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Appendix [A]

To calculate the uncertainty of the experimental results the following

parameter is concerned:

n
_ 21X

1) The mean value of the variable x calculated as:  X,,,.qn =

n

Ny 72
2) The standard deviation of x, given by: o= ,2—1 (::: 1x)

. . o
3) The standard error is given by: Om = 7=
4) The uncertainty of variable x given by: XxX=X=x oy

While the variables which are measured their uncertainty are the pressure

coefficient (C,); the calculation shown in the

Table (A-1) where the value of x2 is the adopted value in this study.

No T.he The tested b o o X Uncertainty
variable values mean m
Cp for first level and without vibration.
1 x1 -0.9690
2 x2 -0.9071 -0.8696 0.0938 0.0542 -0.8155 0.0664
3 x3 -0.8207 -0.9238 -0.0586
4 x4 -0.8210
5 x5 -0.8302
Cp for second level without vibration.
1 x1 -0.9322
2 x2 -0.9514 -0.8894 0.0884 0.0510 -0.8384 0.0609
3 x3 -0.7901 -0.9405 -0.0543
4 x4 -0.8931
5 x5 -0.8803
Cp for third level without vibration
1 x1 -0.7403
2 x2 -0.7555 -0.7309 0.0757 0.0437 -0.6872 0.0636
3 x3 -0.7701 -0.7746 -0.0565
4 x4 -0.7515
5 x5 -0.6370
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CHAPTER ONE
INTRODUCTION

1. Background

Gas turbines have strong impact on human life since its introduction in the
twentieth century. It has been used mainly for power generation and later on in aircraft
propulsion. After more than half a century of creative development, it is still a challenge
for engineers of all disciplines to achieve the ever increasing and more demanding design
requirements. Focusing on the design of gas turbines, aerodynamic charactersitcs,
structural integrity, vibrational aspects, combustion, cooling, acoustics and

environmental effects are the subject of active research and development[1].

The gas turbines are typically designed by first deciding on the specifications of
the blades according to the required performance, and then considering the strength
issues. Conventionally, the consideration of blade strength was limited to the
investigation of static centrifugal and steady bending stresses and avoiding dynamic
resonances. Flow in turbomachinery is generally considered to be steady with the
exception of phenomena such as rotating stalls and surging. However, rotating cascades
are subjected to a relatively unsteady flow field due to the wake from preceding stators
and struts or the inlet distortion from inlet conditions. As a result, fluctuating fluid forces
act on the cascades and induce vibrations and these external forces are periodic. Even a
small fluctuating fluid force may result in large vibration stresses on the blades, and long-

term operation may cause fatigue failure[2]

The component efficiencies of gas turbines nowadays offer only small margins
for improvement because of the high technical standard achieved so far. Therefore, other

parameters to reduce the costs of gas turbine engines become important:

In aircraft propulsion, the weight-to-thrust ratio of the engine is an important
parameter with a direct influence on the specific fuel consumption and air pollution,
which enforces the design of lighter and more compact engines. This involves both the
use of new materials and composite structures and the minimization of the structural

integrity margins of the components. For example a necessary thickness of rotor trailing
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edges by 0.1 mm (to ensure an endurance limit) leads to 0.1 % specific fuel consumption
penalty [1]. Other constructive measures to reduce weight are the decrease of the number
of stages and the number of blades in a blade row, leading to increased loads of the
individual blades. Also axial distances between engine components are minimized,

which on the other hand leads to increased levels of dangerous aerodynamic interactions.

In stationary applications competition drives the turbine designers to increase
load and performance of the engines and to optimize material use to be cost efficient.
The lifetime of engine components is an important cost factor and reducing maintenance
efforts for the engine is a major goal for gas-turbine manufacturers to be competitive.
For aircraft engines the guaranteed lifetime of engine components is of special
importance because of the safety requirement of such engines. The development costs of
new gas turbines are enormous. Major savings can be made when replacing extensive
tests. Prototypes of the largest stationary gas turbines are usually tested first when
installed in the power plant. A failure detected at this stage is very expensive. The
development and validation of numerical tools to calculate structural and aerodynamic
behavior is a key factor to replace semi-empirical methods in the design process, so that
new and unconventional designs can be proved fast and cheap without the need of testing.
The present research work is motivated by the study of the effect of vibration on fluid
flow around the blade for turbine engines, some of the major actual driving forces for
new developments have been listed in this chapter. The novelty of this thesis that it deals
with the effect of the vibration generated by the blade resulting from an imbalance in the
rotating cascade of the gas turbine or from the turbine shaft bearings on the dynamics of
the fluid surrounding the blade and to show the extent to which vibration affects the

pressure and velocity distribution of the flowing fluid.

1.1. Gas Turbine Vibration Problems

Most components in a gas turbine engine are exposed to vibrations caused by
unsteady forces due to relative motions of rotating and non-rotating parts. Currently,
related research work focuses on four broad, sometimes overlapping, and areas:

vibrations related to combustion instability, acoustically relevant vibrations, rotor
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instability and vibrations from blades, the latter one is subject of the present thesis.

Beside other impacts the vibrations of gas-turbine-engine parts [3].

Various mechanisms are commonly defined describing the vibrations of
turbomachinery blades, usually classified according to the origin of the excitation. These
can be of mechanical thermal or aerodynamic nature. Mechanical excitations include
blade tip casing contact or damage; aerodynamic excitations include blade row
interaction (forced response), self-excitation (flutter), impact of cooling jets, compressor

surge and rotating stall as well as turbulence [3].

1.1.1. Self-Excited Vibrations

When the vibrations are self-excited (flutter) the vibration motion of the blade
itself causes an unsteady pressure field around the blade sustaining the vibration. Such
behavior is usually started by small aerodynamic or mechanical disturbances above a It
can lead to drastically increasing blade vibration amplitudes and rapid blade failure if the
mechanical damping is too low to dissipate the aerodynamic energy put on the blade.
Long and slender structures are more prone to flutter, i.e. the fan blades and 1% stage
compressor blades, but also low-pressure turbine blades. Flutter is not a problem in high-

pressure turbine [4].

1.1.2. Forced Vibrations

Forced vibrations (forced response) are characterized by aerodynamic excitation
sources, which are flow disturbances acting periodically on the blades and originate from
upstream and/or downstream obstacles. The most common forced vibrations are due to
inlet distortions originating at the air intake (inlet struts, crosswinds), blade row
interactions and hot streaks originating from the burners. Also, the burner cans
themselves cause circumferential variations in the burner exit flow. The time-periodic
excitation is in all cases caused by the relative rotational motion of excitation source and
the excited structure, which leads to excitation frequencies multiples of the rotation

frequency[4].
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1.2. Flow Induced Vibration

Vibration problems due to fluid flow occur in many industrial plants. This
obstructs smooth plant operation and in serious cases can lead to significant maintenance
and repair costs and costly losses in productivity. These flow-related vibration
phenomena are generally known as ‘flow-induced vibrations’ (FIV). The term ‘flow-
induced vibration and noise’ (FIVN) is used when flow-induced noise is present. It is
fairly evident that the fluid force acting on an obstacle in flow will vary due to the flow
unsteadiness and that the varying force, in turn, may cause vibration of the obstacle. In
the case of piping connected to reciprocating fluid machines, for example, it is well-
known that the oscillating (fluctuating) flow in the piping generates excitation forces
causing piping vibration. However, even for steady flow conditions, vibration problems
may be caused by vortex shedding behind obstacles or by other phenomena. Flow-

induced acoustic noise is also an important problem in industry [2].
1.3. Gas Turbine Functional Description

While the gas turbine, as shown in figure 1-1, is running, filtered ambient air is
drawn through the inlet plenum assembly, then compressed in the axial flow compressor.
Compressed air from the compressor flows into the annular space surrounding the 14
combustion chambers, from which it flows into the spaces between the outer combustion
casings and the combustion liners, and enters the combustion zone through metering

holes in each of the combustion liners [5].

The fuel nozzles introduce the fuel into each of the fourteen combustion chambers
where it mixes with the combustion air and burns. The hot gases from the combustion
chambers expand into the fourteen separate transition pieces attached to the downstream
end of the combustion chamber liners and flow from there to the three-stage turbine
section of the machine. Each stage consists of a row of fixed nozzles followed by a row
of turbine buckets. In each nozzle row, the kinetic energy of the jet is increased, with an
associated pressure drop, and in each following row of moving buckets, a portion of the

kinetic energy of the jet is absorbed as useful work on the turbine rotor.
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After passing through the 3rd-stage buckets, the exhaust gases are directed into
the exhaust casing and diffuser, which contains a series of turning vanes to turn the gases
from an axial direction to a radial direction, thereby minimizing exhaust hood losses.
Then, the gases pass into the exhaust plenum and are discharged to atmosphere through
the exhaust stack. The resultant shaft rotation turns the generator rotor to generate
electrical power or to drive a centrifugal compressor in industrial power applications and

drives the auxiliaries through the accessory gearbox[5].

fuel combustion

chamber

gases

amhbiant amhiant

Fig. 1-1: Gas turbine engine (GE frame)
1.4. Types of Airflow in Cascade Blades

The aerodynamics of the flow in a two-dimensional/three-dimensional turbine
cascade is still a focus of many on-going research activities in the gas turbine community.
A detailed description of the turbine blade aerodynamics in two-dimensional and three-
dimensional vane cascade can be found in Lakshminarayana (2000) [5] and in Acharya
and Mahmood (2006) [6]. Vortex structures are a major source of the pressure or
aerodynamic losses across the vane/blade passage. Because they entrain the hot fluid
from the mainstream flow and enhance the convective turbulent transport in the endwall
region as well as on the blade surface; this also causes a high local thermal loading on

the turbine passage wall. Historically, the loss was categorized as “profile loss”,
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“endwall loss” and “leakage loss”, although it is clearly found that the loss mechanisms
are seldom independent of each other. The relative magnitudes of these losses depend on
the type of machine, blade aspect ratio and tip clearance. For many machines, each loss

shares 1/3 of the total loss[5].

The Langston model, on the other hand, shows a general picture Fig. 1-2:
Secondary flow vortex model of the generation and development of the two legs of a
horseshoe (HS) vortex and the passage vortex (PV). It combines Hawthrone’s classical
secondary flow model with the effects of the LE flow and the flow in the passage between
the blades. The boundary layer separates at the saddle points forming a well-known HS
vortex at the endwall of the cascade with the suction side (SS) and pressure side (PS) leg.
The PS horseshoe vortex becomes a strong PV due to the passage pressure gradient. The
SS leg is drawn into an adjacent passage and rotates in the opposite direction to the larger
PV. This smaller vortex is known as counter vortex, and can be thought of as a “planet”
rotating around the axis of the PV (the “sun”) [6]. When the PS leg of the HS vortex
enters into the channel, it continuously sucks in the main flow and the boundary layers
on the endwall move from the pressure surface to the suction surface. Since the PS leg
has the same sense of rotation as the PV, this PS leg can be regarded as part of the PV.
This vortex is gradually lifted away from the endwall and shifts towards the suction
surface downstream from the blade channel. The SS leg of the HS vortex stays under the
PS leg and leaves the blade channel along with it. Comparing the streamlines in figure.1-
2 with those in the mid-span regions in Figure.1-3, it is clear that the turning of the
streamlines inside the blade passage and around the leading edge is much greater near

the endwall region which causes the cross-flow here to be stronger.
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Fig. 1-3: Streamlines and static pressure distribution in the mid-span plane along blade.

1.5. The Aim of Study

The proposed study aims to investigate the effect of vibration levels on the flow
in rotary turbine cascade blades for gas turbine experimentally and simulate this study

numerically by COMSOL Multiphysics 5.6.

1.6. The Scope of This Study

There is no doubt that the rotation or movement of equipment and mechanical
parts accompanied by vibration causing serious damage to the equipment, therefore many
researchers around the world have studied vibration behavior, some have studied ways
of controlling it and the other study the flow induced vibration. In the course of deep
research, According to a research information , it found that most researchers have
studied the vibration resulting from the flow, but little has been used for forced vibration
which applies on some parts such as plate, cylinder etc. The scope of the study contains

the following parts:
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b)

d)

1.6.1. Experiment Study

Design and manufacture a vibration shaker and estimating the frequency and

amplitude by using LabVIEW program.

Establish experimental set up to study the effect of forced vibration on the cascade

turbine blades.
Perform a comparison to the velocity, and pressure profile with/without vibration.

Perform a comparison between experimental and numerical results.

1.6.2. Numerical Study

Accomplishment a theoretical study by using COMSOL Multiphysics 5.6

unsteady state to choose the effective frequency of the blade.

Utilization the COMSOL Multiphysics 5.6 program to conduct the structural

conditions (vibration).

Simulate the study of the influence of vibration on the flow in the cascade turbine

blades from the signal simple harmonic motion by using COMSOL Multiphysics 5.6

software.
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CHAPTER TWO
LITERATURE REVIEW

2 Introduction

Gas turbine have continuous increasing usage in primary and secondary
aerospace, aircraft structures, and electric power generation owing to their superior
output power and high mechanical torque. One form of these types of the gas turbine
being used in current study is that used for electric power generation. Due to the wide
range of applications of the gas turbine, its aerodynamic characteristics have attracted

many researchers and have been considerably improved to achieve realistic results.

The present review covers three aspects. The first includes the previous work
about vibration induced by the fluid flow throughout the gas turbine. The second one is
concerned with the developments of some theoretical modelling for better representation
for the aerodynamic characteristics (pressure, velocity, and stream lines) and the
traditional tools used for this purpose. The third aspect is concerned about the
experimental work done regarding aerodynamic characteristics of several types of gas

turbines.
2.1 Theoretical Analysis and Numerical Simulation

Gerolymos, 1988 [7]developed an algorithm for numerically integrating the
Euler equations in blade-to-blade surface formulation. The method simulated all the
inter-blade channels of an annular cascade. The equations were discretized in a grid that
moves in order to follow the vibration of the blades. The equations were integrated using
the explicit MacCormack scheme in finite-difference formulation. Mistuned vibration as
well as standing-, traveling-, or influence-wave modes may be readily simulated. Also,
two other faster methods were developed, simulating traveling and influence waves,
respectively. A number of numerical results showed the aptitude of the method to
simulate both started and unstated supersonic flow in vibrating cascades. A first
comparison with available wind-tunnel data corroborates the validity of the approach to

predict supersonic flutter of fans and compressors.

10
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Chiang and Kielb, 1992[8] presented a comprehensive study based on past
experience to determine the acceptability of a blade design. A new analysis system was
developed to predict blade forced response. The system provided a design tool, over and
above the standard Campbell diagram approach, for predicting potential forced response
problems. The incoming excitation sources were modeled using a semi-empirical rotor
wake/vortex model for wake excitation, measured data for inlet distortion, and a quasi-
3D Euler code for pressure disturbances. Using these aerodynamic stimuli, and the
blade's natural frequencies and mode shapes from a finite element model, the unsteady
aerodynamic modal forces and the aerodynamic damping were calculated. A modal
response solution was then performed. This system was applied to current engine
designs. A recent investigation involved fan blade response due to inlet distortion. An
aeromechanical test was run with two different distortion screens. The resulting
distortion entering the fan was measured. With this input data, the predicted response
agreed almost exactly with the measured response. In another application, the response
of the LPT (low pressure turbine) blades of a counter-rotating supersonic turbine was
determined. The blades were excited by both a wake and a shock wave. The shock
response was predicted to be three times larger than that of the wake. Thus, the system
identified a new forcing function mechanism for supersonic turbines. The results of the

two applications were presented.

Dedoussis, et al., 1994 [9]presented a method for establishing signatures of faults
in the rotating blades of a gas turbine compressor. The method employed a panel
technique for the calculation of the flow field around blade cascades, with disrupted
periodicity, a situation which was encountered when a blade fault has occurred. From
this calculation, time signals of the pressure at a location on the casing wall, facing the
rotating blades, were constituted. Processing these signals, in combination with "healthy"
pressure signals allows the constitution of fault signatures. The proposed method
employed geometrical data, as well as data about the operating point of the engine. It
gave the possibility of establishing the fault signatures without the need of performing
experiments with implanted faults. The successful application of the method was
demonstrated by comparison of signatures obtained by simulation to signatures derived

from experiments.

11
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Menechini and Bearman, 1995[10] simulated the flow about an oscillating
circular cylinder by using the discrete vortex method incorporating viscous diffusion.
This flow was simulated considering a frame of reference fixed to the cylinder and with
an oscillating cross flow. Force time histories were shown for a Reynolds number of 200
and for different values of amplitude (A) and frequency of oscillation (f). The lock-in
boundary for vortex shedding was obtained. For values of amplitude above about 0.6D,
an asymmetric mode of shedding was observed. Vortex formation length for different
values of A and f were showed depending on distributions of urms/U across the wake,

for various downstream stations.

Anagnostopoulos, 2000 [11] presented a numerical study of the flow past a
circular cylinder forced to oscillate transversely to the incident stream at a fixed Reynolds
number equal to 10°. FEM was used for the solution of the Navier-Stokes equations, in
the formulation where the stream function and the vorticity were the field variables. The
cylinder oscillation frequency ranged between 0.8 and 1.20 of the natural vortex-
shedding frequency, and the oscillation amplitude extended up to 50% of the cylinder
diameter. The resolution of the characteristics of synchronized wakes was the focus of
the study, the first task was the determination of the boundary of the lock-in region. The
computation revealed that, when the cylinder oscillation frequency exceeds the
frequency of the natural shedding of vortices, the flow was not absolutely periodic at
subsequent cycles but a quasiperiodic flow pattern occurs, that created difficulty in the
determination of the lock-in boundary. The time histories of the drag and lift forces for
various oscillation parameters were presented, while the vorticity contours were used for
the numerical flow visualization. The hydrodynamic forces, the phase angle between the
lift force and the cylinder displacement, and the parameters of the wake geometry when
steady state was reached, were presented in cumulative diagrams. The oscillation
parameters affect the hydrodynamic forces and the geometry of the wake were selected

and showed by these diagrams.

Williamson and Govardhan, 2004 [12],This review summarizes fundamental
results and discoveries concerning vortex-induced vibration (VIV), that have been made
over the last two decades, many of which were related to the push to explore very low
mass and damping, and to new computational and experimental techniques that were

hitherto not available. We bring together new concepts and phenomena generic to VIV

12
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systems, and pay special attention to the vortex dynamics and energy transfer that give
rise to modes of vibration, the importance of mass and damping, the concept of a critical
mass, the relationship between force and vorticity, and the concept of “effective
elasticity,” among other points. We present new vortex wake modes, generally in the
framework of a map of vortex modes compiled from forced vibration studies, some of
which cause free vibration. Some discussion focuses on topics of current debate, such as
the decomposition of force, the relevance of the paradigm flow of an elastically mounted
cylinder to more complex systems, and the relationship between forced and free

vibration.

Moffatt et al., 2005[13] presented a decoupled aecromechanical system based on
an advanced frequency-domain CFD solver with filly non-linear capability allowing
resonant vibration predictions to be routinely performed during the design process. A
new energy method was presented that solves the blade response without the knowledge
of original mode shape scales. A robust FE-CFD mesh interface was developed for
industrial use that can accurately deal with differences in mesh geometry, low mesh
density and high mode shape gradients. The capability of the baseline CFD solver for
blade row interaction flow prediction was further validated against the VKI transonic
turbine stage. A forced response analysis was carried out on the NASA Rotor 67
transonic fan for demonstration purposes. The system was evaluated for a challenging
industrial study of the ALSTOM 3-stage transonic test compressor. Where the forced
response predictions of three crossing points on the Campbell diagram compare well with
strain gauge test data. An investigation into aerodynamic damping of the first ten modes

shows a high dependency on mode shape.

McBean et al., 2007[14], used a parallel multiblock Navier-Stokes solver with
the k- turbulence model to solve the unsteady flow through an annular turbine cascade,
the transonic Standard Test Case 4, Test 628. Computations were performed on a two-
and three-dimensional model of the blade row with either the Euler or the Navier-Stokes
flow models. Results were compared to the experimental measurements. Comparisons
of the unsteady surface pressure and the aerodynamic damping were made between the
three-dimensional, two-dimensional, inviscid, viscous simulations, and experimental
data. Differences were found between the stability predictions by the two- and three-

dimensional computations, and the Euler and Navier-Stokes computations due to three-

13
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dimensionality of the cascade model and the presence of a boundary layer separation,

respectively.

Young and Lai, 2007[15] simulated numerically the flow over a NACAO0012
airfoil, oscillated sinusoidally in plunge. Two dimensional Navier—Stokes solvers at a
Reynolds number of 20,000 were used for the numerical simulation. The wake of the
airfoil was visualized using a numerical particle tracing method for high reduced
frequencies (1.0 <k < 10.0) and small non-dimensional amplitudes (h <0.1). Anomalous
vortex shedding modes (involving multiple vortices shed per half-cycle of airfoil motion)
that observed experimentally in the literature were reproduced numerically and were
shown to be the result of interaction between the plunging frequency and a natural bluft-
body shedding frequency. This resulted in a vortex lock-in phenomenon analogous to
that seen for oscillating cylinders. However, the lock-in boundary was not symmetric
about the natural shedding frequency, due to the sharp trailing edge forcing the flow to
separate at the trailing edge on the windward side of the airfoil for the majority of the

plunge cycle at higher frequencies and amplitudes.

Brens, 2007[16]considered structures such as vortices and separation in the
streamline patterns of fluid flow using dynamical systems theory. Bifurcation of patterns
under variation of external parameters was studied using simplifying normal form
transformations. Flows away from boundaries, flows close to fixed walls, and
axisymmetric flows were analyzed in detail. In this research, the authors showed how to
apply the ideas from the theory to analyze numerical simulations of closed cylindrical

container vortex breakdown.

Forbes and Randall, 2007[17] presented an analytical model of the casing and
simulated pressure signal associated with the rotor blades in order to understand the
complex relationship between blade vibrations and casing response. A mathematical
formulation was undertaken of the internal pressure signal due to both the rotating bladed
disk as well as individual blade vibrations and the solution of the casing response was
formulated. Excitation by the stator blades and their contribution to the casing response
was also investigated. Some verification of the presented analytical model was provided

by comparison with Finite Element Analysis results for various rotor rotational speeds.

14
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Forbes and Randall, 2008[18] introduced an analytical model of a gas turbine
casing and simulated pressure signal associated with the rotating blades, individual blade
vibrations and transfer of stator blade vibrations in order to understand the complex
relationship between casing response and the most important excitation forces. Due to
the force interaction being through a fluid medium, a certain degree of randomness was
introduced into the excitations, and the viability of this inherent randomness as a useful
aid for separation of the contributing excitation forces from the system response was
explored analytical solution for a circular ring, under the simulated operating conditions
for a gas turbine with both periodic and turbulent force components included, has been
presented. Importantly, the random contribution to the excitation of the casing and the
rotor blades has been shown to contain information of the blade vibration characteristics.
The separation of the different force signal types was also shown, with periodic
contributions removed and the potential ability to separate the contribution to the casing
vibration for different stages by taking advantage of the signal’s inherent cyclo-stationary

properties.

Forbes and Randall, 2008[19], presented an analytical model for the response
of a gas turbine casing to what was believed to be the dominant forces acting on it,: (i)
the moving pressure waveform around each blade throughout its motion and (ii) the
forces (and moments) applied through the stationary stator blades, to understand the form
of the casing response. A simulated blade fault was added to the model to represent a
damaged blade, of arbitrary form, by reducing the stiffness of one blade. The change in
the contribution to the casing response measurements due to this simulated fault was

explored as well.

Gourdain et al., 2009[20] showed how new challenges can be addressed by
using parallel computing platforms for distinct elements of a more complex systems as
encountered in aeronautical applications. Based on numerical simulations performed
with modern aerodynamic and reactive flow solvers, this work underlined the interest of
high-performance computing for solving flow in complex industrial configurations such
as aircrafts, combustion chambers and turbo-machines. Performance indicators related to
parallel computing efficiency were presented, showing that establishing fair criterions
was a difficult task for complex industrial applications. Examples of numerical

simulations performed in industrial systems were also described with a particular interest

15
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for the computational time and the potential design improvements obtained with high-
fidelity and multi-physics computing methods. These simulations used either unsteady
RANS methods or LES and dealt with turbulent unsteady flows, such as coupled flow
phenomena (thermo-acoustic instabilities, buffet, etc.). Some examples of the difficulties

with grid generation for some complex industrial applications were also presented.

Lampart, 2009[21] described the process of formation of endwall flows and
evolution of vorticity from the endwall boundary layers. The losses due to the endwall
were discussed in details. The entropy increases in the boundary layer were integrated at
the endwall boundary layer in order to evaluate the losses theoretically. In the theoretical
analysis, a certain load blade profile was considered. CDF was used for the theoretical
analyses for the Durham 3D straight turbine cascade and the results were compared with
the other available date from experiment. The comparison with the results of available
experimental data of ERCOFTAC the calculations based on turbulent viscosity models
are capable of capturing basic 3D flow effects in cascade flows. However, they over
predict the level of losses in the wake and in the secondary flow region. The quantitative
predictions are improved with the Reynolds stress model, but they are connected with a

significant increase of computational costs.

Liu et al., 2012[22] studied numerically the complex flows around stationary and
sinusoidal pitching airfoil by the finite element method combined with Arbitrary-
Lagrangian —Eulerian (ALE) frame and explicit Characteristic Based Split Scheme
(CBS). In particular, the static and dynamic stalls were analyzed in detail, and the natures
of the static stall of NACAO0012 airfoil were given from viewpoint of bifurcations.
Following the bifurcation in Map, the static stall was proved to be the result from saddle-
node bifurcation which involves both the hysteresis and jumping phenomena, by
introducing a Map and its Floquet multiplier, which constructed in the numerical
simulation of flow field and related to the lift of the airfoil. Further, because the saddle-
node bifurcation was sensitive to imperfection or perturbation, the airfoil was then
subjected to a perturbation which was a kind of sinusoidal pitching oscillation, and the
flow structure and aerodynamic performance were studied numerically. The results show
that the large-scale flow separation at the static stall on the airfoil surface can be removed
or delayed feasibly, and the ensuing lift could be enhanced significantly and also the

stalling incidence could be delayed effectively. As a conclusion, it can be drawn that the
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proper external excitation can be considered as a powerful control strategy for the stall.
As an unsteady aerodynamic behavior of high angle of attack, the dynamic stall can be
investigated from viewpoint of nonlinear dynamics. Lift enhancement and drag reduction

were the main reasons to produce a rich variety of nonlinear phenomena.

Moshfeghi, et al., 2012[23] investigated the effects of near-wall grid spacing for
the SST-K-® model and study of the aerodynamic behavior of a horizontal axis wind
turbine. The NREL Phase VI was used as the aerodynamic model. Eight different cases
were investigated for the near wall grid spacing study. Furthermore, one case was studied
in both the SST-K-o and the Langtry-Menter transitional models. For all cases the total
numbers of nodes were fewer than 5000,000. Thrust forces, flow patterns and pressure
coefficients were compared at different wind speeds. The thrust values of the SST-K-®
were not in a good agreement with the test results. The streamlines show that the inboard
section of the blade has a severe complex 3D flow which separates at low velocities; the
mid-span section stays attached for higher velocities and the outboard part has 2D-like
behavior and separates as the last part. Also, for were as with complex separation,
reattachment and sever span wise flow (e.g., at the inboard section), the SST-K-® miss
predicts the pressure values. Generally, the SST-K-m over predicts the separation by miss
predicting the separation point. Besides, it was observed that Gamma-Theta transitional
model behaves differently from the SST-K-w, especially at the inner part and the results

were closer to the test results.

Wang et al.,, 2013[24] proposed an in-house code and strategy, called
TurboAVBP for turbo-machinery LES thanks to the coupling of multi-copies of the
unstructured compressible reacting LES solver AVBP, designed to run efficiently on
high performance massively parallel architectures. Aside from the specificity of such
wall bounded flows, rotor/stator LES type simulations required specific attention and the
interface should not interfere with the numeric scheme to preserve proper representation
of the unsteady physics crossing this interface. A tentative LES compliant solution based
on moving overset grids method was proposed and evaluated for high-fidelity simulation
of the rotor/stator interactions. Simple test cases of increasing difficulty with reference
numerical were detailed and prove the solution in handling acoustics, vortices and

turbulence.
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Lei et al., 2014[25] studied numerically the unsteady flow separation of airfoil
with a local flexible structure (LFS) in Lagrangian frames in detail, in order to investigate
the nature of its high aerodynamic performance. For such aeroelastic system, the
characteristic based split (CBS) scheme combined with arbitrary Lagrangian-Eulerian
(ALE) framework was developed firstly for the numerical analysis was of unsteady flow,
and Galerkin method was used to approach the flexible structure. The local flexible skin
of airfoil, which can lead to self-induced oscillations, was considered as unsteady
perturbation to the flow. Then, the ensuing high aerodynamic performances and complex
unsteady flow separation at low Reynolds number were studied by Lagrangian coherent
structures (LCSs). The results show that the LFS has a significant influence on the
unsteady flow separation, which was the key point for the lift enhancement. Specifically,
the oscillations of the LFS can induce the generations of moving separation and vortex,
which can enhance the kinetic energy transport from main flow to the boundary layer.
The results gave a deep understand of the flow control for the flow over airfoil and the

dynamics in unsteady flow separation.

Esfahani, et al., 2015[26] evaluated the effect of elliptical motion trajectory on
the aerodynamic characteristics and propulsive performance of a flapping airfoil. A
periodic horizontal motion (forward/backward) was combined with vertical motion
(upward/downward) of the airfoil to introduce a new kinematic parameter, and an
elliptical motion trajectory for flapping airfoil. The Navier—Stokes equations were used
to simulate the unsteady flow field over a two dimensional NACAOO012 airfoil. The
Navier—Stokes equations were discretized based on the finite volume method and were
solved with a pressure-based algorithm. The flow was assumed to be laminar and
incompressible and transient terms were conducted using a second order Euler implicit
scheme. It was shown that the combination of horizontal and vertical motions for the
flapping airfoil changed the kinematics, motion trajectory and hence the effective angle
of attack profile during the flapping cycle. The elliptical motion trajectory influenced the
fluid structures and changed the vortex shedding pattern and wake zone behind the
airfoil. In addition, the introduced kinematics have influenced the aerodynamics
performance and propulsive performance of either pure plunging or pitching/plunging

airfoil.
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Sidlof, 2016[27] presented a CFD simulation of an elastically supported
NACAO0015 airfoil with two degrees of freedom (pitch and plunge) coupled with 2D
incompressible airflow. The geometry of the airfoil, mass, moment of inertia, location of
the centroid, linear and torsional stiffness was matched to properties of a physical airfoil
model used for wind-tunnel measurements. The simulations were run within the Open
FOAM computational package. The results of the CFD simulations were compared with

the experimental data.

Khan and Wei, 2016[28] carried out a CFD analysis was to study the influence
of local flexible structure on the lift performance of airfoil. Single mode vibrations of
local flexible structure on the upper surface of the airfoil were investigated with various
frequencies and amplitudes. Finite Volume Method was used to discretize the
incompressible Navier-Stokes equations. Partial fluid structure interaction was examined
under the dynamic mesh technique. The flow configurations was assumed to consist of
flow over NACAO0012 at Re=1000 and at a low angle of attack. Numerical simulations
were conducted for different vibration frequencies and the corresponding flow field
characteristics were investigated as well. Vibrations with a range of amplitudes were
carried out under the same flow conditions and their results were compared with the
conventional rigid airfoil. Vibration frequency close to the natural vortex shedding
frequency resulted in the frequency lock-in or synchronization phenomenon. At the
frequency lock-in condition and at some moderate vibration amplitude, the amplitude of
lift coefficient oscillations was increased. These vibrations on the upper surface of the
airfoil resulted in increasing the average lift coefficient, which was further increased with
increasing the vibration amplitude. In addition, the displacement of local flexible
structure was completely in phase with the vortex shedding. The length of local flexible
structure was also varied between 0.1c and 0.2c and results showed that the length of
0.1c had better performance at higher vibration amplitudes. Pressure distributions and
vortices around the local flexible airfoil were evaluated. Moreover; the power spectra

that based on the lift coefficient were tested to imprisonment the flow field energy.

Khan et al., 2017[29]studied partial fluid structure interaction of an airfoil. The
2D incompressible Navier-Stokes equations were solved based on the finite volume
method and dynamic mesh technique. The local flexible structure was assumed to vibrate

in single mode located on the upper surface of the airfoil. The vibration frequency and
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amplitude influence were examined and the corresponding fluid flow characteristics were
investigated which add an additional complexity to the inherent problem in unsteady
flow. The study was conducted for flow over NACAO0012 airfoil at 600 < Re <3000 at a
low angle of attack. Vibration of flexible structure induced a secondary vortex which
modifies the pressure distribution and lift performance of the airfoil. It was noted that, in
the case of Re < 1000, the deformation of flexible structure was occurred in-phase with
the vortex shedding. In other words, increasing maximum lift was linked with the
positive deformation of flexible structure. At Re=1500 a phase shift of about 1/m was
existed while they were out-of-phase at Re>1500. In addition, the oscillation amplitude
of lift coefficient increased with increasing vibration amplitude for Re<1500 while it
decreased with increasing vibration amplitude for Re>1500. As a result of frequency
lock-in, the average lift coefficient was increased with increasing vibration amplitude for

all investigated Reynolds numbers (Re).

Chen, 2017[30] conducted a computational fluid dynamics (CFD) investigation
over a two-dimensional axial-flow turbine rotor blade row to study the phenomena of
turbine rotor discharge-flow overexpansion at subcritical, critical, and supercritical
conditions. The following quantitative data, averaged or integrated across the two-
dimensional computational domain encompassing two blade passages, were obtained
over a series of 14 inlet-total to exit-static pressure ratios, ranging from 1.5 (unchoked,
subcritical condition) to 10.0 (excessively high-pressure ratio, supercritical condition) ,
mean-flow Mach numbers, mean-flow angles, axial component of mean-flow Mach
number, tangential-blade surface-pressure forces, mean-flow mass flux. Flow-path total-
pressure-loss coefficients detailed flow features over the full domain of computation,
such as the streamline patterns, Mach contours, pressure contours, blade surface pressure
distributions, and so forth, were collected and presented. A formal, quantitative definition
of the limit-loading condition based on the channel flow theory was proposed and
explained. Contrary to the comments made in the historical documentation on this subject
about the deficiency of the theoretical methods applied in analyzing these phenomena,

using the modern CFD method for the study of this subject appears to be successful.

Moller et al., 2017[31] presented a numerical study on blade vibration for the
transonic compressor rig at the Technische Universitat Darmstadt (TUD), Darmstadt,

Germany. The vibration was experimentally observed for the second eigenmode of the
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rotor blades at nonsynchronous frequencies and was simulated for two rotational speeds
using a time-linearized approach. The numerical simulation results were in close
agreement with the experiment in both cases. The vibration phenomenon shows
similarities to flutter. Numerical simulations and comparison with the experimental
observations showed that vibrations occur near the compressor stability limit due to
interaction of the blade movement with a pressure fluctuation pattern originating from
the tip clearance flow. The tip clearance flow pattern travels in the backward direction,
seen from the rotating frame of reference, and causes a forward traveling structural
vibration pattern with the same phase difference between blades. When decreasing the

rotor tip gap size, the mechanism causing the vibration was eased.

Luan, et al., 2018[32] focused on rotor-rotor interactions effects on unsteady
characteristic and blade aerodynamic force. The investigation method was based on
three-dimensional URANS simulations, in conjunction with SST turbulence model. At
first, the experimental measurements were compared to evaluate ability of the numerical
method in estimation of unsteady flows. The results showed that rotor-rotor interaction
in the contra-rotating fan played an important role in aerodynamic efficiency. Unsteady
effect increased flow losses of rotor 1, but effectively inhibited flow losses of rotor 2.
The inhibition effect was mainly caused by wake recovery effect of upstream wakes in
the flow passage of rotor 2. Meanwhile, negative jet flow enhanced boundary layer
energy of the blade of rotor 2, so that flow separation was postponed. Different
configurations consider five sets of axial spacing dimensions. Specific survey of flows
under the same operation conditions indicates that axial spacing was responsible for the
unsteady interaction effect. The blade aerodynamics analysis showed that the influence
of the downstream potential flow disturbance on rotor 1 was greater than the effect of the

upstream wake on rotor 2.

Rajanna et al., 2018[33]presented a parametric study to optimize gas-turbine
performance under off-design conditions by articulating the rotor blades in both
clockwise and counterclockwise directions. Articulating the pitch angle of turbine blades
in coordination with adjustable nozzle vanes can improve performance by maintaining

flow incidence angles within the optimum range at certain off-design conditions. To
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observe the effect of rotor pitching on the performance of the gas turbine, a computational
fluid dynamics (CFD) study was performed using the finite element formulation for
compressible flows with moving domain. Results obtained from the CFD simulation for
different rotor pitch angles were presented in this paper. The results show that after
pitching the rotor blade in clockwise direction, the flow was able to recover a more
optimal flow field associated to the gas turbine inlet condition and makes the flow fully
attached. The results also show that clockwise pitching of the rotor increases the relative
velocity magnitude which reduces the losses in converting the momentum to rotor torque.
Whereas, pitching in the counterclockwise direction increases the absolute velocity
magnitude at the exit of the rotor. The computational results show that pitching the rotor
blade in clockwise direction can help in achieving the better performance at the turbine

stage.

Jain et al., 2019[34] conducted massively parallel wall-modeled Large Eddy
Simulations (LES) to simulate flow through a single stage power turbine sector of a gas-
turbine engine under realistic operating conditions. The numerical framework in the
current work uses finite volume based compressible CharLES solver that utilizes a
moving Voronoi diagram based grid generation. To test grid sensitivity and evaluate the
capability of the solver in predicting turbo-machinery flows, three grids of varying
resolution were used to simulate flow through the baseline gas-turbine under design
operating conditions. After assessing the flow solution quality and establishing
simulation parameters, LES simulations were conducted to investigate the performance
of gas-turbine at off-design conditions. The conditions include the rotor design point at
100% speed, and off-design points at 75%, and 50% speeds subject to high temperatures
from the combustor exit flow. The results showed that the internal flow became highly
unsteady as the rotational speed of rotor deviates from the design point leading to reduced
aerodynamic performance. This study demonstrated that the current framework was able
to robustly simulate the unsteady flow in a three-dimensional moving rotor environment
for US Army Future Vertical Lift program towards design variable speed gas-turbine

engines.

Zheng et al., 2019[35] studied the influence of tip gap size on aeroelastic stability
in a 1.5 stage compressor with an in-house fluid-structure interaction code. A three-

dimensional unstructured finite-volume compressible flow solver was applied in the fluid
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domain and a structure dynamic solver with the modal superimposition method for blade
motion was used in the structure domain. Rotor tip clearances of 1%, 2% and 3% of tip
axial chord at maximum rotor loading conditions at off-design speeds were analyzed for
aeroelastic stability. The tip leakage flow and vortex structure was seen near the blade
tip region at a larger tip gap size. The aeroelastic stability of rotor blade at different tip
gap sizes was mainly influenced by the 1st torsion mode, and the variation of
aerodynamic damping was not monotonous. The key factors affecting the aeroelastic
stability of rotor, when tip gap size increased, were the intensity of the tip vortex and

shock wave.

2.2 Experimental Work

Lifshits, 1986[36]used the experience accumulated by SwRI with various types
of rotating equipment to present more comprehensive combined vibration severity limits.
These limits were divided into several severity regions, and cover filtered and unfiltered
vibration. The appropriate correction factors were also introduced to equitably
accommodate different machine designs, installations, and vibration problems. Vibration
severity limits were provided for relative shaft displacement, for shaft displacement with
respect to bearing clearance, and for vibration measurements taken on machine casing or
bearing housing. The use of these limits was clarified by reviewing the results obtained
from five field studies of actual operating equipment. Advantages, disadvantages, and
use of various transducer types (proximity probes, velocity pickups, accelerometers, dual
probes), as well as sources of machinery vibration (sub synchronous instabilities,
resonance, imbalance, misalignment, etc.) were analyzed to assure proper application of

the vibration limits.

Ongoren and Rockwell, 1988[37]studied vibration effect of a cylinders of
various cross-section subjected to controlled oscillations in a direction transverse to the
incident flow. Excitation was at frequency f. relative to the formation frequency of fo°
large-scale vortices from the corresponding stationary cylinder, and at Reynolds numbers
in the range 584 < Re < 1300. Modifications of the near wake were characterized by

visualization of the instantaneous flow structure in conjunction with body displacement-
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flow velocity correlations. At f. / fo"=0.5, that correspond to subharmonic excitation, as
well as at f. / fo'=1, the near wake structure was phase-locked (synchronized) to the
cylinder motion. However, the synchronization mechanism was distinctly different in
these two regimes. Near or at f. / fo'=1, the phase of the shed vortex with respect to the
cylinder displacement switches by approximately . Over a wide range of f. / fo", the
perturbed near wake rapidly recovered to a large-scale anti-symmetrical mode similar in
form to the well-known Karman vortex street. The frequency fo of the recovered vortex
street downstream of the body showed substantial departure from the shedding frequency
fo, from the corresponding stationary body. It locks-on to resonant modes corresponding
to f. / fo'=1/n. This wake response involved strictly hydrodynamic phenomena. It
showed, however, a resonant behavior was convectively unstable and was similar to that

of coupled flow-acoustic systems.

Lifson, et al., 1989[38] presented a basis for selecting and justifying vibration
monitoring equipment for power-generating gas turbines. Users of industrial gas turbines
from utility and petrochemical companies were surveyed; a utility forced outage data
base was analyzed; typical vibration limits were presented; and the current capabilities
of commercial monitoring systems and vibration transducers were summarized. The
industry survey by site visits and questionnaire develops common trends; it itemizes
malfunctions that can be successfully identified with appropriate vibration monitoring; it
summarized current practices, benefits, limitations, and operating experience with
various transducer types, as applied to harsh gas turbine environments. Vibration limits,
trending, and sources of vibration were addressed. Operational factors were considered
in planning and cost justifying vibration monitoring systems for a basic trip protection,
periodic measurements, and on-line computerized continuous protection. Seventeen case
histories and examples illustrated and supported these findings. Analysis of the utility-
generated data base complements the industry survey; it isolates the contribution of
different vibration-related outages for base loaded and peaking units; graphic results
break down these outages into duration, man-hours to repair, and frequency of

occurrence.

Mathioudakis, et al., 1990[39] presented the results from an experimental
investigation of the compressor casing vibration of an industrial gas turbine. It was

demonstrated that statistical properties of acceleration signals can be linked with engine
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operating conditions. The power content of such signals was dominated by contributions
originating from the stages of the compressor, while the contribution of the shaft
excitation was secondary. Using nonparametric identification methods, accelerometer
outputs were correlated to unsteady pressure measurements taken by fast response
transducers at the inner surface of the compressor casing. The transfer functions allow
reconstruction of unsteady pressure signal features from the accelerometer readings. A
possibility was thus provided for "seeing" the unsteady pressure field of the rotor blades
without actually penetrating through the casing, but by simply observing its external

surface vibrations.

Greenblatt and Wygnanski, 2000[40] presented a review of the control of flow
separation from solid surfaces by periodic excitation. The emphasis was placed on
experimentation relating to hydrodynamic excitation, although acoustic methods as well
as traditional boundary layer control, such as steady blowing and suction, were discussed
in order to provide an appropriate historical context for recent developments. The review
examines some aspects of the excited plane mixing-layer and shows how its development
lays the foundation for a basic understanding of the problem. Flow attachment to, and
separation from, a deflected flap was then shown to be a paradigm for isolating
controlling parameters as well as understanding the basic mechanisms involved.
Particular attention was paid to separation control on airfoils by considering controlling
parameters such as optimum reduced frequencies and excitation levels, performance
enhancement, efficiency, reduction of post-stall unsteadiness, compressibility and other
important features. Additional topics covered include excitation of separation bubbles,
control and exploitation of diffuser flows, three-dimensional effects, the influence of
longitudinal curvature and possible applications to unmanned air vehicles. The review
closed with some recent developments in the control and understanding of
incompressible dynamic stall, specifically illustrating the control of dynamic stall on
oscillating airfoils. The crucial time-scale disparity between dynamic stall and periodic

excitation was identifying as well.

Govardhan and Williamson, 2002[41]studied the transverse vortex-induced
vibrations of a cylinder with no structural restoring force (k = 0). In terms of the
conventionally used normalized flow velocity, U*, the present experiments correspond

to an infinite value (where U* = U/f\D, fn = natural frequency, D = diameter). A
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reduction of mass ratios m* (mass/displaced mass) from the classically studied values of
order m* = 100, down to m* = 1, yields negligible oscillations. However, a further
reduction in mass exhibits a surprising result: large-amplitude vigorous vibrations
suddenly appeared for values of mass less than a critical mass ratio, m* it = 0.54. The
classical assumption, since the work of den Hartog (1934), has been that resonant large-
amplitude oscillations exist only over a narrow range of velocities, around U* ~ 5, where
the vortex shedding frequency was comparable with the natural frequency. However, in
the present study, authors demonstrated that, so long as the body’s mass was below the
critical value, the regime of normalized velocities (U*) for resonant oscillations was
infinitely wide, beginning at around U* ~ 5 and extending to U* — co. The result was in
precise accordance with the predictions put forward by Govardhan and Williamson
(2000), based on elastically mounted vibration studies (where k > 0). The author deduced
a condition under which the unusual concept of an infinitely wide regime of resonance

occurred in any generic vortex-induced vibration system.

Seifert, et al., 2004[42]studied experimentally the separation control, by
nominally two-dimensional periodic excitation at Reynolds numbers ranging from 3 x
10* to 4 x 107, including compressibility effects. The tests demonstrated that active
control using oscillatory flow excitation can effectively delay flow separation from, and
reattach separated flow to, aerodynamic surfaces at various flight conditions. At
Reynolds number below 10°, where transition does not occur naturally and cannot be
passively forced, active separation control may be the only effective method for delaying
separation and generating useful lift. The essence of active separation control relies on
exploiting instabilities that were inherent in the flow, generally requiring relatively small
amplitude excitation. Effective excitation frequencies generate one to four vortices over
the controlled region at all times, irrespective of Reynolds number, and perturbations
should preferably be amplified over the region that was susceptible to separation.
Periodic excitation was vastly superior to steady blowing in terms of performance
benefits and eliminates abrupt flow responses, which were undesirable from a control
point of view. The effects of compressibility in the absence of shocks were weak and
undesirable effects accompanying separation, such as vortex-shedding and buffet, can be

significantly reduced or completely eliminated. The shock-wave/boundary-layer
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interaction produced a separation which can be enhanced when the excitation was

introduced to the separation upstream.

Lam and Leung, 2005[43] reported an experimental investigation of the vortex
shedding wake behind a long flat plate inclined at a small angle of attack to a main flow
stream. Detailed velocity fields were obtained with particle-image velocimetry (PIV) at
successive phases in a vortex shedding cycle at three angles of attack, a = 20°, 25° and
30", at a Reynolds number Re = 5300. Coherent patterns and dynamics of the vortices in
the wake were revealed by the phase-averaged PIV vectors and derived turbulent
properties. A vortex street pattern comprising a train of leading edge vortices alternating
with a train of trailing edge vortices was found in the wake. The trailing edge vortex was
shed directly from the sharp trailing edge while there were evidences that the formation
and shedding of the leading edge vortex involve a more complicated mechanism. The
leading edge vortex seems to be shed into the wake from an axial location near the trailing
edge. After shedding, the vortices were convicted downstream in the wake with a
convection speed roughly equals to 0.8 the free-stream velocity. On reaching the same
axial location, the trailing edge vortex, as compared to the leading edge vortex, was found
to possess a higher peak vorticity level at its center and induce more intense fluid
circulation and Reynolds stresses production around it. It was noted that the results at the
three angles of attack collapsed into similar trends by using the characteristic length of

the flow (the projected plate width).

Gostelow, et al., 2005[44] demonstrated similarities between the vortex shedding
from blunt trailing-edged transonic turbine nozzle blades and from oscillating bluff
bodies. Under subsonic conditions the turbine nozzle cascade shed wake vortices in a
conventional von Karman vortex-street. This was linked with a depressed base pressure
and associated energy separation in the wake. Under transonic conditions a variety of
different shedding configurations was observed with vortices shedding and pairing in
several different ways. Similarities were addressed between the observed structures and
those from vortex shedding in some other physical situations. The authors investigated
the similarity between the vortex wakes shed from cylinders and airfoils in sinusoidal
heaving motion in low speed flow and the wakes shed from the turbine nozzle cascade
in transonic flow. The established field of vortex-induced vibration provided a developed

classification scheme for the phenomena observed. The paper brought together three
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previously unrelated fields of investigation and, by showing that the three were

essentially related, provided the basis was for a new synthesis.

Cleaver et al., 2010[45] measured the force and supporting particle image
velocimetry for a plunging NACA 0012 airfoil at a Reynolds number of 10,000, at pre-
stall, stall, and post-stall angles of attack. The lift coefficient for pre-stall and stall angles
of attack at larger amplitudes showed abrupt bifurcations with the branch determined by
initial conditions. With the frequency gradually increasing, very high positive lift
coefficients were observed, this was termed mode A. At the same frequency with the
airfoil impulsively started, negative lift coefficients were observed, this was termed mode
B. The mode A flow field was associated with trailing-edge vortex pairing near the
bottom of the plunging motion causing an upwards deflected jet, and a resultant strong
upper surface leading-edge vortex. The mode B flow field was associated with trailing-
edge vortex pairing near the top of the plunging motion causing a downwards deflected
jet, and a resultant weak upper surface leading-edge vortex. Because of the insufficient
strength of the trailing-edge vortex, the bifurcation was not observed for small
amplitudes nor at larger angles of attack due to greater asymmetry in the strength of the
trailing-edge vortices. The deflected mode B wake was downward because of the natural

preference created by the train edge vortices.

Tereshchenko et al., 2015[46] presented the results of an analysis of the gas-
dynamic control of flow around the guide blades of axial compressor stage for the
vibration intensity of rotor blades. It was shown that gas-dynamic action on flow around
blades equalized the flow velocity field before the rotor and reduced the level of resonant

stresses in blades in the case of their resonant excitation.

Hsieh, Low and Chiew, 2017[47] investigated the flow characteristics of the
wake in the initial branch for a vibrating cylinder using a new PIV technique capable of
a high sampling rate of 200 Hz. The experiments were carried out over a wide range of
reduced velocities to better understand the important trends. The mean velocities and
turbulence characteristics were obtained by ensemble averaging repeated velocity
measurements. Their study revealed new insights on the flow characteristics of the wake
in the initial branch. In particular, the cylinder vibration was found to lead to the

formation of oblique jets, which have a profound influence on the mean flow velocity,
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turbulence intensity, formation and convection of the vortices, and variations to the

stagnation and separation points of the cylinder during vibration.

Qu et al., 2019[48] presented a comprehensive measurement for a flow losses
and flow field data downstream of an ultra-high-lift aft-loaded low pressure turbine
cascade for different incoming wake passing frequencies, and the mechanisms through
which incoming wakes influence secondary flow were examined via numerical
calculations. Reynolds numbers ranging from 25000—100000 (based on the axial chord
and inlet velocity) were considered in both the presence and absence of the wakes. At
low Reynolds numbers of 25000 and 50000, increasing wake passing frequency
gradually suppressed the suction surface separation bubble and increased the cross-
passage pressure gradient, and the unsteady wakes clearly improved the through flow
characteristics of the cascade passage. Furthermore, the larger separation bubble on the
suction surface hindered the migration of the secondary vortices from the endwall to
span. Consequently, incoming wakes were not beneficial for suppressing secondary flow
at low Reynolds numbers. At the high Reynolds numbers of 80000 and 100000,
increasing wake passing frequency afforded stronger inhibition of the secondary flow
owing to the reduction in blade loading originating from the “negative jet” influence of
the wakes. In addition, another advantage was presented for decreasing secondary flow

losses by transport of incoming wakes in the cascade passage.

2.3 Theoretical and Experimental Work

Doorly and Oldfield, 1985[49]found that flow unsteadiness caused a
considerable influence on the aerodynamic and heat-transfer performance of
turbomachinery blades. The most significant contribution to this unsteadiness was caused
by "wake passing," the term used here to describe the flow produced on a downstream
blade row as it periodically chops through the wakes shed by the upstream blade row.

The effect occurs both in the compressor and turbine blade passages.
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Henderson, et al., 2005[50]studied the influence of free-stream turbulence on
wake dispersion and boundary layer transition processes in a 1.5-stage axial compressor.
An inlet grid was used to produce turbulence characteristics typical of an embedded stage
in a multistage machine. The grid turbulence strongly enhanced the dispersion of inlet
guide vane (IGV) wakes. This modified the interaction of IGV and rotor wakes, leading
to a significant decrease in periodic unsteadiness experienced by the downstream stator.
These observations have important implications for the prediction of clocking effects in
multistage machines. Boundary layer transition characteristics on the outlet stator were
studied with a surface hot-film array. Observations with grid turbulence were compared
with those for the natural low turbulence inflow to the machine. The transition behavior
under low turbulence inflow conditions with the stator blade element immersed in the
dispersed IGV wakes closely resembled the behavior with elevated grid turbulence. It
was concluded that with appropriate alignment, blade element behavior of an embedded
row in a multistage machine can be indicated by the blade element behavior in a 1.5-

stage axial machine.

Persico et al., 2012 [51] studied the three-dimensional unsteady aerodynamics
of a low aspect ratio, high pressure turbine stage. In particular, the results of fully
unsteady three - dimensional numerical simulations, performed with ANSYS-CFX, were
critically evaluated against experimental data. Measurements were carried out with a
novel three dimensional fast-response pressure probe in the closed-loop test rig Machine
Fluid Dynamics Laboratory of the Politecnico di Milano. An analysis was first reported
about the strategy to limit the CPU and memory requirements while performing three
dimensional simulations of blade row interaction when the rotor and stator blade numbers
were prime to each other. What emerges as the best choice was to simulate the unsteady
behavior of the rotor alone by applying the stator outlet flow field as a rotating inlet
boundary condition (scaled on the rotor blade pitch). Thanks to the reliability of the
numerical model, a detailed analysis of the physical mechanisms acting inside the rotor
channel was performed. Two operating conditions at different vane incidence were
considered, in a configuration where the effects of the vortex-blade interaction were
highlighted. Different vane incidence angles led to different size, position, and strength
of secondary vortices coming out from the stator, thus promoting different interaction

processes in the subsequent rotor channel. However some general trends were recognized
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in the vortex blade interaction: the sense of rotation and the span wise position of the
incoming vortices play a crucial role on the dynamics of the rotor vortices, determining
both the time mean and the time-resolved characteristics of the secondary field at the exit

of the stage.

Jungst et al., 2015[52] added to the understanding of non-synchronous blade
vibration caused by unsteady flow close to the stability limit of transonic compressor
rotors. Blade vibrations were measured in the rotating frame of reference by strain gauges
applied to the blades and additionally in the stationary frame of reference by capacitive
tip clearance/tip timing sensors. Furthermore unsteady pressure transducers in the casing
wall were used to analyze the flow phenomena during high blade vibration amplitudes.
During the transient experiments, the compressor was back-pressured into its stability
limit. Two transient measurements of a compressor setup with an enlarged tip clearance
of 2.5% blade chord were analyzed at -part speed and design speed. This means that
subsonic and transonic operation conditions were analyzed. In both cases,
nonsynchronous vibration occurred and limited the compressor operation. The
mechanism leading to these vibrations was based on an unsteady flow pattern that rotates

relative to the rotor, reported as rotating instability.

2.4 Summary

In general, as far as the author know, there have been few studies and
investigations on the aerodynamic flow in gas turbines. In particular, the vibration effects
on this flow between the turbine blades have not been covered appropriately. Therefore,

the more relevant studies are listed as:

The following conditions will be taken into account in this study. The effects of
the vibration at different frequency levels of the airfoil on the aerodynamic flow and the
observed vortices formed as a result of the vibrations. In addition, the finite element
method will be used to model the Navier-Stokes equations. It will be used the
aerodynamic flow into the passage between two blades of turbine and utilized the
computational fluid dynamics (CFD) to investigate pressure distribution between the

blades with/without vibration by using shaker based on the SST k-e model.
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Chapter Three Experimental Study

CHAPTER THREE
EXPERIMENTAL STUDY

3. Introduction

This chapter involves the experimental aspect. The experimental is done in post
graduate laboratories of Mechanical Engineering department at University of Babylon.
All experiments have been implemented with ambient conditions of 1 bar pressure and
(25 °C -30°C) temperature. Effect of vibration on the aerodynamic characteristic of flow
on the cascade blade for the rotatory turbine (model frame 5) supplied by a General
Electric company (G.E) is investigated in detail. The blade root is exposed to a transverse
forced vibration in sinusoidal form. In addition, this chapter involves designing and
manufacturing a prototype exactly similar to that brought from the Hilla gas turbine
engine. Mechanisms used for the installation of the used devices and equipment along
with measurement systems are also presented. The procedure of operating the devices
and implementing the experiments is summarized at the end of this chapter. Fig. 3-1-a,

and b show the whole system and necessary devices for the experimental work.
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Fig. 3-1-b: Experimental Setup
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3.1. Experiment Rig

Based on Fig. 3-1, the rig consists of two parts, working devices from (1) to (8),
and measurement tools from (9) to (12).

(1) Wind Tunnel

(2) Extended-Part Tunnel Design
(3) Blade Model Preparation
(4) Power Supply

(5) Function Generator

(6) Power Amplifier

(7) Oscilloscope

(8) Vibration Shaker

(9) Manometer

(10) Accelerometer

(11) Data Collector

(12) Laptop (LabVIEW Program)
3.1.1. Wind Tunnel

The tunnel used is the open type with a closed test section. Air enters the test
section (49 x49x122) cm. Air reaches the test section after it passes through a fine screen.
The screen is made of a sheet of cloth with small holes to permit the streamlining. There
are two layers of screen sheets where the distance between them is 23cm. The model is
placed on the test-section. The pressure probes transmit the signal to the multi-tube
manometer through a rubber tube attached to it. Air speed through the section can be
varied, by changing the speed ratio of the electrical motor that drives the blower fan. The

maximum air speed reaches 22m/s.
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3.1.2. Test Part and Extended-Part

Two extended parts were added along to the subsonic wind tunnel of the fluid
laboratory at University of Babylon for accomplishing the experimental work. The first
part is the process of manufacturing the part responsible for reducing the section of the
wind tunnel from 49cmx 49cm to 22cm X% 13cm. This part was manufactured from
wooden boards. This part of the wind tunnel is connected after a grid of regular wiring
for the purpose of regulating airflow at the attachment points of this part of the tunnel

and the part containing the practical model as shown in figure 3-3a.

The second part was a rectangular duct with dimensions of 22cm X 13cm
containing five movable plates attached to the mainframe in a way that provides different
plate angles to redirect air on the blade assembly. Four blades were fixed identical to the
real angle in the gas-turbine system. The four blades were interconnected with each other
to one root (made of iron) using a traditional high-quality glue (the iron base was attached
to a shaker (vibrator) by means of a screw mediating in the blade set as shown in figure

3-3b.

Two parts were added in the wind tunnel used and located in the fluid laboratory for the
purpose of modifying it in proportion to the practical part to simulate the real situation

as much as possible.

The model used in the practical part consists of a set of blades that were
manufactured as previously separated, as it consists of four blades arranged as shown in
assuming that the arc formed by these blades is very small [53], so it is possible to
consider that this group located on a straight line instead of an arc line as the researchers

mentioned in the practical part of chapter two.
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Fig. 3-3-b: Test-Section part added to the wind tunnel
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Air is applied on the cascade blades at atmosphere pressure at 22 m/s and
temperature (25 C°-30 C°). The blade is divided with several lines that represent the study
area for the flow between the set of blades that the readings are confined between the
endwall and the midspan. Three instruments are distributed in one line on the basis of
dividing this line into four equal sections, i.e. one of these instruments is in the middle

of the line and at the first and last quarter of the line of instruments.
3.1.3. Blade Model Preparation

The tested model identical to the real blade’s shape was of GE turbine used in
Hilla power station manufactured with high accuracy according to the dimensions of the
real blade used in the gas turbine engine. A model identical to the real shape was
manufactured with high accuracy by preparing a specific mold. First of all, the original
sample is brought and coated with a very thin layer of anti-adhesion material. Next, a
mixture of composite materials is poured onto the prepared mold. The fine details of the
original sample of the blade were copied accurately. In the second stage, another mold
was produced from two parts, and their accuracy and consistency are adjusted through
four screws at the corners of the mold. The whole test rig used in this experimental work
consists of four successive blades, well-connected at the bottom by a base that is
connected in turn with the vibrator (shaker), which is responsible for generating vibration
for the model. A specific shaker is designed to generate the required value of frequency
similar to that located at the Hilla gas turbine station. The forced vibration was applied
by a vibration shaker with different levels of frequency (9, 16, 23, and 33 Hz) and a

constant amplitude value (3mm).
3.1.4. Power Supply

This device supplies and controls the electric power with AC current to the
function generation device. Voltage regulator single phase variance 0-250V voltage
converter power converter voltage transformer 220V (Input voltage:110/220V,
Output voltage:0-250V Frequency:50/60Hz, accuracy of voltge stabilization
:220V+2%, 110V+6%). The power supply regulates the value of output voltage to
achieve the required power for each case of the study. The power supply is shown in Fig.

3-4
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Fig. 3-4: Power supply

3.1.5. Function Generator

Function generator type p_TEK FG-703CM was used to generate frequencies
within the range from (5Hz to 50Hz£1%) in the form of a sine wave. The function
generator was calibrated by the oscilloscope device to ensure the form and the frequency
of the generated wave while the generated signal is passed to the power amplifier then to
the exciter. This function generator has a frequency range from 0.3Hz to 3MHz and the

waveform of sinusoidal, triangle, square, ramp, and TTL output, as shown in Fig. 3-5.

Fig. 3-5: Function generator
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3.1.6. Power Amplifier

Power amplifier type SINOCERA YES871A within three-stage amplification: a
differential pre-amplification, a driving amplification, and an asymmetric compensating
power amplifier. The amplification of frequency range from 5SHz to 10 kHz+2% is the
limitation of this device. It is used to amplify the signal of the sine wave which is

generated by a function generator and passed to the exciter to make it vibrate accordingly.

The power amplifier is shown in Fig. 3-6.

Fig. 3-6: Power Amplifier
3.1.7.  Oscilloscope

Oscilloscope type ATTEN ADS-7202CA was used to monitor and calibrate the
output signal of the function generator. A digital storage oscilloscope (DSO) is an
oscilloscope that stores and analyses the input signal digitally rather than using analog

techniques. The error of the oscilloscope is +1%.

- T— P R il
! [ avTmer Aos7aaach ..o

Fig. 3-7: Oscilloscope
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3.1.8. Vibration Shaker

Shaker JZK-2 was used in the experimental work. It mainly consists of two parts;
the first part is a moving coil and the second part is a fixed magnetic cylinder. A magnetic
force is generated by electromagnetic action when an AC is applied from a power
amplifier to the moving coil. With the highest vibration amplitude (+3 mm), this exciter
responds with the frequency range 3Hz to 5 kHz+2%. The dynamic resulted force can be

given by [54];

Fig. 3-8: The vibration genereator

F =0.102B L *I * 10 (3.1)
3.1.9. Manometer

An 18-tube manometer is used to measure pressure on models in subsonic wind
tunnels and blades test sets. A backboard with a graded scale holds each manometer tube.
For safety and convenience, the manometer uses water as the manometer fluid as shown
in Fig. 3-7. The whole manometer tube assembly is mounted on a swivel to be tilted in

preset increments in order to increase the sensitivity of the measurement. The manometer
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has a human error with +3% and it was provided with the operating instruction and the

filling repression.

Fig. 3-9: Multi-Tube Manometer
3.1.10. Accelerometer

An accelerometer is a transducer, used to measure the frequency of pipe by
exerting a force on it. The accelerometer type 4368 Bruel & Kjaer is an instrument used
to measure the frequency of the tested model with an error of £0.3%, as shown in figure
3.10. The vibrational motion is often converted into an electrical signal. The voltage
output of the device is due to the cyclic deformation of the piezoelectric crystals. The
frequency, rise time, the maximum and minimum voltage can be obtained from the

electrical output of the accelerometer.
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Fig. 3-10: Accelerometer
3.1.11. Data Collector

The process of measuring electrical or physical phenomena, such as voltage,
current, temperature, pressure, or sound, is referred to as data acquisition (DAQ).
Sensors, DAQ measuring gear, and a computer with programmable software make up a
DAQ system with an error of £0.3%. The DAQ from National Instruments is a cutting-
edge field balancing instrument for balancing spinning machinery in one or two planes

under real-world conditions.

Fig. 3-11: Data Collector
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3.1.12. LabVIEW Program

LabVIEW is a system software for engineering applications that demand rapid
access to hardware and data insights as well as test, measurement, and control. The
LabVIEW programming environment makes hardware integration for engineering
applications easier, so you can get data from NI (National Instrument device) and third-
party hardware in a uniform manner. LabVIEW can interoperate with and reuse libraries
from other software and open-source languages to ensure interoperability with other
engineering tools. The frequency and amplitude of the acceleration sensor are measured

using this software, as illustrated in Fig. 3-12.
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Fig. 3-12: Block Diagram of LabVIEW
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3.1.13. Pressure Measurement Taper Preparation

Eighteen pressure tube instruments are used to record the pressure distribution on the
blades. Nine of them are placed on each end of the blade, as shown in Fig. 3-13. One of
these ends was responsible for recording pressure (the region of the pressure side of the
blade, P.S.). The other is next to the suction side (S.S.) and these pressure tube
instruments are distributed in the form of three horizontal lines, a line containing three
pressure tube instruments. The first, second, third lines of the instruments were placed at
6,21, and 36 mm from the base of the blade, respectively. These lines represent the study

area for the flow between the set of blades that the readings are confined between the end
wall and the midspan. Fig. 3-13 shows the distribution of the instruments on the

surfaces of the blade. These pressure tube instruments are set with a multi-tube
manometer to measure pressure at different positions and then calculate velocity by using

the Bernoulli equation as equation 3.2. Air is right on the cascade blades at atmosphere

pressure at 22 m/s and temperature 300K.

*

a

Fig. 3-13: Distribution of manometer tubes on the blade.

Eighteen instruments on the blade are set with a multi-tube manometer to measure
pressure at different positions and then calculate velocity by using the Bernoulli equation

as equation 3.2.

U= \/Z(ptotal - pstatic) (3.2)

p
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3.1.14. Velocity Measurement

Flow velocity measuring devices allow the flow velocity of fluid media such as
gases and air to be measured. Flow velocity measuring device is used to measure airflow

in the wind tunnel before cascade blades rig with an error of +1%.

Fig. 3-14: Velocity measurement

3.2. Materials and Manufacturing of Blade

3.2.1. Materials for the Pattern and Mold

The materials used in preparing the mold and the model are made of three
different materials that are combined with each other in a special engineering and

chemical way to produce the desired shape of the blade mold.

The main material is casting polyester (ES 1060), which is a liquid polyester
material that has a high potential to interact with other additives and produce a mixture
that has the ability to form and take the true shape with high accuracy, being liquefied in
its first state and then begins to solidify after that to give a material high hardness and

toughness.

48



Chapter Three Experimental Study

As for the second material, it is the reinforcing material of the polyester after its
hardening and it consists of gypsum powder, and the last material is the hardener that is
responsible for the interaction between these two materials and merging with each other

to form the final material for the model used in the practical side.
3.2.2. Preparation of Blade Mold

A mold is manufactured that has the ability to produce more than one blade with
high specifications and accuracy identical to the original shape and is easy to use and
install in order to obtain an equal set of precision and measurement of samples that are

used in the practical side as shown in the figures 3-15 and 3-16.

Fig. 3-15: The first stage of mold production
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Fig. 3-16: Final mold production

3.2.3. Blade Manufacturing Steps

Mix the required quantity of liquid polyester and powder gypsum in a ratio of 3:1
of polyester: powder gypsum and mix them together mechanically well for a period
ranging from 5-10 minutes to ensure homogeneity and then add the hardener gradually
and in an amount commensurate with the amount of the two basic materials polyester
and powder gypsum and the ratio is from 5 to 6% of the weight of the two basic materials.
A mixture of composite materials in the same proportions is prepared and mixed for five
minutes by mechanical mixing to ensure good homogeneity in the mixture as shown in

figure 3-17 and 3-18.

Fig. 3-17: blade pattren molding
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Fig. 3-18: final blade pattern

3.3. Experimental Procedure

3.3.1. The Used Procedure for This Experiment

Connect all operating devices and measuring equipment for the experiment in

their appropriate places and accordance with the operating conditions.

Table 3-1: Blade details and boundary conditions of the experimental work

property value

Span 96 mm

chord length at the root 58 mm
maximum camber at the root 17.96 mm
chord length at the tip 54.7 mm
maximum camber at the tip 11.6 mm

inlet velocity 22 m/s

blade vibration harmonic (sinusoidal) 3-33Hz

1) The air pressure readings around the blade are recorded for 18 locations by
means of pressure instruments on a multi-tube manometer, as previously

explained. Readings are taken first without shaking for comparison purposes.
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2) Generate vibration through the shaker and its associated devices, which
are responsible for the amount of frequency and amplitude of the
vibration. After this procedure, readings are taken from a multi-tube
manometer.

3) Step (2) is repeated, but for different frequencies values, while the

amplitude stays unchanged.
3.3.2. Flow Velocity Calculation

Bernoulli's equation is used to find the velocity of air in different regions near the

blade walls as shown in equation 3.2.
3.3.3.  Pressure Coefficient (Cp) Calculation

The pressure coefficient is defined as the difference in average static pressure
between the first and last stations. The pressure coefficient is a dimensionless number

which describes the relative pressures throughout a flow field in fluid dynamics [55].

Cp
P—P,

= (3.3)
— UZ
2 Poo

The working conditions are 25 °C- 30°C and 1 bar, so the air properties are taken

at that point, as shown in Table 3-2

Table 3-2 Air Properties [56]

Parameters Values Units

Density (p) 1.225 Kg/m?
Specific Heat (C,) 1005 J/(kg.K)
Thermal Conductivity (k) 0.0258 W/(m.K)
Viscosity (1) 1.789 x 107 Kg/m s
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Table 3-3: Boundary Condition

Boundary Condition Value
Velocity inlet 22 m/s
Outlet Flow outlet

Temperature inlet

25°C-30°C

Height level section of the

| f Vi tion Excitati
blade from the root Value of Vibration Excitation

Gas turbine Blade

First level (6mm)

Sections (from the root)

Second level (21mm) Frequency(9, 16, 23, and 33) Hz

Third level (36mm)

3.34. Uncertainty

The accurate measurement of the experimental work depends on accuracy,

quality of instruments, and reading the values through devices. To investigate the

reliability of the results and conclusions that drawn from the data. The experiment is

repeated five times for each test in the same conditions.

The error in devices and equipment can affect the uncertainty of measurement

that produces uncertainty propagation (0, ). Thus, the error of experimental results for

all the experimental rig is =+ 5% calculated by assuming the square of an uncertainty. It

was considered a measurement of x that is subject to some error of device, each of

uncertainty g;, see more details in Appendix [A]

/Z"( i~ %)
o= % (3.4)

wherei=1,2, ....I. [57]
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3.4. Simulation Model Based on the Practical Model

The manufactured samples are used to produce models of the blades used in the
practical side in order to prepare the shape of the mathematical model used in the
simulations in chapter three because the specifications of the shape of the blade are not
clearly defined and the companies producing gas turbine stations do not reveal the
specifications of the material from which the blade alloy is made and the drawing
equations of the blade shape, as it is one of the secrets of manufacturing that international
companies do not reveal, and this is well-known by researchers in this field. Therefore,
researchers resort to preparing approximate shapes of the shape of the real blade. Some
of them worked on drawing the root and top of the blade by printing it on paper and then
fed it into computer programs in the form of coordinates and making some changes in
terms of rotating the center of the blade shape at the root from its shape at the top until it
gives a shape close to reality. Nevertheless, that work is not very accurate because the
real shape of the blade is diffuse at the lowest point, as well as the rotation angle of the
center of the airfoil. Therefore, this method was developed but with high accuracy, using

the practical side of this research.

The two parts of the mold are prepared by lubricating them with molding
insulation to avoid the form sticking to it. A new material called silicone rubber is used,
consisting of two materials, silicone and a hardener. This material is characterized by
being an easy-to-form liquid material that takes the shape of the mold to be molded and
hardens after a period of time to produce a shape identical to the model with high
accuracy. This material is characterized as having good flexibility and ease of cutting
and dividing the sample in the form of sections that are used later in the formation of the

studied mathematical model.

The silicone material is mixed with the hardener by 95% of the silicone to 5% of
the hardener, and the hardener is gradually added in the form of drops with good
mechanical stirring to ensure the mixture is well homogeneous. Mix in all the mold to
help out the air bubbles that form during the mixing process. Leaving the mixture to
solidify for 12 hours, after which the mold is opened and the sample is extracted and
cleaned well with a soft cloth to remove the polish to prevent the sample used from

sticking to the mold.
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The sample is placed again inside the first part of the mold for the purpose of
placing the blade dividing lines into ten sections and the first reference line that is used
to match the sections later. Then the sample is placed inside the second part of the mold
and the second reference line is drawn, which is used with the second reference line to

match the position of the sections in their correct position and accurately match the true

shape of the model as shown in the Fig. 3-20 and Fig. 3-19.

Fig. 3-19: sections of silicone airfoil pattern
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The blade model is cut using a sharp tool into ten sections of equal thickness for the first
nine sections, which were 1 cm thick, and the tenth section was half a centimeter thick
to show us the change of profile of each of the model’ s sections as shown in the figure

3-20.

These sections are placed sequentially on transparent graphic paper that contains
an adhesive that helps the sections stick to it and not move while working on it. The
sections are scanned using a scanner and the actual measurements are processed by taking
a scale drawing between the lines of the image graph and the actual scale of the graph

paper lines. After obtaining a computer image as shown in Fig. 3-21.

Fig. 3-21: scanned image of airfoil pattern sections

This image is transferred to the AutoCAD software[58] for the purpose of
processing the scale of the image and drawing the borders for each section, using Spline
instructing as it takes the shape corresponding to the image and has the feature of
adjustment (fitting) to give a smooth and accurate curve of curvature as shown in figure

3-22.
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Fig. 3-22: curve of airfoil produced by Autocad

The coordinates that make up the curve are exported through AutoCAD software
and converted into x and y values, and thus the process of drawing the shape involved in
the simulation process becomes easier because the program deals with these readings.
Through the above, the model is built for each of its levels according to the thickness of
each section, which will be entered into ten levels in the Solidworks software[59], and
an airfoil shape for the blade section is drawn at each level, starting from the root, and
also the height represents the thickness of the section right down to the airfoil shape at
the top as shown on figure 3-24.
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Fig. 3-23: actual blades showing the required curves
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Fig. 3-25: sections modelled by SoldWorks software

A set of perpendicular images are taken on the real model and entered into the
computer for the purpose of performing the same previous steps in order to extract the
shape of the tangential curves of the sections curves at each level and enter them into the

SolidWorks software to draw the final shape of the model as shown in figure 3-25.

Fig. 3-24: simulated model by SoldWorks software
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CHAPTER FOUR

CFD MODELING STUDY

4. Introduction

In the present study, a numerical approach using the finite element method has
been carried out by commercial code COMSOL Multiphysics 5.6 to investigate fully
developed turbulent flow over the cascade blade of a gas turbine with vibration effect.
The main characteristics of the theoretical modeling along with the related governing
equations will be presented in detail. In addition, efficient assumptions and boundary
conditions will be stated clearly. Finally, a numerical solution for the problem under the

boundary and working conditions are going to be presented as well.
4.1. Mathematical modeling

In this section, the governing differential equations of the fluid flow are presented.
The three basic equations that govern any physical aspect of a fluid flow are mass
conservation, momentum conservation, and energy conservation. All of these equations
will be given in terms of partial differential equations. The fluid flow over a flat plate is

governed by Reynolds-averaged Navier— Stokes and energy equations [56].
Continuity equation:
pV.(U)=0 (4.1)
Momentum equation:
p(U.V)U = V.[-PI + (u + ) (VU + (VU)T)] (4.2)
Energy equation:
pCpU. VT =V.[(k + k;)VT] (4.3)

The three-dimensional unsteady-state governing equations are as follows:
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Continuity and momentum equations can be given in term of used generalized

coordinates as follows:

The momentum equation of x-axis component can be obtained via putting the
fluid particle’s momentum change rate equal to the overall forces caused by the surface
stresses: Component of the momentum equation in the x-axis

ou ou ou ou
e +u e +v @ +w 2
10p pou?® pou? pou?

__lop nu H H 4.4
p6x+p6x2+p6y2+p622 (44)

Component of the momentum equation in the y-axis

6v+ 6v+ 6v+ dv
ot " Yax " Vay oz
10p pov? uov?: pov?

__lo k& H r 4.5
pay+p0x2+pay2+p622 (%)

And Component of the momentum equation in the z-axis

ow ow  ow ow  1dp pow? puow? pow?

—tU—FV— W= to—— bt —
ot “ox ”ay r p0z pdx? pady> pdz?

(4.6)

4.1.1. Case Study Assumptions

Many assumptions have been made to simplify the problem under considerations.

They are:

Unsteady state conditions.

Incompressible flow.

Constant physical properties for all fluid flow.
No phase change for all the flowing fluids.
Newtonian fluid.

Three-dimensional analysis

A R e

Turbulent flow.
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4.2. Selection of a Suitable Turbulent Model

CFED Modeling Study

The main target of this research beside geometry modeling, numerical setup, and
convergence problem, is to define the flow parameters distribution in a 3D turbine stage
with twisted rotor blade. For the purposes of the turbulence modeling, the standard k — ¢
turbulence model, RNG k — € is used. The Reynolds stress model (RSM) is applicable for
modeling effects of additional vortices, found in flow and shear stress effects over fluid
particles [60]. The standard k — € model showed quite good values, especially for the
turbulent kinetic energy, in the core flow [60]-[65]. The RNG model showed the highest
prediction of lift and maximal lift angle [66], [67]. The k — € turbulence models are
appropriate for flows characterized by high adverse pressure and aerodynamic properties.
This model allowed for a more accurate near wall treatment with an automatic switch
from wall function to low-Reynolds number formulation, based on grid spacing [67]—

[70].

Finally, Table 4-1 presents some advantages and disadvantages of the four models of

turbulent that were used in the present study.

Table 4-1: Advantages and disadvantages of the four models of turbulent, [71]

Model

Strengths

Weaknesses

Standard k-&

Robust, economical, reasonably
accurate; long accumulated
performance data.

Mediocre results for complex
flows with severe pressure
gradients, strong streamline

curvature, swirl and rotation.

model (transport, and an
isotropy of turbulent stresses are
all accounted for).

RNG k-¢ Good for moderately complex Subjected to limitation due to

behavior like jet impingement, isotropic eddy viscosity
separating flows, swirling assumption. Same problem with
flows, and secondary flows. round jets as standard k-¢.

Realizable k- | Offers largely the same benefits Subjected to limitations due to

£ as Sk-¢ but also resolves the isotropic eddy viscosity
round-jet anomaly. assumption.
SST k-¢ Physically most complete Requires more (CUP); tightly

coupled momentum and
turbulence equations.
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For the above reasons, RNG k- ¢ turbulence model is the appropriate one to
formulate our problem. The model, which consists of two equations, specifies a general
characterization of turbulence via two transport and partial differential equations. The
energy within the turbulence is set via first transport, which is known as turbulent kinetic
energy (k). The second transport is termed dissipation of turbulent (&), which determines
the dissipation rate for turbulent kinetic energy (k). From transport equations, the
turbulent mechanical energy (k) and its rate of dissipation (¢) are determined from

transport equations. These equations are given by [61]:

ok
p—+pU.Vk=V.<<M+M—T)Vk>+6—pe 4.7)
ot (9%
oe U £ g2
E-FpU.VS:V. <,LL+O_—)V£ +C£1EPk—C£2p? (48)
&
The model constants are given as
C, =0.09; C;,y = 1.44; C;; = 1.92; 0, = 1.0;0, = 1.3 (4.9)

For more convenient, the above equations are given in simplified forms as shown:

" d(pk) . d(pk) w d(pk)

d0x dy 0z
d ok d dk d ok
LR %) 2 %)
0x \oy 0x/ 0y \o,dy/ 0z \oy 0z
— pe (4.10)

5 d(pe) . d(pe) w d(pe)

0x dy 0z
d de d de d de €
AR SR ) e
d0x \o.0x/ 0dy \o.dy 0z \o. 0z k
2
€
~ Cap (4.11)

In these equations (G) is the generation term, (u;) is the turbulent (or eddy)

viscosity, (0, ando,) are the turbulent Prantl numbers for (k) and (&) respectively and
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(C¢1 andCy,) are constants. The turbulent viscosity (y;) is computed by combining (k)

and (¢) as follows [61]:

kZ
e = pCy— (4.12)

4.3. Numerical CFD Formulation

CFD simulation is the most important part of industrial projects. Almost all
industrial cases that exist in our world have, somehow, a connection with fluid dynamics.
For the analysis of moving objects (or flow around objects) in CFD codes, some
hypothetical models exist for turbulent simulation. The geometry of the cascade blades,
mesh generation, boundary conditions along with assumptions, and analysis options are

presented in this section.

4.3.1. Geometrical considerations

The turbine blade is firstly designed and modeled with SOLIDWORKS software.
Clear explanations about the whole process of model generation are presented in the
previous chapter (Sec. 3.4) and the flow analysis is carried out using CFD under unsteady

state condition.

The reference blade under consideration, can be graphically represented by Fig.
4-1 in which the blade configurations with leading and trailing edge are showed. The
blade length and chord are 96mm and 58mm, respectively. It is worthy to mention that
the manufactured blade in this work is designed close to the real dimensions of blades

from gas turbine station found in Hilla gas-turbine station.
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4.4. Selection of the Computational Domain

One of the most important steps need to be done before the numerical analysis, is
the preparing the blade geometry and blade domain to attain more accurate results. The
three-dimensional domain involves one blade inside the passage flow path, with cyclic
boundary conditions utilized to simulate the blade model. The domain extended 96mm
from the hub to the tip of the blade, it is along of the length of blade. The computational
domain of model-1 (General Electric (GE) blade) is presented in Fig. 4-1, and same
computational domain is used for the suggested model. A section of single blade was
taken and represented by the COSMOL milieu to simulate the actual flow domain of all
blades as possible, for the first stage of gas turbine. The simulated section repeats around

the rotor shaft by 360°.
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Blade Root.

Fig. 4-1: simulated and real blades
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Figure 4-2: turbine cascade blade

Fig. 4-2: Shows the section of blade domain
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4.5. Mesh Generation

The model geometry is generated by using COMSOL 5.6 design modeler.
Unstructured tetrahedral mesh used in the current work which leads to minimize the time
spent for generating meshes and better accuracy. The model is more complicated to be
treated with classical unstructured mesh, and to allow mesh to be more convenient to
analyze the flow - scope features. In the present model, the conforming mesh with

tetrahedral type has been used to generate mesh for the flow domain and solid blade.

Numerical error and accuracy of the results are sensitive to the elements number.
The overall elements number are (1288503) and nodes (59271138) with the other mesh
data (face size, body size, conforming method 'tetrahedrons' and layer Y+) is explain by
Table 4-2 to ensure that the mesh count does not go high while maintaining the accuracy
and features of the model. The flow domain has been inflated to pick up the boundary
layers effective. Five layers with (Y+) have been prepared for boundary layer zone with

a first aspect ratio of 5 and growth rate of 20%. The volume size of tetrahedral is about

Smm? as shown in Fig. 4-3.
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Fig. 4-3: The tetrahedral mesh type of extremely fine
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Table 4-2: Mesh data of models
Object Name Mesh
Physics Preference CFD
Element Order Program Controlled
Sizing
Size Function Curvature
Mesh size Fine
Min Size 0.10 mm
Max Face Size 1.0 mm
Max Tet Size (volume) 5.0 mm®

Growth Rate

Default (1.20 )

Quality
Check Mesh Quality Yes, Errors
Smoothing High
First Aspect Ratio 5
Maximum Layers 5
Growth Rate 1.2
View Advanced Options No

Advanced

Number of CPUs for Parallel Part Meshing

Program Controlled

Pinch Tolerance

Default (0.180 mm)

Statistics

Number of vertex elements: 20
Number of edge elements: 1372
Number of boundary elements: 47528
Number of elements: 1288503
Minimum element quality: 0.1838
Number of nodes 5927113
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4.5.1. Grid Independence Test

To obtain a grid independent solution a grid refinement test was performed. The
Table 4-3 and describe the result as satisfactory for the grid refinements. In this problem
1288503 elements are used for the whole domain. Using more elements are time

consuming and do not improve the result significantly.

Table 4-3: Grid Independence Test at inlet velocity of 120 m/s.

Number of
Elements

Time (hrs.) 0.19 0.31 047 | 01.28 | 03.13 | 04.32

Average
Velocity
downstream blade
m/s

Average
Velocity upstream|290.587]292.466]293.641] 296.06 |296.303]296.3558
blade m/s

433065]1069612|1187551]1288503]1683513]2091204

125.587]126.249]126.756] 127.80 {127.905] 127.915

Uat(x,y, z)=(0.045992, 0.0502, 0.0945) and (0.092447, 0.00678, 0.0945) before

and after blade respectively.

128
127.5 Downstream
T 127
E
= 126.5
126
125.5 I I I I I I I I
0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 22
Number of elements <108
o
296 -
Upstream
T 204
2
=
292
290 . . . . . . . .
0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2
Number of elements «10°

Fig. 4-4: grid independence for velocity upstream and downstream the blade.
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4.5.2. The Boundary Conditions and Air Properties

The boundary conditions of the current work.are shown in Table 4-4:

Uout

out

Case 1 excitation of Vibration Case 2 excitation of Vibration
perpendicular direction to the root parallel direction to the root

Fig. 4-5: Shows the boundary conditions for two case study for excitation of Vibration.

Table 4-4: Boundary Conditions

Boundary condition value
working fluid Air
Velocity inlet 22 and 120 (m/s)
Outlet Flow outlet
Turbulent intensity 5%
Share condition No slip
Temperature 300 k
Blade vertical motion Harmonic (sinusoidal)
Mesh status Moving mesh for fluid domain

Simple harmonic motion is expressed as sine-wave vibrational movement on

blade. The sinusoidal vibrational velocity profile is represented as [54], [64]:

V = 2nfasin(2nft) (4.13)
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4.6. Non-dimensional Numbers

4.6.1. Reynolds Number

The Reynolds number is the ratio between the inertia force to the viscous force of
the boundary layer of velocity[45], [65]:

2nfay,c
Rep = 2 awe

(4.14)

Where air flow density is p calculated from air properties table 4-1 at 25°C, the U
has been velocity of annulus air flow with different frequency effect , C is chord length

for the blade and p is dynamic viscosity of fluid flow also calculated from air properties
table [72].

4.6.2. Pressure coefficient Cp

The pressure coefficient is a dimensionless quantity that describes the relative
pressure during the fluid flow [55]:

PPy
Cp = %pooUZ (4.15)
4.6.3.

Turbulence Intensity

The turbulence intensity, /, defined as the ratio of the root-mean-square of
the velocity fluctuations, to the mean flow velocity [71].

(4.16)
Uapg Uapg

Where (k) is the turbulent kinetic energy, and w4 is the mean flow velocity.
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4.6.4. Error Calculation for the Validation

The simulation results were compared with the experimental results by

calculating absolute overall error with the use of the following equation[54]

i
EXP

n . .
Ut — Ut
E= Z | CFZ exr| «100 (4.17)
i=1

Where U is air velocity with different frequency. |Uicpp — Uleyp| isthe

difference absolute between actual and simulated values.
4.7. Code Validation

The reliability of the 3D models needs to be confirmed with results of other
research works. The verification of current study proved the physics modeling which
carried out by [47] and his model as shown in figure 4-7. The comparison was made on a
contour basis between the maximum and minimum velocity profiles for nine cases of air
velocities and frequencies. In general, the percentage of code validation is 96%, which
shows a highly agreement between the current simulation results and Hsieh, Low and
[47]. All models are performed at same data setup of numerical analysis (methodology,
scheme and running). The results of the validation are illustrated by figure. 4.8 and 4.9.

The vibration frequency was 33.3 Hz.

side view
Fig. 4-7: Experimental setup for ref. [47]
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CHAPTER FIVE
RESULTS AND DISCUSSION

5. Introduction

The numerical and the experimental results of this work are going to be presented
in this chapter. The complexity of the experimental work limits the concluded results.
The numerical simulation was not an easy step for modeling effect of vibration of flow
aerodynamic characteristics of blade. However, post processing of the available results
provided by COMSOL achieve wide range of numerical results. To ensure accuracy of

the numerical results, code validation is presented in the last section.

5.1. Results Visualization by COMSOL Multiphysics

5.1.1.Velocity Profile around the Blade

Fig. 5-1 and Fig. 5-2 are used to show the ability of the COMSOL Multiphysics
in presenting the results clearly, but they will be discussed in the next paragraphs. Fig.
5-1 shows the distribution of fluid velocity inside the mathematical model that was
studied in this work. The figure presents three sections representing three different levels
of height from the root (hub side) of the blade. It was noticed that each form of the body
contour is different at each level, because each level has a special shape, as the blade
shape changes at each level of the blade from its base. The goal of this change is to obtain
the highest extracted energy from the fluid passing over the blade surface and a change
in the velocity amount above and below the airfoil section of the blade results in a
pressures difference that leads to the lift the blade or its rotation around rotating shaft,
where the turbine blade works on the principle of airplane wing. Fig. 5-1 gives the
progression of the aerodynamic flow around the blade for successive times and it is semi-
stable with time. Fig. 5-1 (a)-(c) shows this for the flow without the effect of vibration
on the blade.
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(b)

Fig. 5-1: body contour of velocity distribution in horizontal sections
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Fig. 5-2 shows the velocity distribution of the fluid as two-dimensional slices or
segments perpendicular to the blade base, through which the fluid velocity in the passage
between two successive blades can be noticed. COMSOL Multiphysics enables to draw
several vertical or horizontal levels on the root of the blade. This is for the purpose of
finding the required results at any point in the mathematical model and giving a clear

picture about the behavior of the flow around the blade.

(c)

Fig. 5-2: body contour of velocity distribution (m/sec) in vertical sections
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5.1.2.Pressure Profile around and on the Blade

Fig. 5-3 shows the distribution of fluid pressure around the blade for different
horizontal levels, where the fluid enters at high pressure and velocity, so that it has high
kinetic energy. Most of which is extracted and converted into a rotational movement of
the cascade blades to move the turbine rotary around the turbine center. By this figure, it
is possible to note that the pressures is developed applied by the fluid on the blade surface
in order to make a difference in the pressures in pressure side (P.S.) and suction side
(S.S.) behind the blade as clarified in Fig. 5-4 for full blade. The pressures is high in Fig.
5-4-(a) in front (P.S.) of the blade and low on the back surface (S.S.) of the blade as
shown in Fig. 5-4-(b).

(c)

Fig. 5-3: body contour of pressure (bar) distribution in horizontal sections
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(b)

Fig. 5-4: body contour of pressure distribution (bar) on blade surface.

5.2. Validation of Experimental Data

Studying the pressures distribution exerted on the gas turbine blade is important
because it gives a clear explanation of the aerodynamic flow behavior and the resulting
kinetic energy. Therefore, the results focused on presenting the pressure distribution by
the pressure coefficient formula, as well as the results of the flow velocity of the fluid
around the blade for the gas turbine by fluid velocity at any point to reference velocity.
Fig. 5-5 to Fig. 5-7 represent the pressure coefficient and velocity profile in six positions
at the upper blade (suction side) and lower blade (pressure side), with and without
vibration. The zero-vibration state comparison of a part of a real blade simulation was
made to form the behavior of the fluid around the blade and show the flow behavior in

experimental results.

The principle of generating movement in the blade of gas turbine depends on the
differences in pressures generated as a result of the fluid flow around the blade, as the
shape of the blade works to accelerate the flow in the suction region and decrease the
pressure in this region so that the value of the pressure near the body is less than the
around pressure of the body. This leads blade movement upward. On one hand, the shape
in the pressure side region causes a slowdown in the velocity of the fluid and leads to an

increase in the amount of pressure at this region, so the resultant force on the blade is in
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the direction of the upward movement. The shape of the sectioning blade plays a
fundamental role in the generation the driving force. It is evident in Fig. 5-5 to Fig. 5-7,
a clear increase in the pressure coefficient is observed in the pressure side, which starts
from the region of air collision with the body and increases as the fluid advances to the
midpoint chord to reach the highest value of the pressure scheme and then begins to
decrease at the tail region in the blade. As for the pressure coefficient in the suction side
region, it starts from its highest value in the leading edge of the blade and begins to
decrease to the middle of the chord, where it begins to rise, and then decreases again and
increases at the end of the blade. The main reason for pressure increasing in the middle

region is the disturbance in the flow and the separation of the fluid in the passage flow.

It is noticed from the velocity figures, that the fluid velocity increases in the
suction side region of the flow before reaching the blade to its highest value at the middle
of the chord, due to the shape of the blade where the pressure is low. This achieve the
purpose of generating the kinetic force from the fluid to the blade. As for the pressure
side, it is noticed a significant decrease in the amount of velocity to achieve a higher
value of the pressure applied to the blade, to participate with the pressure drop in the

suction side region to generate the blade movement.

It is possible to classify the effect of each factor in the current work through these

figures as follows:
a. Effect of vibration of blade on the pressure coefficient.
b. Effect of vibration of blade on the velocity profile.

c. The effect of the blade section shape at different position on the

distribution of pressure coefficient and velocity profile.
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5.2.1.Vibration Effect on the Pressure Coefficient

Fig. 5-5 to Fig. 5-7 show pressure coefficient at the pressure side and suction side
for each of the three-blade levels adopted in the experimental work first level (6mm from
root of blade), second level (21mm from root of blade), and third level (36mm from root
of’blade). The subfigures (a) show the value of the pressure coefficient at the frequencies
applied on the blade (0, 9, and 16 Hz). The subfigure b shows the results at frequencies
of (0, 23, and 33 Hz) to show the effect of vibration on pressure distribution. In the middle
of the chord, Fig. 5-5 shows that numerical results are (-0.85, 1.37) for the suction and
pressure sides of the blade, respectively, at level 6mm from the base. The experimental

results are (-0.91, 1.43) reveals an increase of 5% approximately.

Secondly, Fig. 5-6 shows that numerical results are (-0.63, 1.22) for the suction
and pressure sides of the blade, respectively, at level 21mm from the base, However, the
experimental results are (-0.60, 1.14) that reveals a decrease of 6% approximately.
Finally, Fig. 5-7 shows that numerical results are (-0.60, 0.39) for the suction and

pressure sides of the blade, respectively, at level 36mm from the base.

The experimental results are (-0.41, 0.41) reveals an increase of 6%
approximately. It is noticed through the figures that the general flow behavior is similar,
but with small changes in the value of the pressure coefficient at each of the three-blade
sections (three levels), where the effect of vibration increases the amount of pressure
coefficient in the pressure side before the middle chord region and almost is very close
value with zero frequency curve in the middle chord and then starts to increase after this
region. As for the suction side region, the matter is exactly the opposite, where the effect
of vibration is slightly increased by the amount of pressure coefficient at the ends of the
blade and that value increases clearly at the middle chord of the blade. Because wall
vortices induced by passage vortex begin to form from the L.E. and increase in strength
after the middle of the blade and reach the T.E., therefore, the effect of vibration is

cascading with its appearance.
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5.2.2.Vibration Effect on the Velocity Profile

The subfigures ¢ and d from Fig. 5-5 to Fig. 5-7, show the value of the velocity
profile at the pressure side and suction side for each of the three-blade levels adopted in
the experimental research, where figure ¢ shows the value of the pressure coefficient
when the value of frequencies applied on the blade is ( 0, 9, and 16 Hz) while the sub
figure d shows the results when the frequencies are (0, 23, and 33 Hz) to show the effect
of vibration on pressure distribution. The behavior of the general flow velocity at nearly
all levels is identical with little differences in velocity due to the magnitude of the exerted
vibration. The vibration reduces the velocity in the suction side region and increases the

pressure side region.

5.2.3.Effect of the Section Shape of the Blade on the

Pressure and Velocity

Fig. 5-5 to Fig. 5-7 give a clear picture of the effect of the section shape of the
blade on the pressure coefficient and velocity profile at each test case. The pressure
coefficient increased in the case of vibration at the first level (at 6 mm from the root of
the blade) and decreases in the suction side region. While the fluid velocity increased in
the pressure side region and decreased in the suction side when there is no vibration. The
reason for this is that the vibration of the root of the blade leads to deflect the path of
fluid particles towards the top of the flow passage and this, in turn, increases the
turbulence of the flow, which in turn leads to the generation of vortices that directly affect
the amount of pressure and velocity at the level. As for the second level, an increase in
the rate of the pressure difference at the pressure side and the suction side is noticed, as
well as the more regular form of the first level for two reasons; the first is the change in
the shape of the blade segment to a more uniform shape and the second is that it moves

away from the root of the blade.

While the third level is more regular, as is evident from Fig. 5-5, for both pressure
and velocity diagrams, and the area representing the pressure difference is greater than
its predecessors, and this gives the perception that the possibility of obtaining all the

changes wider range of the blade. This is the desired purpose of changing the shape of
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the blade at each level to obtain the largest possible amount of kinetic energy from the
fluid to the blade. From the fluid to the feather is more due to the continuation of pressure
differences over a as for the velocity chart, it is less on the suction side in the case of
vibration. At the pressure side region, it decreases with the increase in vibration, but the
velocity profile chart is more regular than the previous levels due to its moving away

from the effect of the blade base.
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5.3. CFD Results for the Experimental Work

In this part, the results of the simulation of the mathematical model will be
reviewed, which simulates the conditions that were applied on the practical side in terms
of the velocity of the inlet fluid and the vibration applied to the blade. The velocity of the
inlet fluid was 22 m/sec and the vibration on the blade with (0, 9, 16, 23, and 33) HZ.

5.3.1.Velocity Distribution around the Blade

The experimental work was simulated to investigate extra result data to use for
comparison. Fig. 5-8 to Fig. 5-12 show the distribution of fluid velocity around the blade
and the vibration applied to the blade with different values (0, 9, 16, 23, and 33) HZ and
an entry velocity of 22 m/s similar to the experimental case that was conducted in the

laboratory.

As for the subfigures (a-d), they represent different levels in height from the blade
base, where Fig. 5-8-(a) represents the first level (height of the level by 6 mm) and the
second level is illustrated by Fig. 5-8-(b) where it is located at a height of 21 mm from
the root and the third level rises from the root 36 mm as in Fig. 5-8-(c) and finally last

level shown in Fig. 5-8-(d) rises from the root by 90 mm.

The flow chronology is from the left to right for each figure. The first figure from
the left shows the first stage of the development of the aerodynamic flow around the
blade at a certain time (t=0.001sec) to complete the process of velocity distribution, as
shown by the middle column figures, where the time is 0.002sec. The figures were
arranged in a matrix format. The columns represent the change in the location of the
levels (span level) in terms of its height from the root with the change in vibration values,
and the rows represent the effect of time for each level and a study of the effect of

vibration on the fluid velocity distribution.

The third column of the figures are located to the right. It shows the state of the
effect of vibration on the fluid velocity distribution, where the time is 0.1sec. It was noted

that the occurrence of deformation in the body contour depends on the value of the
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vibration applied to the blade. Nevertheless, these figures are identical to the figures

preceded by the middle column figures in the absence of vibration (at zero frequency).

Through, these figures, it was noticed that a change in the velocity distribution,
as it increased in regions and decreased in other, because the vertical vibration of the
blade works on a change in the airfoil section of the blade, whether it is an increase in
the cross-sectional area, which occurs when the blade rises to the top or a decrease in the
cross-sectional area when descending, and by repeating this process periodically leads to
an increase the amount of induced vortices touching the surface of the blade. The
increasing in the change of section due to the movement of the airfoil causes the fluid in

contact with it to be pushed.
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Fig. 5-10: body contour of velocity distribution at 16Hz and inlet velocity 22m/s.

t=10.002sec

(a) First level

(b) Second level

(c) Third level

(d) Last level

80

70

60

50

40

30

20

70

60

50

40

30

20

t=0.1sec

80

n

60

50

40

30

20

10




Chapter Five

Results and Discussion

t=0.001sec

t=0.002sec

(a) First level

Fig. 5-11: body contour of velocity distribution at 23 Hz and inlet velocity 22m/s.
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5.3.2.Pressure Profile around the Blade

Fig. 5-13 toFig. 5-17 represent the pressure distribution around the blade and the
vibration applied to the blade with different values starting from (0-33) Hz and an entry
speed of 22 m/s similar to the practical case that was conducted in the practical

laboratory.

Fig. 5-13-(a) represents the height of the level by 6 mm, and the second level is
illustrated by the figure b, where it is located at a height of 21 mm from the root and the
third level is 35 mm higher than the root as in the Fig. 5-13-(c), and finally the Fig. 5-13-
(d) rises from the root by 90 mm.

It was noticed that the fluid enters at high pressure and decreases during its
progression through the presidency and then to the exit region. It was also noted that the
deformation in the body contour of the pressure distribution of the fluid is a result of the
vibration on the blade, which in turn increases the pressure regions near the pressure side
and decreases it in the suction side. This is because the velocity of the fluid near the walls

of the P.S., which leads to an increase in pressure in this region.
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Fig. 5-13: body contour of pressure distribution in (x10°pa) without vibration and inlet

velocity 22m/s.
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Fig. 5-14: body contour of pressure distribution (x10°pa) at 9Hz and inlet velocity
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Fig. 5-15: body contour of pressure distribution (x10°pa) at 16 Hz and inlet velocity
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Fig. 5-16: body contour of pressure distribution (x10*pa) at 23 Hz and inlet velocity
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53.3. Vertical Segments of Pressure and Velocity

Distribution

Figure 5-18 shows four vertical segments on the blade root for clear image of the
velocity and pressures distribution of the flowing fluid and the change in their values at
each segment provided that the inputs and conditions are identical to the experimental
work. The first segment is close to the leading edge (L.E.). The second segment is in the
first quadrant of the chord, the third segment is in the middle of the chord, and the final

segment is located in the third quadrant of the chord.

Fig. 5-18: Vertical segments in the model.

Each column in the Fig. 5-19 and Fig. 5-20 reveals the state of the fluid velocity
and pressure distribution, respectively, at specific frequency. The row in each column
represents a specific section as the first row is the state of the first segment and the second
row represents the second segment and so on. The subfigures (a) to (f) show that the
segment (vertical section) consists of two sides (P.S. at the right and the S.S. at the left).
Through these figures, it was noticed that the velocity of the fluid is higher in the S.S.
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than its velocity at the P.S., and the gradient in velocity is increasing in P.S. and
decreasing in the S.S. towards the flow passage region. That is, the velocity of the fluid
increases from the surface of the blade in the S.S to the left end, and the velocity increases
from the blade surface in the P.S. to the right end. The main reason of that is the nature
of the blade section shape, which plays the role of generating a difference between the

pressures caused by the difference in the velocity of the liquid in the S.S. and P.S.

It was also noted that the velocity distribution lines increased significantly due to
a change in the blade section, which causes a change in the amount of velocity in the
pressure and suction regions of the blade. This change continues along the passage flow
of the fluid, which produces eddies due to the difference in fluid velocities and directions.
Vibration generates disturbances in the fluid velocity distribution, and these disturbances
increase with the increase of vibration and become more effective at the surface of the

blade, which means the counter vortices is increasing.

Fig. 5-20 represents the distribution of the fluid pressure lines around the blade.
It noticed that the fluid pressure is less in the suction region than at the pressure region,
and the pressure gradient is increasing for both the suction and the pressure regions
towards the fluid passage flow. That is, the fluid velocity decreases from the surface of
the blade in the suction region to the left end, and the pressure decreases from the blade
surface in the pressure region to the right end. It is also noted that the distribution of the
pressure lines decreases significantly due to a change in the blade section, which causes

a change in the amount of velocity in the pressure and suction regions.

This change continues along the passage flow of the fluid, which produces
vortices due to the fluid pressure difference. Vibration generates disturbances in the fluid
velocity distribution, and these disturbances increase with the increase of vibration and
become more effective at the surface of the blade, which means the induction vortices
increase gradually. However, the value of the pressure at one-point decreases with the

increase in the amount of vibration.
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Fig. 5-20: Pressure distribution (x10°*pa) for vertical segment under effect of vibration at
22m/s.
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5.4. Numerical Results

In this part, the theoretical case of the actual fluid velocity entering from the stator
to the rotator turbine of 120 m/s is studied. The external vibration applied to the blade
are taken for same values of the experimental work. The results of the analytical work
will be reviewed according vibration direction, perpendicular and horizontal direction,

respectively.
5.4.1.Radial Vibration Effect on the Blade

In this part, the effect of vibration is studied for the same previous values and

amplitude of vibration, but in a perpendicular direction to the base.

5.4.1.1. Velocity Distribution around the Blade

Fig. 5-21 to Fig. 5-25 show the distribution of fluid velocity around the blade for
the four horizontal sections. Fig. 5-21 shows the stages of fluid velocity distribution with
time, where the subfigures in the left column present the stage of fluid velocity
distribution in a specific time and the second column shows the stage of fluid velocity
distribution in the next time than the previous case to be almost stable with the progress
of time as shown by the subfigures in the third column of Fig. 5-21 which is identical to
the column of the subfigures of the four horizontal sections in the same figure which of
zero vibration. The remaining subfigures show the effect of vibration on the fluid velocity
distribution in the numerical model. Vibration increases the fluid velocity and it is
noticeable in the third column on the right, where it is noticed an increase in different

regions and a decrease in others.
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Fig. 5-22: body contour of velocity distribution at 9Hz and inlet velocity 120m/s.
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Fig. 5-23 : body contour of velocity distribution at16Hz and inlet velocity 120m/s.
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Fig. 5-24: body contour of velocity distribution at 23Hz and inlet velocity 120m/s.
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Fig. 5-25: body contour of velocity distribution at 33 Hz and inlet velocity 120m/s.
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Fig. 5-26: body contour of velocity distribution at 100 Hz and inlet velocity 120m/s.
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5.4.1.2. Pressure Distribution around the Blade

Fig. 5-27 to Fig. 5-31 show the stages of fluid pressure distribution with time,
where the subfigures in the left column show the stages of fluid pressure distribution for
a specific time and the second column show the stages of fluid pressure distribution in
the next time than the previous case to be almost stable with the progress of time as
shown by the subfigures in the third column (right side) of the Fig. 5-27 which is identical
to the column of the subfigures of the four horizontal sections in the same figure (zero
vibration). The remaining figures show effect of vibration on the fluid pressure
distribution in the numerical model. Vibration decreases the fluid pressure and it is
noticeable in the third column on the right, where it is noticed a decrease in different

regions and an increase in others.
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Fig. 5-33 shows the distribution of fluid velocity in the four vertical sections on
the root of the blade, which shows the amount of that velocity in the form of contour
lines at each of its values. The first column on the left of the figure represents the effect
of segment (vertical section) position change from the chord at each level of vibration,

and each row of the figure represents the effect of vibration variation on the section.

The fluid has a behavior similar to what was mentioned in the numerical
simulation of the experimental work, but it is noticed an increase in the velocity of the
fluid entering (120m/sec) the rotating turbine, and there is an increase in the disturbances
of the velocity and pressure distribution lines as shown in figure 5-34. This means an
increase in the generation of eddies in the flow field generated from near the blade
surface. The effect of vibration is evident in the first and second row, and less in the third

and fourth row.
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Fig. 5-34: pressure distribution (x10°pa) for vertical segment under effect of vibration at
120m/s.
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5.4.2.Horizontal Vibration Effect on the Blade

In this part, the effect of vibration is studied for the same previous values and

amplitude of vibration, but in a parallel direction to the base.

5.4.2.1. Effect of Vibration Direction on Velocity and

Pressure Distribution

Fig. 5-35 and Fig. 5-36 represent the distribution of fluid velocity and pressure,
respectively, in the horizontal section parallel to the root of the blade at a height of 6 mm
from the base. Subfigure (a) to (f) represent the case of external vibration applied to the
blade with vibration values starting from 0 to 100 Hz and an input velocity of 22 m/s.
The column in the figure show the effect of time and the vibration from top to bottom on
the same level. The first and second subfigure show the stages of progress of the fluid
velocity and pressure distribution with time. The next three subfigures represent the
effect of vibration on the fluid for three different locations of the blade. The third
subfigure in one column when the blade is at its maximum vibration amplitude position.
The fourth subfigure is the case when the blade returns to the starting point. The final
subfigure is at the lowest point of the vibration amplitude that the blade reaches. The last

three subfigures are identical due to the zero vibration.

One row of all subfigures gives the effect of vibration at one level during the
same time period of the numerical study. The effect of vibration increases with an

increase in its amplitude as seen from Fig. 5-35 to Fig. 5-35.

Effect of vibration is smaller after an increasing the vibration frequency 33 to
100 Hz. Effect of the movement of the blade on the distribution of fluid velocity by
increasing the amount of that velocity at the suction region in case of the rise of the blade
towards that region and decreasing the area of high velocity at the pressure region, which
in turn leads to an increase in pressure at the pressure side and a decreasing at the suction
side. Nevertheless, in the case of the descent of the blade towards the pressure region,
the area of high velocity at the pressure region increases, and this leads to decreasing the
pressures applied to the blade. The vortexes generated behind the blade are affected by
the upper and lower motion due to vibration of the blade, which can be observed from

the same row in the distribution forms of the velocity and pressure lines. In addition, the
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blade pushes the closed fluid upwards, which leads to an increase in the vertical velocity

component of the fluid when the direction of the vibration is upward.

Fig. 5-37 and Fig. 5-38 show the distribution of fluid velocity and pressure around
the blade for the second horizontal plane, 21 mm above the base. It shows the effect of
changing the shape of the blade section on the fluid velocity and pressure distribution, as
the high velocity values increase in similar regions in the first stage. As for the shape of
the vortices generated behind the blade, it changes successively with the corresponding
changes that occur in the fluid velocity distribution. It is also noted similar behaviors of
the other levels. Where, the vortices formed in the area of the passage flow behind the

blade are enlarged and their position is closer to the mid-span and the tip.
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Fig. 5-40: body contour of pressure distribution (x10°pa) at third level with
frequency (0 to 33) Hz and 120m/s.
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Fig. 5-42: body contour of pressure distribution (x10°pa) at last level with
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5.5. Comparison between Numerical and Experimental

Results

Fig. 5-43 toFig. 5-45 show the distribution of the pressure coefficient and the
ratio of velocity at any point from the surface of the blade to the velocity entering
(22m/sec) for three levels of the blade starting from the root with a height from the root
of first level, second level, and third level, respectively. For pressure at the suction side,
the distribution of the pressure coefficient in the pressure side region is higher than the
suction side region affected by the value of the pressure generated by the fluid on the
surface of the blade as a result of changing the shape of the section. The bigger value of
the velocity ratio is noticed at the suction side and decreases at the pressure side. It is
also noticed a good convergence of results between the experimental with numerical
work. The reason is that the conditions in which the experimental work was conducted
are similar. Variable conditions as a result of changing temperatures and air properties.
The errors result from the devices used in experimental work. It can also be seen from
the velocity diagrams that vibration reduces the pressure coefficient at the suction region

and increase the pressure side for all figures.

Figure 5-46 shows the effect of increasing the vibration on the value of pressure
coefficient, which is noted as a gradual increase with the increase of vibration, reaching
a value of 23 Hz, after which it tends to decrease slightly with an increase in vibration
value relative to the pressure side (P.S.). As for the suction side (S.S), the effect of

vibration increases the value of the pressure coefficient at all the vibration values.
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CHAPTER SIX
CONCLUSIONS AND FUTURE WORK

6.1. Conclusion

Turbulent flow is experimentally, and numerically investigated over
the cascade blade of a gas turbine with vibration effect. The following points

outline the key findings that can be made from this work:

1. Vibration affects the amount of pressure exerted by the fluid on the
blade, as its increase in certain ranges leads to an increase in the
pressure coefficient by 5% in the pressure side region and the suction
side region, but its effect decreases after a frequency of 23 Hz. As for
the effect of vibration on velocity, it increases at the pressure side
region and decreases velocity in the area of the suction side. The
magnitude of this effect increases with increasing vibration to the

limit of 23 Hz, and its effect begins to recede.

2. At the S.S. and P.S. sides, the experimental results compared to the
numerical simulation show that there is a discrepancy of *5% and

6% at first, second, and third level, respectively, from the base in

the middle of the chord.

3. The regularity of the scheme in figures is more pronounced when
moving away from the root of the blade since the effect of the root on
the events of the vortices in the middle of the flow path affects the

flow disturbance and pressure.

4. The effect of vibration in the mid-span level is opposite to the pressure

side region, where the pressure coefficient decreases by 3-6% with
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increasing vibration and the fluid velocity increases in that region,
while the behavior is similar to previous levels in the intake side

region.

5. There is a change in the velocity distribution, as it increased in regions
and decreased in other, because the vertical vibration of the blade
works on a change in the airfoil section of the blade when the blade
moves upward or a decrease in the cross-sectional area when it moves
downward, and by repeating this process periodically leads to an
increase in the amount of induced vortices touching the surface of the

blade.

6. The deformation in the body contour of the pressure distribution of a
fluid as a result of the vibration on the blade, which in turn increases
the pressure regions near the pressure side and decreases in the

suction side.

7. Without vibration, the velocity of the fluid is higher in the S.S. than
its velocity at the P.S., and the gradient in velocity is increasing in
P.S. by 66% from near wall to flow passage and decreasing by 22%
in the S.S. towards the flow passage region. That is, the velocity of
the fluid increases from the surface of the blade in the S.S to the left
end, and the velocity increases from the blade surface in the P.S. to

the right end.

8. The effect of the vibration is clear on the velocity and pressure
distribution when the low range of the frequency and the effect

decreases as 6% at 9 and 16 Hz to 5.5% at 23, and 5% at 33Hz.

9. The numerical findings show that effect of the wvibration is
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insignificant on the velocity and pressure distribution at higher inlet

velocity.

10. Compared to the real case, the fluid has a behavior similar to the
numerical simulation of the experimental work, but there is an
increase in the velocity of the fluid entering the rotating turbine, and
there is an increase in the disturbances of the velocity and pressure
distribution lines, and this means an increase in the generation of

eddies in the flow field generated from near the blade surface.

11. For the vibration effect in the horizontal plane of blade base. By
observing the body contours, it can be noted that the effect of the
movement of the blade on the distribution of fluid velocity increased
the amount of that velocity at the suction region in the case of the rise
of the blade towards that region and decreased the area of high
velocity at the pressure region, which consequently, results in an
increase in pressure at the pressure side and a decrease in it at the
suction side. Nevertheless, in the case of the descent of the blade
towards the pressure region, the area of high velocity at the pressure
region increases, and this leads to a decrease in the pressures applied
to the blade. As for the vortices generated behind the blade, they are
affected by the up and down position of the blade.
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6.2. Future work

1. Repeat this study including compressible flow instead of
incompressible flow.

2. Study the effect of vibration on heat transfer the blade.

3. Study the effect of vibration on the tip blade clearance numerically.

4. Study the combined effect of the external vibration along with the
flow induced vibration in the cascade blade.

5. Use signal processing for the resulted data of the vibration for

assessment gas turbine performance.
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Abstract

Gas turbine has been a significantly used in the fields of transportation and
power generation. Gas turbines are now one of the most commonly utilized power
generation technologies on the planet, and that makes studying gas turbine
necessary. Since the vibration is a common phenomenon occurring in a machine,
such as vibration of a rotor due to unbalanced mass, the vibration problem must be

taken into the consideration.

In this study, effect of vibration on the flow profile of cascade blades of a gas turbine
is studied experimentally and numerically. In the experimental part, a full scale-
cascade blades of Babylon electric power plant (Hilla-Iraq) is considered as a real
test rig in the lab, but the only difference is that the test accomplished for stationary

cascade blade.

The blade dimensions are 96 mm full height, 58 mm chord length at the root with
maximum camber 17.96 mm, while the chord length at tip i1s 54.7 mm with
maximum camber 11.6 mm. The boundary conditions are harmonic (sinusoidal)
blade vibration, inlet air velocity is 22 m/s. Similar working conditions (to some
extent) are provided for the rig to achieve a milieu similar to those found in the
mentioned power plant for better simulation. A certain shaker is designed and

manufactured to provide vibration excitation.



For the numerical results, pressure distribution, pressure values, and velocity profile
are calculated and presented with and without vibration effect. For the numerical
part, computation fluid dynamic (CFD) along with COMSOL Multiphysics 5.6 is
used for the simulation and validation of the experimental part. The dissertation
focuses on studying the pressure distribution and velocity profile between blades
turbine with effect force vibration for a different frequency (9, 16, 23, and 33 Hz).
The pressure distribution is measured using 18 sensors separated into two groups:

one on the suction side of the blade and the other on the pressure side.

In the middle of the chord, at the blade pressure and suction sides, compared to the
numerical simulation, the experimental results for the pressure coefficient show that
there is a 5% increase at the level of 6 mm from the base, a decrease of 6% at the
level of 21 mm and an increase of 6% at the level of 36 mm. In addition, the
increment in frequency results show that the frequency effect led to an increase in
the pressure coefficient that directly increases with frequency increasing from -0.9

without vibration to -0.89 at 9 Hz.

In the numerical part, there is an agreement with the experimental part within error
to an order between 4-6% based on the position of investigation sections. Moreover,
the actual inlet velocity of rotary cascade turbine is successfully simulated with
vibration for (9, 16, 23, 33, and 100 Hz). Finally, effect of vibration decrease with

increasing inlet velocity when the vibration frequency is more than 33Hz.
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NOMENCLATURES

Latin Symbols

Symbol

Description

Pstatic

Static pressure

Ptotal

Total pressure

Two dimensions

Three dimensions

Amplitude.

Chord

Diameter

plunge amplitude non-dimensional zed by airfoil
chord

Prandial number

Vibration reynold number

Free stream velocity.

Velocity vectors

Root mean square fluctuation velocity in x-direction.

Cartesian coordinates

Frequency

Greek Symbols

Description

Dynamic viscosity

Density of the flow

kinematic viscosity

\




ABBREVIATIONS

Abbreviation Description

CFD Computational Fluid Dynamics

FEM Finite Element Method

b

FIVN ‘flow-induced vibration and noise

FVM Finite Volume Method

HS Horseshoe

LAE Linear Algebraic Equation

LES Large eddy simulation

LFS Local flexible structure

LPT Low pressure turbine

First level Height level section blade at (6mm) from the root

Second level Height level blade section at (21mm) from the root

Third level Height level blade section at (36mm) from the root

Last level Height level blade section at (90mm) from the root

N-S Navier Stokes Equation

P.S. Pressure side

Partial Deferential Equation

Passage vortex

Reynolds-Averaged Navier-Stokes

Suction side

Vortex-induced vibration.

Von Karman Institute
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