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ABSTRACT

The gas turbine rotors are subjected to different types and directions of loading
like axial, bending, shear and thermal loading. This loading is changed
periodically during the operation operation which can lead to crack initiation
in the rotor shaft. When these cracks propagate to the extreme limit, it will

lead to sudden failure of the shaft rotor.

Crack existence can be detected by observing the vibration parameters of the
rotor, the vibration parameters is changed when the shaft is cracked. The most
observable change in these parameters is the natural frequency and the

response of vibration.

In this study, the vibration of Alhilla gas turbine rotor is studied with the
existence of cracks and without them. The rotor was modelled analytically,
numerically and experimentally. The numerical study was carried out using
ANSYS software. For the experimental study, a test rig was built to model the
real rotor. During the experiments, the rotor speed range was variated from
zero to 10000 rpm. Experimentally two crack depths of 0.2 and 0.4 of the shaft

radius was modeled in addition to the uncracked shaft.

The rotor was manufactured with high accuracy and was then balanced to
rotate at a higher speed. The vibration of the rotor was measured using an
accelerometer connected to a digital oscilloscope. The critical speed was
detected when the accelerometer reading reaches to its highest value.

In the analytical study a single and a double crack was modelled having
different depths and directions. While in the numerical analysis, the shaft was

modeled to have a single crack at different depths.



The results that was obtained from this study show good agreement between
analytical, numerical and the experimental modelling. In the case of the
proper shaft, the critical velocity was found, and the error ratio between
experimental analysis and numerical analysis is (3.07%), and between
analytical analysis and experimental analysis is (2.78%). It was conducted
from rotor modelling that when the depth of the crack was increased, the
critical speed was decreased whereas the response and the orbit size of the

shaft was increased.
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LIST OF SYMBOLS

Symbols Description Units
[A] Transformation matrix
Ay Cross section area for crack No.1 mm?
A, Cross section area for crack No.2 mm?

a Crack depth mm
b Crack base length mm
G Radial clearance mm
Cyx Horizontal damping coefficient of oil bearing Ns/m
Cyy Vertical damping coefficient of oil bearing Ns/m
Cxyr Cyx Cross damping coefficient of oil bearing Ns/m
Cys Compliance of cracked shaft in horizontal m/N
direction
Caa Dimensionless Compliance of cracked shaft in
horizontal direction
Css Compliance of cracked shaft in vertical direction m/N
Css Dimensionless Compliance of cracked shaft in
vertical direction
D Rotor shaft diameter mm
E Modulus of elasticity N
m2
e Radial difference between shaft outside mm
diameter and disk inside diameter .
F; Tangential force in bearing N
E. Radial force in bearing N
Fo Resultant force in bearing N
f(t) Steering function
G, Flexibility of uncracked shaft
g Gravity acceleration m
SZ
G Modulus of rigidity N
m2
g¢ Flexibility of two cracked rotor in perpendicular m/N
on crack base line direction
In Flexibility of two cracked rotor in parallel to m/N
crack base line direction

9en » Ing Cross flexibility directions of two cracked rotor m/N

I Second moment of area of uncracked shaft mm*

Leent Second moment of area of cracked section about mm*
new centroid axis.

K Stiffness of uncracked shaft of rotor N/m

K1 Equivalent for overall Stiffness in horizontal N/m

direction depend on bearing stiffness.




K2 Equivalent for overall Stiffness in vertical N/m
direction depend on bearing stiffness.
K12 Equivalent for overall Stiffness in cross coupling N/m
direction depend on bearing stiffness.
K21 Equivalent for overall Stiffness in cross coupling N/m
direction depend on bearing stiffness.
Ky Horizontal stiffness of oil film bearing N/m
kyy Vertical stiffness of oil film bearing N/m
Ky, Kyx Cross stiffness of oil film bearing N/m
Kl Stress intensity factor for first mode of crack N
m2
K1l Stress intensity factor for third mode of crack N
m2
K1® Stress intensity factor of first crack for first mode N
m2
K2M Stress intensity factor of second crack for first N
mode m2
K. Stiffness lost because of crack N/m
K., Stiffness of cracked area of shaft N/m
K; Stiffness of two cracked rotor in ¢ direction N/m
K, Stiffness of two cracked rotor in n direction N/m
Ken, K¢ Stiffness of two cracked rotor in cross directions N/m
L Length of rotor mm
Ly Distance from disk to bearing No.1 mm
L, Distance from disk to left bearing No.2 mm
Ly Length of journal bearing mm
M Mass of rotor Kg
m Mass of unbalance Kg
mgp Mass of shaft of rotor Kg
My Mass of disk of rotor Kg
m, Unbalance mass residual in disk of rotor gm
s Forward whirl response displacement mm
7, backward whirl response displacement mm
S Sommerfeld Number
S Modified Sommerfeld Number
Ugq Displacement of crack No.1 in ¢ direction mm
Upg Displacement of crack No.1 in n direction mm
Uz Displacement of crack No.2 in ¢ direction mm
Up, Displacement of crack No.2 in n direction mm
{,n Rotating coordinate with crack
0, Slant angle of crack No.1 degree
0, Slant angle of crack No.2 degree
U Lubricant oil absolute viscosity Ns/m?

\




ABBREVIATIONS LIST

Abbrev. Description

FW Forward Whirl

BW Backward Whirl

NF Natural Frequency
CCL Crack Closer Line
FEM Finite Element Method

Vil
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CHAPTER ONE

Introduction

1.1. Introduction

Stations commonly used in the Arabian Gulf countries are gas stations
because of their ease of installation and availability of fuel oil. The
generation capacity of gas stations ranges from (100) megawatts to
(5000) megawatts, where there are many manufacturing companies and
many types of plants and the multiplicity depends on the need of the

consumer.

After the year (2003) A.D. most of the stations in Iraq installed were
manufactured by GE Energy. the types are Gas Turbine Power Plant -
Frame (9) has a generating capacity of (125) MW, and Frame (5) has a
generating capacity of (35) MW.

Modern mechanical machines have high speed and large sizes, and the
rotor is the important part of rotary machinery, due to its widespread use
in several fields such as power plants. This study was about the rotor of a
gas turbine in AL_HILLA /2 power plant of the type (GT 9001E).

The rotor of turbine has two shafts; two turbine spacers; and the first,
second, and third-stage wheels. The wheels are joined together by bolts to
form one mass of high weight. The front wheel shaft is connected to the
first stage of the turbine from the front, and the flange of the compressor.
The second wheel shaft is connected to the third stage of the turbines and
with load coupling from its end. The spacers are placed between the first

and second stages, and between the second and third stages of the turbine.
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Figure (1.1) shows the rotor parts of the gas turbine. It shows the points
of the wheels’ connection with each other, as well as their connection

with the front and back shafts. This Figure is taken from document of the

company.

front wheel shaft

stage wheels of
turbine

second wheel shaft

Figure (1.1) The rotor of gas turbine in HILLA power station.

Condition monitoring assesses the operational health of gas-turbine

engines which helps in providing early warning of potential failure such

that preventative maintenance action may be taken.
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One of the most serious problems that occur to the rotor are the
cracks because stresses which occurs on it. These stresses include:
thermal stresses, bending stress and others. In most cases, these stresses

are changing with the rotation.

Since it is the highest stress occurring at the surface, cracks often
occur on the surface and begin to grow inside. At first the dimensions of
the crack are small and do not affect the work of the rotor, but with time
it grows and may reach on dangerous depths, the sudden failure may

occur with it and the occurrence of serious damage.

Cracks is expected at the connection section between the shaft and
stages wheels’ block, because the greatest bending moment will happen

in this connection.

It is very difficult to monitor the growth of the crack during rotor
work, so researchers have found methods to reveal the relation of
vibration to crack growth. Vibration parameters such as displacement and
critical velocity were monitoring with a change in the dimensions of the
crack. It was reached that once the crack grew, the vibration parameters
would change. So it will be very easy to known the growth of the crack

by known the rate of change of vibration parameters with work of rotor.

It is necessary to stop the machine when the depth of the crack reaches
more than the radius of the rotor so as to expect the sudden failure to

occur at any time, and this threaten the safety of workers and equipment.

After detecting the existence of crack by the operating engineer, it is very
necessary to inform the maintenance department engineers to make the

necessary repairs or replace the rotor in the extreme case.
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1.2. The historical events of the turbine failure due to

cracks:

The failure of the gas turbine is catastrophic due to equipment and
personnel losses. At the Tanners Creek power station in the United States,
a failure occurred in part of the Turbine steam turbine, and failure

occurred as a result of a crack in the rotary shaft, this was in 1953[2].

In the station Pittsburg USA, at the speed test, there was damage in the
Turbine rotor because it exceeded the speed limit, which was 3,920 round

per minute, and that was in 1954.

in the Arizona station in the United States, there was damage in the rotor,
its speed 3600 revolution per minute, in the workshop During the

balancing operations, and this happened in 1954[3].

In the UK and specifically in Downingtown Castle. A shaft was detected
and a crack was observed in it, where the remaining area is 25% of the

total area of the cross-section.

In Nagasaki, Japan, during the low-pressure Turbine test, a failure
occurred in Shaft and more than 50 people have died. Where there was a

crack in the shaft before catastrophic failure [4].

A. Muszynska verified in (28) failure Shafts. It was found that (50%) of
the shafts had a transverse crack [5]. Many researchers have discovered
the cracks in many power plants in United States America and in

Germany.
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1.3. Propagation of Crack: -

The crack passes through three consecutive stages the first being the
initiation of the crack, the crack consists either because of the metal
arrangement or the defect in the manufacture or because of the knock or

because of thermal stresses and there are many reasons.

The second stage is the crack growth stage where the crack grows with
time due to variable loads applied to it. The crack grows until reaches to a
critical state of a certain depth, this depth is (80%) from the radius of the
shaft then move to third stage, [36].

The third stage is sudden fracture, and it is very dangerous and may

lead to damage or disadvantage to the safety of workers and equipment.

So the equipment should be stopped immediately when the depth of the
crack is (80%) of the radius of the shaft.

sudden fracture ) (_3rac_k
beginning Initiation
& Crack
growth

Figure (1.5) The Stages of crack development into failure

stage.
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The Distance is less than of
the shaft radius.

Crack
initiation

Figure (1.6) Shaft reached to the stage of sudden failure.

1.4. The Work objectives: -

1- study rotor containing the shaft and disc, and the disc is at an unequal
distance from the bearings, with importance given for the damping and
stiffness parameters of the lubrication film in the bearings by its
calculation for all directions, horizontal and vertical and cross coupling,

after that the amplitude response and critical velocity are calculated also.

2- Detecting the presence of the crack during the work of the rotor to

avoid the Sudden frailer.

3- Studying of the behavior of vibration parameters with changing the

dimensions of the crack during the work of the rotor.

4- Calculate vibration capacity in Experimental work at each velocity,
and through the greatest response determines the critical velocity and in

both cases (cracking and non-cracking shaft). so we can get the natural
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frequencies of the two states, as well as knowing the depth of the crack
by the orbital shapes.

5- Comparing the vibration parameters of an uncrack shaft with a cracked

shaft to determine the crack Specifications.

6- Studying of the behavior of the vibration parameters by the presence of
more than one of crack, and the investigate of the effect of the crack

angle on the vibration parameters also.

7- Studying the effect of the crack on the path of the Orbit at several
depths.

8. Investigation on the data in the future by the condition monitoring
system equipped to the gas turbine plant in Al- Hilla Power Station /2, To

ensure the integrity of the shatft.

1.5. Thesis layout: -
The thesis consists of six chapters which are as following: -

Chapter One: the first chapter contains a definition of gas turbine and

the problems which can occur in the rotor, then the stages of the crack

growth during the work of the rotor.

Chapter Two: this chapter consists of the introduction about rotor types
which were previously designed, and It was mentioned the problems and
historical events which occurred in the past, also taken conclusions of the
research’s which deals the problem of crack in the rotor and its effect on

the dynamic system.
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Chapter Three: This chapter consists of modeling the real rotor of the
turbine to be easy to manufacture or test in other analyses. As well as
finding analytical calculations of the vibration parameters when cases are

a single and double crack.

Chapter Four: This chapter consists of the introduction the definitions of
the components of the test rig, as well as include the operations of the
balancing. This chapter also includes the method of measuring vibration

parameters by the Oscilloscope.

Chapter Five: In this chapter the results are presented as values in curves
or tables, and discuss the behavior of these results which obtained from
the analytical, numerical and experimental studies. As well as comparing

results with previous research.

Chapter Six: In this chapter several conclusions were reached, which
include the effect of the crack on the rotor system, as well as the effect of
the crack at different depths and at different angles on the size of the

orbit, and its effect on the vibration parameters.
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CHAPTER TWO

Literature Survey

2.1. Preview: -

The analysis of cracked rotors is very important for the safety of the
rotary shaft. The design of the rotor was simple by the design of H.H. Jeffcott
in 1919. It was consisting of a massless shaft and a disc in the middle, and on

both sides, there are the hard bearings, [30].

Jeffcott rotor shows the conditions at critical velocity, where the vibration
amplitude becomes high, but it cannot explain the rotational effects. This
design can include rigid rotor or rotor with uniform parameters and on both
sides. In this type the equivalent mass is equal to the mass of part from the
shaft and mass of the rotor. The equivalent stiffness of the rotor is equal to the

stiffness of the bearings and the stiffness of bending of the shaft [1].

since 1954, research and papers submitted by many researchers with regard to
the cracks in shafts are abundant. There are few experimental results for
cracked shafts, and few of these results pertain to real rotors, and this gives

great importance to any model for the real cracked shafts.

There are many of papers looking at topics related to the presence of a crack
in the shafts, such as parameters of the cracked shaft or change the stiffness

for material because of fracture mechanics.
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2.2. History of industrial machines and cracking incidents: -

The rotary shafts work in continuously with high weights and periodic

stresses for long periods, so the crack will have generated as a result of fatigue.

In order to avoid sudden accidents in the rotors, it is necessary to develop
diagnostic systems for the operational machines, so it is useful to have
monitoring system of the equipment, and this will reveal cracks in the early
stages of growth. Vibration is an important part to know the cracks in the
shafts. The deflection in the cracking shaft generates a breathing crack, which

Is in the case of closing and opening constantly.

The beginning of the knowledge of the accidents caused by the failure of the
rotor of Turbine due to crack in 1950, these incidents were studied

numerically and analytically in 1970.

In 1990, the crack was detected at a nuclear power plant in Darlington, and
the crack area was more than 25% of the total cross-sectional area. [6] R.A.
Gasch, [7] B.E. Oka-Ave, proved that the breathing cracks caused the
nonlinear system, and It was solved the equation of the motion, in which the

effect of the crack, by the analog computer.

10
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2.3. Crack Effect on the Dynamics of rotor: -

Many of the research deals the physical condition of the crack and its effects
on the system. Some of the researchers used Finite Element Approach, and
others used analytic solution of the system, and some of them built a test rig
to the simulation of the real system for easy data acquisition in the presence

of crack and without it.

H.D. Nelson and 1.M. Mcvaugh [9], deals the dynamic rotor system, and It
was used the Finite Elements Method. It was studied gyroscopic moments,

rotary inertia and axial load.

It has been provided an equation of motion in the rotational state and static
state. In the Dynamic rotor system, the Finite Elements Method was used to
create a thoroughness for the mode. It was providing that the Finite Elements
Method can easily be used for several situations in the rotor dynamic system,
where It was found the critical velocities of the rotor model, as well as, it was
found the response to both stability and unbalance force. It was concluded that
the rotor element could generally represent the effect of axial momentum,
shear deformation for several states in the shaft. It was provided a numerical

solution to the rotor bearing system by Finite Elements Method.

Stefanos A. Paipetis, Thomas G. Chondros [10], introduced a general
stiffness matrix for cracked structural members to model the respective
dynamic system. It was mentioned, the defects in a shaft may cause also
changes in mass distribution and damping properties. It was have reached that
change of damping of a shaft in case of crack initiation and growth is

important for the estimation of resonance.

11
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E.T. John Penny and I. Michael Friswell [11], studied a cracking shaft to
model a rotary shaft. It was mentioned in their research that the close and open
cracks produced by the weight of the shaft itself, and this generates excitation
during circulation. It was searched and documented the appropriate ways
through which the crack was detected, and its location in its initial stages. It
was concluded that adding any force would increase the speed of crack
growth.

M.A. Mohiuddin and Y.A. Khulief [12], developed a numerical, analytical
model and computational scheme, which deals with the analysis of
responsiveness to a rotary system, it was used the Finite Element Formulation.
It was received the response results when applied the direct load and torsion
load. It was reached a dynamic arithmetic scheme for the respond at the

presence of a crack in shaft.

A.K. Darpe, K. Gupta, A. Chawla [13], studied two cracks in shaft, and was
analyzed the nonlinear behavior of the stiffness. The model was a Jeffcott type
with one depth of the crack. It was found that the least value of the stiffness
when the angle of rotation is (180) degree, this is because the crack is fully

open.

It was divided the line that represents the base of the crack to fifty points, the
line is called the Crack Closure Line (CCL), it was Document location of
(CCL) of two modes (closing and opening modes) and found the stress
intensity factor. The asymmetrical rotor produces a higher harmonic than the

symmetrical rotor.

Marc et.al. [14], searching for the effect of the crack (open type) on the rotary
shaft. It was studied the effect of rotational speed, crack depth and crack

position on the natural frequency. It was used The harmonic balance method.

12
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It was deduced the great effecting to the depth of crack on the natural
frequency, and it is larger when the rotation speed (80-120) % of the critical

velocity.

J. Darryl Chauvin [15], produced an experimental study on the non-stability
of the rotor, the study included the effect of lubrication on the bearings

(journal type), its Mission carries the rotor.

The equation of the motion was solved, it is including the parameters of
stiffness and dampness in the horizontal and vertical and cross coupling
directions, knowing that the type of rotor is a Jeffcott. It was found that the

response for both bearings are equally and in all directions due to symmetry.

the natural frequency was found of the system, as well as line instability
threshold. If the speed is less than the speed of the threshold, it enters the
stability zone. If the speed is higher than the threshold speed, it enters the

instability zone.

It was produced the equation of motion, which includes the presence of a crack
in the rotor shaft and derived the equation of the 6th order, and from which
we find Eigenvalues for critical speed. The Rig is made to get the response
by monitoring the system, and to get the largest data, and then analyzes the

waves to see the effect of the crack on the resulting wave.

J.J. Sinou [16], studied the parameters of crack (depth and location), and its
effects on the rotor at a speed of different. Where it was concluded that the
stability decreases significantly with increasing crack depth. The uncertainty
was increases with increasing crack depth, and the location of the disc and the

value of the stiffness of the bearings effect on the vibration parameters.

13



Chapter Two Literature Survey

P. TODOROVIC et al [18], studied the effect of cracks on the stability of
the mechanical system. It was discussed the response of the cracked shafts at
the run-up stage, as well as studied the reason for the decrease in natural

frequency with the existence of the crack.

It was found that increasing the depth of the crack reduces the critical speed
during rotation, i.e., the resonance frequency decreases during rotation with
increased crack depth. There is an explanation for a very important point,

namely, that resonance frequency is not always equal to critical speed.

The change of stiffness was studied with the change of rotation of the shaft.
A rig was constructed from a rotor and a disc, where it was monitored to

determined critical velocity and vibration parameters.

José M. Machorro-Lopez, et al [19], studied the effect of the crack on the
shaft at an electric power plant. It was showed that the crack represents only
2% of the causes of the vibration of the rotor shaft compared with
misalignment and mass imbalance. It was used the finite element method in
the numerical study. It was revealed that the change in natural frequency was
not enough to detect the crack in the mid-span rotor, Experimental analyzes

and Numerical analyzes should be used.

J.J. Sinou [20], investigated the transient response to a rotary shaft containing
the open crack, in order to determine the expected response when the crack
exists. Where it was studied the vibration parameters of the shaft with and
without crack. the vibration parameters were Finds in One-third of the critical

speed and it is one of the important indicators for an open crack.

A.AL Shudeifat and A. Butcher [8], found a new equation for crack type

breathing transverse, Harmonic analysis was for critical velocity and

14
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subcritical velocity. The study was divided into two branches: the first is

experimental and the second is theoretical.

It was produced a good model that simulated breathing crack and concluded
that variable time with inertia torque is a factor its follow the stiffness matrix.
It was used the finite element method and solved it by the harmonic
equilibrium method. the matrix of stiffness was found with the change of time.
The results compared the critical and sub-critical velocities with reliable

results.

Z.K. Peng et al [21], have investigated a dynamic rotary system that includes
a cracked rotor. It was used the finite element method and the harmonic
equilibrium method. The method of harmonic equilibrium is a method of
calculating the response in a stable state of nonlinear derivation equations. It
was explained The variance between the transmission matrix of the super
harmonic components was illustrated with the transponder of the first-mode
components, the results were compared with numerical methods and the

results were very close.

The results gave a clear vision for crack detection by critical speed data and

displacement.

C.D. Untaroiu et.al [23], investigated a system consisting of a disk and shaft,
and It was made two types of crack (each type in a separate experiment), the
first is an open crack and the second is a breathing crack. It was concluded
that the instability increases with existing crack, whether it is the open or
breathing type. It is possible to reduce the instability by adding an external

dampener.

15
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B.S.N. Murthy et al [24], studied a rotary system of Jeffcott type containing
crack from breathing type. It was investigated the effect of the crack on the
rotor response, and at the end of the experiment, It was caused damage to the
shaft. It was studied the effect of crack depth, eccentricity mass and damping
forces on shaft response. It was solved the equation of a fractional order
derivative of damping by Runge-Kutta method. The damping parameters were
found by using the rotor orbit, the phase diagram, and frequency spectrum. It
was explained that the nonlinear vibration of the shaft is affected by fractional

order damping.

R. Ramezanpour et al [25], investigated a dynamic rotor system of the
Jeffcott type, one of the rotor components was cracked shaft, and the crack is
the slanted type, and at an angle with the vertical. It was studied vibration due
to the effect of the oblique crack using the mechanics of fracture theory. the
relationship between crack angle with longitudinal displacement, crack angle
with the angle of torsional displacement, crack angle with transverse
displacement was studied. It was investigated the effect of the crack angle on
the flexibility matrix. It was proved that the crack transverse parameters were

less than the fully open crack parameters.

M. Serier et al [26], have investigated a dynamic rotary system, it has a
breathing crack. A test rig was built for vibration analysis, and during the
experiment shows the adoption of the crack on rotor parameters. It was also
showed that the length of the crack, the speed of rotation and the diameter of
the shafts directly effect on the growth of crack. It was concluded that the

finite element method can be used in the regression analysis

M.J. Patil and Ali Vaziri [27], studied the cracking rotor to analyze the

resulting vibration. It was built a rig for monitoring to the vibration
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parameters. It was concluded that the crack affected on the flexibility, the

flexibility is increased with an increase in the depth of the crack.

N. Tenali and S. Kadivendi [28], studied the vibration analysis on a rotary
shaft in a steam turbine using finite element method in numerical analytical.
the Steam turbines are complex systems and contain a number of discs. It was
searched orthogonal vibration on the bearing and calculated the transient
response to the bearing. It was confirmed the results by the ANSYS program
and the TMS-050 program.

R. Peretzl, L. Rogel2, J. Bortman3, and R. Klein4[29], studied stress due
to the crack in high-speed equipment. It was found that the continuous
monitoring of vibration and the orbital paths was used to detect the crack. Two
types of flaws were tested: a straight slot, and a fatigue crack. It was observed
during the acceleration and deceleration of the rotor shaft, where the crack

open, the Vibration amplitude will decrease in critical speed.

J.F. Al Drajy [30], studied experimentally, numerically and analytically the
rotary shaft with cracks and without cracks. An asymmetric rotor will use,
which includes a disc between unequal two distances. Analytical and
numerical techniques have been done to drive an equation for finding the
stiffness of two cracked shaft in vertical, horizontal and cross directions with
making mathematical model representation for the rotor and compared the
results of analytical and numerical, it found in good agreement. The response
displacement increases and the critical speed decreases with increasing the

crack depths.

Nizar Ferjaoui, Sami Naimi, Mnaour Chouchane [31], investigated the
effect of the transverse crack of a rotary shaft carried by hydrodynamic journal

bearings. It was used the vibration monitoring method and the orbits of the
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turbine to detect the presence of crack. It was assumed short bearing for model
analysis and found that the crack depth will be an influence on the movement

of Centre Journal and decreases stability limit.

Deepak P Hujarel, Nitesh R Girase, and Madhuri G Karnik[32], studied
the relationship between the natural frequencies and crack parameters such as
the depth, Width, and location. The analysis was done for the Single Crack
and is evaluated, and found The crack will reduce the natural frequencies and

stiffness.

2.4. Concluding Remarks: -

In the previous research, the focus was observed on vibration parameters as
an indicator of the presence of cracks in the rotor. The cracks were studied in
symmetric and unsymmetrical models. Numerical, experimental and
analytical analyses of rotor have been performed, and the focus was on the

response of the rotor as a displacement to find the critical speed.

There is a research study of rotor has more than one of crack, and investigated

on the vibration parameters with change of crack depths.

Many research has studying the effect of fatigue with time on the cracks of
the rotor, and the extent of change the vibration parameters. As the rotor is
exposed to many loads that affect it because of continuous rotating which

generates periodic stresses.

In this study, the effect of cracks on the rotor of a gas turbine of the type
(GT 9001E) was studied by designing and manufacturing model. The model

was analyzed analytically, numerically and experimentally. The experimental
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study of the effect of the crack on vibration was based on the response. The

response was form of acceleration to determine the critical velocity.
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CHAPTER THREE

Theoretical Analysis

3. Theoretical Analysis

3.1 Introduction: -

Analytical study of real turbine is complicated, because of the complex
geometric shape and its large size. So it was designed a system simulates the
real turbine (the shaft and disk system), through which it was predicted the

real behavior of the machine [33].

In this work, the study of changing in stiffness, critical speed and response
will be addressed with and without the crack. Critical speed is very
important, where it is found in two ways, first by solving the equation of
motion of the system, and the second by solving the equation obtained from
[34]. The study will address the relationship between stiffness and damping

with the speed of rotation.

At first, it was calculated the response and the critical speed of shaft have a
single transverse crack. Then it was calculated the response and the critical
speed of the two cracks, the first transverse crack and the second slant crack,
where the inclination in varied angle. It was focus on two important cases;
the detection of the crack will be through the form of the wave represented
by the response and the critical speed, and the knowledge of the depth of the

crack will be by responding to the crack zone.
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3.2 The Gas Turbine Rotor: -

The rotor of the turbine consists of two turbine spacers; two wheel shafts;
the first, second, and third-stage turbine wheels with buckets. The forward
wheel shaft contacting with the first-stage turbine wheel and connected with
the compressor flange from the other side. The backward wheel shaft
connecting with the third-stage turbine wheel and connected with the load
coupling from the other side. The journal for the n° 1 bearing is a part of the
wheel shaft. The rotor is unsymmetrical as shown from dimensions in Figure

(3.1), and this figure from documents of Manufactured company.

- 83

First bearing f\‘ ’ lk‘ n’ Second bearing

— 2197

4 421 — ——]

Figure (3.1) the dimensions for the Turbine Rotor by millimeters.
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The total mass of the turbine is (21455 Kg), and its dimensions are shown
in Figure (3.1) in millimeter. The simulation will be for the part between the
first bearing and the second bearing, this weight will be simulated by shaft
and disc (rotor—bearing system) as described in the research references. The
representation for the system of the shaft and the disk depends on the equation
(3.1) and taken from [33].

17

m=ﬁ

Xmg +my 3.1

When

m = total mass of turbine.
mg = mass of shaft.
my = mass of disk.
After using simple calculations, it was produced the dimensions and
weight of the shatft.
mg = 3009.3 kg.
d, = 380 mm.
I, = 3342.3 mm.

It will be used the values of total mass for turbine and mass of the
shaft on equation (3.1) to find the disk mass. After finding the disk

mass, it was found its dimensions after equalizing the length of the

disk to the original length of the turbine, in order to preserve the

22



CHAPTER THREE THEORTICAL ANALYSIS

location of the possible crack of the turbine (the location of the crack
Is very close to the turbine rotor flange).

my = 19993.3 kg.

dg = 1374.23 mm.

l; = 1859.3 mm.

The Large dimensions are one of the obstacles to the experimental,
numerical and analytical comparison, so it will be reduced the dimensions to
(1/10) from the real dimension, and the Shaft Modelling are shown in Figure
(3.2).

U000 (e,

Figure (3.2) the drawing of the rotor Modelling.
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3.3. Assumptions for dynamic system: -

The following hypotheses will show the analytical method in a simplified

manner and it can be treated with parameters in easily, [33], [1].

1 - Suppose that the conveyor is of the short type i.e.(%” < 1) where
(Lp)is thebearing length and (D) is the diameter of bearing.

2 - Reynold equation was applied after it was assumed that the flow was

temporary.
3 - The Lubricating oil pressure at both edges of the bearing is zero.
4 - The Operating conditions are steady state.

From Reynold 's equation, it found that the angle (8) and the pressure (p)

depend on h, r, €, and p, as shown in equation (3.2).

Where (r) is the radius between the center of the shaft and any point for oil
film, is (h) is the film thickness, (€2) is shaft speed, (p) is the viscosity of the
oil, [33].

92p oh

]+h3 —— = 6uQ— +12u% 3.2
20 at

r2 00 00

1 4 op
3,
[h 9x?

Where (h) changes by the change of (0) as in equation (3.3).

h=C;(1+ €cos@) ,when €= ‘ 3.3

c

Where (C)) is radial clearance ,and (€)is eccentricety ratio.
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3.4. The system coordinates and the type of support: -

The supports of the rotor shaft system will be represented by Spring and
damper in each direction, for X-direction, y-direction, and The Direction
Which causes the coupling forces, as shown in Figure (3.3). This is a result

of lubricating fluid characteristics.

There are two types of coordinates in the system; the first at the sides when

the bushes of bearings; and the second at the middle of the disk.

crack ragion

Bearing »

Figure (3.3) the suspension system of the rotor, [30].

25



CHAPTER THREE THEORTICAL ANALYSIS

3.5. The natural frequency for uncracked rotor: -

Normal frequency is the frequency at which the body oscillates without
external force. When the dynamic system approaches from it, the body

oscillates at highest response.

Eccentricity is inherent in the journal bearing, so during movement, a

dynamic force is generated.

A displacement will be generated towards the (X-axis) and the direction
(Y-axis), and this displacement will be relative to the coordinates (X and Y
axis) at the bearing holder. The relationship between the load and deformation
Is nonlinear; and to simpler the dynamic analysis, this relationship can be

considered linear if a displacement is too small.

The formed forces are two types, the first is diagonal (F,.), the second is

tangential (F,), They can be found by the following equations, [33].

DQuL,? e nDQulL,3 e

F,. = and F,=—
'8¢ (1 e2)3/2

- 3.4
" 2C2% (1 - €2)2

Then we find the load on the bearing by finding the resultant of the forces.

_ 2 Z_EDQ[I,LbSG E_ 2 1/2
Fo= |F,2+F, = St (Z-1)e+1) 3.5

After finding the load on the bearing, it is possible to find a value of

(Sommerfeld number) by equation (3.6).

_DopL,®

= > 3.6
8 Fo Cl

S
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Then it will be used a value of Sommerfeld number on the equation

(3.7) to find eccentricety ratio(€),[33].
€8 — 4¢€5 + (6 —5.2(16 — nz)) et —(4+n2S )t +1=0 3.7

Where the value of (€) is found by Newton Raphson Method, using MATLAB
program (Appendix-A).

After assess the bearing is short, the damping matrix and the stiffness
matrix shall be (2 x 2), provided that the displacement is small, to be the

system is linear

Foja a k k
[k]=7[axx a"y]= lk"x k"y] 3.8
yx ooy yx Tyy
bxx bxy Cxx ny
=Fo/(C;x2 = [ ] 3.9
[C] ( l )[ byx byy cyx ny
Where @y, by, @xy byy, Ayx, byy, by, and a,, values will take from

(Appendix-B) from B-1 to B-8.

The relationship between eccentricity with stiffness and damping at change
in spin speed was represented by the MATLAB program as seen in
(Appendix-A).

After that it will be found the parameters of the shaft bearings by the following
equations, [35].

K- 3EI(Ly® + Ly°)

3.10
L3 xL,3
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K1 = K|[(kyyl+kyy2)((kyx1+kyx2)+K)—((kyx1+kyx2)(Kxyl+kyy2))]
((kyy1l+kyy2)+K)(Kxx1+kyx2)+K) = ((Kyx1+Ky2) (Kyyl+kyy2))

3.11

K2 = K|[(kxx1+kyx2)((kyyl+kyy2)+K)—((kyx1+kyx2)(kyyl+kyy2))]
((kyy1+kyy2)+K) ((kyx1+kyx2)+K)—((Kyx1+Kyx2) (Kxy1+kyy2))

3.12

(kyx1 + kyy 2) K?
K12 = 3.13
((kyyl + kyy2) + K)((kxx1 + kyz2) + K) — ((Kyp1 + Ky 2) (Kiy1 + kyy 2))

(kxyl + kyy2) K?

K21 = 3.
((kyyl + kyy2) + K)((kpx1 + kyx2) + K) — ((Kyp1 + Ky 2) (Kyy1 + Ky 2))

14

Then it is replaced the parameter values in the following equations to find the

natural frequency, [36].

c._KU ., K2 K12 K21 21
1 — M ) 2 - M v = K1 y B = K2 .
2 1 2 2 2 2 2 2
w,"” = E (F1 + FZ ) i (Fl — FZ )ﬂlﬂzrl FZ 3.16

After using the MATLAB program, it was found that the fundamental
natural frequency is (8125) RPM and the response at this frequency is
(0.0295) mm. When using the ANSYS program, it was found that the
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fundamental natural frequency is (8150) RPM and the response of (0.0225)

mm, and when compared these results, we find it very good.

3.6. Equation of the motion of a cracked shaft: -

The coordinates in the rotor are two, the first is fixed coordinates (X and Y)

and the second is the moving coordinates ( { and n ), as shown in Figure(3.4).

7 n
S

Figure (3.4) fixed and moving coordinates.

X

So it would be two types of stiffness depending on the coordinates
mentioned above. The rigidity in the horizontal direction will be less than the

rigidity in the vertical direction, when the crack is in the open state.

After that, the decrease in stiffness will be calculated in both directions
(¢ and n) ), and then transfer the stiffness matrix by the transformation matrix
to the fixed coordinates(X and Y),[11].
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[Kcr] = [K] - [Kc(ei t)] 3.17
Where

[K] is stif fness matrix for uncrack rotor.
[K.(6,t)] is the decrease in stif fness matrix Which happened from
the crack ef fect.

[K.r] is stif fness matrix for crack rotor.

_ [ cos(Qt) sin(Qt)
4] = [— sin(Qt) cos(Qt) 3.18
Where [A] is the transformation matrix.
So the stiffness matrix (to crack shaft) will be as follows: -
(K] = [A]"[K][A] — [A]"[K.-(0)][A] = [K] — [K.(6,1)] 3.19

The deformation has two parts, the first is static and the second is
dynamic.

Y =Yst T Vay 3.20

If (y,;) is a constant part, then (y,,) equals zero.

y:ydy&j): ydy 3.21
[M1{yay} + [[D] + [G]]{¥ay} + [[K] — [Ker (8, D][{¥st + Yay} = Qu+ W 3.22
Where

(W) is rotor weight and (Q,) is the unblance force.

30



CHAPTER THREE THEORTICAL ANALYSIS

If
[K[{ys:e} =W 3.23

So the equation of the motion will be as follows: -

[MI{¥4,} + [[D] + [G]|{yay} + [[K] — [K.(®D]]{¥ay} = Qu 3.24

3.6.1. Crack modelling: -

The crack in the shaft have many kinds, but the most common is the
transverse crack. Multiple vibrations such as (torsional, longitudinal, and
transversal) vibrations will be generated, but for ease we will take transversal

vibrations.

The theory of beam bending is not active with crack, because the crack is

weakening the stiffness of beam (EI), [30].

It is possible to consider the elements of flexibilities in each side are six
degrees of freedom, But for ease will ignore all elements except vertical

element(Css) and the element of cross flexible(C,4).

If (a/R < 0.5) then The effect of (C44) is very small, so it will only take (Css)
Into consideration. If (a/R > 0.5) then it will take (C44) and (Css) into

consideration.

to find deflection to region near from disk [1]: -
u(] B [GO + Ag; 0 ] [F(]
[u,, = o 6,+ag,llF, 3.25

G, is the flexibility for uncrack rotor.
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Where ( Ag,, Agy)is the increase in flexibility due to the existing crack. If the
crack is in a closed position, the ( Ag;, Agy,) is zero.

_ LZ
Ag( = 655 16:ER3 3.26

Because of the region of tension and compression in the shaft, we found a

steering equation (f(t)).
f(t)= 0, at compression region.

f(t)=1, at tension region.

So the deflection equation is [1]: -

- 2ot S
f@) = %(1 — cosQt) 3 28
1) I

(a
open F\
’ /

closed

¥

|
I T
0 90 180 270 36D

Figure (3.5) The steering function behaves with crack opening [1].
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3.6.2. Calculation of Direct Compliance: -

At the vertical plane, an additional cross-sectional shift will occur
because of the crack, [1].

by

dy

fir 2

Py

fir

Vo

Figure (3.6) transverse crack layout, [30].

a,=VvV1—-x%? —(R—a)
b=,1-(1-a)? = V2a-a?

- R
h:—:zx =
R

2/ R%2—x2 2+/1-x2

<

— X . — a - b
R R R R
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5 __
C::=C ><ER3 —Szjd_jx1 x? _F22(7>d_ 3.29
55 = &55 X192 T o | x | (1=x%)y hx y -
-b 0
b ax
c C xER3—16J_f_2_F12(y)d_ 3.30
44 “X1 977 o | X | x°y hx y -
-b 0
Cow = 205 ou4
55 7 gp5 U4 T 5py

Where P4 and P5 the bending moments for horizontal and vertical plane

respectively, [13].

Css = s [, Jo T ). dy dx , Cop =" [*](y).dy dx 3.31

Where J(y) is density of function for strain energy.

JOy) == [(1{15)2 + (KI115)% + M(KIII5)?] 3.32

The parameter of equation (3.32) in Appendix-B , from (B — 9) to (B — 13).

3.6.3. The Response of shaft through Two of Journal
Bearings: -

Critical velocity is the speed at which the vibration results from the
unbalance and is the response at the greatest value, where mass eccentricity is
one of the most important reasons of vibration.

The response will be calculated at the site of the disk because it is at this site
has the greatest moment. In our research we cannot consider case is (a rigid

bearing rotor) because the stiffness depends on several factors including speed

of rotation.
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The equation of motion will give us the following [36]: -

mx, + K(x, — x;) = m, e Q* cos Ot
3.33
my, + K(y, —y;) =m, e Q*sinQt

Where x,. is the displacement for rotor in X-axis , and x; is the displacement
for journal bearing in X-axis.

ol o Eadd o B o [ R P
Where

xj = Be'™ | %; = iQBe'™ = iQx;

y; = De'™ g, = iQDe'™ = iQy;

Kyx = (Kxx1 + Kyx2), Key = (Key1 + Kay2)
Kyy = (Kyy1 + Kyy2) Kyx = (Kyx1 + Kyxz)
Cox = (Coxr + Cx) Cy = (Cay1 + Cay2),
Cyy = (Cyyr + Cyy2) Cyx = (Cyx1 + Cyxz)

After simplifying the equation, we will produce the following.

K, + K+iQC,, K,, +iQC,, ]{xj} B er] 3.35
K,,+iQC,, K, +K+iacC, [V~ |Ky, '
Then we solve the equation to produce
iQ r— X Q) X r
X = K[(Kyy+K+iQCyy )%, — (K xy+iQCyy ) yy | 3.36

J 7 (Kpx tK+IQC ) (Kyy + K+IQCyy )~ (K oy +1QCy ) (K +QC )
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_ K[(Kyx+ K+iQC ) %y — (K yx +iQCy, ) yy |

Vi = Rt K+QC0) (K yy + KHIQC, ) (K g +QCy ) (Kt OC ) 3.37

We compensate equation (3.36) and equation (3.37) in equation (3.33) to

produce the following.

mx, + K,x, + K{;y, = m, e Q? cos Ot 3.38
my, + K,y, + K,1x, = m, e Q% sin Ot 3.39
Where

_ K[(Kxx+iQCx) (Kyy +K+iQCyy ) = (K xy+iQCxy ) (Kyx +iQCyy )|

K, = (Kxx+ K+iQCy) (Kyy+ K+iQCyy )~ (Kyy+iQC sy ) (Kyx+iQCyy) 3.40
K. = K[(Kyy+iQCyy ) (Kxx+ K+iQCxy) —(Kyy+iQCyy ) (Kyx+iQCy ) | 341
2 (Kxx+ K+iQCy) (Kyy+ K+iQCyy )~ (Kyy+iQCy ) (Kyx+iQCyy) '

K?(K,.,+iQC
K, = - (. =Y ) - - 3.42
(Kxx+K+iQC ) (Kyy +K+iQCyy )~ (K xy +iQCxy ) (K +i0QCyx )
K2 (K, +iQC
K>, (K +i0Cy) 3.43

- (Kxx+K+iQC5x) (Kyy+K+iQCyy )~ (K xy +iQCxy ) (Kyx+i0QCy )

It is possible to write solve of equations (3.38) and (3.39) as follows [36].

Q4 gy =il 3.44

x, = x}el® 4 x e i y, =yte
Where x; and y; are the radius of whirl for the forward precession,

and x,- and y, are the radius of whirl for the backward precession.

Then we compensate equation (3.44) in equation (3.33) to produce: -

(MuQZ/Z)[(Kz—MQZ)HKlz] . (—iMuQZ/Z)[(K1—MQZ)—iK21]
(K1-MO?)(Kp—MO?)-K12Kpy 77 (Ki—MO?)(Ky-MO?)-K15Ky

+

xf = 3.45

36



CHAPTER THREE THEORTICAL ANALYSIS

o (@ )(eom®) ] o metein]
T (Ki-MQ?)(Kp-MO?)-KizKyy 77 (K1-MO?)(Kz~MO?)-K12Ks1 '
then the formula unbalance response will be as follows: -
rt = 3.47
This equation (3.47) can be written as follows [35].
r* =r;ellt 4y e-iM 3.48
Where
e (03 +03-20%)~i(u, 03— p,07)) e 0% (07 -03)+i(p, Q5+, OF)
I 2[(02-08)(05-0%) -y, 0503 TP 2[(0F-07)(05-0Q) — pyp, 0507
— K12 _ Ko 2 _K 2 _kKz
I~l1—K1 y U2 = g = ,Qz—M
Where

(ry) is the component of forward unbalance response,

(r}) is the component of backward unbalance response.

7"l maj = [Tg| + |7l 7" lmin = |T¢| = |7l 3.49

WHhere |r*|,,q; is the major radius, and |r*|,,,;, is the minor radius.
Critical velocity occurs when the response is greatest, i.e. when the response
is equal to (|74, ).

By using equation (3.49) we can find the critical velocity after knowing the

great response.
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3.7. The Flexibility for rotor have slant crack: -

In the cracking rotor the amount of elasticity in the slit area will decrease
due to a decrease in cross section area. Total energy of strain is two parts, the
first is the energy of strain without cracking, and the second part is the energy

of strain that comes from crack.

Etotal = Uuncracked + Wcracked 3.50

If we look at the figure (3.7) we will notice that there are three forces ( Fy,F,,

F, ) and a moment about Z direction, where the energy of a non-cracking

shaft is in equation (3.51),[21].
_FxX*L* Fy*L* T?L T?L

= .51
v 96EI * 96EI +4-G]p+4AE 3.5

Fy

4 1y

A
i,
A
-1

LFe L, ) N
/ LiFr /L M / /,_;)\ “ L /L

.
Fx

=

Lz Li

Figure (3.7) The forces and moment affecting on the cracked
shaft, [21].

38



CHAPTER THREE THEORTICAL ANALYSIS

By using Equation (3.50), we conclude that a local flexibility of any
point on the rotor is: -

02E 92U N 2w 3 52
dOFidFj O0FidFj OFidFj '

And by using the moments (Mx ) and (My) can be found the relations: -

Fy, XLy X Ly F, XL, X Ly

L
By using Chain rule and equation (3.53), we will get, [25]: -

/L22L12(62W) L%, 2 2w Lle( 62W> L2L1< 2w )
2 \0My? L2 OMydMx L \oMyoT L \OMyoMx

3.53

c,] = L22L12(82W) Ly Ll( anzw ) L, L1( 92w ) +
ol ~— 2 \9Mx2 L \oMxaT L \oMy Mz
02w 2w
aT? OMzoT
Symmetric ozw
y oMz?2
dia (LZZLlZ Ll L L ) 3.54
g 3EIL ’ 3EIL '2GJp ’2AE )

If
[Ker]=[Co] 7

So the global matrix is: -

4 N

cose sing 0 O
[Klo =[A]" 1 [K,] [A] where [A]=| —sin8 cos6 0 O 3.55
0 0 1 0
\0 0 0 1/
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Figure (3.8) shows the dimensions of the slant crack, Where
0 is slant angle for crack.

In Appendix —B, we finding flexibility of the shaft.

4
dio B D

Figure (3.8) a slant crack in the rotating shaft, [30].

3.8. Analytical study of the rotor with two crack
(transverse and slant cracks): -

The stresses generated by the crack are the most important causes of
failure in the rotor, where these stresses are concentrated on the edge of the
crack, so you must enter (stress intensity factor) into the calculations. The
(stress intensity factor) will be its symbol (K1). The (K1) consists of two parts,
the first being the direction (¢) and the second is in the direction (n), [13].
The equation of the first crack: -

K1D = KQ{1® + KQn1® 3.55
And the equation of the second crack: -
K2® = KQ72® + KQn2® 3.56
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[ first crack ]

[ second crack }

Figure (3.9) Location of the two cracks.

Figure (3.10) coordinates of the first and second cracks.
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Now we will take the first crack equations (oblique crack), [13].

KQ{1® = ¢f1Vma x F 3.57
Q1x(L1-H)\ o
ol = ( 4 ) 2 3.58

I
Equation (3.58) is compensated in equation (3.57) to produce follows: -

KQy1 = ECX < F 3.59

Where F s the stress configuration factors in { directions.

KQn1® = onlma x F 3.60
1X(L2—-N))xXw
onl = (@n ( T ) sin @ 3.61

Equation (3.61) is compensated in equation (3.60) to produce follows: -
KQnl = Mﬂ Vra x F sin@ 3.62

Where F is the stress configuration factors in i directions.

The equations of F and F are :-

26 ma 0.923+0.199[1—sin (z=)]*

F= |—tan— X 3.63
me 24 cos (g—g)

F=[2tanZ ><0'752+2'°2(%)+°1'i7[1‘5i“(%)]3 -
i = “’S(ﬁ)

So the density of strain energy (J1(a)) is
J1(a) = %[ KQ{1D + KQn1®7? 3.63

Figure (3.11) and Figure (3.12) shows the mechanism of opening and
closing of crack with the coordinates of the first crack.
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aw w

CS (o]

i

Figure (3.11) area of cross section for crack, [30].

Figure (3.12) the mechanism of opening and closing of crack
with rotating angle (), [13].

The additional deflection will be calculated through the following equation:
2
aQi1
Where (i) is (¢{1) or (»1).

uil =

[]Il(a)da] 3.64

_ E A2  Qi{1x(L2—N)xarx+ma XF
Qnix(L2—N)xwxma xﬁ') (L2—-N)xarx\ma xF
I 21

da dw 3.65
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_2 Q{1x(L2—N)xarxymwa xF
1“71— EffAl( 21 +
Qnix(L2—N)xwxvma x F | (L2-N)xwx+ma xF

sin@ da dw 3.66

I ) 41

Now it was taken the second crack (transverse crack) using {2 — n2
coordinate: -

_2 Q{2x(L1-H)xarxyma xXF
Qn2x(L1-H)xwxVma x F) (L1-H)Xarx\ma xF
1 8I

da dw 3.67

_2 Q{2x(L1-H)xarxma xF
Qn2x(L1-H)xwxVma x 17) (L1-H)xwx~ma xF
I 41

da dw 3.68

If the terms (2¢1) and (an1) fellows can be given by the equations: -
{1 = u¢l + un2 siny + uf2 cosy + uf1° 3.69
nl = unl + ud2 siny + un2 cosy + un1® 3.70
And,

(@n2) = S5imy osv) (en) 371

So,

_ 2 Qi1 x (L2 —N)xa' xvma X F
a1 =2 [ «
EJ),, 41
Q1 x (L2—-N)Xxwx sinfyma x F_(L1—H)Xa' xVma XF
+ )
21 81
2 (L1 — H)? a?’maF? (L1 — H)? a'wnaFF
+ —ff [ 5 cosy — >
EJJp2 321 81
(L1 — H)? a*maF?
3212
N (L1 — H)?a' wiaFF
812
2 (L1 -H)?a’ wmnaFF (L1 - H)? w?maF?
- —J-f [ > cosy — >
E)),, 161 41
s (L1 — H)? a'*wnaFF
1612
N (L1 - H)?> w? naF?
42
Q{1 L2?% 112
3EIL

da dw

siny) Q{1

siny

cosy) Qn1 sinf] cosy da dw

Sin)/) Q¢

siny

cosy) Qnlsin@]siny da dw

3.72
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un1
_ZJ‘ (Q(lx(LZ—N)xa’x\/na X F
Ell, 81

Q1 X (L2—N)xwXx sinfVma x F_(L1-H)xw xVma X F
+ )

21 41 _

2 (L1 - H)? a’?’rmaF? (L1 — H)? a’ wrtaFF
+— ﬂ [ 5 cosy — 5

EJ),, 321 81

(L1 - H)? a?naF? (L1 - H)? @ wnaFF ] ]
iny + cosy | Qnl sin@] siny da dw

dadw

siny) Q{1

3212 s 1612

2 (L1 -H)?>a wmnaFF (' —H)?> wnaF?
+EﬂAz[ 162 cosy — AL siny | Q{1

. <(L1 —H)?*a waFF

BI2 siny

(L1 — H)?> w? naF?
+ 412
Qnlsin@ L2? L1
3EIL

cosy) Qn1l sin@] siny da dw

3.73

Where

2 12
u(lo _ Q1127 117 3.74
3EIL

_ Qn1L2% L1?
~ 3EIL

0

unl 3.75

And,

ud1%is a deflection for un cracked rotor in ¢1 axis.
un1®is a deflection for un cracked rotor in n1 axis.
ud1 is a deflection by reason the first crack in ¢ direction.

ud2 s a deflection by reason the second crack in ¢ direction.
un1 is a deflection by reason the first crack in n direction.

un2 is a deflection by reason the second crack in n direction.
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Then it was calculated the flexibilities in any direction (gn, g¢, gn{, gi{n) ),
[30].

_ Jud1 3.76
_ (L2 - N)? ff 2q P dadw + _H)Zcoszyﬁ 24 F2dad
9¢ = 16EL2 Ala a adw 32EL2 Aza a adw
(L1 — H)? siny cos _
— ( ) 14 yjf a'’*a wFF da dw
16EI2 2
t(a — H)?%siny cos _
— ( ) 14 yff a'a wFF dadw
16E1? 2
(L1 — H)?sin? _
( ) yf w?a F 2dadw
4ET? 2
L2% 112 3 77
3EIL '
_ dun1 3.78
_m(L2 — N)ZsinHJ 2 F2derd
gn = 1EL2 A1W a adw
m(L1 — H)*sin?ysin@ P
16EL ffAza a Fdadw
(L1 — H)?siny cosysin@ _
+ ( ) 14 14 U a a wFFdadw
(L1 — H)?siny cosysin@ —
+ ( ) 14 14 ﬂ a'a wFFdadw
(L1 — H)?%cos*ysin@ _
( ) 14 f w2a F 2dadw
4EI? 1
sin@ L2?% 1?2 379
3EIL '
A1
gin 3.80

~aQnt
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—_N)2 ~
gin = gni = %sine J[,,&'a wFF dadw +

w(L1-H)?cos2ysin0
8EI2

w(L1-H)2siny cosysinf
16E12

w(L1-H)2sin%ysin@ , ~
e /[, @@ wFF dadw —

m(L1-H)2siny cosysin0 I~
(LL-H) siny cosysind |1 w2q F 2da dw 3.81
8EI A2

/[, a*a FPdadw + J[,,a'a wFF dadw —

The equations of flexibility can be written as follows, [13]: -

(L2 — N)? _ (L1 — H)?cos?y — (L1 — H)?siny cosy —
=—7 19 + gl — I gz
16E1? 32E1? 16E12
w(L1 — H)?sin?y — _ L2%L1%
g 3.82
16E1? 3EIL
—N)2¢j — —_IN2cinlvyci — CIN2ci . —
gn = 7':(L24;V1)2 sin@ Igz +TL'(L1 Hl)6Es;rzl ysin@ Igl +TL'(L1 H) ;;r;)zx cosysin@ IgZ 4
—H2cos2vsing = 2742
n(L1-H) cc;s ysm@lg3 + L2 L1 3.83
8EI 3EIL

n(L2—-N)? . = n(L1—H)?%siny cosysinf =
gin = Wsm@lgS + TeE 2 I g1+

_ 2 2_in2 . — _ 2 . —
m(L1—H)*(cos*—sin?)ysin6 n(L1—H)*siny cosysinf 193 3. 84

8EI? I‘qz 8EI?

Where 192,193 ,Tg1,T g1,T g2,T g3, are listed in Appendix —
B, from equation ( B — 25) to equation (B — 30).

After that it was found the stiffness using the flexibilities equations as
following.

_ gn —_— g¢ _ __—9%n
gn g — gin? T gngl—gin* ' " gngl- gin?

K;
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So the equation of motion for the two directions (¢) and (n) will be as
follows: -

M1 -2071-9*¢1)+C({1-0n1)+ K, {1+ K;ym1 =
m ec Q2 cosfp — Mgcos0’ 3.86

M@n1-22¢1-0*n1)+C(H1- Q1) + K, n1+K,; {1=
m ec Q* sinfp — Mgsin@’ 3.87

By equation (3.86) and equation (3.87), it was found the response to the
cracked rotor, and then find the forces applicable on the cross section of the
crack.

{ggi}: II;,,Z II{((: {fgi} 3.88

Equations (3.86) and (3.87) can be written as follows: -

?+ 2¢ ro? +27 +(r¢% — 1)T + (r{n* — 2¢ ro) = ecosP — ro*cost 3.89

n+2¢cron +27+@n?— 1D+ (% + 2¢ro){ = esinp + ro’sint 3.90
Where

— K _ |Kn, _ |K¢ _ |Kiq _C
wn-\/ﬁ wn—\/;, 0¢= | m w{n_\’M $ = 2vkm

_on _on _ ©¢ _ wn — ond
ro=--;rm="_-1{="1- ;1r{n= mé=-,
mom. z_ 4 e =1, -2
n= st.'(_é‘st =t e_é‘st'a ) aZ_R

It should be noted that the equations (3.89) and (3.90) do not include the
effect for bearings.

In Appendix-A, we have MATLAB program to find the critical velocity and
response to cracked shaft, taking into consideration the effect of bearings.
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3.9. The Elliptical orbit path for rotor dynamic system:

In the dynamic rotor system, have two natural frequencies (w,, and w,),

this frequency gives the limits of system stability.

If the velocity is between the two critical speeds, the type of orbit is (backward
orbit). and if the velocity is before or after the two velocities, the orbit type
(forward orbit), Figure (3.13) shows the direction of the orbit path Compared
with the rotation of the shaft, the horizontal axis is the natural frequency, and
the vertical axis is the radius of whirl, [35]. The radius of the whirl depends

on the value of the eccentricity in the shaft and disk system.

It is important to mention that when a crack occurs, the shape of the orbit path

Is external.

Backward ! \
Whirl ./ " 'ﬁ,_":'tfhirl

Y

Figure (3.13) Path of the orbit and its relation with the rotation
of the shaft, [35].
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3.10. Numerical Analysis

Numerical analysis of the rotary shaft system is done to verify vibration
behavior during the rotation, and verification of the results obtained from
analytical solution in this chapter. In the numerical, the ANSYS software will

be used.

Elements of the shaft are (17) element of type (beam188), where its type is
affected by crack. It is necessary to mention is when using an element from
type (solid), the response does not sense the existence of a crack, so we used
(beam188). In Rotor dynamics ANSY'S guide, there is a note is that the solid
element is not used, because it is not affected by the existence of the crack,
[37].

The disc can be used an element from type (Mass21), where the effect of the

disk as a mass on the shaft with their dimensions, [37].

The bearings can be represented by element (COMBI 214), where this

element is affected by the oil properties, as stiffness and damping, [37].

The numerical analysis will be for two tests. The first test is to find the critical
velocity and response for uncrack shaft, and the second test is to find the
critical velocity and response for the cracked shaft and multiple depths (0.2R,
0.4R, 0.6R, 0.8R).

After finding the results of the two tests, it was compared with the results
obtained from the analytical study. This comparison was in the results and

discussion chapter.
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3.10.1. The Procedure of Numerical Analysis for Rotor

Dynamic System: -

The Steps of numerical analysis for the rotor dynamic system are represented

in the following:

1. Building model: - Model construction is carried out on the basis of

identifying the parts of the system and the relationship which connect these

parts to each other.

2. Define Element type: - the Gyroscopic effect should be among the
basic principles for selecting the type of element, the selected elements must
support the principle of CORIOLIS, where this principle proves the existence
of the gyroscopic effect in the system. The shaft element is (Beam188), and
the disc element (MASS21), and the bearing element (COMBI214).

3. Define the material: - The material must be defined to know its

properties whether linear or nonlinear, where the material was chosen linearly

In our research.

4. Define rotation speed: - The speed is defined either by OMEGA or
CMOMEGA. If there are fixed parts of the rotor, we use CMOMEGA. In this
search was used CMOMEGA.

5. Meshing the model: - In this model, the shaft was divided into (17)

elements of type (Beam188), and more data was given to the site of the crack
in the shaft.
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The response will be more accurate whenever we give a more accurate and
more detailed data about the location of the crack as the depth and distance

from the disk and its width relative to the cross section area.

0.000 0.100 0200 {m) z)\ X
I .

0.050 0.150

Figure (3.14) The Meshing of dynamic rotor.

6. the boundary conditions: - the type of bearing is determining the
boundary conditions of the rotor, the type is the journal bearing, where its
boundary condition is on form of damping and stiffness forces in the

horizontal and vertical and cross coupling direction.

The values of the matrix of stiffness and damping will take from the products
of analytical study at each speed of the rotor from chapter three, [30]. The
values of the damping and stiffness matrix changing with the rotating speed
alteration because the oil specification changes with it.
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Figure (3.15) shows boundary condition of the Journal bearing. Where two
axes were defined - the vertical and the horizontal axis. Because of the specific
boundary conditions of the journal bearing, the oil layer is represented by

spring and damper in each direction.

L J 1\;‘

A

£ oy
e TR -

N |

& —

ko (opticeal)

Figure (3.15) The boundary condition of the Journal bearing,
[1]
7. Solving the model: - The dynamic rotor model was solved by standard
ANSYS Software, and the analysis was performed in two cases, transient and

harmonic.
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8. Analyses of Results: - To analyze the data from uncrack shaft and crack
shaft, the (POST1) and (POST26) were used. (POST1) Is used as a generic
processor, and (POST26) is used for determination the time history [37].

3.10.2. The flowchart of the constructed ANSYS code: -

An outline of the program construction process was illustrated by
flowchart indicating all inputs, outputs and commands.

Definition of rotor properties (dimensions, Elastic
modulus, Poisson's ratio, density, masses)

Definition of the speed limits and the amount of
increase of each stage and number of modes

Start= 0, End=9000, Incr=200, N modes=4

Determination Shaft
element (BEAM188)

|

Definition of Material
properties
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Meshing of the shaft length

N=17, EL=16, L=334

Determination DISC
element (MASS21)

Definition of Rotating velocity
range

Add stiffness and damping parameters
for Bearing No.1

Determination Bearing
Element No.1 (COMBI214)

Locate the Bearing No.1

Add stiffness and damping parameters
for Bearing No.2

Determination Bearing
Element No.2 (COMBI214)




CHAPTER THREE THEORTICAL ANALYSIS

Locate the Bearing No.2

Determination Boundary
conditions

Select all rotating elements supports
Corioliss command

Determine the value and location of the
unbalance force

Determine Frequency of
excitation

Post processing of Unbalance Response
Analysis and Calculation of Displacement at
Particular Node

56



Chapter Four Experimental Work

CHAPTER FOUR
EXPERIMENTAL WORK

4.1. Introduction: -

In this chapter, full description of the design and manufacturing of the test
trig is presented. The test rig in this work is aimed to simulate the dynamics
and vibration of the gas turbine rotor at Al-Hilla power station. The rig was
designed and manufactured in to model similar conditions of that in the
real rotor gas power station. Additionally, this rotor will be modeled
analytically and numerically for results verifications. The shaft and the disk
were designed and configured with a reduction ratio of 1/10 to the original
dimensions of the rotor, adjusting none equal length of both ends of the
shaft outside the disk i.e. (L; # L,). The rotor is supported by two journal
bearings at both ends. These bearings and the lubrication system are also
designed and manufactured to present conditions similar to the real
conditions too. There are two measuring devices that are fitted to the test
rig; these are an accelerometer and rotational speed reader; this will be

described in the next sections in this chapter

It should be mentioned that the manufacture of the device was very

accurate by sophisticated equipment to obtain more accurate results.

4.2. Test Rig Layout: -

The tes rig which is designed and manufactured during the current work is
shown in figure (4.1). In this rig, a reletively heavey rotor is desighned to
rotate at high speed about 10000 rpm. So that, the frame of the rig is made

of steel memebers with a 4 mm thickness.
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Due to the expected vibrations, rubber bases are used to support the whole
rig and the sub-base of the rotor as shown in figure (4.1). This will resulted
in absorb the undesired source of vibrations that might come from the
motor itself. Additionally, it can be also seen that the rotor is linked to the

motor via a rubber belt where this can reduce transfearing vibration from

the motor. ,
| N
’ Oil tank
Oil pipes ‘
Rotor
Journal bearings
Rubber

motor

Figure (4.1) layout of the test rig

58




Chapter Four Experimental Work

4.3 Rotor manufacturing: -

The material used to manufacture the rotor shaft is of carbon steel while
the disk is made from iron. This is due to the fact that the disk paly as a
rigid body where its mass and moment of inertia are the only effective
parameters. The shaft material is of chromium- molybdenum alloy steel

(AISI 4140), the chemical composition of this alloy is shown in table (4.1)

Table (4.1): The chemical composition of the shaft material.

C% | Si% | Mn% | P% S% | Cr% | Mo% | Ni% | Al% | Co% | Cu% | V% Fe%

0.39 | 0.27 | 0.80 | 0.005 | 0.027 | 1.14 | 0.225 | 0.077 | 0.02 | 0.005 | 0.064 | 0.004 | 96.673

The disk was fitted to the shaft via interference fit (1.F). In this type of fit,
the shaft size is made slightly larger than the disk hub size with a tapered
angle of 10°as shown in figure (4.2). For installation, the shaft is pressed
inside the disk during installation giving high binding contact. This will

prevent relative slippage between the disk and the shaft.

66.6 185.9 81.7

»le »|

L it > yl

137.4
38

Figure (4.2) The rotor layout showing the interference fit between the
shaft and disk and dimensions in millimeter.
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For more secure contact, the outside circular edges are welded at both ends,
where this also increase the safety during running the rig. The welded area

Is shown in Figure (4.3).

Welding zone

—-—

Figure (4.3): The welded edge between the shaft and disk.

The compression and welding processes formed a relatively tortuous
surface, so that diameter of the lips 2 mm was increased before the process
of contact between the disc and the shaft. After the welding and pressing

process, the scrap surface was removed.

In order to achieve accurate diameter of the shaft, a dial gauge was used
for this aim, this is shown in Figure (4.4). All dimensions of the shaft and
the disk are accurately checked using digital Vernier, this is shown in
figures (4.4) and (4.5).
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Figure (4.4) Accurate measurements during shaft
manufacturing.

Figure (4.5) Accurate measurements during disk
manufacturing.
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4.4. Rotor Balancing:

After manufacturing the rotor, it has to be tested to investigate for any
unbalanced rotating mass. The balancing process are commonly used for
the majority of rotors after manufacturing. The exisitnce of unbalanced
masses can resulted during manufacturing the disk and shaft followed by
the process of fitting them together. Balancing process should first
determine the amount and location of the unbalanced masses, secondly

balance these masses by removing them or by adding equivalent masses.

The balancing of the rotor manufactured for the current work was balanced
using the very specialized balancing equipment at DORA refinery. Figure
(4.6) shows the rotor installed on the Schenck balancing machine, where
this company belongs to the globally active technology group of DURR
AG based in Stuttgart.

Rotor

supports

Figure (4.6) The rotor of the current work installed on the
Schenck balancing machine.
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In the balancing process, the rotor was rotated at a speed (750) rpm. During
that, the sensors determine the amount and position of the unbalanced
masses, this is shown in Figure (4.7). In this figure, the maximum
unbalance mass (M.U.M), for the right and left side are (87.2 g.mm) and
(93.3 g.mm) respectively.

SCHENCK CABB20 (V6.4.21)

Printing Settings Service Process Level 2

Figure (4.7) The screen of the Schenck device showing the
(M.U.M).

Figure (4.8) shows that there are two regions of unbalanced masses, the
first is the green circle which represents the permissible limits, and the
second is the white region, which represents the not allowed limits.
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[} SCHENCK CABS20(V6.4.21) :
Rotorfile Printing Settings Service Process Level 2

)

unbalance
mass

second
region

e

Correction Plane 1 2.8 * Tol Correction Plane 2 6.3 * Tol

N M§§$ ,[g] ! Angle ] | Mass l‘g] 5 J Angle I‘J %,

TR RS A By

Figure (4.8) the value and location of the unbalance masses.

The balancing approach was carried out by removing masses from the disk
in the same direction of the unbalanced masses, this can be seen in figure
(4.9)

unbalance mass

vaminn

Figure (4.9) Removing of the unbalance mass.
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The process of removing masses was repeated 12 times resulted in
unbalanced mass of 0.936 g and 0.534 g for the two planes and this can be
considered as an acceptable value. This is shown in figure (3.10) where the

unbalanced masses are located at the green zone.

(3 SCHENCK CABB20 (V6.4.21)

Raotorfile Printing Settings Service "éiéé: Level 2

.‘ Ao 50 o v
. Manual | ~ - g

-~ Botor D o
4 _tay

Correction PI 5 [ o By
Mass [mg] “"i e = Ll Correction Plane 2 0.4 * Tol |
Sl Ngl T R TR O i Mass [mg] 1 Angle 7] it

936 203 534

Figure (4.10) The final state of rotor balancing.

4.5. Test rig power train:

The rotor is driven by three-phase electric motor via a V-belt and a pair of
pullies with diameter ratio of 3:1 (the driver is of 150 mm diameter and the
driven is of 50 mm), this is shown figure (4.11). the reason behind using
rubber belt is to reduce the vibration that can transform from the motor and
may add measurement noises. The speed of the electric motor is controlled
by an invertor. The full specifications of the motor and the invertor can be
seen in table (4.2) and (4.3) respectively.
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Driven Pully

‘}/ \
V-Belt ’

Electric Motor Driver Pully

QW

Figure (4.11) The power train of the test rig

Table (4.2) Specification of the electric motor.

Input voltage 220-230
Frequency 50
HP 3
Input Current 8.4/4.9
RPM 2855-3426
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Table (4.3) Specification of the inverter.

Input voltage

3Phase -220-230 V AC

Frequency 50-60 Hz
Output voltage 3Phase - 0 to input V AC
Output current 5A

Frequency 0.1- 400 Hz

4.6. The lubrication system: -

As mentioned previously, the rotor is supported by two journal bearings.
These bearings should be lubricated continuously during the operation of
the test rig. The lubrication system consists of the air compressor which
pressurized air to an air vessel, the air pressure is controlled by regulating
valve. The constant pressured air is moved via pipes to the closed oil tanks

making the bearing deliver the oil at constant pressure. The lubrication

system can be seen in figures (4.12), (4.13) and (4.14).

regulator

Air zone > e~ 1
s e Ry AR

valve

Vessel

BEARING
NO. 2

BEARING
NO.1

INLET AIR

Figure (4.12) layout of the lubrication system.
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"]

IL TANKS

!

Journal
Bearings

|
Oil Pipes

-

Oil

tanlc

air

viaceonl

Air
compressor

Figure (4.13) A general view on the lubrication system of the test
rig
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The oil that used for lubrication in the test rig is SAE 10W which has the

specifications shown in Table (4.4).

Table (4-4): specifications of the oil SAE 10W
The Kinematical viscosity at 40 C'and | 28 mm2/s and 104 mm2/s
at 20 C
The Dynamic viscosity at 40 C” and at | 0.032 Pa.s and 0.12 Pa.s
20 C
The density of oil at 40 C” 870 kg/m3

4.7. Journal bearings: -

The two journal bearings are made of brass, they are supported by external
bushes to stand for higher loads. The diameter of the shaft is (38) mm,
accordingly, the diameter of bushes should be greater than this value, a
0.2 mm clearance is selected for this aim. The length of the bush is 25 mm,
with these dimensions, the bearing is considered as a short bearing where

this was imposed in the analysis carried out in chapter three.
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4.8. Measuring devices

The vibration of the rotor is measured by an accelerometer which is fixed
on the housing of one of the journal bearing. The signal of the
accelerometer is amplified by a charge amplifier, the signal then displayed

and stored in a digital oscilloscope.

The accelerometer is of 352C68 type where its measurement limits are
491 m/s?. The Figure (4.14) shows the acceleration used in the current
work. The accelerometer is mounted rigidly on the bearing housing using
glue, this is shown in figure (4.15). Accordingly, when the structure
vibrates, the mass inside the accelerometer is vibrated which leads to
change the resistance of the sensing element. This resistance change will

form a signal which should be amplified and read to give the vibration

specifications.

Signal
out <« p

Mount test sensor to this end

Ly Mass\

— Mount this end to exciter

Sensing Element /

Figure (4.14) the accelerometer, left: outside photo, right: schematic
diagram on its configuration
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Figure (4.15) Mounting of the accelerometer.

The electric signal of the accelerometer has small amplitude which is
amplified using charge amplifier of the model 480EQ9. It was choosing.
The signal is amplified proportional to the size of the wave. Amplification
magnitude is depended on the possibility of displaying the oscilloscope

screen, the amplification is often adjusted on the gain value of 10.

Figure (4.16) the Charge Amplifier instrument.
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A digital oscilloscope is used in this work to display and store data of
vibration wave. The vibration data are stored in spread sheets which can be
analyzed and studied or can be stored as screen capture. The greatest
sample rate that can be processed by the oscilloscope is 500 MSa/s. and
frequency of 200 MHz. At any time after the experiments, the data can be
exported from this device using USB memory data. Figure (4.17) shows

the digital oscilloscope used in the current work.

Figure (4.17) the Digital oscilloscope instrument.

72



Chapter Four Experimental Work

4.9. Experiments procedure

In order to carry out a vibration experiment, the oil tanks should be filled
with oil keeping a space for the compressed air at each tank. Then the
compressor is turned on and the pressure is raised inside the pressure
vessel. After that, the main air valve is opened and adjusting the valve
regulator to 1.25 bar. When enough amount of oil flows through the journal
bearings, the electric motor is turned on and is adjusted to particular speed
with 1000 rpm step. After the experiments, the data is exported to the
computer and analyzed using the FFT function that provided by Sig-View
software. Figure (4.18) shows a signal of an experiments after processing
using the Sig-View software. it can be seen in this figure the values of the

response and the natural frequency is determined using this software.

| z
|
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| |l - ,. — —
O B
The response and
o St natural frequency

Fa s _ 5
—_=

Figure (4.18) the vibration signal after processing using Sig-

view software.
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4.10. Cracks Creation

An important part in this work is studying the effect of existing cracks on
the vibration of the rotors. The cracks are created at the shaft of the rotor
using manual saw of 0.47 mm thickness which is shown in figure (4.19).
this is approximately similar to that used in [30] where the saw has a
thickness of (0.5) mm.

i

Figure (4.19) the saw used for crack creation.

The location of the cracks where selected at (8) mm apart from the disk,
where the greatest stresses are induced at this position and depths of 0.2R
and 0.4R were considered. Figure (4.20) shows the location of the 0.2R

crack at the shaft of the rotor.

Figure (4.20) the location of the 0.2R crack depth
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Chapter Five Results and Discussion

Chapter Five

Results and Discussion

5.1. Introduction: -

In this chapter, the results obtained from analytical, numerical, and

experimental studies are illustrated, discussed, and compared in details.

The basis of the study was to found the effect of crack on vibration
parameters, Analytical study was on the presence of a single crack, and

the presence of two crack each one on the side from the disc.

The effect of crack on the rotor was studied numerically, experimental,
and analytically. Changes in vibration parameters were observed when

the depth of the incision was changed.

It is important to mention that the parameters of the journal bearings
were estimated at each speed, the step of change of speed was (1000)
RPM, because these variables dependent on the velocity of rotation, and

as a result, the number of the Sommerfeld would change.

The results were compared, calculated and discussed the error ratio
between the analytical and numerical and the experimental studies with

regard to the critical speed and response.
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5.2. Analytical Result of single cracked shaft:

5.2.1. The dynamic parameters of the rotor at journal

bearings: -

The dynamic parameters are varied with the speed of rotation for the
shaft due to changes in oil specifications between the shaft and the bush.
The Parameters can be represented by stiffness and damping, where it
was calculated in the horizontally, vertically, and cross section direction.
It is worth mentioning that the dynamic parameters were found by the

Matlab program.

The oil viscosity is (0.023 Pa. s), which works on the lubrication of the
bearing of short type, the diameter of the bearing (38) mm and thickness

(25) mm, and clearance (0.1) mm.

It was observed that there was no significant change in the parameters
before reaching to change rate (1000) RPM, So the calculations will be
based on a change of speed of (1000) step change.

In table (5.1) and table (5.2) it was displayed the results of the
parameters of the stiffness and damping for the first and second bearings
receptively, and their change with the speed of rotation. In Figure (5.1)
it was explained the change of the parameters for the stiffness with
changing the speed of rotation, and compare it with the figures (5.2) and
(5.3) in the sources [30] and [39].

In Figure (5.4) it was explained the change of the parameters for the
damping with changing the speed of rotation, and compare it with the
figures (5.5) and (5.6) in the sources [30] and [39]. The results were

realistic, where the curve behavior was very similar when compared.
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Table (5.1) Stiffness and damping parameters for first bearing.

Kxx1 nyl nyl Kyy1 Cxxl nyl nyl
x10° x103 x103 x10° x10° x103 x103

(Nfm) (N/m)  (N/m) (N*S/m) (N*Sim)  (N*S/m)  (N*S/m)

500 2310.5 -1834.5  -5285.7 6531.9 262.88 -435.98 -435.98 158.16

1000 2468.1 3706.9 -3028.6 4423.1 261.31 40.68 40.68 740.24

1500 2574.8 3446.3 -150.24 3509.2 22131 -105.2 -105.2 491.96

2000 2653 3192.7 1056.7 2984.6 200.26 -230.31 -230.31 377.54

2500 2712.3 3022.3 1912.7 2644.3 187.41 -325.84 -325.84 313.43

3000 2758.1 3139.2 2302.5 2407.6 178.89 -428.58 -428.58 273.3

3500 2794.1 3248.4 2606.2 2235.6 172.9 -519.61 -519.61 246.32

4000 2822.8 3452.6 29254 2106.4 168.53 -611.75 -611.75 227.24

4500 2845.8 3653.5 3169.2 2007.1 165.25 -676.99 -676.99 213.23

5000 2864.5 3852.1 3495.2 1929.2 162.72 -726.34 -726.34 202.64

5500 2879.7 4249.1 3929.2 1867.1 160.73 -750.48 -750.48 194.45

6000 2892.4 4644.8 4292.5 1816.9 159.14 -774.61 -774.61 187.97

6500 2902.9 5039.6 4824.2 1775.7 157.85 -801.69 -801.69 182.78

7000 2911.8 5433.7 5278.6 1741.7 156.79 -810.85 -810.85 178.55

8000 2925.6 62204  6158.2  1689.2  155.17  -828.54  -828.54  172.14

9000 2935.8 7005.7 6950.5 1651.2 154.02 -833.62 -833.62 167.61
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Table (5.2) Stiffness and damping parameters for second bearing.

Kxxl nyl nyl Kyy1 Cxxl cxyl nyl
x10° x103 x103 x103 x10° x10® x103
(N/m)  (N/m)  (N/m)  (N/m) (N*S/m)  (N*S/m)  (N*S/m)  (N*S/m)

8188.7 -177.39 -177.39 279.46

1000 2299.9 4886.9 -4404.4 3908.9 252.48 -222.40 -222.408 682.03

1500 2399.7 9747.5 -4299.2 3101.9 215.01 -155.13 -155.13 456.49

2000 2471.8 1419.1 -4321.8 2641.7 195.41 -119.45 -119.45 352.81

2500 2525.7 1843.2 -4419.6 2345.7 183.53 -974.05 -974.05 294.91

3000 2566.7 2256.2 -4569.0 2141.3 175.70 -823.44 -823.44 258.81

3500 2598.6 2662.5 -4757.2 1994.0 170.24 -713.59 -713.59 234.64

4000 2623.6 3064.6 -4975.7 1884.3 166.28 -629.73 -629.73 217.61

4500 2643.5 3463.8 -5218.5 1800.6 163.32 -563.53 -563.53 205.16

5000 2659.5 3861.1 -5481.0 17353 161.05 -509.91 -509.91 195.79

5500 2672.4 4256.9 -5760.0 1683.6 159.28 -465.56 -465.56 188.55

6000 2683.1 4651.8 -6052.5 1642.0 157.87 -428.28 -428.28 182.86

6500 2691.9 5045.9 -6356.4 1608.0 156.73 -396.49 -396.49 178.30

7000 2699.3 5439.4 -6670.0 1580.1 155.79 -369.06 -369.06 674.60

8000 2710.7 6225.2 -7320.7 1537.2 154.37 -324.15 -324.15 1690.1

9000 2719.1 7009.8 -7995.8 1506.4 153.36 -288.93 -288.93 165.07
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From Figure (5.1), it was observed the curves behavior similar to the
curves behavior of the Figures (5.2) from [30] and (5.3) from [39]. The
continuous increase in the cross coupling components was observed with
increasing rotational speed in Figure (5.1), and stability of the (Kxx) and
(Kyy) components values of high velocity. This indicates that the stresses
in the cross coupling axes are higher and are prone to failure. The reason
for increased stiffness in the cross coupling direction was explained, and
it was that the increased oil pressure leads to resulted in an increase in oil
density and This results in an increase in hardness. A negative signal is
Indicate that the force direction reversed what was imposed.

THE VARIATION of STIFFNESS WITH ROTATING SPEED
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Figure (5.1) The variation of stiffness with rotating speed for the
current work.
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Figure (5.2) The variation of
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Figure (5.3) The variation of
stiffness with rotating speed,
[39].
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From Figure (5.4), it was observed that the curves behavior similar to the
curves behavior of the Figures (5.5) in [30] and (5.6) in [39]. It was
observed the stability of all damping compounds after the rotation speed
(6000) RPM.

The reason for the negative signal of (Cxx) and (Cyy) indicates that the
speed of the oil is decreasing, where the damping depends on the speed.
The reason for the decrease in the speed of oil is to increase the pressure,
where the kinetic energy turns to a latent energy, and this justifies the
increase of the potential energy Represented by (Kxx) and (Kyy).

THE VARIATION DAMPING WITH ROTATING SPEED

1000

800

600

400

200
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000

-200

-400

THE VARIATION DAMPING (KN.S/m)

-600
-800

-1000
ROTATING SPEED

—@—Cxx —@—Cxy Cyx —@—Cyy

Figure (5.4) The variation of damping with rotating speed.
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Bearing Damping (KNs/m)
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Figure (5.5) The variation of

Figure (5.6) The variation of

damping with rotating speed,
[30].

damping with rotating speed,
[39].

5.2.2. the dimensionless compliance for a single crack

In shaft: -

The value of dimensionless compliance depends on the type of crack,
as well as crack site. Bending moment will generate two areas of stresses,
tensile stresses and compression stresses, When the crack is lies in the
tensile area, the flexibility will increase because the area of the cross

section will decrease.

In Ref[1], the dimensionless compliance was calculated in the vertical
(Css) and cross coupling directions (C44), depending on the ratio (a/R),
Where the ratio of (a/R) is less than (0.5) then the value of (C,4) is
neglected because it is few compared to (Css). Figure (5.7) shows the
behavior of the dimensionless compliance with (a/R).

The values of the dimensionless compliance in vertical and cross

coupling directions in Appendix C.
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It was observed from Figure (5.7) that when the ratio of (a / R) is less
than (0.5), the (C 44) is very small so it will be neglected.
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Figure (5.7) The dimensionless compliance with ratio of crack
depth.

5.2.3. Detecting of a crack by the shape of Orbit: -

The orbit is a pathway formed by two compounds of response, in
horizontal and vertical direction, for point on the shaft. The reason for the
formation of orbit is due to the presence of unbalance in the elements of
the distributed mass in rotor. The unbalanced forces depend on the speed
of rotation of the shaft, the unbalance mass, and the position of the
unbalance mass about the center of shaft. Many factors affect the
response of the shaft which determine the shape of the orbit, these factors
include the speed of rotation, the stiffness, the damping, the depth of the
crack, the number of crack, the weight of the shaft and its dimensions.

The Matlab program was used to find the shape of the orbit and in
different depths (UNCRACK,0.2R,0.4R,0.6R,0.8R). from the orbit
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pathways in Figure (5.8), it is clear that when the depth of the crack
increases, the volume of the orbit increases also, and this is a good

indication of the presence of the crack in the rotor.

When the depth of the crack is increased, the rotor hardness in the crack
zone will decrease, it is giving more area for movement about axis of the

shaft, this leads to an increased size of orbit path

0.06
004 — .
—
o /// e = \
0 002 S~ ‘
NNy 74 /
5 0 .
i / % / —uncrack
r / ( S —
AN e S —OR
o < //,/ o
T —08R

-0'90%8 006 004 -0.02 0 002 004 006 008
X-RESPONSE

Figure (5.8) The Orbit path for different depths.
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5.2.4. The response for cracked and uncracked shaft

The most important vibration components that give a good indicator of
the existence of crack are the response and critical speed, So the focus
will be on the response and critical speed in analytical analysis as well as

in numerical analysis and experimental analysis.

In analytical study it was found that when the depth of the crack
increased, the shaft stiffness will decrease, leading to a decrease in
critical speed because it depends on the stiffness and mass. the response
would increase with a decrease in critical speed, and this is shown in
Figure (5.9). It was noted that the percentage of variation between
uncrack test and (0.8R) crack test is about (15.69%) for critical speed
and (39.79%o) for response.
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Figure (5.9) The Response rotor with multiple depths for
crack.
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Table (5.3) The values of response and critical speed with
different crack depths.

CRACK DEPTH CRITICAL SPEED RESPONSE (mm)
RATIO (RPM)

UNCRACK 8125 0.029507
0.2R 7925 0.03069
0.4R 7750 0.03231
0.6R 7370 0.03732
0.8R 6850 0.04125

5.3. The Results of numerical analysis of rotor have
single crack: -

5.3.1. The natural frequency of rotor: -

The natural frequencies of the rotor for the first six modes were
determined. The ANSY'S software was used, the six values shown at the
bottom of Figure (5.10) are natural frequencies. There are two benefits to
finding natural frequencies, the first is to ensure from the results of the
first models of the rotor by comparison the experimental with numerical,
and these results are proving that the model will give correct results to
another cases. The second benefit is to ensure that natural frequencies
close to the critical speed, where the greatest response to the rotor is

occurs.
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Figure (5.10) The Natural frequencies of the first six-modes.

Table (5.4) The values of natural frequencies.

Number of modes Natural Frequencies (Hz)

first Mode 107.28
second Mode 297.36

third Mode 1223.1
fourth Mode 1594
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5.3.2. The response for uncracked and cracked shaft:

The behavior of the response with the change of critical velocity
due to the change of the depth of the crack, is very important to detect the

crack in rotary systems.

The response was known as the critical velocity of several depths of
the crack (uncrack,0.2R,0.4R,0.6R,0.8R) as shown in the figures (5.11)
to (5.16), then it was compared the numerical results with the analytical

results, and were excellent.

It was noted that the percentage of variance between uncrack test and
(0.8R) test about critical speed and response is (7.97%) and (19.74%)

sequentially.

The error value in uncrack test between analytical analysis and numerical
analysis relative to the critical velocity and response is (0.3%) and

(7.31%) respectively.
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Figure (5.11) the response behavior in uncracked shatft.
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Figure (5.12) the response behavior at (0.2R).
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Figure (5.13) the response behavior at (0.4R).
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Figure (5.14) the response behavior at (0.6R).
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Figure (5.15) the response behavior at (0.8R).
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Figure (5.16) the response behavior with different depths.

Table (5.5) The values of response and critical speed with
different crack depths.

CRACK DEPTH RATIO  CRITICAL SPEED (RPM) RESPONSE (mm)

UNCRACK 8150 0.021789
0.2 7900 0.023969
0.4 7849 0.0246815
0.6 7699 0.0252251

0.8 7500 0.026092
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5.4. The Experimental Results of rotor have single
crack: -

5.4.1. Free vibration test of uncracked rotor: -

The natural frequency was found by the Hammering test, where the
results were close to the results of the numerical analysis. The percentage
of error between Experimental work and the numerical analysis in the
second mode and the third mode and the fourth mode were (14.245%)
and (13.58%) and (10.60%0) sequentially.

The reason for the difference between numerical analysis and
experimental analysis is the difference in the type of fixed of shaft ends,
where are a Simply supported type in numerical analysis and journal
bearing in experimental analysis, and it was given different values to
stiffness and damping factors. Figure (5.17) and (5.18) shows the signal

obtained from the vibration test.

Figure (5.17) the Vibration wave from Hammering test.
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Figure (5.18) the Vibration wave processed by FFT.

Table (5.6) Comparison of natural frequencies between
experimental and numerical results

Number of modes Natural Frequencies Natural Frequencies
(numerical analysis) (Experimental work)
first Mode 107.28 90.3
second Mode 297.36 255
third Mode 1223.1 1057
fourth Mode 1594 1425
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5.4.2. The response for uncracked and cracked shaft:

In the experimental work, an accelerometer mounted on the journal
bearing was used to measure vibration parameters, Then the signal
transferred to the amplifier and then to the oscilloscope. The wave data
from the oscilloscope were taken, and it can be shown as a variable
vibration wave with time, Where the acceleration is shown in the form of
a small voltage, where each (1) millivolt is equal to (10.17 m / s © 2),

The acceleration value will be variable with time.

The data will be exported to the Sigview software, to process the wave by
(Fast Fourier Transform FFT) to convert the domain from time to

frequency, so it will be get acceleration variable with frequency.

The frequency of the wave at the crack site is the same as at the
accelerometer site, but the response is uneven because the load is variable
from the disc to the bearing on the shaft, where the bearing site is a value
lower. So the values of the frequencies will be real, and acceleration

values are as the indication of the variable response when the crack site.

Three tests were performed, at uncracked shaft, (a/R= 0.2), and
(a/R=0.4). Below are the results of the three tests in Table (5.7). It was
found that the critical velocity at (uncrack shaft), (0.2R) and (0.4R) are
(7900) RPM, (7750) RPM, and (7500) RPM respectively, and the
acceleration are (10.291) m/s"2, (11.5043) m/s"2 and (12.4429) m/s"2
sequentially. It was observed the descent in critical velocity with the

expected rise in response at increasing crack depth.
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Table (5.7) The values of acceleration in (m/s?) with different

crack depths.
UNCRACK 0.2R 0.4R
1000 0.1006 0.1025 0.1259
2000 0.2956 0.3001 0.34546
3000 0.917 1.0575 0.917
4000 1.5475 1.5912 2.7037
5000 1.8263 1.9011 5.3912
6000 2.0756 3.3551 8.1609
7000 3.9488 5.5485 9.9491
7500 8.2662 9.237 12.4429
7750 9.4575 11.5043 12.0581
7900 10.291 10.8119 11.8732
8250 8.3456 9.0841 11.0313
8500 6.6972 7.8675 10.7873
9000 5.1918 5.766 6.8758
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The increase in acceleration with increased depth of the crack confirm the
increased Variable displacement around the shaft axis. To continue the
locking and opening cases during the cycle, it is necessary to increase the
speed of motion at crack zone to complete the cycle, and this generates an

increase in acceleration.

Note from Figure (5.19) that the curve (0.4R) is moving away from
(0.2R) more than estrangement of curve (0.2R) from uncrack curve, this
Is because the decrease in area of the cross section is higher in the case of
(0.4R) from (0.2R).
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Figure (5.19) the acceleration behavior with different
depths.
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Table (5.8) The Critical speeds values to several depths of all

analyses.
Crack Critical Critical Critical speed The error The error
Depth tests speed in speed in in value between  value between
analytical | Numerical experimental ~ e€xPerimental  experimental
analysis analysis ek and analytical and Numerical
analysis analysis
Uncrack 8125 8150 7900 2.78% 3.07%
test
0.2R test 7925 7900 7750 2.21% 1.89%
0.4R test 7750 7849 7500 3.23% 4.45%

The following below are part from the Figures of vibration waves for
uncracked shaft, and part from waves Figures after processing by (FFT),
and all these from Figure (5.20) to (5.23).

0.08- . 0.09017
acceleration

50.117

1. peak
frequency P

Figure (5.20) the vibration wave at 3000 RPM after
processing by (FFT)
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Figure (5.21) the vibration wave at 7900 RPM after
processing by (FFT)
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Figure (5.22) the vibration wave at 9000 RPM after
processing by (FFT)
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Figure (5.23) the vibration wave at 8250 RPM after

processing by (FFT)

The following below are part from the Figures of vibration waves for
(a/R=0.2) test, and part from waves Figures after processing by (FFT),
and all these from Figure (5.24) to (5.26).
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Figure (5.24) the vibration wave at 7000 RPM after

processing by (FFT).
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Figure (5.25) the vibration wave at 7500 RPM after
processing by (FFT).
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Figure (5.26) the vibration wave at 8500 RPM after
processing by (FFT).
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The following below are part from the Figures of vibration waves
for (a/R=0.4) test, and part from waves Figures after processing by
(FFT), and all these from Figure (5.27) to (5.29).
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Figure (5.27) the vibration wave at 2000 RPM after
processing by (FFT).
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Figure (5.28) the vibration wave at 7500 RPM after
processing by (FFT).
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Figure (5.29) the vibration wave at 9000 RPM after
processing by (FFT).

5.5. The results from analytic study for model have

Two crack in shaft:

In this analysis, it was fabricated two cracks and each crack at a
certain angle. The angle of inclined of the first crack (€4) and the second
crack (8,). when looking from the side, we have angle between the first

crack and the second called (y).

Three tests were conducted, it is (90,30), (90,60) and (90,90). In all tests
it was concluded that increasing the depth of the crack caused an increase

in response with a decrease in critical velocity
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From tables (5.9), (5.10) and (5.11), it was observed increased the
response and decreased critical velocity when the crack depths are
increasing. It was concluded that increased the response and decreased

critical velocity when the inclined angle of the second crack is increase.

In the third chapter, from equations (3.83) and (3.84), it was found that
the flexibility depends on the incline angle of the crack, Where the
flexibility increases when the angle of inclination increases, if the
flexibility increases the critical velocity will decrease and the response

will increase also.

Table (5.9) the value of response and critical speed at
(6, =30°60, =90°y = 0°).

Cracks depths (mm) Critical speed(RPM) Response (mm)

Uncrack test 8125 0.0295

75,4 7400 0.0385
15,8 6600 0.0426
15,15 6520 0.0481
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Table (5.10) the value of response and critical speed at
(68, = 60°,0, =90°y = 0°)

Cracks depths (mm) Critical speed(RPM) Response (mm)

Uncrack test 8125 0.0295
75,4 7200 0.0411
15,8 6460 0.0442
15,15 6258 0.0503

Table (5.11) the value of response and critical speed at
(6, = 90°,60, = 90°y = 0°)

Cracks depths (mm) Critical speed(RPM) Response (mm)

Uncrack test 8125 0.0295
75,4 7010 0.0424
15,8 6320 0.0463
15,15 6070 0.0531
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Figure (5.30) to (5.32) shows increased response with a decrease in
critical velocity when crack depth is increased in both sides. So
increasing the crack depth with increased crack angle will increases the
percentage failure in the rotor.

0.06 9000 . oc
8000 7400
0.05 0.0481
0.0426 7000 6600 6520
0.0385 (]
w 0.04 W 6000
(%] a.
= 0.0295 v 5000
2 0.03 =
7] O 4000
9 =)
-
€ 0.02 &= 3000
o
2000
0.01
1000
0 0
0,0 75,4 15,8 15,15 0,0 75,4 15,8 15,15
CRACKS DEPETHS CRACKS DEPETHS
Figure (5.30) the response and critical speed at
(91 = 30°0, =90°y = O°).
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Figure (5.31) the response and critical speed at
(6, =60°60, =90°y =0°
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Figure (5.32) the response and critical speed at
(61 =90°0, =90°y =0°

From Table (5.12) and Figure (5.33), it was concluded that the higher
the depth of the crack with the stability of the angle, the greater the risk.
Where the percentage of critical velocity decreases is greater than the
remainder of the other cases

Table (5.12) The Percentage value of decreases ratio for
critical speed between crack angles.

Cracks depths Comparison Comparison Comparison
(mm) between 8, = between 8, = between 6, =
30°,0, = 60° 30°,0, =90 60°,0, =90
75,4 2.70% 5.27% 2.63%
15,8 2.12% 4.24% 2.16%
15,15 4.01% 6.90% 3.00%
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Figure (5.33) The Percentage value of decreases ratio for critical
speed between crack angles.

From Table (5.12) and Figure (5.33), It was concluded that increasing the
depth of the crack leads to increased displacement, which results in
increased repaidetely forces on the dynamic system. The high speed of
rotation increases the stresses on the rotor due to increased Angular
Momentum.

Table (5.13) The Value of increases ratio for response.

Cracks depths (mm) Comparison between Comparison between Comparison between
0, =30°0,=60° 6,=30°60,=90 60, =606, =90

75,4 2.75% 10.12% 3.16%
15,8 3.75% 8.68% 4.75%
15,15 5.16% 11.73% 5.56%
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Figure (5.34) The Percentage value of increases ratio

for response between crack angles.
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Figure (5.33) to (5.35) shows that when the angle of the crack slope
increased, the cross sectional area of rotor is decreased and therefore the
flexibility increased. So the response will increase with the critical speed
decrease.

Also it was noted that the presence of two crack in the rotor is more
dangerous than having a single crack, and this was increasing the rate of
rapid failure, thus increasing the dynamic system damage rotor.
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Figure (5.33) the response and critical speed at
(6, =30°6, =90°y = 0°).
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Figure (5.34) the response and critical speed at
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CHAPTER SIX

Conclusions and Recommendations

6.1. Conclusions: -

The following conclusions were obtained from this study.

1- The effect increasing the crack depth on the vibration parameters lead

to an increase in the response and a decrease in critical speed.

2- Increasing the size the orbit is a good indication of the presence of
crack, it was observed that if the depth of the crack increased, the size of

the Orbit is increased also.

3- When the crack depth is increased to (0.8R) of the radius, then it will

expect sudden failure at any time with high growth speed for crack.

4- In the experimental work at uncracked shaft, it is observed that the
speed of rotation is very close to the frequency resulting of the vibration,

so it is possible to consider the wave from type (1X).

5- For the shaft that contains two crack, it was concluded that when the
angle of the crack is increased with the horizontal direction, the critical
speed will decrease and the response will increase, and the change will be

significant when the angle is (60) degrees or more.

6- The higher response of the cracked rotor leads to higher crack growth.

This is due to the higher stresses that concentrated at the crack zone.
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6.2. Recommendations: -

For the future work related to the rotor studying, the following

recommendations can be suggested:

1- Study of the effect of thermal stresses resulting from the combustion

products in the gas Turbine.

2- Study the impact of shocks resulting from failed confinements and

their effect on the formation or growth of the crack.

3- Studying the effect of torsion stresses on the crack and its effect on the

growth of the crack with bending stresses.

4- Study the effect of temperature on the properties for the oil layer and

its effect on the vibration parameters in the journal bearings.
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APPENDIX-A

1. finding the eccentricities and the forces in bearings by
MATLAB program.

clc;

clear;

c = 0.1le-3 ; D= 38e-3 ; Lb = 25e-3 ; RT = 9000;
vis = 0.12 ; Rb=D/2;

%*************************************************

* kK

% CALCULATE BEARINGS REACTION FORCES
a= 81l.7e-3; b= 66.6e-3;h= 185.93e-
3;9=9.81;p=7850;Dd=137.4e-3;Ds=38e-3;

Ls=a+tb+h;

md = pi*(Dd/2)"2*p*h; wd = md*g;

ma = pi* (Ds/2)"2*a*p; wa = ma*g;

mb = pi* (Ds/2)"2*b*p; wb = mb*g;

F2=(1/Ls) * (wb* (b/2+h+a) +wd* (h/2+a) +wa*a/2)
Fl=(1/Ls) * (wa* (a/2+h+b) +wd* (h/2+b) +wb*b/2)

FO = F2; % reaction force of bearing near the
pulley

M = md+ (17* (ma+mb) /35) ;

Ms=ma+mb;

% ¢ = clearance , Rb= bearing radius , Lb= bearing
length;

% e= journal displacement from bearing center ;
% RT = journal rotational speed in RPM , vis =
Viscosity in pa.s;

% Dd = disk diameter ,Ds = shaft diameter p=
density of disk and diameter

omega =RT*2*pi/60;

Fu = vis*Rb*Lb"3*omega/ (2*c"2) ;

Ss = D*omega*vis*Lb"3/ (8*F0*c"2);

ecr = e/c; % ECCENTRICITY RATIO (ecr)

% Newton-Raphson method with numerical
approximations to the derivative.

ecr = 1;

err = 100;

for 1 =1:100;

maxit = 100;

tol = 1.0e-6;

icount = 0;

while (err > tol & icount <= maxit)

h = min(0.0l*ecr,0.01);

A-1
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icount = icount + 1;
f = ecr”"8-4*ecr”6+(6-Ss"2* (16-pi"2)) *ecr"4-
(4+pit2*Ss™2) *ecr”2+1;

fp = (ecr+h)*8-4* (ecr+h) "6+ (6-Ss"2* (16—

pi”t2)) * (ecr+h)"4- (4+pi”2*Ss”™2) * (ecr+h) "2+1;

fn = (ecr-h)”"8-4*(ecr-h) "6+ (6-Ss™"2* (16—

pi”™2)) * (ecr-h)"4-(4+pi”2*Ss”™2) * (ecr-h) "2+1;

df = (fp-fn)/(2*h);

ecrnew = ecr - f/df;

if (icount > 1)

err = abs((ecrnew - ecr)/ecrnew);

end

Sfprintf (1, '"icount = %$i xold = %e f = %e df = %e
xnew = %e err = %e \n',icount, xold, f, df, xnew,
err) ;

Sfprintf (1, '%$1 %e %e %e %e %e \n',icount, xold, f£f,
df, xnew, err);

ecr = ecrnew;

end

%*************************************************

khkkkkkhkkhhkkhkkhkhkkhkkhkkKh%x

2. The relationship between eccentricity with stiffness and
damping at change in spin speed was represented by the
MATLAB program.

% BEARING DIAMETER = 38 mm ; BEARING LENGTH = 25
mm ; lubrication oil SAE = 10 W

% Dynamic viscosity at 20 C = 0.12 Pa s and at 40
C = 0.032 Pa s
% STIFFNES OF BEARING NEAR DRIVE PULLEY

c = 0.1e-3 ; D= 38e-3 ; L = 25e-3 ; wvis = 0.032 ;

% ¢ = clearance , Rb= bearing radius , L= bearing
length do = wear depith,

e= journal displacement from bearing center ,

% RT = journal rotational speed in RPM , vis =
Viscosity 1in pa.s;
%*************************************************

o\
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% ROTATIONAL SPEED RANGE 0 --- 7000 RPM
step=10; % speed
increment

hrpmv =7000; % high rpm

value (hrpmv)
RT=7000;%:step:hrpmv;
omega = (RT.*2.*pi)./60 ; % ROTATIONAL SPEED
IN rad/s

X

%*************************************************

khkkkhkkhkkhkkkhKkk*k

% CALCULATE BEARINGS REACTION FORCES
a= 81l.7e-3; b= 66.6e-3;h= 185.93e-
3;9=9.81;p=7850;Dd=137.4e-3;Ds=38e-3;

Ls=a+tb+h;
md = pi*(Dd/2)"2*p*h; wd = md*g;
ma = pi* (Ds/2)"2*a*p; wa = ma*g;

mb = pi*(Ds/2)"2*b*p; wb = mb*g;

Fl=(1/Ls) * (wb* (b/2+h+a) +wd* (h/2+a) +twa*a/2); %
reaction force of bearing near the Free End
F2=(1/Ls) * (wa* (a/2+h+b) twd* (h/2+b) +wb*b/2); %
reaction force of bearing at pulley End

m = md+ma+mb; % total mass
A = pi*(Ds/2)"2;
ma = (17/35) *p*A*Ls;

Q —_ .
sm = md+ma;
P b b b b b b b b b b b b b b b b b b b b b b b i b i b i i b b b b i i b b b b b b b b i i

o\°

*
R b b b b b b b b b b b b g 4

*
% BEARING NO.1l AT FREE END

Ss = (D.*omega.*vis*L"3)./(8*F1*c"2);
ecr = 1;
err = 100;

for 1 =1:100;

maxit = 100;

tol = 1.0e-6;

icount = 0;

while (err > tol & icount <= maxit)

h = min(0.0l1*ecr,0.01);

icount = icount + 1;

f = ecr.”8-4*ecr.”6+(6-Ss.”72*(1l6-pi."2)) .*ecr.™4-
(44pi.%2.*Ss."2) .*ecr."2+1;
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fp = (ecr+h).”8-4.* (ecr+h) .”6+(6-Ss.”2.* (16—
pi.”2)) .*(ecr+h) .4~
(44pi."2.*Ss.”2) .* (ecr+h) ."2+1;

fn = (ecr-h).”8-4.* (ecr-h).”6+(6-Ss.”2.* (16—
pi.”2)).*(ecr-h)."4-(4+pi."2.*Ss.”2) .* (ecr-

h) ."2+1;

df = (fp-fn)./(2.*h);

ecrnew = ecr - f./df;

if (icount > 1)

err = abs((ecrnew - ecr)/ecrnew);

end

Sfprintf (1, '"icount = %$i xold = %e f = %e df = %e
Xxnew = %e err = %e \n',icount, xold, f, df, =xnew,
err);
Sfprintf (1, '%1 %e
df, xnew, err);
ecr = ecrnew;

end

ecr = Xnew

nd

o\°
o\°
o\°

e %e %e %e \n',icount, xold, f,

o° o°

D
3
Qo

%

Y ecr;
z le*ecr."24pi."2* (1l-ecr.”2);

s = ((l-ecr.”2).”2)./ (ecr.*z.70.5);
sommerfeld number

ho = 1./z.71.5;

% KKK KA A A A A A A A A A A A A A A A A A A A A A A A A A A A A ARk KKK

% stiffness Dbearing no.l

o\©°

K11S = -2*s.*((2*pi."2*%ecr.”3-4*pi."2*%ecr-
32*ecr.”3) ./ ((1l-ecr.”2) .%2.%z2));
K12S = -2*s.*((-pi."3+2*pi."3*ecr.”2+16*pi*ecr. 4~

pi.”"3%ecr.”4) ./ (2*(1l-ecr.”2).72.5.%2));

K21S = -

2*s.* (pi/2) .* ((pi."2+32*%ecr.”2+32%ecr.M+pi."2%ecr
N2-2*%pi."2%ecr.”4) ./ ((l-ecr.”2).%2.5.%2));

K22S = 2*s.*2.%ecr.* ((pi."2+(32+pi."2) *ecr.”2+ (32~
2*pi."2) *ecr.”4) ./ ((l-ecr.”2) .73.%2));
%****************************************

Q

% Dimensionless K
K1l = (K11S.*F1)
K12 = (K12S.*F1l)/c;
K21 = (K21S.*F1)
K22 = (K22S.*F1)

A4
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%****************************************

Q

% Damping bearing no.l1l
C11S=(ho./ecr) .* ((2*pi* (1-
ecr.”2).70.5) . *(pi"2* (1+2*ecr.”2)-16*ecr.”2));
Cl2S=-ho*8.* (pi"2* (1+2*ecr.”2)-1lb6*ecr.”2);
C21S=C12s;

C22S8S=(ho./ (ecr.* (1-
ecr.”2).70.5)) . *(2.%pi.*(pi™2.* (1-

ecr.”2) .72+48.*%ecr.”2));

Cll = (Cl1S.*Fl) ./ (c*omega) ;

Cl2 = Cl2S.*F1./ (c*omega) ;

C21 = C21S.*F1./ (c*omega) ;

C22 = C22S.*F1./ (c*omega) ;

$disp ([K11' K12' K21' K22'])
Sdisp([C1l1'" C12' C21"'" <C22'])

%*************************************************

khkkhhkhkkhhkkkhhkkkhkhkkkhkhkkhx%k

% BEARING NO.Z2 AT PULLEY END

Ss = (D*omega.*vis*L"3) ./ (8*F2*c"2);

ecr = 1;

err = 100;

for 1 =1:100;

maxit = 100;

tol = 1.0e-6;

icount = 0;

while (err > tol & icount <= maxit)

h = min(0.01*ecr,0.01);

icount = icount + 1;

f = ecr.”8-4*%ecr.”6+(6-Ss.”2*(16-pi."2)) .*ecr.4-
(4+pi."2.*Ss.M2) . *ecr."2+1;

fp = (ecr+h).”8-4.* (ecr+h).”6+(6-Ss.”2.*(1l6-
pi.”2)) .*(ecr+h) .4~
(4+4pi."2.*Ss.”2) .* (ecr+h) ."2+1;

fn = (ecr-h).”8-4.* (ecr-h)."6+(6-Ss.”2.*(1l6-
pi.”"2)).*(ecr-h)."4-(4+pi."2.*Ss."2) .* (ecr-
h) .7"2+1;

df = (fp-fn)./(2.*h);

ecrnew = ecr - f./df;

if (icount > 1)

err = abs((ecrnew - ecr)/ecrnew);

end

A-5
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Sfprintf (1, '"icount = %$i xold = %e f = %e df = %e
Xxnew = %e err = %e \n',icount, xold, f, df, =xnew,
err) ;
Sfprintf (1, '%1 %e
df, xnew, err);
ecr = ecrnew;

end

ecr = xXnew

nd

o\°
o\°
o\°

e %e %e %e \n',icount, xold, f,

o° o

)
3
o o

%

Y ecr;
z = 1l6*ecr."2+pi."2* (1l-ecr.”2);

s = ((l-ecr.”2).”2)./ (ecr.*z.70.5);
sommerfeld number

ho = 1./z.71.5;

Q

% stiffness bearing no.Z2

o\°

K11S = -2*s.*((2*pi."2*%ecr.”3-4*pi."2*%ecr-
32*ecr.”3) ./ ((1l-ecr.”2) .%"2.%z));
K12S = =2*s.*((-pi."3+2*pi."3*ecr.”"2+16*pi*ecr.4-

pi.”"3*%ecr.”4) ./ (2*(l-ecr.”2)."2.5.%2));

K21S = -

2*s.* (pi/2) .* ((pi."2+32*%ecr.”2+32%ecr.+pi."2%ecr
N2-2*%pi."2%ecr.”4) ./ ((l-ecr.”2).%2.5.%2));

K22S = 2*s.*2.%ecr.* ((pi."2+(32+pi."2) *ecr.”2+ (32~
2*pi."2) *ecr.”4) ./ ((l-ecr.”2) .73.%z));
%****************************************

Q

% Dimensionless K

K112 = (K11S.*F2)./c;
K122 = (K12S.*F2)/c;
K212 = (K21S.*F2)./c;
K222 = (K22S.*F2)./c;

%****************************************

(o)

% Damping bearing no.Z2
CllS=(ho./ecr) .* ((2*pi* (1-
ecr.”2).70.5) . *(pi"2* (1+2*ecr.”2)-16*ecr.”2));
Cl2S=-ho*8.* (pi"2* (1+2*ecr.”2)-1lb*ecr.”2);
C2158=C12S;

C228=(ho./ (ecr.* (1-
ecr.”2).70.5)) . *(2.%pi.*(pi"2.* (1-

ecr.”2) ."2+48.*ecr.”2));

Cl1l2 = Cl1S.*F2./ (c*omega) ;

Cl22 = Cl2S.*F2./ (c*omega) ;

C212 = C21S.*F2./ (c*omega) ;

A-6
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C222 = C22S.*F2./ (c*omega) ;
$disp ([K111' KI121' K211' K221'])
$disp ([C1l11' C121'" C211'" C221'])

%*************************************************
khkkhkhkkkhhkkkhkhkkkhkk k%
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Appendix-B

1. The Dynamic Parameters for bearings Coefficients, [33].

Ay = hy X 4(T%(2 — £2) + 16€?) B-1
_ m((m?(1-£%)%)-16€*) _
= ho X eVi-€2 B-2
m(m?(1 — e2)(1 + 2&%) + 32€%(1 + £2))
ayx —hy X B—-3
eVl — €2
32€2(1 + &%)
ayy:h0x4(n2(1+2£2)+ﬁ B—4
by, = hy X 2m/i—e2 (m?(1+2€?)-16€2) B_&
byy = byy = —h, X 8(m*(1 + 2€?) — 16€?) B—6
2 ((m?(1 — €2)?) + 48¢€2
by, =, x P A=) + ase?) .
eVl —e?
= ! B-8
7 (m2(1 — €2) + 16€2)3/2
2. parameters for Direct compliance, [21].
y 4M,, VRZ — x2
KIS = o5/my F2(;-) , KI5=KII5=0,05=—"—3 B-9
KI4 = o4 F1(1) KIIA=KIII4=0, of= Ma* B-10
y hx/ ’ ’ TR*
Yy y y
F1(E)_F0(H) [0'752+2'02H+0'37( —sm—) 3 B-11
YN _ o (Y Y, B
F2 (H) = Fo (hx) [0.923 +0.199 (1 sm—2 ) ] B—12
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Ty
tan th
Ty
p-_E Fo(l)— e B—13
1-9% 7 h, cos %

3. The flexibility for a slant crack finding from equations. [21]

[C] = [G1][ACij][G2] + [Cs] B — 14
Where
o 02W _ [ba ba _ [ba ba _
ACij = [Gl]—[L e ,1,1] , [GZ]—[L = ,1,1] B-15
T a% b?  a? p? L L
[Cs] = diag. (3EIL *3EIL ’2GJp ’ﬁ) B-16

The shear stress and maximum tension to combined loads element is

omax.= Z—Tssin(ZH) + MZZ sin%6 B—-17
TR TR
Tmax. = —2—T3cos(26) + MZZ sin6 cos0O B —18
TR TR
where.
) M, ) 2T )
o‘max = (— sin“0 + ——= sin26) B—-19
TR TR
2T M,
2max = (——= c0s20 + —= siné cosh)? B —20
mR3 TR>

To find the element C(3,4), it must calculate the second derivatives of o?max and
T%max with respectto q; and T .

92 0%max 02 M,

( 2
M, dT ~ OM,dT “TR?

TR3

. 2T 1Y . .
sin?6 + e sin20)? = 2( ) (ﬁ) sin?Hsin26 B-21
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02t°max 02 2T 20 + M, 9 coso)?
oM, oT ~ oM, aT \ mRE €020 + gz sind cost)
2 1
=-2 (W) (m) sinfcos26 B — 22

The element C(3,4) of the flexibility matrix is proportional to function (H) in the
equation as follows

H(9) = 02 o*max N 02 t°max ( 2 )( 1 >F(9) B 23
~ OM, 0T oM, 0T  ~\nR3)\nR2

Where
F(6) = sin®8 sin28 — sinf cosO cos20 B —24

4. The equations of the terms for finding the flexibility of the
rotor, it’s have two cracks, the first slant crack and the second
transverse crack.

Igl= ﬂ a’a F*dadw B —25
Al

Tgl= jf a’a F*dadw B — 26
A2

Tg2 = [[,,@*a wFF dadw B —27

Tg3 = [[,,w*aF?dadw B —28

1g2 = f w?a F *dadw B —29
el

Tg3 = jf & awFFdadw B-30
Al
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1.Balancing report from Doraa Refinery:

2/6/2019 1:28 PM
pm
3
52 mm
185 mm
62 mm
68 mm
68 mm
Quality grade G
G63
240kg
8000 rpm
299 mm
145 mm
155 mm
933 gmm
87.2 g'mm
282016
695 rpm
63.7 gmm 203" in Tol
363 g.m 8° in Tol
938 mg 203° in Tol
53‘ m 8* in Tol
4] K >.. -
Yol rbp
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2. Table (1) The values of the dimensionless compliance in

vertical and cross coupling directions, [1].

a/lR Cs: Cyy
0.04 0.002839 0.000041
0.08 0.016094 0.000351
0.12 0.04368 0.001498
0.16 0.08912 0.004382
0.2 0.142261 0.009502
0.24 0.221466 0.017941
0.28 0.31727 0.030710
0.32 0.43367 0.04922
0.36 0.56612 0.074125
0.4 0.72304 0.109167
0.44 0.904937 0.153903
0.48 1.10735 0.211690
0.52 1.34193 0.285412
0.6 1.88307 0.494015
0.64 2.21216 0.638209
0.68 2.58835 0.817116
0.72 2.99793 1.03831
0.76 3.45437 1.31194
0.8 3.97224 1.65530
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