B=6 Jor plane strain
(1-v7)

Where E is Young’s moduilus,r is Poisson’s ratio and
o is yield stress.

THE FAHURE CRITERION. OF COMPRESSOR |

BLADE
For rotating compressor bladethree theories are
disscussed to determine its eritical crack size.

Fracture toughness of J c

From the theory of fracture mechanics,we know the
crack propagates when the value of J—integral is equal to the
critical value,J ,When I>J ,the crack of the blade will

propagate unstably.

Radial extension of the cracked blade 5_
After the crack propagates,because of crack opening
displacement by the centrifugal force,the radial extension on

blade tip will increase,and influence the clearance betwesn
the blade tip and the case.In order to preveni the rotating
blade from scratching the case, the blade tip radial
extension, §_,should be limited,That is § <3, ,where g is
the blade tip extension tolerdnce bhecause of the crack open-
ning.

Deviation of natural frequency of cracked blade Af ™.
Based on the experimental data,the natural frequency of

m

cracked blade will drop when the crack length increases.To
avoid blade resonance,the tolerance deviation of patural fre-
quency of the blade Af should be given,The relative de-
crease in the frequency is:

a2t 0 @)
A

So AfaAA j; ,where j; is the natural frequency of nor-

mal blade and f, is that of the blade with crack length a.

LIFE OF FATIGUE CRACK PROPAGATION AND
MAXIMUM ALLOWABLE CRACK SIZE
The J expression of crack propagationrateisda / d N

=C (AJ), Cand r are the material constants. AJ is J~in-

tegral range. The crack propagation life can be obtained as

follows: .. da

AN

Where 2 is initial crack length and g is critical crack
length From eq. (7) we can get the relationship of a versus N.
If we know the overhaul period of the engine. the maximum

M

allowable crack size a, is determined at the condition that

the crack would not grow to final crack length during double
overhaul periods.

THE DAMAGE TOLERANCE ANALYSIS OF A

' COMPRESSOR BLADE

The maximum engine speed is n_. = 13028rpm,the
material of rotating blade 1s TCI11 (2 kind of titanjum alloy)

and the fracture toughness J . = 42.5K/ / m’® Finite ele-

ment method with 20 noded solid element is used for the
stress and displacement of the blade under centrifugal and
gas forces.The mesh of the blade is shown as fig 1. From the
stress calculation,we can know that the stress level of the
front edge is larger than that of rear edgc: The maximum
equivalent stress of front edge g = 21.6Kg f/ mm” .Assum.
ing that crack initiatc at this point,and propagate in the di-
rection of ¢ (mode 1), the J-integral is calculated. The
curve of the J—integral versus the crack length, a, can be
secn in Fig. 2. When J=J7 , the critical crack length a
=22.7mm is obtaincd.If 6 =0.05mm is given,when §=¢
;the critical crack length 2, = 15.5mm is obtained. Based



on the experimental result, the limited deviation of natural
frequency ASf, =0.5% is selecledm, and a/ b=0.06 is

determined. Here the string length of blade,b=49.9mm,

now a, = 3mm is obtained.

fig. 1 The mesh of the blade
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Fig. 2 The curve of J-Integraland & versus a

Comparing three different critical erack lengths, 2.,
a,.and a, , the deviation of natural frequency of the
blade should be taken as the failure criterion of the blade.
Then the real critical crack length is  determined as a

=3mm.
After the J-value of different cracks size are computed,

it is converted 1o value of X.As suming 4 , = 0.25mm, exper-

imental result shows that the propagation rate of the materi-
alof TCllcan beexpressedasda / d N = 1 . 0790
x 10" (A m, Applying £q. (7),wc can get the rela.
tionship of crack length,a,versus the number of cycle, ¥ t
(see Fig. 3).
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Fig.3 Crack propagation life

Because 100 hours of the engine use results in 167
*Zero—Max—Zero” cycles, we now get the relationship of a
versus t, see Fig. 4.

Assuming that thc overhaul period of cngine is 100
hours, The maximum allowable crack length is obtained
as 2.835mm at the condition that the crack would not grow to
final crack length during double overhaul period. If the

averhaul period is 200 hours, so a; = 2.7mm.
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Fig.4 Thecurve of a versus 1t

CONCLUSION

(1) Pue to the complex geometries and loading condi-
tions in compressor blade, the combination of 3-D FEM
with J—integral method can be used to obtain the J-integral

220z 1snbny (g uo isenb Aq ypd-6.£-16-76-7¥0BY LISO0M08ESOVZ/V YOV Y L LSOON/EL88./v66 L LO/APd-sBuipesooid/ | ©/610 swse uonos|joojeybipswse;/:dpy woy papeojumoq



of the compressor blade in the critical location.

(2) When the crack in the blade propagates, material
fractore toughness,additional extension or the deviation of
natura] frequency of the cracked blade can be used to deter-
mined critical crack size.

(3) The maximum allowable crack size 1; can be used

to establish the criterion to judge whether the safety and reli-
ability of engine was assured and cost was reduced.
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