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ABSTRACT
Rotodynamic analysis is a key analysis for turbomachinery for investigating the health and integrity of equipment. Most of the

analyses are performed at the design stage, while the actual machine behavior is different due to imperfections like unbalance,

misalignment, cracks, and so forth. In this paper, a representative CAD model of a gas turbine rotor is developed to get the

actual rotodynamic response of a rotor. Vibration data of the rotor is compared with that of the developed numerical model. The

reference model representation of the actual machine in terms of critical speed and vibration value is found to be 99.7% and

99.1%, respectively. Rotodynamic analyses of numerical models are performed for early identification of faults under various

scenarios of unbalance, crack, and crack with unbalance. For these scenarios, modal analysis and harmonic analysis are

performed. Natural frequencies and vibration behavior are utilized to capture the variation that indicates the presence of a fault.

This way, early identification of faults is made to save the machine from damage. Within the unbalance range of 1.0 × 10−9 to

0.5 kg, a direct relation between change in unbalance mass and vibration amplitude is observed in the case of unbalance and

unbalance with crack. Similarly, for cracks (of 1–3mm thickness and depth up to 372mm), a shift in maximum vibration

amplitude frequency to first critical speed from second critical speed is noted. Hilbert transform is utilized to track the

nonlinearity especially up to an operating speed of 3000 rpm (50 Hz). These key outcomes can be used to reduce rotary machine

downtime by not only highlighting the problem at a very early stage but also swiftly identifying its root cause for the smooth

working of rotary equipment in the industry.

1 | Introduction

Early fault finding is a major challenge in turbomachinery,
especially once these are installed at their locations and are in
operation. The deviations of design and actual operating con-
ditions include a certain degree of unbalance in the real
machine since its first start, cracks development due to harsh
environment, and other issues in the machines [1]. Develop-
ment of a representative model incorporating these deviations

into account and subsequent model‐validation is a quite tricky,
difficult and time taking task [2]. A procedure for machine‐
specific model development, validation, and harmonic analysis
is carried out for feature extraction that can be used for early
fault detection in the rotary equipment. However, the failure of
dynamic behavior prediction in the industrial environment may
cause damage to the health and integrity of the rotary equip-
ment leading to commercial loss and shutdown of industrial
operation [3]. Therefore, industrial and research community
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develop different predictive models capturing the dynamic
operating characteristics of rotary equipment to predict the
crack initiation and propagation, and health of the equipment is
monitored in real‐time to ensure the smooth performance of
rotary equipment.

The health and equipment integrity are critical to ensure the
smooth operation of industrial complexes in the dynamic mode
of operation. An extensive literature review was conducted to
identify the latest techniques being developed and deployed for
health monitoring and assessing equipment integrity. Rotor
modeling and analysis of industrial rotors is performed to find
mode shapes and natural frequencies. Comparison of rotody-
namic properties of new rotor and rotor having wear is made to
identify the impact of wear on critical speed and vibration
amplitude. It was found that natural frequency decreases while
vibration amplitude increases in case of wear [4]. Comparison
of rotodynamic properties of straight and curved blades of a gas
turbine is also made. It was observed that the natural frequency
of a straight blade increased with twisting, and an increase in
natural frequency was observed with an increase in rotational
speed [5].

Vibration diagnosis method detectability for gas turbine blade
cracks was improved by utilizing the feature of structural ele-
ment having crack and change in damping characteristics [6].
The factors like mode shapes, natural frequencies, and un-
balances response have also been meticulously considered in
the machine's design [7]. Model validation is a key requirement
before any kind of analysis and analysis‐based results [8].
Compressor dynamic model is developed for the identification
of surge [9], and review of turbomachinery vibration causes,
and their identification is discussed in [10].

Experimental validation of unbalance response of rotor was
studied by using the Kalman filter as an input. The devised
method can be used for online identification of unbalance in
rotating shaft assuming its speed is not varied [11]. Causes of
vibrations in combined cycle power plants, detection techniques
and the tools used for vibration analysis are reviewed in [12].
Symplectic superposition method was applied for free vibration
analysis of cracked plate and the same can be applied to rotor
blades. Results obtained from such analyses and finite element
method (FEM) were in good agreement. It was also shown that
crack length has definite impact on natural frequencies and
mode shapes [13–15]. Vibration analysis was performed for the
detection of unbalanced forces in rotors that can cause cracks to
form and grow over time [16]. The numerical results were
found to match closely with those obtained through analytical
methods, with a maximum deviation of 7.31% for the critical
speed.

Operational modal analysis of power industry rotating
machines with support was performed to get an idea of
unbalance, mode shapes and natural frequency [17]. Many
studies have been done to avoid the damage done to the rotor
while passing through critical speed zones, especially when
operating speed is beyond first and second critical speed zones
[18]. Calculative and experimental analysis of natural and
critical frequencies and mode shapes of high‐speed rotor for
micro gasturbine plant was performed [19]. Modal analysis is

used for identifying shapes of the modes of different models and
natural frequencies [20]. Common models include Coulomb
friction and damping, softening and hardening cubic stiffness,
saturation, bilinear stiffness, and clearance [21].

It was observed that as the crack depth increases, the orbit size
and response increase while the critical speed decreases [22].
FEM was used for vibration analysis of cracked beam. Elements
of beam were modeled as springs of varying stiffness as per
crack depth. Results indicated that natural frequency was
decreased because of loss in beam flexibility due to crack [23].
Prediction of cracks in the gas turbine by using image proces-
sing and deep learning methodologies was made with 96%
accuracy [24]. One of the abnormalities in the turbine rotors is
initiation and propagation of blade cracks. Finite integral
transform (FIT) method was proposed as an alternative to find
free vibration of crack section [25]. Extended FEM was implied
for the frequency response analysis to identify crack [26].
Modular kit was employed for experimentation, and the out-
come confirmed the existence of different motion patterns like
synchronous, sub‐synchronous and whirling [27]. Feature ex-
traction from subcritical zone in the transient state was done to
identify the crack and misalignment. It was found that using the
sub‐critical startup response can effectively identify faults in a
cracked rotor [28].

The frequency patterns were examined for fault analysis using
the Hilbert transform method [29]. The results of the study
indicated that the various compositions of the modulation fre-
quency can be employed to identify local faults such as rub,
crack and rub‐crack in coupled rotor systems [30]. Dynamic
behavior of gas turbine with increase in speed was studied and
it was found that at lower speed system behaves like a single
cycle motion, while at higher speed, it performs like two cycle
motion [31]. This bifurcation of motion provides useful infor-
mation for reliable design of rotary equipment.

A comprehensive literature review conducted on a range of
fault detection, prediction and mitigation techniques reveals
that as the actual operating conditions for the working of the
machine change over time, the dynamic rotodynamic profiles of
the machine change significantly, leading to instability and
unsafe mode of operation of the equipment. There is a need to
develop a model that depicts the machine's actual behavior in
real‐time to make early fault prevention schemes and strategies
to ensure the smooth operation of equipment. This research
paper addresses the potential research gap on making an
adaptive and response model representing the working of the
equipment in real‐time conditions. The comparison of the de-
veloped model is made with the actual model installed in
industry to quantify the accuracy of the developed model. Later,
performance assessment analyses are performed while simu-
lating different anomalies in the developed model to predict the
response of model in case of anomaly that can provide early
warnings to take mitigation steps for fault removal and main-
tain the smooth operation of equipment. The representative
model development of the gas turbine rotor and the perform-
ance comparison with the actual gas turbine rotor can help the
industrial practitioner to make early maintenance schemes and
operate the equipment safely for the smooth operation of
industrial complexes.
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FIGURE 1 | The developed gas turbine model: (a) complete rotor model with dimensions; (b) 1/8th section of rotor model; (c) blade and crack

dimensions; (d) closeup view of model with unbalance mass location (shown as red dot).
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2 | Methodology

Gas turbine model developed in SOLIDWORKS is shown in
Figure 1a, while the dimensional details of the equipment
mentioned in Table 1 were used for the current analysis. Each
component, that is, blades, and rotor were developed and as-
sembled before import into ANSYS workbench for further
analyses after fine meshing. 1/8th of this rotor model (see
Figure 1b)was analyzed by taking advantage of the model
symmetry to speed up the computational analyses. Dimensional
details of the sample blade are shown in Figure 1c. After import
of model into ANSYS, Modal Analysis of rotor was performed at
different speed levels (1000, 1500 and 3000 rpm) while selecting
the first 30 modes of each speed level to get the critical speed
ranges for comparison with the critical speed range of the actual
machine. The actual machine is an operational 400MW gas
turbine (GT) having vibration monitoring system installed on it
for monitoring and protection.

Actual machine vibration amplitude was checked at various
(1X, 2X and 3X) modes by taking data from vibration mon-
itoring system. Similarly, vibration amplitude and critical speed
ranges were analyzed from start‐up pattern of the actual
machine. Unbalance‐mass addition was done to the 1/8 rotor
model to get closer values of critical speed ranges and vibration
amplitudes (in the form of velocity) as of the actual machine.
After a lot of iterations, the finalized value of unbalance mass
and its location was obtained as shown in Figure 1d. This model
with inherent unbalance mass was considered as reference
model. Campbell diagram of the reference model was obtained
from Modal analysis.

Hairline crack was simulated in distinct locations (different
blades on same stages, same stage but different blade and dif-
ferent blade and different stage) of reference model to get the
behavior of model with crack and model having crackwith
unbalance mass. Different sizes (different crack thickness and
depth), orientations (horizontal, vertical) and locations (top,
middle and bottom) of cracks were selected for analysis but
ultimately the top side vertical hairline crack having 1mm
thickness and 93mm depth was selected for further analyses
due its better response to abnormalities/abnormal conditions.

Modal and Harmonic analyses were performed on the reference
model to obtain mode shapes, natural frequencies, and vibra-
tion patterns. Mode shapes of the reference model were

analyzed, and the modes with the maximum difference in fre-
quency and total deformation at various speed levels were
identified. Investigation regarding mode creation, dwindling
and shifting for different cases, as mentioned in Table 2 was
carried out. Modal and Harmonic analyses were performed on
the models with different simulated abnormalities. Only maxi-
mum vibration graphs were compared to get fruitful results.
Summary of analyses performed is given below in Table 2.

Each harmonic response case was analyzed for vibration
amplitude, vibration amplitude frequency, and change in
vibration amplitude frequency from reference model. Harmonic
response of models with cracks of various thickness (1, 2, and
3mm) and crack depths(minimum 31mm, maximum 403mm,
increment 31 mm) at various locations (top, middle and bottom)
were analyzed.

Nonlinearity analysis was done by using Hilbert Transform.
Uncertainty analysis was also done by changing the material
properties to see the impact on natural frequency.

3 | Results and Discussion

The purpose of this phase of work was to perform the rotor
dynamic analyses of a gas turbine representative ANSYS model
and its prospective behavior in case of anomalies like unbalance
and crack. The results demonstrated a positive correlation
between unbalance mass and vibration amplitude. The analyses
further identified dominance of crack behavior over unbalance
behavior. The results support the theories and previous work of
vibration analysis. One of the findings that contradicts the
previous work was shifting of the maximum vibration ampli-
tude frequency from second critical speed range to first critical
speed range in the cases of crack and crack with unbalance
while overall vibration pattern remained the same.

3.1 | Convergence of ANSYS Model

Convergence of natural frequency results with number of ele-
ments is shown in Figure 2. Reason behind the selection of
tetrahedron element type and fine meshing was to get better
convergence and to get the best results for the work. If coarse
meshing is selected, the results may differ and may not repre-
sent the actual behavior. Further reduction of element size
resulted in a drastic increase in calculation time, but the results
were the same, indicating that the current selection is optimum
in terms of analysis time and results quality.

As per the above results, convergence in output of analysis is
well converged if about 43,000 elements of model are selected,
and number of modes are 18. Convergence of results is neces-
sary. In ANSYS modeling and analysis, if the number of ele-
ments is increased, computation time is much increased.
Similarly, if the number of elements is reduced, this reduces the
computation, but at a certain level, if the number of elements is
further reduced, it impacts the results. From the above graph, it
is evident that if the number of elements is 43,000, the results
would be accurate. Lesser than this number, accuracy would be

TABLE 1 | Numerical model characteristics.

Material Structural steel

Length X × Y × Z 1.52m× 2.12m × 15.34 m

Density 7850 kg/m3

Number of nodes 88,589

Elements 43,951

Compressive/tensile yield
strength

2.5 × 102 MPa

Young's modulus 210,000MPa

Poison's ratio 0.3
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impacted and at more than this number of elements, compu-
tation time would be increased with not many improvements in
the results. That is, in the current work, the elements selected
for analysis were more than 43,000 and the number of modes
selected was 30. This was done to ensure accuracy, although
computation time was increased.

3.2 | Comparison of Numerical Model With
Actual Machine

The vibration pattern of the actual machine at various operating
modes is shown in Figure 3. Vibration amplitude is maximum at
1×, that is, first mode. So, it can be said that the machine is already
in unbalance condition. Results of actual machine and reference
model parameters are tabulated below in Table 3. As parameters
(critical speeds and vibration amplitude) of actual machine and
numerical model are corresponding with each other so, the refer-
ence model represents the behavior of actual machine.

Modal validation of developed ANSYS model with actual
machine was also performed in [19]. It was found that the devi-
ation of critical speed of model from actual machine was 2.1%
while in the current work, maximum deviation in critical speed
was 0.3%, demonstrating the accuracy of the developed model to
represent the true operating behavior of equipment in the real‐
time operating conditions. The reason for better accuracy is 30
modes were selected for modal analysis in the current work;
while in [19], 16 modes were selected for modal analysis. Simi-
larly, minimum error between solid works model and beam
model was 2.13 [32]. In [22], critical speed deviation of analytical
and numerical models was 7.31% [15]. So, it can be said that
deviation of current work is lesser than already accepted and
published work. Hence, the developed model is validated and its

response to any simulated anomaly would be considered as actual
machine response to that anomaly. This type of work can be
considered as a non‐destructive testing technique. Model true
representation of the actual machine is particularly important as
simulation models are approximate imitations of real‐world sys-
tems, and they will not provide good results if not accurate.

3.3 | Reference Model Critical Speed Analysis

Campbell diagram results of gas turbine rotor model at various
speed levels (1000, 1500 and 3000 rpm) are shown in Table 4. It
is evident from the results that the first critical speed range of
model is from 1740 to 1944 rpm while the second critical speed
range is from 2561 to 2895 rpm. Further, it was noted that
critical speed in case of forward whirl is increased with increase
in operating speed while it is decreased for backward whirl.

The same method of finding critical speed was used for critical
speed analysis of sealing machine [7]. Modal analysis of sealing
machine rotor was carried out for calculation of modal param-
eters and identification of critical speed [7]. The same method
was followed for critical speed identification in the current work.

The critical speeds were observed far from the operating speed
which is sign of good machine design. The identification of
critical speed is important for proper design and operation of
equipment. If operating range is near to critical speed, higher
vibration amplitude would be observed. That's why critical
speed ranges of machines are kept much different than oper-
ating speed. Appearance of 1X component as high amplitude
points to unbalance while 2X points to crack [30]. 2X compo-
nent is feature of crack in high vibration analysis.

Further analysis revealed that in case of forward whirl, the
critical speed (natural frequency) was directly related to

TABLE 2 | List of cases for analyses.

Description Cases

Models with unbalance mass (From 1.0 × 10−9 to 0.05 kg) i. Models with unbalance mass

Models with crack and without unbalance mass (stages,
i= 1,2/Blades, j= 1,2)

ii. Models with crack as per specified range

Model with unbalance and crack (stages, i= 1,2,3/blades
j= 1,2,3/Unbalance mass (From 1.0 × 10−9 to 0.05 kg)

iii. Models with unbalance and crack as per stated range

FIGURE 2 | Convergence of results obtained frequency versus

number of elements in the model.

FIGURE 3 | Actual machine vibration pattern at various modes.

2550 of 2601 Energy Science & Engineering, 2025

 20500505, 2025, 5, D
ow

nloaded from
 https://scijournals.onlinelibrary.w

iley.com
/doi/10.1002/ese3.70054 by U

niversity C
ollege L

ondon U
C

L
 L

ibrary Services, W
iley O

nline L
ibrary on [06/10/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



operating speed, that is, increases with increase in operating
speed. Similar results of forward and backward whirl with
increase in speed was observed in [32]. This was due to gyro-
scopic effect. Rotordynamic experimentation was done for whirl
analysis [27]. For example, as mode 7 natural frequency was
forward whirl, natural frequency at 3000 rpm was more than
natural frequency of the same mode at 1000 rpm. This was
because of same direction of whirl and rotor rotation as these
two directions complemented each other. Similarly, for a
backward whirl, the inverse relation between two parameters
was observed. This was due to opposite directions of whirling
motion and rotor rotation. For example, as mode 6 natural
frequency was backword whirl, natural frequency at 3000 rpm
was 28.66 Hz and lesser than natural frequency of the same
mode at 1000 rpm which was 29.172 Hz. This was because of
opposite direction of whirl and rotor rotation as these two
directions oppose each other.

3.4 | Comparative Analysis of Total Deformation
for Different Models

Total deformation and frequency results of different models
against each mode are presented in Table 5. Sample screenshots
of mode shapes, frequency and deformation value are shown
in Figure 4. In reference model, most of the frequency and

deformation values of each mode at different rotational velocity
are matching. Natural frequency is increased as number of modes
are increased. Within operating speed (up to 50Hz), maximum
change in frequency with respect to rotational velocity was
observed at mode#19. Decrease in natural frequency with
increase in rotational velocity was observed at mode#19. Further
to this, increase in natural frequency with increase in rotational
velocity was observed at mode#24 and 25. Similarly, increase in
deformation with increase in rotational velocity was noted at
mode#10 while opposite behavior was observed at mode#12, 19
and 23. Decrease in deformation was observed with increase in
natural frequency at mode# 18, 19, 20 and 23, 24, 25.

Newmodes generation was observed due to crack in different
models of crack. These new modes have different mode shape
and natural frequencies but in continuation of existing natural
frequencies. Some modes diminished also due to generation of
these new modes. Sixnew modes were generated for first stage
crack model while seven new modes were generated for
the second and third stage crack models. Similarly, shifting of
modes was also observed due to crack. Reference model
mode shapes of mode#6, 8, 17, 19 and 23 were shifted to
mode#7, 10, 16, 18 and 22 of first stage crackmodel. Further-
more, reference model mode shapes of mode#17, 19, 20, 23 and
27 were shifted to mode#16, 18, 19, 20 and 30 of second stage
crack model.

TABLE 3 | Comparison of actual machine parameters with numerical model parameters.

Parameter Actual machine result ANSYS model result % deviation

First critical speed range 1810 to 1950 rpm 1740 to 1944 rpm 0.3

Second critical speed range 2575 to 2900 rpm 2561 to 2895 rpm 0.1

Vibration amplitude (mm/s) 10.8 10.9 0.9

TABLE 4 | Campbell diagram values of reference model.

Reference model

Mode Whirl direction Critical speed (RPM) 1000 rpm (Hz) 1500 rpm (Hz) 3000 rpm (Hz)

6. BW 1740.8 29.172 29.082 28.66

7. FW 1895.2 31.578 31.584 31.597

8. BW 1899.1 31.653 31.653 31.652

9. BW 1906 31.768 31.768 31.765

10. FW 1912.5 31.842 31.859 31.915

11. FW 1932.5 32.195 32.203 32.222

12. FW 1944.4 32.347 32.367 32.499

13. FW 2561.8 42.699 42.699 42.699

14. BW 2586.7 43.118 43.117 43.109

15. BW 2600.9 43.355 43.354 43.346

16. BW 2620.9 43.698 43.696 43.677

17. BW 2633.4 43.914 43.91 43.882

18. BW 2653.3 44.303 44.289 44.201

19. BW 2761.7 47.111 46.83 45.878

20. BW 2870.5 47.848 47.845 47.842

21. FW 2895.0 48.247 48.248 48.25
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The observation of peak vibration at natural frequency of
turbo‐compressor FEA model was made by Moore [9] that is in‐
line with current work. Similar results of new mode generation
and existing mode diminishing were obtained in [8]. Modal
Analysis of damped flywheel was done for mode shapes and
critical speed identification [20]. The authors carried out modal
analysis of flywheel and found natural frequencies by selecting
6 mode shapes. Moreover, the authors obtained 02 critical
speeds from Campbell diagram along with the information
of stability of mode shapes. In the current work 30 modes
were selected (to get more accurate results) for modal analysis
and 02 critical speed ranges were found for the representative
machine.

3.5 | Harmonic Response Analysis

3.5.1 | Harmonic Response Analysis of Models With
Unbalance

Vibration patterns of different models are shown in Figure 5. It
was noted that vibration pattern and critical speed ranges
remained same in all cases, but vibration amplitude increased
proportionally as unbalance mass was increased (Figure 5).
For example, vibration amplitudes of model having unbalance
0.005 kg at both critical speeds were 0.0057077 and 0.0109190m/s.
Similarly, vibration amplitudes of model having unbalance
0.05 kg at both critical speeds were 0.0570770 and 0.1091900m/s.
The ratio of unbalance masses of models having unbalance mass
of 0.005 and 0.05 kg is 10 and ratio of increase in vibration
amplitude at both critical speeds is also 10. The similar vibration
response of rotor in case of unbalance was observed [28]. Maxi-
mum vibration amplitude was observed at 48Hz. It is construed
from here that if vibration amplitudes are increased but the
critical speed ranges are not changed in actual machine, it will
point to unbalance (Table 6).

Vibration response of rotor with unbalance has been worked
out by Yang and the results were similar [16]. Similar results for
motorized spindle system were obtained by Xul [14]. Below
comparison is drawn for the current work with already pub-
lished work.

This led to the apprehension of the fact that with an increase in
vibration amplitudes at same critical speeds, the scenario would
be pointing to unbalance in real machine.

Similarly, maximum deformation was observed in the second
critical speed range as shown in Figure 6. Deformation response
was also found linear to unbalance mass.

Modal analysis and harmonic response analysis of high‐
pressure rotor support system was done for damping optimi-
zation, and the results were same; that is, vibration and defor-
mation were maximum near critical speed [21]. The same
results were obtained in the current work. The reason behind
the similar results is that in critical speed zones, resonance is
occurring. It means that impact created due to matching of
natural frequencies of the systems in operation is very huge.
This impact causes maximum vibration as well as maximum
deformation in the critical speed regions.T
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3.5.2 | Harmonic Response Analysis of Models With
Crack and Without Unbalance

Vibration patterns of models with crack are shown in Figure 7.
Maximum vibration amplitude observed during the first critical
speed range while vibrations amplitudes in second critical speed
range are lesser than that of first critical speed range vibration
amplitudes. However, it was noted that critical speed ranges
remained the same. This shift of maximum vibration amplitude
frequency was key finding in case of crack in reference model.
Same shift in deformation pattern was observed as indicated by
Figure 8.

It was noted that there was no correlation of vibration ampli-
tude among all these cases. This is due to dynamic response of
models. Even models having crack on the same stage, but dif-
ferent blade were presenting different response to crack in
dynamic conditions. Shifting of high vibration frequency in case
of crack in rotor was also observed but this was in sub critical
zone [28]. By comparing model without unbalance and crack
with model having crack but without unbalance, it was noted
that vibration level was significantly increased. There was no
correlation between vibration level of model without crack and
model having crack.

3.5.3 | Vibrations Pattern With Unbalance and Crack

Results of different scenarios are discussed in the sections
below.

3.5.3.1 | Harmonic Response Analysis: When Crack
Location Was Changed in Different Stages. It was
observed that if crack location was changed from one stage to
other, vibration pattern remained same as shown above in
case of cracks only models (Figure 7). So, maximum amplitude
frequency remained same but change in vibration amplitude
was observed as shown in Figure 9.

Crack behavior dominated over unbalance behavior as maximum
vibration amplitude occurred during the first critical speed range.
It was observed that combined impact of unbalance and crack
was more than the sum of unbalance and crack impact when
impacting individually. For example, first critical speed vibration
amplitude of model with unbalance and without crack was
0.0057077m/s while first critical speed vibration amplitude of
model without unbalance and with crack was 0.0000000168m/s.
The simple sum of these values is 0.005707717m/s while vibra-
tion amplitude of model having crack and unbalance was
0.016756m/s. This value is 0.011048283244m/s more than simple

FIGURE 4 | Sample mode shapes indicating total deformation and frequency.
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sum value. This was due to the dynamic response of the machine.
Simply, we can say that crack with unbalance behavior was
amplification of crack behavior. If the system has built in
unbalance as its possible in most of actual machines, this
behavior would help to point out the problem at very initial stage.

3.5.4 | Harmonic Response Analysis: When Crack
Location Was Changed in Same Stage

Vibration patterns of models with inherent unbalance and different
crack locations are shown in Figure 10. It was seen that vibration

FIGURE 5 | Harmonic response analysis results of models with unbalance and without crack.

TABLE 6 | Comparison of work with already published work.

Current work outcome Already published work results Remarks

Vibration amplitude increases
with unbalance

Synchronous Vibration amplitude increases
with unbalance [4]

Both findings are similar

Vibration amplitude behavior is
linear with unbalance

Vibration amplitude behavior is linear with
unbalance [13]

Both findings are similar

Critical speeds remained same Critical speeds for different unbalances
remained almost same [15]

Both findings are different

No change in critical speed In case of out of phase unbalance case, critical
speed increases with unbalance [15]

This finding is different than current
work due to nature of unbalance.

FIGURE 6 | Deformation response of models without crack.
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amplitude of model having crack location nearer to unbalance
location was higher than models having crack and unbalance at
distant locations (Figure 10). Maximum vibration amplitude fre-
quency remained same while pattern was changed.

As the crack location got closer to unbalance mass, vibration
amplitude increased. When crack location is distant from
unbalance location, vibration amplitude reduction was
observed. All this was due to dynamic response of the system.
When crack and unbalance locations are closer dynamic
response severity was higher than that of distant locations of
unbalance and crack model.

3.5.5 | Harmonic Response Analysis: When Unbalance
Mass Was Changed Without Changing Crack Location

In this case, change in vibration amplitude was found directly
proportional to change in unbalance mass while pattern

remained same. Results of various models are provided in
Table 7. This behavior can be applied to the case where crack
has initiated, its either detected or not but rectification is not
done. In such instances, if further unbalance is created due to
any reasons like material liberation, this type of behavior, as
discussed above, would be observed indicating that situation is
worsening further in real machine.

3.5.6 | Harmonic Response: Models With Different
Crack Thickness and Crack Depth

It was seen that maximum vibration frequency shifted from 48
to 29 Hz in model with inherent unbalance and crack of 1 mm
thickness. As the crack further propagated and its depth
increased from 31 to 372 mm with an increment of 31 mm,
maximum vibration amplitude frequency remained 29 Hz. But
upon further increase in crack depth to 403mm, while its
thickness was still 1 mm, maximum vibration frequency was

FIGURE 7 | Harmonic response analysis results of models without unbalance and having crack.

FIGURE 8 | Deformation response of model with crack and without unbalance.
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reverted to 48 Hz. This reversal in frequency may be due to the
release of energy due to the crack.

If crack thickness was increased from 1 to 3mm with
an increment of 1 mm, the maximum vibration frequency
remained 29 Hz. The vibration amplitude of the model with a
crack at the middle of blade was higher than the vibration of
models with crack at the top and bottom of blade in the case of

1 mm crack thickness. This result was similar to the work re-
ported in [28]. As per El‐Mongy's work, vibration amplitude of
the system having crack with misalignment is lesser than that of
crack only, but in the current work, vibration amplitude of the
system having crack with unbalance is more than that of crack
only. The reasons for the difference may be unbalance amplifies
the fault while misalignment sometimes compensates the
vibration amplitude.

FIGURE 9 | Harmonic response analysis results of different models with crack and unbalance at different locations.

FIGURE 10 | Harmonic response analysis results of different models with crack and having unbalance at different locations but at the same

stage.

TABLE 7 | Summary of unbalance mass with crack behavior.

Unbalance mass (kg) Vibration amplitude (m/s) Ratio of unbalance mass Ratio of vibration amplitudes

0.01 3.3512E−02

0.025 8.3779E−02 2.5 2.5

0.05 0.16756 2.0 2.0
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For 2 and 3mm crack thickness, the maximum vibration
amplitude was observed in the model with the crack at the
bottom of the blade. Vibration results for 2 and 3mm thick
crack with change in location were as expected as crack at the
root has much impact than other location due to high stress
concentration. Vibration results for 1 mm thick crack with
change in location were unexpected. This may be because in
case of small cracks, as the stiffness of structure is more than
the impact caused by the crack, energy is dissipated and
vibration amplitudes are not increased but for such kind of
cracks, vibration amplitudes are higher at far location from the
root/fixed location.

3.6 | Identification of Critical Speeds Beyond
Operating Limit

Campbell diagram of the model for identification of third and
fourth critical speed ranges is shown in Figure 11. As per
Campbell diagram, it can be seen that first and second critical
speed ranges remain same as mentioned in Table 4 that proved
the accuracy of the developed numerical model.

The third and fourth critical speed ranges were identified as
from 3601 to 3864 rpm and 4113 to 4279 rpm, respectively.
Third critical speed range was observed nonlinear. As these
critical speed ranges were well beyond the operating speed.
Therefore, currently, there was no chance of resonance due to
these natural frequencies. It is believed from the data that if
crack is initiated and it causes reduction of natural frequency,
even then operating range would be much lower than reduced
natural frequency. As first and second critical speed ranges
were already lower than operating speed, hence chances of re-
sonance due to reduction in natural frequency caused by crack
would be very remote.

3.7 | Flow Induced Vibration Based Pulsations

Graphs of casing vibration and rotor vibration are shown in
Figure 12. This graph is particularly important to trend the
behavior of machines. This graph considers both rotor and
casing vibration. Any change in either casing or rotor vibration
may be due to excitation of flow induced vibrations (FIVs)
based pulsations. These pulsations would be of very short
duration and high intensity. These FIVs‐based pulsations usu-
ally occur in transient conditions, that is, load ramp up or ramp
down from stable load.

It is evident that vibration remained stable indicating there
were no FIV‐based pulsations in the blades at different loads.
The obtained results are different than the results reported in
[33]. The future trending of this behavior would also be useful
to highlight FIVs‐based pulsations in blades if occurring.
Therefore, this graph would also help pinpoint the one cause of
vibration; FIVs‐based blade pulsations. The similar results were
expected as there should be no FIV‐based pulsations in the new
machine. Such kinds of pulsations are never expected at such
an initial stage.

3.8 | Nonlinearity Analysis

The Hilbert Transform (HT) graph, as illustrated in Figure 13,
provides a comprehensive analysis of the system's dynamic
response across different frequency ranges. The results indicate
that the system exhibits predominantly linear behavior up to its
designated operating frequency, confirming stable and predict-
able performance within this range. However, beyond this
threshold, a slight non‐linear system response is observed but
this deviation is not a concern, as the machine is neither ex-
pected to reach nor operate at such high speeds under normal

FIGURE 11 | Campbell diagram for third critical speed identification.
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conditions. Furthermore, the rotodynamic behavior of the
machine remains consistent over time, with no observable
changes throughout the monitoring period. This stability
implies that no mechanical abnormalities, wear, or deteriora-
tion have occurred, thereby reinforcing the reliability of
dynamic system. Given this stability, the present Hilbert
Transform analysis serves as a robust baseline for future diag-
nostics. Establishing such a reference enables early identifica-
tion of deviations in the system's dynamic response, facilitating
predictive maintenance and ensuring long‐term operational
integrity.

The findings of this study align with the work of Feldman
et al. [29], who also employed HT for identifying nonlinearity
in dynamic systems. The consistency between the current
analysis and Feldman's work further substantiates the validity
of HT as an effective analytical tool for tracking system
behavior. These results further support the application of HT

in condition monitoring, where continuous assessment of
nonlinear characteristics can aid in early fault detection and
system optimization.

3.9 | Material Properties Uncertainty Analysis

Percentage change in natural frequency of models with differ-
ent Young's modulus is shown in Figure 14. It can be seen that
percentage change in frequency at different modes is half than
percentage variation of Young's Modulus of different models
from reference models.

Similarly, change in frequency with variation in material
Young's modulus at different elements of different models is
described in Figure 15. Variation in frequency at different
modes was 1/4th (25%) of the change in Young's modulus of
different models.

FIGURE 12 | Flow induced vibrations based pulsation effects graph.

FIGURE 13 | Nonlinearity analysis through Hilbert transform for Nonlinearity Analysis.
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4 | Conclusions

Modal and Harmonic response analyses of gas turbine rotor
under various scenarios were carried out and compared with
actual response of machine to predict the crack initiation,
unbalance and both right at the inception stage. Three scenar-
ios; unbalance, crack with balance and combined unbalance
and crack models were developed and analyzed for fault
detection. Key findings of work were.

1. In case of unbalance in rotor, direct relation between
change in unbalance mass and change in vibration
amplitude was observed while critical speed ranges and
vibration pattern remained same. Maximum vibration
amplitude frequency remained the same. This relation
was found valid for unbalance mass range 1.0 × 10−9 to
0.05 kg.

2. For crack (1–3mm thickness and depth up to 372 mm) at
any blade, shift in maximum vibration amplitude fre-
quency to first critical speed, that is, 29 Hz from second
critical speed, that is, 48 Hz was noted while critical speed
ranges remained same. As increase in vibration amplitude
was under alarm limit, it could not be detected by con-
ventional vibration monitoring systems. However, the
devised method would detect this anomaly.

3. Models with crack at the bottom of the blade were found
more sensitive than models with crack at the middle or at
the top of blade for crack thickness of 2 and 3mm.
However, vibration caused by 1mm thickness crack at the
bottom of blade was suppressed at the fixed end of blade.

4. In the presence of inherent unbalance and crack on blade,
cracks behavior dominance was observed.

5. In the presence of inherent unbalance and crack on blades
when the location of unbalance and crack were at differ-
ent stages, the maximum vibration frequency and vibra-
tion pattern remained same as of reference model
irrespective of the crack location.

6. In the presence of inherent unbalance and crack on blades
when the location of unbalance and crack were at the
same stage, the maximum vibration frequency remained
the same as of the reference model while the change in
vibration pattern was observed.

7. In the case of further unbalance in addition to inherent
unbalance with crack, change in vibration amplitude was
directly proportional to the change in unbalance mass.

8. New modes with different mode shapes and natural fre-
quencies were observed in case of crack. Similarly, shifting
of modes was also observed in different cases of crack.

FIGURE 14 | Effect of material Young's modulus variation on natural frequency variations.

FIGURE 15 | Variation in natural frequency with variation in material Young's modulus at different modes.
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The devised method to develop, compare with actual machine
and then use of results for different simulated abnormal
conditions would be very useful to identify the potential faults
at their inception stage before they may cause damage to
machines or unplanned shutdown. Basic procedure would
remain the same but machine‐specific changes of unbalance
mass to be done for other machines based on their actual
behavior rather than doing analysis on design parameters that
would not depict the actual machine behavior.

This work can be further extended to investigate machine
behavior in case of multiple unbalances, multiple cracks, blade
looseness and misalignment.
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