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Abstract

Crack development in gas turbine blades is a vital feature to be regulated in most of the power and
aerospace industries since it significantly impacts the turbine blade's natural frequency and stress
distribution. Furthermore, the investigation is necessary to extend the turbine's operational life by
removing the possibility of resonance. In this regard, a cloud point model for turbine blades is created
first, followed by a detailed study to investigate blade crack formation and its impact on natural
frequency and stress distribution. The blade's stiffness decrease is accounted for by the slow
propagation of material abnormality/crack in ANSY'S utilizing five separate models based on the Block
Lanczos method. The results are formulated by removing the number of elements in a sequential order
(starting from O to 4) from the blade model to obtain subsequent natural frequency and stress
distribution for ten vibration modes. As the crack propagates, both the natural frequency and the stress
concentration decrease. Furthermore, both of these are closely related to the mode of vibrations. Based
on the assessment, it is noted that the proposed model analysis gives a viable approach to significantly
handle the operational barriers of the gas turbine in the industrial sector.
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Nomenclature

CPM Cloud point model SC (o) | Stress concentration (GPa)

ER Element removed Subscripts
FEA | Finite element analysis Max Maximum
NF Natural frequency (Hz) Avg Average

1. Introduction components of the gas turbine, the blades are
considered to be the utmost critical part of
operation [1], as their failure drastically affects

the overall working capability of the gas

The gas turbine is one of the viable
elements of turbo machines nowadays. It is

extensively used in power generation and
aircraft jet engine industries as well. The
operational development pathway of the gas
turbine  normally comprises efficiency,
lifespan, and reliability. Among all the
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turbine [2]. Moreover, blades are usually
subjected to high temperature, high pressure,
and alternative loadings. Therefore, cracks can
easily be initiated under these conditions [3].
The crack initiation critically impacts the
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natural frequency of the blade, leading to an
imbalance in the rotor, high vibrations, and
high resonance stresses [4]. For instance, a gas
turbine of 70MW failed due to the formation of
carbides by the blade material at high
temperatures in the first stage [5].

Moreover, a turbine blade failure was
analyzed and it was found that the change in
natural frequency was the root cause of the
metallurgical defects [6]. Natural frequency
estimation is one of the important parameters
from the industrial point of view because
resonance arises when the forced vibration
matches with one of the natural frequencies of
the turbine blade. Therefore, the resonance
phenomena are highly undesirable in the
industrial sector, because it causes a high
amplitude of vibration, leading to damage to
the turbo machinery [7]. Several reasons can be
responsible for blade failure under high rotation
speed and higher temperature of a turbine, like
fatigue failure, outer damage, inner damage,
dovetail corrosion, erosion, oxidation, material
behavior, and resonant phenomena [8-10].
Furthermore, a 50 MW class turbine blade
failure was reported, due to the crack formation
caused by the creep similar to stress corrosion
[11].

In another study, it was found that the solid
particle erosion wear, fatigue, oxidation of the
trailing edge, and corrosion of the surface are
the other main factors of gas turbine blades
failure, thus thermal barrier coating of ceramic
and refractive materials are suggested to
increase the durability and efficiency of the
turbine blade for the reduction of possible
failure [12, 13]. But these thermal barrier
coatings on the other side, are reported
practically  challenging due to their
delamination, which is primarily caused by
startup, steady, and stop operation in service
[14]. Moreover, a nimonic-105 super-alloy
turbine blade was investigated, and it was
found that the failure of the blade occurs due to
the corrosion fatigue at the root of the blades
[15]. It was also observed that hot corrosion is
proven one of the drastic failure factors for
nickel-based alloy, which eventually damages
the second-stage blades of the turbine [16].
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Moreover, hot corrosion is highly
undesirable on the blades of a turbine, to
prevent severe fatal failure, which is caused by
the oxidation of material at high temperatures
[17]. In addition, the evolution of micro cracks
on the surface of the blade increases the stress
concentration, leading to blade failure [18].
Furthermore, in another study, it was found that
the corrosion fatigue crack extremely reduces
the life span of the turbine [19]. To avoid such
complications in turbo machinery, failure
analysis has gotten the attention of many
researchers. The crack formation, its effects,
and different crack-initiating phenomena on the
blade profile are investigated [20, 21].
Moreover, the finite element analysis and
dynamic analysis were carried out to highlight
and reduce the turbine blade failure factors [22,
23]. Another investigation based on the
numerical and experimental results highlights
that the FEA method is one of the accurate
techniques instead of performing costly and
time-consuming experimental model analysis
[24].

In another study, the finite element analysis
showed that the major reason behind the bucket
segmentation is mainly caused by the failure of
a major bucket cooling passage [25]. In a study,
the natural frequency of the turbine blade was
measured at different rotational speeds,
highlighting that the estimated natural
frequency follows an increasing trend with the
increase in the rotational speed [26].
Furthermore, the frequency and amplitude
response function of the gas turbine was
studied experimentally, and FEA models were
developed for both free and clamped vibration
conditions. The results showed that the natural
frequency achieves maximum value for the
bend-twist mode shape [27]. It was further
studied that, the nonlinear friction force at the
dovetail interface significantly reduces the
vibration amplitude, especially at low rotating
speed that ultimately lowers the resonant
vibration to avoid failure [28]. In addition, the
life span, repair, and failure criteria of the first-
stage blades were calculated by using a
conjugate analysis of heat transfer across the
rotor blade. Furthermore, it was studied that,
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the highest pressure and temperature are
encountered at the first stage of the turbine
blades, causing higher stresses [29].

The current study is undertaken to estimate
the  natural  frequency  and  stress
distribution/concentration of the gas turbine
using different crack formations (number of
elements removed). The extensive simulation
analysis is carried out for five different models
(considering 10 modes of vibration).
Previously, there have been several studies on
the change in the material properties, crack
generation, and their possible reasons in gas
turbine blades. Whereas, this study investigates
the behavior of the two pivotal aspects i.e., the
natural frequency and stress distribution of the
gas turbine owing to the crack generation and
its propagation through model-based analysis.
This study further highlights the overall
comparison of five different models, which
ultimately led to the conclusive trend of
possible variation (in NF and SCwmax) and
failure of turbine blades in cycle operation.

ISSN: 1673-064X

2. The model description and methodology

of analysis

2.1.Turbine blade model

The study is undertaken to investigate the
behavior of the turbine blade in the form of
stress distribution and natural frequencies upon
different crack formations. In the first step, a
cloud-point model of a gas turbine blade is
developed to apply the model analysis for the
investigation of both natural frequency and
stress distribution owing to the crack formation
during the working cycle of a gas turbine. The
model is then converted into an FEA model
using ANSYS as shown in Fig. 1. The element
type of Solid-186 is preferred. This 3-D 20-
node advanced order solid element exhibits
quadratic  displacement  behavior, hyper
flexibility, stress stiffening, versatility,
enormous diversion, creep, and huge strain
capacities. The blade material properties are
further defined for alloy steel as shown in
Table. 1. The alloy steel is usually preferred in
the industrial sector due to its mechanical,
thermal, and corrosion resistance properties.

RURRRRINNS
ALY

Fig. 1. (a) Isometric view of CPM of a turbine blade, (b) Side view of FEA model of turbine blade

Table 1. Material properties of alloy steel

Material Properties Value
Mass density [Kg/m?] 4429
Modulus of Elasticity [GPa] 116
Thermal expansion coefficient [1/K] 1.12 x 10°®
Poison’ ratio 0.3
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As well, in the next step, loads or
constraints are defined at the root of the blade
at all degrees of freedom. To significantly
analyze the impacts of crack formation on
natural frequency and stress concentration, the
following boundary conditions are applied: one

ISSN: 1673-064X

end of the blade (i.e., the root of the blade) is
fixed whereas the tip of the blade is set to free.
This means that only constrained loads are
taken into account, disregarding the effects of
temperature and pressure in the present study.
The front view of the turbine blade constrained
at the root is shown in Fig. 2.

Fig. 2. Front view of the constrained root of the turbine blade

2.2.The contour plots

The solutions are obtained from the post-
process, after the pre-processing of the first
model. The numerical calculations are
performed by finite element method using
ANSYS software based on the Block Lanczos
method. In general, post-processing includes a
variety of results in the form of a list, contour
plots, vector plots, or animations as per the
requirement. The results are further obtained
for the element removal (starting from 0 to 4)

for five different models. Here, the solutions of
stress distribution are demonstrated in the form
of contour plots. These plots highlight the
distribution of  stress, displacement,
temperatures, and other parameters on the
model geometry in an effective way. The
contour plot for Von Mises stresses distribution
is extracted as shown in Fig. 3. Further, the
solution in the form of contour plots for five
different models is extracted and presented in
the later section.

Fig. 3. Von Mises stresses distribution.
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2.3.Element removal (crack formation) in
the turbine blade model

In the current work, five different models
are analyzed for the behavior of natural
frequency and stress distribution under 10
modes of vibration, in which the sequence of a)
ER=0, b) ER=1, c) ER=2, d) ER=3, and e)
ER=4 is followed for each mode of vibration.
Then, the results are formulated by re-
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performing the procedure as described earlier.
Furthermore, the results obtained from all five
models are collectively analyzed to conclude in
the later section. The validation is then
performed, by comparing the resultant stiffness
(due to the crack formation) to the actual
stiffness of the blade (in the absence of the
crack). The single element removed from the
turbine blade model is shown in Fig. 4.

Fig. 4. Turbine blade model with one element removed

3. Results and discussion

The natural frequency and the stress
concentration are the key parameters for the
model analysis of the turbine blades. From the
operation point of view in the industrial sector,
prior data about the natural frequency is
significant, because when the blades are
excited through different dynamic loads, there
strongly exists a chance of resonance if the
excited frequency matches with one of the
natural frequencies of the blade or the
excitation shape match the mode shape of the
blade [30]. Therefore, the resonance can lead to
a higher amplitude of vibrations, which is
highly undesirable for the better operating life
of the machinery. For this reason, it is of much
importance to predict and determine the natural
frequencies and mode shapes of the blade.
Moreover, the stress distribution/concentration
is also important, because it gives a quantitative
approach to observe which zone is undergoing
a maximum and minimum stress concentration
under loading conditions. Therefore, the
natural frequency and stress distribution of the
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gas turbine blade are analyzed from the finite
element-based method. The results are obtained
for five different model analyses of a turbine
blade at different element removal (starting
from 0 to 4). Initially, no element is removed to
obtain the normal stress distribution and natural
frequency of 10 mode points for the sake of
reference. Subsequently, one element is
removed from the model, and natural frequency
and stress concentration are re-formulated for
ten different modes. The process is repeated up
to four elements removal in sequential order.

3.1.Mode shapes for stress analysis

A mode shape and a modal frequency are
two characteristics of a vibration mode. It is
assigned a number based on the number of half-
waves in the vibration. In the first part of the
blade analysis, the stress distributions are
presented in the form of mode shapes. The
mode shapes represent the stress distribution in
thermal as well as radial stresses that can be
observed in the turbine blade. Moreover, the
results for 10 mode shapes are presented for
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stress distribution under sequential crack
generation. The results of mode-1 are
represented in Fig. 5. It can be seen that a
higher stress concentration is observed at the

ISSN: 1673-064X

root of the blade before the crack formation. As
the crack initiates in the form of material
removal, the maximum stress concentration
gradually propagates toward the crack zone.

(a)

-

(b)

~

(d)

Fig. 5. Mode Shapes for Node 1 (a) ER=0, (b)

The results of mode-2 are highlighted in
Fig. 6. The maximum stress concentration is
also observed on the root of the blade for mode-
2 in case of no crack formation. However, it can
be seen that the higher stress concentration is
fairly detected around the crack zone when
crack formation proceeds towards the third and
fourth element removal. Moreover, it is
pertinent to highlight that the wvalue of
maximum stress increases, as the mode of
vibration increases for each particular element
removal. It is important to highlight that, with
the increase in the modes of vibration, the stress
distribution zone gradually contracts nearly
around the crack zone. But the value of
maximum stress concentration gradually
increases, upon the increase in the mode of
vibrations. Moreover, the maximum value is
also observed closer to the crack area near the

ER=1 (c) ER=2, (d) ER=3, (¢) ER=4

tip of the blade. This trend can be seen in Fig.
7. Furthermore, the counterplots for the fourth
mode of vibration are represented in Fig 8. The
plots also exhibit a similar trend as observed
earlier. As expected, the maximum stress value
is increased compared to the preceding mode of
vibration. Additionally, it is important to
highlight that, the maximum stress value seems
to be shifted closer to the tip of the blade in case
of larger crack formation. Moreover, the fifth
mode shape results are represented in Fig. 9. In
this, the stress concentration is low for no crack
formation and thus the value gradually
increases with the increase in crack
propagation. Whereas, the overall maximum
stress value is higher due to the large mode of
vibration as compared to the preceding modes
for all cases.
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Fig. 7. Mode Shapes for Node 3 (a) ER=0, (b) ER=1 (c) ER=2, (d) ER=3, (¢) ER=4
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Fig. 8. Mode Shapes for Node 4 (a) ER=0, (b) ER=1 (c) ER=2, (d) ER=3, (¢) ER=4

(a)

Fig. 9. Mode Shapes for Node 5 (a) ER=0, (b) ER=1 (c) ER=2, (d) ER=3, (¢) ER=4
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Fig. 10 highlights that, the trend for mode
shape 6 is diverse as compared to the previous
modes. In this mode of vibration, a large stress
concentration value can be seen at the tip of the
blade. Therefore, it is evident, that the high
modes of vibration impact larger stresses,
which is extremely undesirable, because it can

ISSN: 1673-064X

lead to the failure of the turbine blade. Under
these conditions, crack formation is another
factor that drastically influences stress
concentration. Moreover, at times the large
stress concentration at the upper region
alongside the blade is also observed in the
higher modes.

(a)

=T (b)
& (d)
: )
i
X Y
(e)

Fig. 10. Mode Shapes for Node 6 (a) ER=0, (b) ER=1 (c) ER=2, (d) ER=3, (¢) ER=4

The gradual increase in the number of
modes reflects the abnormal behavior of the
turbine blade due to the reason that more
stresses are generated when both the factors
i.e., modes of vibration and crack propagation
increase. Moreover, the model also shows
deformation under these circumstances which
can be seen in Fig. 11, Fig. 12, Fig. 13, and Fig.
14 for mode shapes 7, 8, 9, and 10, respectively.
The mode shapes show that for low modes of
vibration, a substantial amount of stress and
strain is measured at the roots of the turbine
blade. Furthermore, it can be shown that the
material anomaly alters the stress distribution
across the blade's profile. It's worth noting that
the stresses are fairly concentrated adjacent to

http://xisdxjxsu.asia

the blade roots when the analysis is performed
without crack formation. However, as one
element is eliminated (formation of a crack
zone), the stress concentration begins to shift
toward the crack zone at the blade's tailing
edge. The high-stress concentration occurs at
the zone of the blade where the crack
originates, as seen by this trend [31]. The more
the crack develops, the greater the stress
concentration near the material abnormality
zone, resulting in blade failure. The higher
mode forms of the turbine blades clearly show
this trend.
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Fig. 12. Mode Shapes for Node 8 (a) ER=0, (b) ER=1 (c) ER=2, (d) ER=3, (¢) ER=4
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Fig. 14. Mode Shapes for Node 10 (a) ER=0, (b) ER=1 (c) ER=2, (d) ER=3, (¢) ER=4
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3.2.Variation of natural frequency and
stress concentration

Finally, the analysis of natural frequency
and stress concentration (maximum and
average) are represented graphically for better
illustration and to provide conclusive findings
for five different element removal under 10
mode shapes. Fig.15, represents the variation of
natural frequency, maximum stress
concentration, and average stress concentration
for modes (1 and 2). It can be seen that the
natural frequency follows a decreeing trend as
the crack propagates. This is because the crack
formation directly impacts the material
stiffness properties. Although the variation of
natural frequency is not so significant for the
first two modes in terms of element removal, it
can be seen that the natural frequency

ISSN: 1673-064X

collectively goes at a higher level for mode-2,
as compared to mode-1. The minimum and
maximum values for the natural frequency of
the blade are around (8.46 - 8.82) Hz for mode-
1 and (30.7 - 32.7) Hz in the case of mode-2,
respectively. The maximum stress
concentration is located mostly on the root of
the blade for the low modes of vibration.
Moreover, the average and maximum stress
concentration firstly increases as the crack
propagates, then decreases. This trend is
observed due to the material behavior of the
alloy steel. For mode-1, the stress variation is
not so significant as well, due to the low mode
of vibration. For mode-1 and mode-2, the
maximum  observed values of stress
concentration are 0.98 GPa, and 9.03 GPa,
respectively.
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Stress Concentration (GPa)
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Fig. 15. Variation of NF and SC along element removed for mode (1-2)

As the mode of vibration increases, the
steepness of the natural frequency curve also
increases. Moreover, the stress concentration
follows the same trend of steepness as the
natural frequency at a relatively higher stress
concentration bandwidth. This trend can be
significantly observed in Fig. 16. The minimum
and maximum observed values of natural
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frequency for mode-3 and mode-4 are around
(58.5 - 96) Hz and (95.7 - 143.7) Hz,
respectively. Whereas the maximum stress
concentration for mode-3 and mode-4 is 16.6
GPa, and 24.1 GPa, respectively. Whereas, the
average stress concentration gives the overall
stress value for the entire blade.
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Fig. 16. Variation of NF and SC along element removed for mode (3-4)

Furthermore, the variation of natural
frequency and stress concentration for mode-5
and 6 are presented in Fig. 17. Here the
minimum and maximum values of natural
frequency for mode-5 and 6 are around (174 -
185.3) Hz and (181.2 - 201) Hz, respectively.
The natural frequency decreases upon

sequential element removal. Moreover, the
maximum stress concentration for mode-5 and
6 are around 25.8 GPa and 27.2 Gpa,
respectively. It is pertinent to highlight that, the
maximum SC value is observed near the tip of
the blade for higher modes, as discussed earlier.
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Fig. 17. Variation of NF and SC along element removed for mode (5-6)
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Fig. 18. Variation of NF and SC along element removed for mode (7-8)

Fig. 18 highlights the trend of natural
frequency and stress concentration for mode (7-
8). The minimum and maximum values of
natural frequency for mode-7 and mode-8 are
observed to be (248.6 - 284.4) Hz and (296.2 -
301.8) Hz, respectively. The overall increasing
value of the natural frequency with the increase

in the mode of vibration and the decreasing
trend upon each material removal for a
particular mode can also be seen. Moreover, the
maximum stress concentration values for mode
7 and mode 8 are around 50.4 GPa and 68.8,
respectively, which is comparatively higher
than the previous modes.
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Fig. 19. Variation of NF and SC along element removed for mode (9-10)

Similarly, the stress concentration goes up
to its maximum value for mode-9 and 10.
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observed in both parameters. This is because of
the material behaviors abnormally under higher
mode and greater crack propagation. The
minimum and maximum observed values of
natural frequency for mode-9 and 10 are around
(305-357) Hz and (338 - 369) Hz, respectively.
Whereas, the maximum values of the stress
concentration for mode-9 and 10 are 62.3 GPa
and 58.1 GPa, respectively. Moreover, the

ISSN: 1673-064X

percentage decrease of the natural frequency
for all 10 modes is summarized in Table. 2, in
the form of a percentage decrease for a better
reflection of the overall trend. Moreover, the
percentage decrease further represents a
quantitative measure, of to what extent the
observed values of natural frequency are
deviating from their preceding values.

Table 2. Summary of the percentage decrease in the NF of blade

Mode of Vibrations Percentage decrease in NF (Hz)
ER (0-1) ER (1-2) ER (2-3) ER (3-4)
Mode-1 0.21 0.54 1.14 2.19
Mode-2 0.16 0.70 1.85 3.32
Mode-3 0.39 2.46 15.97 25.36
Mode-4 6.59 17.6 11.22 2.46
Mode-5 0.12 1.30 2.34 244
Mode-6 4.17 4.30 0.80 0.88
Mode-7 0.52 2.07 3.74 6.78
Mode-8 0.20 0.44 0.43 0.79
Mode-9 7.40 4.01 2.35 1.59
Mode-10 0.50 0.55 2.18 5.31

It is important to understand how the
natural frequency (NF) fluctuates with the
number of elements removed, which is
presumed to represent the crack size in this
instance. To pursue this perspective, a
relationship was developed between the natural
frequency ratio and the number of elements
removed for the first three modes as shown in
Fig. 20. It is observed that as the number of
elements removed increases the natural
frequency decreases. These results are
consistent with the ones already presented in
Lui and Zhu’s research [32] that are also plotted
in Fig. 20 for the dynamic model of a cantilever

http://xisdxjxsu.asia
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beam for the first three normalized mode
shapes of the cracked cantilever beam. In this
research, the crack size is defined as

Crack size =2t x 21 x 2 1)
L h L

Where X, is the crack's endpoint distance,
h, is the crack's depth from the top, L, is the
crack length, h is the cantilever beam's height
and L is the length of the cantilever beam. The
crack was studied with and without local
flexibilities (LF). The current experiment and
Lui and Zhu's research both reveal the same
response against the natural frequency ratio, as
illustrated in Fig. 20.
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Fig. 20. Comparison of current results with Lui and Zhu

4. Conclusion

In this study, a comprehensive analysis has
been carried out through five different models
under sequential element removal (from 0 to 4)
and ten modes of vibration to study the
behavior of natural frequency and stress
distribution of the gas turbine blade. In this
regard, the modal analysis technique gives a
close approximation to the actual behavior of
the turbine blade in operation under loading
conditions. The crack formation through
material removal in the FEA model of the
turbine blade is used for SC and NF analysis, as
the sequential removal of each element is
analogous to the decrease in the stiffness of the
system. Moreover, the extracted mode shapes
through model analysis fairly describe the
relative stress distribution over the blade
geometry. Some key conclusions can be drawn
based on the five different models as follows;
e The element removal, also known as crack

creation, causes the natural frequency of the
gas turbine blade to be affected. The natural
frequency will decrease as the number of
elements removed, increases. The natural
frequency of the blade is undoubtedly
influenced by the stiffness of the blade's
material, which varies as the blade's mass
decreases as a result of crack formation.

e As the mode of vibration increases, so does
the natural frequency. The natural frequency
of the blade has a low value for the lower
mode of vibration and a high value for the
higher mode of vibration. This presentation
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e The

will aid with blade pre-design to prevent
resonance complications.

e At the root of the gas turbine blade, there is

a large concentration of stress. Because of
the element removal, the  stress
concentration is pushed toward the blade's
tip, and it reaches a high value around the
crack in the blade. This is a terrifying act that
results in the blade's utter failure.

stress  concentration  increases
dramatically when the mode of vibrations
changes. For a low mode of vibration, the
stress concentration is fairly dominant
towards the root of the blade, but when both
crack formation and mode of vibration rise,
the stress concentration eventually shifts
towards the fracture zone near the tip of the
blade.

e Inanutshell, when the mode of vibrations is

increased  sequentially, both  natural
frequency and stress concentration rise in
value.
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