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ABSTRACT

The performance of a gas turbine can be improved by minimizing component
losses. The wakes of a turbine blade have an unsteady characteristic called vortex
shedding. Vortex shedding contributes different loss mechanisms and is significant
under high-speed conditions. Losses can be reduced by optimizing the blade geometry
(shape) or by employing additional flow control techniques.
This research started with the development of CFD numerical code. The threedimensional, Reynolds-averaged, compressible unsteady Navier–Stokes equations are
solved. The Spalart–Allmaras turbulence model with Delayed Detached Eddy
Simulation is used. Pre-processing of this simulation has been carried out using
Gridgen Version 15, and post-processing has been visualized using Fieldview Version
16. The configuration of the blade is similar to the experiment conducted by Professor
C.H Sieverding from Von Karman Institute, Belgium. The numerical method is validated
by comparing the numerical results with experimental data obtained by Sieverding et al.
The validation process gives a good agreement with the experimental results.
In chapter 3, a method for suppressing vortex shedding by connecting the
pressure side and suction side via a series of micro through-holes is proposed. The
chapter focuses on the effect of the size and location of the multiple micro holes at the
trailing edge region on wake vortex shedding. First, the location of the hole was fixed at
S/D = ± 0.62, and three different hole diameters, Dh were tested; 0.054D, 0.065D and
0.094D. The flow through each micro-hole is modeled using the Hagen–Poiseuille
equation. The result shows that at a fixed location of S/D = ± 0.62, the hole diameter of
0.094D is the most effective among the three diameters. Dh = 0.094D reduced the wake
loss by a maximum of 10%, increased the trailing edge pressure distribution by 14%
and gave a reduction in wake velocity profile thickness by a maximum of 24% as
compared with the base (no hole) case. In addition, a series of micro-holes suppresses
the vortex and reduces the pressure drop in the wake at lower distances of x/D. Then,
the effect of a fixed diameter hole of 0.094D at three different locations; S/D = ± 0.73, ±
0.62 and ± 0.58 was studied. The best location was obtained at S/D = ± 0.62, where the
i

maximum reduction of average wake loss of approximately 2.6% was achieved, in
comparison to the base case (without hole case). The wake loss is sensitive to the size
and location of the hole. A micro-hole series of Dh = 0.094D at S/D = ± 0.62 showed the
best result among others, and the flow field also showed the suppression of vortex
downstream of the blade wake.
In chapter 4, the effect on a number of steady jet holes and their arrangement
has been studied in a high subsonic turbine blade. This study focuses on the effect of
single, double and triple rows of steady jets on wake vortex shedding, and the pressure
around the blade and at the wake. The reaction of the steady jets has been validated
with established data under a condition of: transonic flow at Mach Number of 0.8,
Reynolds number of 3.0x106, and angle of attack of 1.0o. The result revealed that the
location of the hole is important: employing a series of steady jet slot-holes at the
location of significant pressure difference can reduce the wake loss by a maximum of
13% and increase the trailing edge pressure distribution. Additionally, a double slot-hole
series is beneficial in terms of pressure, where the concentrated pressure drop is
reduced and surface pressure coefficient, CP,sur is increased by a maximum of 53%. The
wake loss is also reduced by 46% in the case of double slots, and the flow field showed
that the pressure drop at the wake was successfully eliminated, which led to a reduction
in wake loss. In addition, the instantaneous vorticity also showed the strength of the
wake vortex was reduced in all jet cases. The findings show that the double slot-hole
series is more effective in reducing wake loss and pressure drop than the single or triple
slot-hole series.
Chapter 5 describes techniques of making the slot-hole series. One of the
techniques suitable for making a micro-hole on a turbine blade is the use of electrical
discharge machining (EDM). A turbine blade is normally coated with a non-conductive
coating in order to operate under high temperature conditions. In order to perform the
EDM process, a conductive layer coating must be applied at the trailing edge area,
since EDM requires a conductive surface. The full-scale simulation of this coating
process is presented in this chapter. A hybrid computational method, combining FVM
(Finite Volume Method) for solving the high-speed flows of compressible gas, and MPS
(Moving Particle Semi-implicit) for solving the deformation of the droplet, has been
ii

developed. This hybrid method is extended to simulate the plasma spray solving the
compressible and viscous gas flow, heat transfer between the droplet and the substrate,
and phase change of the droplet. This extension is an innovation, performed for the first
time in the present study. The plasma spray processes have been simulated, from the
acceleration to the solidification of the droplet on a substrate. The unsteady threedimensional compressible Navier-Stokes equations are solved.

As a result, a new

method, coupling FVM and MPS via a virtual boundary method, has successfully been
developed. The processes from the acceleration and deformation of a droplet under the
influence of the ambient gas flow to the solidification of the droplet on a substrate have
successfully been observed. The trend of flatness at the initial temperature of 300K is
proportional to Re0.26, which is consistent with the experimental result (Re0.2-0.3). The
splat shape results also agree well with the results of previous studies using the VOF
method.
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CHAPTER 1

INTRODUCTION

1.1 PREAMBLE

This chapter introduces the background detail of the study and the structure of the
thesis. The contents are organized to emphasize the innovativeness of this study that
contributes new knowledge in the niche area of gas turbine research. The sub-topics
described in this chapter introduce the background to the study, set out the problem
statement and objectives of the study, discuss its significance and limitations, and
provide the scope of study. The chapter ends with an outline of thesis.

1.2 BACKGROUND OF THE STUDY

The performance of turbomachinery has generally been measured by its
efficiency, associated with an increase in the ratio of power output to weight and size,
and in respect to temperature and pressure. The loss in efficiency of a turbine is usually
caused by irreversibility, which is frequently associated with viscous flow phenomena,
heat transfer across finite temperature differences, and other non-equilibrium processes
such as shock waves.
The viscous effects of a turbine are not restricted to boundary layers but are also
present in the freestream due to the span-wise and pitch-wise gradients of the flow.
They also exist within free shear layers and in the dissipation and mixing of viscous flow
structures [1]. Interactions between a series of rotors and stators in an aero engine
1

contribute to overall noise and produce unsteady aerodynamic behavior. The turbine
blade wakes are normally presented as an unsteady character because of the existence
of large-scale organized structures in vortex streets, in the forms of vortex shedding.
This vortex shedding is influenced by the geometry of the blade and the pressure
gradient of the boundary layer state at the separation point. Furthermore, the wake of
the turbine cascade trailing edge is frequently characterized by von Karman vortex
streets [2]. At a higher speed condition, the formation of vortex shedding directly
contributes to the amount of loss that will decrease the base pressure [3]. Base
pressure here refers to the pressure distribution on the wall of the blade trailing edge.
Vortex shedding (or Karman vortex) has been observed for both wake area on
the bluff body (cylinder) and on the turbine blade [4]. The vortex for a circular cylinder
start to shed as low as at Re = 40 for a circular cylinder [5][6]. The formation of the
vortex shedding region ends at the beginning of a periodic vortex street, which can be
discerned at the beginning of the periodic wake by a sudden reduction of the low
frequency irregularities observed in the formation region [5] or when the mainstream
flow first crosses the wake axis [7].
There are several patterns of vortex shedding and Gostelow et al. [4] has noted
the similarities among a vortex induced by vibration of a cylinder, an oscillating airfoil,
and a turbine cascade at transonic flow condition. Cicatelli and Sieverding [8] have
drawn attention to several conclusions about the vortex shedding mode of a transonic
turbine cascade: the classical Von Karman vortex street that sheds from the pressure
side and the suction side is frequently out-of-phase; a vortex that sheds from both sides
in-phase (couples); double vortices that shed from each side out-of-phase (doublet);
and doublet at the pressure side and von Karman at the suction side (hybrid).
Generally, the losses in a gas turbine can be assigned to three main origins,
which are;
1. The losses due to profile loss, which are due to boundary layer [9].
2. The losses due to shock loss, which are due to normal and oblique shock
[10].
3. The losses due to mixing loss, which are due to wake rapid dissipation and
shock boundary layer [11].
2

Many studies have been carried out to improve the performance of gas turbines
and one of them is by minimizing the loss formation. Component losses can be
presented as a wake loss coefficient, profile loss, secondary loss, tip clearance loss and
annulus loss [12][13]. Turbomachinery losses can be reduced via modification of blade
surface geometry, and suitable flow control may cause the profile pressure to be
increased [2]. There are two methods to reduce these losses: first, by optimization of
the turbine blade shape; and secondly, by appropriate flow control. Both options have
advantages and disadvantages.

1.2.1 Reducing losses via blade shape optimization method

Zhou et al. [14] investigated the effect of the trailing edge thickness on vortex
shedding. In this research, the turbine trailing blade was modified; the trailing edge
thickness was varied from 1.4% to 4.7% of the pitch size. The results show that when
the trailing edge was increased from 1.4% to 2.8%, the losses were reduced, but further
increments beyond this percentage, resulted in an increase in observed losses.
Bourgoyne et al. [15] ran an experiment for a hydrofoil with a trailing edge bevel angle
of 44% and suction side angle of 52%. It was found that a thicker trailing edge tends to
increase the vortex shedding strength. Generally, optimization of blade shape may
require a lengthy process including dismantling, machining, fabrication, etc. This may
lead to higher costs. Thus accurate flow and boundary layer control seems to be a more
feasible option.

1.2.2 Reducing losses via flow control mechanism

Flow control of a vortex may deal with various categories, including flow
separation, vortex formation, flow reattachment, vortex breakdown and vortex
instabilities. Several methods of flow control can be used, such as use of multiple
vortices, use of different control surfaces, blowing and suction, low-frequency and highfrequency excitation, feedback control, passive control with wing flexibility, and plasma
3

actuators. Appropriate flow control can minimize vortex shedding and ultimately,
completely suppress it. Generally, there are three main categories of flow control in a
turbine blade, which are: active flow control, passive flow control, and hybrid (a
combination of active and passive) flow control.

1.2.2.1 Active Flow Control
Active flow control is beneficial as it can “turn off” at a higher Reynolds number
and is also able to control intensity, according to the location where separation occurs.
Andre et al. [16] tried to suppress the unsteady wake vortex shedding of two rotated
cylinders and found that doublet-like direction was efficient in suppressing the unsteady
vortex shedding and successfully reduced the formation of drag. Meanwhile, the
application of plasma actuators on a truncated trailing edge has been experimentally
investigated by Tani [17], where a 300mm plate of 12mm thickness with a rounded nose
and a truncated trailing edge was immersed in a uniform flow at free stream velocity
ranging from 5m/s to 9m/s. He found that, by applying plasma actuators at some range
of trailing edge, the total kinetic energy contained in vortex shedding was reduced by
40% and the von Karman vortex was successfully suppressed at a velocity of 7.5m/s.
The same objective was also achieved by locating a cylinder with a smaller radius near
the wake of the study cylinder model [18]. This approach had the effect of reducing the
development of disturbance, where local stability of the flow has been disturbed, and
caused diffusion of the concentrated vortices near the shear layer, which showed a
successful reduction in vortex frequency and suppression. However, this method
requires additional devises which may increase complexity in turbomachinery
application.
Chan et al. [19] applied two suction holes on the cylinder, facing the oncoming
flow. They concluded that the suction flow control method changed the alternative
vortex into symmetrical mode and, at the same time, had a beneficial effect on lift and
drag reduction. One well-known active flow control is the use of vortex generator jets
(VGJs). This method has proven to be effective in flat plate application under adverse
pressure gradients, works well in eliminating a stalled region, and can act the same as
4

steady flow jets under low mass flow value [20][21][22]. Even though VGJ has been a
successful method of flow control and wake vortex suppression, it requires additional
hardware which may increase overall weight.
Bernardini et al. [23] conducted an experiment to overview the effectiveness of a
synthetic jet in suppressing the turbine cascade boundary layer. In their experiment, the
rectangular slot was located at 60mm from the leading edge, and this result was also
numerically investigated. The result shows that with two different Reynolds numbers,
the synthetic jet had a positive impact on suppression, and reduced the separation in a
time averaged domain. Borgeson [24] introduced a boundary layer control called microelectromechanical system (MEMS) to trip the flow and delay the separation of cross
flow of the cylinder. His result showed that by forcing at shedding frequency, the
momentum drag can be reduced by 25%. However, this method tended to form grooves
on the study model, which would lead to extra drag. In addition, MEMS was difficult to
apply in a Low Pressure Turbine (LPT)

as this application cannot withstand high

temperatures and there are also manufacturing difficulty issues. VGJ and MEMS are
both relatively complex and require additional power from the engine.

1.2.2.2 Passive Flow Control

Passive flow control seems more straightforward; it requires less power, is easy
to fabricate and in some situations, it is more robust. One of the best-known methods of
passive control is to modify the blade shape, which may include the use of submerged
vortex-generators, large-eddy breakup devices, and elongated boundary-layer arches
methods [25]. The triangular flow vortex generator device (VGD), has been explored by
Chang [26], and an extensive study of semicircular VGD and simple vane VGD has
been further investigated by Rao et al. [27]. However, even though most of the passive
flow controls are able to control the boundary layer and suppress the flow efficiently, a
serious disadvantage relates to overall engine performance. In particular, engines may
not perform well at operating conditions with higher Reynolds numbers, where the
passive control system tends to produce more severe drag. Bearmen et al. [28] varying
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the length of an splitter plate at the blunted trailing edge. This method reduced the
velocity fluctuation, which indicates that the flow was successfully controlled.
McCormick [29] attempted to reduce the higher drag formation which occurs in
the most passive flow control by using a passive cavity and passive vortex generator
method. The results revealed that the vortex generator successfully suppressed shock
induced-separation and improved the boundary layer characteristics, while passive
cavity flow control had a beneficial effect on drag reduction. However, although this
passive control system is able to reduce drag formation, it faces problems when
operating at higher Reynolds numbers.
Wheeler doublets (reverse S shaped curves) and transverse grooves (V shaped
grooves) were explored by Lin et al. [30]. Although this approach was found to work
well, it is not easy to integrate.
Another method associated with flow suppression for drag reduction involves
riblets and micro textures. Riblets have been found to be an effective way for drag
reduction by creating a viscosity-dominated region in the base of riblet valleys. Chu et
al. [31] found that even though V-grooved riblets can reduce drag, it was also observed
that the boundary layers between smooth and riblet walls consisted of counter-rotating
stream-wise vortices, which produced positive turbulent stress. These findings were
supported by El-Sanmi et al. [32], who performed a simulation on thin rectangular riblets
that were uniformly distributed at a channel wall, using the DNS method. Although the
results showed that drag formation was reduced, the DNS method entailed a high
computational cost; eventually it limited the Reynolds number that could be run in the
simulation.
The riblets method was also actively investigated experimentally by Choi et al.
[33]. They found that a doublets-like counter rotation reduced the drag and suppressed
the unsteady vortex wakes. This line of research was further improved in another study
[34], where the degree of unsteady wake suppression was found to be proportional to
the speed of the rotation; at a certain optimum rotation rate, a perfect suppression could
be achieved, with the total drag reduced to zero. At this critical rotational rate, the wake
forms an elliptic body. This finding is relevant to the research conducted by Bearmen et
al. that found a 30% reduction of the drag could lead to 6%-9% of the vortex being
6

suppressed [35]. It should be mentioned here that vortex suppression can also be
achieved by reducing drag formation.
Another well-known method of passive flow control is the use of dimples. The
structure of dimples is straight forward and easy to understand, and the idea is derived
from the surface of a golf ball [36][37]. Bearman et al. [38] investigated the effect of a
dimple structure on a circular cylinder, and concluded that a circular cylinder with a
dimpled surface resulted in a lower drag coefficient compared to a smooth cylinder.
However, vortex shedding remained unaffected. Lake [39] studied passive recessed
spherical dimples, and also varied the location of the dimples on an airfoil. The
researcher observed reduction of drag and flow separation losses, but he failed to
establish optimal dimple size and the effect on flow suppression.
All of the above studies have demonstrated significant results, but none of these
methods have been tested in turbomachinery turbine application, as the flow field in a
turbine is difficult to predict. Furthermore, apart from focusing on vortex suppression,
another important parameter to be focused on is pressure distribution, since vortex
generation may penalize pressure formation, which directly influences the overall
performance of a gas turbine engine. These findings are supported by Effendy et al. [40]
in their research on unsteady phenomena (shock wave) in a turbine cascade. They
used pressure loss as an indicator to measure shock wave strength, where the
conclusion leads to gas turbine performance degradation. Turbine efficiency may drop
as the axial gap increases, which is related to diffusion of vortices and rotor formation
wake upstream, which results in an increase in pressure loss [41]. In another study, a
cut back trailing edge design was investigated. The study confirmed that RANS agreed
well with experimental data for pressure distribution but was not suitable for calculation
of film cooling [40]. This shows that pressure distribution is a key for any performance
prediction of a gas turbine.

1.2.2.3 Hybrid Flow Control

Hybrid flow control is a method which combines active and passive flow control.
Veldhuis et al. [42] ran an experiment on an airfoil in which his team located a small
7

cylinder between the front flap, and non-pulsed plasma actuators over the flap. The
cylinder functioned as a vortex generator and the plasma actuators acted to re-attach
the flow. The actuators suppressed the flow significantly at a velocity of 30m/s – 40m/s.
The result showed that in certain conditions, the lift increased to a maximum of 18%.

1.3 PROBLEM STATEMENT

This study focuses on four problems that arise from the aforementioned issue
introduced earlier in this chapter. The problems are being stated as below;
1.

To date, very few CFD numerical code (programs) have been developed and
validated in respect of the experimental data provided by Sieverding et al.
[71][72]. So this study is conducted for future investigation of the respective
turbine blade.

2.

There is a lack of research regarding hybrid flow control which combines passive
and active methods of control, and which is believed to be beneficial for wake
flow control.

3.

The effect of the number of micro holes of a steady jet and their arrangement,
span-wise and stream-wise direction, for a high subsonic turbine blade has yet to
be investigated.

4.

Most CFD programs have used the VOF (Volume of Fluid) method to simulate
droplet trajectories of thermal spray coatings. This may lead to higher
computational cost while at the same time; the calculation of particle deformation
cannot be achieved.

1.4 OBJECTIVES OF THE STUDY

Based on the problems identified above, the objectives of this study are elaborated as
follows:
1.

To suppress vortex shedding at the wake area by connecting the suction
side and the pressure side of turbine blade.
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To implement this method, it is first necessary to develop a numerical code
CFD (computational program) based on the experimental data obtained
from Sieverding et al. [71][72] from the Von Karman Institute, Belgium. The
validation will be based on pressure distribution on a turbine blade at its trailing
edge and the isentropic Mach number along the blade surface. This validation is
also supported by the result of frequency data at the initial location of vortex
shedding formation and the dimensionless velocity at a distance equal to one of
trailing diameter (boundary layer profile). The data on pressure distribution will
focus between -2.0<S/D<+2.0 since at this area, the pressure distribution is
significantly different (and also because the experimental pressure probe has
been placed along this area). A series of micro-holes which connect between the
suction side and the pressure side of the turbine blade are introduced. The
physics of the micro-hole is represented in terms of a finite mathematical model –
dimensionless velocity via the Hagen-Pousille equation. The size of the microhole is also optimized. This micro-hole should be capable of suppressing the
vortex shedding, reducing the wake loss produced and increasing the base
pressure. The flow field of vortex shedding and pressure drop also needs to be
analyzed.

2.

To suppress wake vortex shedding by applying multi-holes of a steady
synthetic jet and to study the effect of their arrangement (stream wise and
span wise).
In order to achieve this objective, the possibility of applying a steady synthetic jet
is considered, because although this application is simple, it gives substantial
benefits in terms of vortex suppression. This method uses the same validated
numerical code as described in the previous objective. Different arrangements of
holes, which include single-, double- and triple-hole arrangements are carried out
in this study. The validation of the mathematical model of steady synthetic jet has
been carried out on an airfoil case [94].
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3.

To perform a full scale model of a simulation for a thermal conductive
coating (the first step for making a series of holes, which was explained in
the first objective)
In order to achieve this objective, the development of a numerical code CFD
(computational program) coupling between Finite Volume Method (FVM)
and Moving Particle Semi- Implicit (MPS) for modeling of droplet impingement
on a substrate is essential. For the first time, a hybrid solution which combines
FVM (Finite Volume Method) for solving the spray of the gas jet, and MPS
(Moving Particle Semi-implicit) for solving the deformation of the droplet has
beenperformed. In the past, plasma spray was related to Full-scaling modeling,
where a simple model as a point mass is applied to represent the powder particle
behavior, and the jet has been solved by using either Finite Difference Method or
the Finite Volume Method.

1.5 SCOPE AND LIMITATIONS OF THE STUDY

In respect to the listed objectives, the following scope has been outlined to
ensure the study remains focused and also to ensure that the study outcomes are
sufficient to provide specific in-depth knowledge for other researchers to pursue further
studies in the turbomachinery niche area.
This research is focused on a turbine cascade, in which the parameter and size
are similar to the experimental apparatus of Siverding et al. [71][72]. However, the
numerical program which has been developed will be capable of being used in any
turbomachinery turbine blade calculation studies for compressible flow. The calculation
uses only the Lower Upper Symmetric Gauss Siedel method, together with a secondorder dual time method, to calculate the unsteady flow. This study is limited to one
equation turbulence model, which includes Spalart Allamaras (SA), Detached Eddy
Simulation (DES), Delay Detached Eddy Simulation (DDES) and Improved Delay
Detached Eddy Simulation (IDDES) turbulence models.
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1.6 SIGNIFICANCE OF THE STUDY

1.

The developed CFD code will be a viable alternative to experimentation. This
numerical CFD work has been completed and this could boost a more detailed
investigation on turbine blades. Future users will be able to carry out parametric
studies

without

conducting

experiments.

Apart

from

applied

research,

fundamental research can also be conducted using this developed code.
2.

This study introduces a new flow control system which is simpler and more
reliable; it has contributed an innovation to flow control technology by combining
active and passive flow control. Small flow disturbance in turbine flow (at the
suction surface) is beneficial in reducing the vortex strength at the wake area.

3.

For the first time, the FVM and MPS methods have been coupled, which has
produced significant benefits. A full scaling simulation has been successfully
observed. A major benefit of coupling is the reduction in complexity and
computational time, because two calculation processes have been combined into
one. By using this newly developed program, the calculation of particle
impingement on a study substrate can be accurately calculated. This is
considered to be a new approach since the previous method used only the
Volume of Fluid (VOF) method. Furthermore, this new coupling does not require
very fine meshing, especially at the region where particles are injected into the
substrate.
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CHAPTER 2

METHODOLOGY

2.1 PREAMBLE

In Chapter 2, the methods to achieve the objectives of study are highlighted. This study
has successfully executed three major tasks: (i) the development of numerical code for
two dimensional and three dimensional turbine cascades (ii) application of micro-holes
in terms of finite dimensionless velocity and steady jet configuration study; and (iii) a
coupling between Finite Volume Method and Moving Particles Semi Implicit (MPS)
method, with a comparison to the established Volume of Fluid (VOF) method.

2.2 RESEARCH METHODOLOGY FLOW

The research methodology in this study is divided into three main phases. Each
phase focuses on the specific methods applied to achieve the objectives of the study.
Fig. 2.1 shows the research methodology flow chart that is referred to throughout this
thesis.
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Splat shape

Flatness trend

Comparison
with VOF
method

OBJECTIVE 3

2.3 DEVELOPMENT OF CFD NUMERICAL CODE

2.3.1 NAVIER-STOKES EQUATIONS

The conservation of mass, momentum, and energy equations in the unsteady
compressible three dimensional viscous flows for Navier Stokes, can be represented as;

(2.1)

For conservative form and Cartesian coordinate system, it can be represented
as;

[

]

[ (

)]

[ (

)]

[ (

)]
(2.2)

[

]

[

[

]

]

in which Q represents conservative variables, E, F and G represent inviscid fluxes, and
Eν, Fν and Gν represent viscous fluxes, as shown in Eq. 2.2. The viscous stress and
heat diffusion can be estimated as follows:

(

)

(

)

(

)

(

)

(

)

(

)
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(2.3)

,

The three dimensionless unsteady compressible Navier Stokes equation form (in
Cartesian coordinate) can be represented as expression (2.4).

(

)

(2.4)

Other dimensionless forms which associate with the equation above are as
follows:

(
(

)

(

)

(

)
(2.5)

)

As for body fitted grid, the procedure of mapping the Cartesian coordinate
system (x,y,z) into the coordinate system (ξ,η,ς) needs to be done, as presented in Eq.
(2.6). This procedure has been explained in detail in [43][44].
(

)

(

)

(

)

(2.6)

Total differential of the dependent variables in Eq. (2.6) can be formed into a
matrix as follows:
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[

]

[

][

]

(2.7)

Following a similar procedure, the generalized coordinate system (ξ,η,ς) is in a
function of the Cartesian coordinate system.
(

)

(

)

(

) .

(2.8)

By using the total differential procedure, we can obtain Eq. (2.9).

[

]

[

][

]

(2.9)

From Eq. (2.7) and Eq. (2.9), we can obtain Eq. (2.10)

[

]

[

]

(2.10)

From Eq. (2.10), the expression (2.11) can be obtained as:
(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(2.11)

The Jacobian “J" can be obtained by the reciprocal of the determinant of the
matrix of the right hand side of Eq. (2.11), which is shown in Eq. (2.12)
(

)

(

)
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(

)

(2.12)

Eq. (2.4) can be transformed into a generalized coordinate system as;

(
(

)
(

(

)

))

(
(

(

(2.13)

)

))

(

(

)) .

And the dimensionless generalized coordinate system for Navier-Stokes can be
represented in terms of relation (2.14);
̂

̂

̂

̂

(

̂

̂

̂

)

(2.14)

where
̂
̂

(

)

̂

(

)

̂

(

)

̂

(

)

̂

(

)

̂

(

)

(2.15)

and

̂

̂
[

̂

]

[

(

) ]

[

(

) ]
(2.16)

̂
[

(

) ]

[

]
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[

]

[

]

where U, V, and W represent the contra-variant velocities as shown in Eq. (2.17).

(2.17)

2.3.2 LOWER UPPER SYMMETRIC GAUSS SEIDEL METHOD (LU-SGS)

LU-SGS is an implicit scheme which is also known as Lower-Upper Symmetric
Successive Over-relaxation (LU-SSOR) [45][46][47]. Unlike Alternating Direction Implicit
(ADI), LU-SGS is stable not only for two dimensional calculations but also for three
dimensional calculations [45]. From Eq. (2.18);
̂

̂

̂

̂

(

̂

̂

̂

)

(2.18)

we can rearrange Eq. (2.18), and eventually the outcome relation is as follows:
̂

[̂

̂ ]

[̂

[̂

̂]

̂ ]

(2.19)

The dual time method is used to obtain accurate time integration for unsteady
calculations [48][49]. Derivative of pseudo-time, Γ is introduced as shown in Eq. (2.20).
̂
Γ

[̂

̂ ]

[̂

[̂

̂]
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̂ ]

(2.20)

For implicit integration, Eq. (2.20) can be written as follows;

̂

[

[̂

̂ ]

[̂

[̂

̂]

̂ ]]
(2.21)

̂

̂
Γ

Inviscid flux ̂

̂

can be linearized using a Taylor series expansion.
̂
+ [̂
̂

*

̂ ]

and ̂

Also, ̂

̂

̂

̂

(2.22)

can be treated in the same way, and presented in Eq.

(2.23);
̂

*

̂

̂
+ [̂
̂
̂

*

̂

̂ ]

̂

̂

̂
(2.23)

+ [̂

̂ ]

̂

̂

If we substitute Eq. (2.22) and Eq. (2.23) into Eq. (2.21), we can achieve Eq. (2.24).
*

̂

̂

̂

̂

̂

̂

(̂

*

+

̂

*

̂

+
(2.24)

̂

(̂

)

̂

(̂

)

̂

)+

where
⁄ Γ

[

⁄ Γ

⁄ Γ

⁄ Γ

(2.2)
⁄ Γ]
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The dual time approach is based on a second-order accurate time which can be
expressed as relation (2.26):

*

̂

+

*

̂

( )+

[
[

̂

̂

̂

̂
⏟

The term *

+

[

]

( )]

(2.26)

( )]

is equal to zero since the calculation grid is not a moving

grid in this research. The solution is advanced in pseudo (nonphysical) time step “m”
between each physical time step “n". Substitute Eq. (2.26) into Eq. (2.24);

*̂

̂

̂

̂

+

(̂

*

̂

̂

̂

̂

(̂

)

̂

(̂

)

̂

(

̂

)+

(2.27)

)

where

̂

[

Γ

In Eq. (2.28), the term

Γ

Γ
⁄

⁄

Γ
and

difference operators Dξ, Dη and Dς, respectively.
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⁄

Γ

]

(2.28)

can be approximated by central

̂

*̂

̂

̂

+ ̂

̂

[(

̂

̂ )

̂

(

̂ )
(2.29)

(

where

and

̂

̂ )] ̂

are backward-difference operators and

and

are

forward-difference operators.
̂

̂

̂

̂

̂

̂

(2.30)

A+ and A- are constructed as follows:

(2.31)
B+, C+, B- and C- were constructed using the same approach as Eq.
(2.30) and Eq. (2.31).
̂

*

̂

̂

+

̂

(2.32)

where L represents the lower triangle matrix, U as the upper triangle matrix , and D as
diagonal terms.
̂

̂
̂

̂

̂
̂

̂
̂

̂

̂

̂

̂

̂

L+D+U can be approximated as follows:
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(2.33)

(

)

(

)

(

)

(

)

(2.34)

where
̂

̂
̂

̂

̂

̂

̂

̂

̂

̂

̂
̂

̂
̂

̂

̂

̂

̂
̂

(2.35)
̂

̂

By substituting Eq. (2.34) into Eq. (2.29), we can obtain the following relation.

(

) ̂

)⏟ (

(2.36)

̂

The above equation (Eq. (2.36) can be solved via two approaches. Firstly, via forward
sweep, this can be explained in relation (2.37);
̂

*

(̂

̂ )

(̂

̂ )

(̂

̂ )

+

(2.37)

Secondly, via backward sweep, this can be explained by Eq. (2.38);
̂

̂

*( ̂

̂ )

(̂

̂ )

(̂

̂ )

+

(2.38)

This sweep was carried out on the plane at which i+j+k = constant, where ̂
(iplane, ipoint) = ̂ (i,j,k) [50][51]. The superscript “+" represents non-negative Jacobian
and “-“ represents non-positive Jacobian as shown in Eq. (2.39).

̂

[̂

̃ ( ̂) ]

(2.39)

where
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̃ ( ̂)

[| ( ̂ )|]

[| |

]

√

(2.40)

So that, the respective diagonal terms can be simplified as Eq. (2.41);
[̀

̂

̂

[ ̃ ( ̂)

̂

̃ ( ̂)

̂

̂

̂

]
(2.41)

̃ ( ̂ )]

The explanation of viscous Jacobian approximation and LU-SGS with dual time
method can be found in [51][52]. The matrix-free method was adopted in the present
work as follows:
̂

̂

(̂

̃ ̀) ̂

[̂ (

)

̂ ̂
̂ ( )]

̃ ̂

̂

̃ ̂
(2.42)

̃ ̂

2.3.3 INVISCID FLUX

There are two methods to solve inviscid fluxes, which are: central difference
scheme, and upwind scheme. Central difference scheme principally requires numerical
viscosity for numerical instability. In contrast, upwind scheme does not require this
numerical viscosity. Upwind scheme has two approaches of calculation method: flux
vector splitting, and flux difference splitting. In this calculation, the accuracy of the
scheme has been improved by using MUSCL method (2nd order accuracy).

2.3.3.1 AUSM (ADVECTION UPSTREAM SPLITTING METHOD) SCHEME

AUSM is a flux vector splitting upwind scheme, used to estimate the inviscid flux
at the cell interface, so that the inviscid flux vector on left and right of this interface can
be determined [53][54][55]. The inviscid flux has been estimated first on the cell
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interface ξ direction. The amplitude “Saξ" is used to generalize the speed of sound from
a Cartesian coordinate to a generalized coordinate system.

√

(2.43)

contravariant velocities on the left, UL and right, UR can be estimated as follows:

(2.44)
(2.45)

Mach number in the coordinate system for right, MR and left, ML of the interface
can be estimated using Eq. (2.46);

(2.46)

Mach number and pressure at the interface can be estimated as follows;

⁄

|

⁄

⁄

|

(2.47)

where
(

{
(

)
|

|

|

|)
(2.48)

(

)

(

)

|

{
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|

(

{
(

)
|

|

|

|)
(2.49)

{

(

)

(

)

|

|

.

Finally, the inviscid flux at the interface can be estimated by relation (2.50).

̂
{[

]

[

]}
(2.50)

{[

]

In η and ς directions, ̂

[

]}

and ̂

[

]

can be obtained by replacing ξx, ξy, ξz, ηx, ηy,

ηz and ςx, ςy, ςz respectively.
2.3.3.2 ROE SCHEME

Roe scheme [56][57] is a flux difference splitting upwind scheme. The Roe scheme is
an approximation of exact Riemann solver (Godunov scheme).

2.3.4 METRICS, JACOBIAN AND GEOMETRICAL QUANTITIES

The relations between face vectors and metrics are
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[ ]

[

]

[ ]

(2.51)

Several forms of face vector estimation [56][58][59] can presented as follows;

(

)

(

)

(

)

(

)

(

)

(

)

(2.52)

The reciprocal of the Jacobian is equivalent to the cell volume and can be obtained by
the following relation:

(2.53)
where
(

)

(

)

(

)

(

)

(

)

(

)

(2.54)

2.4 BOUNDARY CONDITIONS

Improper implementation of a boundary condition may lead to a less accurate
result in numerical solution. Since turbomachinery calculation may involve isentropic
flow, special treatment is needed, especially at the inlet and the outlet. So, in this
calculation code, total pressure and total temperature at the inlet, and static pressure at
the exit, have been specified.
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2.4.1 INLET BOUNDARY CONDITIONS

Imposed boundary conditions at the turbine inlet are total pressure, P01 =
140,000Pa and total temperature, T01 = 280K, respectively. For the inlet boundary
condition, subsonic Rieman Invarient condition, R01 has been imposed, where [53];

⃗⃗⃗⃗⃗ ⃗

⃗

[

]

(2.55)

is velocity vector and ⃗ is normal vector on the inlet plane. With this, we can

calculate the velocity V01
(
(

)

[(

)

)

{

}

√

(2.56)

where;

(

]
)

[

]

(2.57)

where θ is the flow angle relative to the inlet boundary [53]. The speed of sound at
stagnation condition, c0 can be obtained by
(⃗⃗⃗⃗⃗ )

.

(2.58)

2.4.2 OUTLET BOUNDARY CONDITIONS
At the outlet, Mis,02 = 0.79 and the Reynolds number is 2.8  106, which is the
same as in references [71][72]. To achieve this condition, the outlet pressure is
specified as P02 = 92,755 Pa (Eq. (2.59)). Based on this condition, Ps,02 and Ts,02 have
been calculated via isentropic Mach number relation;
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(

)

(

)

(2.59)

(

)

(2.60)

At the outlet, the static pressure has been prescribed. Subsonic outlet boundary
condition and entropy relation have been imposed, which has been calculated by Eq.
(2.60), so
⃗⃗⃗⃗⃗ ⃗

[

]

(2.61)

where the outlet pressure has been specified (in dimensionless form), so the density,
and velocity

can be obtained by;

( )

[

(2.62)

]
[

(2.63)

]

2.4.3 WALL BOUNDARY CONDITIONS

On the blade surface, a non-slip adiabatic wall boundary condition is applied, where the
velocity at the wall is equal to zero.
.

(2.64)

2.4.4 PERIODICAL BOUNDARY CONDITIONS

Translational periodical boundary condition is applied for this calculation as in
previous studies [18][60][61]. Since the simulation of the blade consists of several other
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cascades, single blade calculation will be challenging. Several boundary conditions
have been tested, including farfield and symmetrical boundary conditions, but the
results are not consistent with the reference. Finally, average condition is used in
periodic boundary condition, which has given a result that is in good agreement with the
experiment.

2.5 TURBULENCE MODEL

Reynolds Average Navier Stokes (RANS) equations contain the Reynolds stress
tensor (

) which is normally governed with another equation to solve it. Eddy

viscosity is replaced into Reynolds stress as;

[

]

(2.65)

can be estimated by means of a turbulence model. Several turbulence
models have undergone investigation in this numerical calculation. Since the scope of
this study has been limited to one equation turbulence model, four turbulence models
were tested, which are Spalart Allamaras (SA), Detached Eddy Simulation (DES), Delay
Detached Eddy Simulation (DDES) and Improved Delay Detached Eddy Simulation
(IDDES) turbulence models [62][63][64][65].

2.5.1 SPALART-ALLMARAS TURBULENCE MODEL (SA)

Although Spalart-Allmaras is one of a number of equation turbulence models, it
provides reasonably accurate prediction [53]. The Spalart Allmaras model is a transport
equation model for eddy viscosity. Eq. (2.66) is the transport equation for eddy viscosity,
̃.
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̃

⏟ ̃̃

[
⏟

((

( ̃) ]

̃) ̃)

̃
( )

⏟

(2.66)

“d” is distance from the wall to the nearest field point (nearest meshing layer). The
explanation of production terms is as follows:
̃

̃
√

(2.67)
*

+

also, there is a modification for

[

in order to avoid negative ̃ , as shown in Eq. (2.68).
(

]

)(
(

)
)

(2.68)

Furthermore, the explanation of the destruction term is

*

+

(

)

̃
̃

(2.69)

The absolute turbulent viscosity can be calculated as;
̃

(2.70)

where
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̃
(2.71)

All constants are listed in Table 2.1.

Table 2.1. All Constants in Spalart Allmaras Turbulence Model
Constant

Value

Constant

Value
0.41

0.135
0.622
7.1

0.3

5

2

2/3

For dimensionless form of Spalart Allmaras relation;
̃

̃̃

[

( ̃) ]

̃) ̃)

((

̃
( )

(2.72)

and,
̃

̃

̃
̃

(2.73)

The equation was cast in conservative form to be similar to Navier-Stokes
equations. This can be done by multiplying Eq. (2.73) with ρ which eases the
programming purpose.
̃

̃̃

[

((

̃) ̃)
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( ̃) ]

̃
( )

(2.74)

̃

where

can be represented by;

̃

̃

̃

(2.75)

On the other hand, the conventional conservative form is:
̃

̃

(

̃

̃)

̃

̃

̃

̃

̃

(2.76)

̃[
⏟

]

As a result, both forms are equal, so the diffusion term can be rearranged as
follows:
((

( ̃)

̃) ̃)
(

)

(

̃) ̃)

((

̃)

(2.77)

̃

The transport equation in Cartesian non-dimensional conservative form can be
written as follows:
̃

̃

̃

(

)

[*(

̃

[

̃)

[(

̃)

̃

+]

̃
( )

̃̃
̃

]]

[*(

[

̃)

[(

̃)
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̃

+]

[*(

̃

]]

[

̃)

[(
̃

+]

̃)

̃

]]

(2.78)

To deal with arbitrary geometry, Eq. (2.78) was transformed from Cartesian
coordinate system to generalized coordinate system.
̃

̃
̃

*

̃
̃

̃
̃

̃

̃

̃

(2.79)
+

The left hand side of Eq. (2.79) represents the convective terms, and the third
term on the right hand side represents diffusive terms, which are expressed as follows:
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Production term (Prod.) and Destruction term (Dest.) are defined by
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̃
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̃
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(2.82)

The Jacobian is needed in order to solve Eq. (2.82).
[

]
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]̃

(2.83)

where
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(2.84)

The prime “‘“ refers to derivative to ̃
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(2.85)

The derivative of " P " is as follows:
̃

(2.86)

and the derivative of " D " can be obtained by Eq. (2.87)
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)
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(

)

Equation (2.79) is close to NS equations and can be solved using LUSGS. In Eq.
(2.79), RHS includes the source term, i.e. Prod.-Dest. Solution of Eq. (2.89) presented
the solution for one-dimensional and the addition of (ξ and η) for two-dimensional and
(ξ, η and ς) for three-dimensional.
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(2.89)
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The upper triangular matrix can be calculated as follows:
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The diagonal elements can be calculated as follows:
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(2.93)
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2.5.2 DETACHED EDDY SIMULATION (DES)

DES was adopted in the present work. DES has been developed to deal with
higher Reynold numbers and was originally formulated by Spalart et al., [64].The DES
turbulence model is a hybrid scheme that works as RANS near the wall, and works as
LES away from the wall, including a separated boundary layer and wake. For RANS,
the spatial Favre filtered compressible Navier-Stokes equations are used. In LES, the
original Smagorinsky model is used for sub-grid-scale (SGS) modeling for small eddy
[66][67]. As described before, the destruction part of SA turbulence model contains
[ ̃⁄ ] . As this term balances the production term, so ̃ becomes proportional to S and
d2. The SGS scale, ̃ together with S and grid spacing Δ, becomes
[

proportional to

] [64]. So here the initial idea of DES becomes evident: DES works by replacing

the length scale in the SA turbulence model
̃

where

(

with a new length scale, ̃

)

(

(2.95)
) is local maximum grid spacing. Thus, with this new ̃ , DES is

able to control the eddy viscosity. Near the blade surface, ̃

; otherwise ̃

.

2.5.3 DELAY DETACHED EDDY SIMULATION (DDES)

Because the length scale depends only on the grid spacing, problems can arise if
the grid spacing (in wall-normal) is finer than boundary layer thickness [65]. In this case,
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the local maximum grid spacing Δ becomes smaller than the wall distance d in the
boundary layer. In order to solve this problem, DDES has been introduced. Since the
Spalart–Allmaras model does not have an internal length scale, the parameter rd is
introduced. The SA model with DDES is defined as [65]

([

] )

(2.96)

√

where uijk is velocity profile in i, j and k direction and fd is 1 in the LES region where rd
<< 1 and zero are in the RANS region [65]. ĸ is von karman constant (0.41) and vT is
kinematic eddy viscosity [65]. Eventually, new length scale,

(

can be redefined as;

)

(2.97)

For RANS simulation, outside of the boundary layer and separated flow region,
dDES behaves like classical DES where dDES is the redefined DES length scale and
ΔCDES is an adjustable parameter that is equal to 0.65. Therefore, at the boundary layer
(fd = 0), dDES is equal to d as in RANS simulation while outside of the boundary layer
and separated flow region, dDES is like that in classical DES.
2.5.4 IMPROVED DELAY DETACHED EDDY SIMULATION (IDDES)

This method has been introduced and a further improvement to DDES has been
made. Parameter rd is different from DDES method.

{[∑

√

]}

(2.98)

The major differences of DDES and IDDES compared to others are that they
require more computational cost, but at the same time are beneficial in terms of less
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requirement for fine grid near the wall. As compared with DES, DDES estimates RANS
by flow and grid size, while DES depends on only grid size.
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CHAPTER 3

EFFECT OF MULTIPLE THROUGH-HOLES ON THE TURBINE BLADE TRAILING
EDGE

3.1 INTRODUCTION
A number of studies have been devoted to improving the performance of a gas
turbine by minimizing component losses such as wake loss, profile loss, secondary loss,
tip clearance loss, and annulus loss [12][39]. Losses can be reduced via the optimum
design of the blade geometry (shape) and by employing additional flow control
techniques [13]. The turbine blade wakes have an unsteady characteristic that
originates from the large-scale organized structures in vortex streets, in the form of
vortex shedding. Vortex shedding contributes different loss mechanisms. The total loss
from vortex shedding is generally important under high-speed conditions [3].
One of the active flow control techniques being used to suppress vortex shedding
involves jets, such as plasma actuators and synthetic jets [17][23]. Optimization of the
blade geometry is another way of suppressing vortex shedding. Zhou et al. [14]
investigated the effect of the trailing edge thickness on vortex shedding. Dwayne et al.
[15] found that a thicker trailing edge tended to increase the vortex shedding strength.
Bearmen et al. [28] tested a so-called „splitter plate‟ at the trailing edge.
This study proposes a method of suppressing vortex shedding by connecting the
pressure side and the suction side via micro holes. In previous studies, the pressure
loss of the blade was suppressed by making holes on the blade. Yangwei et al. [68]
found that the total pressure loss and the passage blockage were reduced by making a
suction slot on the blade. The pressure distribution on the blade has been increased by
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injecting cold air through holes to cool the film [69]. The pressure along the trailing edge
has been increased by making a 0.1-mm hole, connecting the suction side and the
pressure side of the blade [70]. In these foregoing studies, the simulation only
considered the hole as being a single point on the blade span-wise, and the location
and size of the hole were not optimized. Thus, this study focuses on the effect of size
and location of the multiple micro holes at the trailing edge region on wake vortex
shedding.

3.2 COMPUTATIONAL METHOD

The three-dimensional, Reynolds-averaged, unsteady Navier–Stokes equation is
solved. The numerical model consists of the continuity equation, three dimensional
Navier-Stokes equations for compressible flow. The inviscid fluxes are discretized using
the total variation diminishing scheme, and viscous fluxes are discretized using
standard central differences. The configuration of the cascade is presented in Fig. 3.1,
where the chord length, C, is 140 mm, axial chord length, Cax, is 91.84 mm and pitch, s,
is 97.44 mm. The span-wise size of the blade is 10% of the blade chord length, and
trailing edge diameter, D = 7.48mm. S is the length measured along the trailing edge
surface line.

Figure 3.2: Trailing-edge S/D, x/D and
Y/D reference system

Figure 3.1: Blade configuration and
dimensions (in mm)
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The in-house code being used in this calculation is structured grid, single block,
and second-order accurate in time. Roe‟s flux-difference splitting scheme is used for a
numerical inviscid flux calculation, where second-order accuracy is achieved employing
the MUSCL scheme with the van Albada flux limiter. The lower upper symmetric Gauss
Seidel together with a second-order dual time stepping method is employed to calculate
the unsteady flow.
Fig. 3.2 shows a close-up view of the region around the trailing edge and the
definitions of x/D and Y/D. The maximum number of iterations is 2 x 106, and there are
five inner iterations for the implicit scheme (time marching). Dimensionless Δt* is equal
to 105.42  10−6 and the physical time step Δt = 3.33  10−7s. The numerical method is
validated by comparing the numerical results with experimental data obtained by
Sieverding et al., [71][72] for the configuration without a hole. The Courant-FriedrichsLewy number is around 10.

3.2.1 BOUNDARY CONDITIONS AND TURBULENCE MODEL
Fig. 3.3 shows an O-type structured grid that has 413  194  50 (= 4.0  106)
grid points. For pre-processing, the grid has been developed via Gridgen Version 15
software. The minimum grid size is 0.002mm which is equivalent to y+ ≈ 1. On the blade
surface, a non-slip adiabatic wall boundary condition is applied. Subscripts “01” and “02”
refer to the inlet and outlet condition, while subscripts “in” and “out” represent inside and
outside the calculation domain. Imposed boundary conditions at the turbine inlet are
total pressure, P01 = 140,000Pa and total temperature, T01 = 280K, respectively. For
inlet boundary condition, subsonic Rieman Invarient condition, R01, has been imposed.
Translational periodical boundary condition is applied for this calculation, as illustrated
in Fig. 3.3 as in previous studies [18][60][61].
At the outlet, isentropic Mach number Mis,02 = 0.79 and the Reynolds number is
2.8  106, which is the same as references [71][72]. To achieve these conditions, the
outlet total pressure is specified as P02 = 92,755 Pa. Subscript “is” refers to isentropic.
At the outlet, the static pressure P02 has been prescribed.
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Figure 3.3: Boundary conditions and simulation grid b) Close view of grid at micro-holes
area

Subsonic outlet boundary condition and entropy relation have been imposed, so
subsonic Rieman Invarient condition at outlet, R02 can be calculated. The flow through
each micro-hole is modeled using the Hagen–Poiseuille equation [70];

[

]

(3.1)

where U is the velocity through the hole, R is the radius of the hole, µ is the viscosity,
ΔP is the pressure difference across the micro-hole and ΔL is the tube length. This
equation was not explicitly being checked since little research has been conducted
using Eq. (3.1) in turbomachinery fluid dynamics research; however, it is being widely
used in other research fields, i.e. morphology, and biology for calculating blood flow and
capillary flow [73][74][75]. In turbine calculation, to date, this relation was first introduced
by El Gendi et al. [70]. Several assumptions have been made in respect to Eq. (3.1).
First, since the hole size in this study is of micrometer size, the effect inside the
hole is assumed to be laminar and incompressible. The velocity around the hole is also
assumed to be uniform.
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Figure 3.4: Connecting holes at the trailing edge of the blade

This U affected mass, momentum and energy conservation. After validation, the
micro-hole is applied in the area of the trailing edge of the studied blade as illustrated in
Fig. 3.4. The number of holes has been fixed to be eight (8) for all the cases. The
number of holes has been limited to eight due to limitation of span size. Four turbulence
models have been tested, which are Spalart Allamaras (SA), Detached Eddy Simulation
(DES), Delay Detached Eddy Simulation (DDES) and Improved Delay Detached Eddy
Simulation (IDDES) turbulence models [62][63][64][65], which were explained in
Chapter 2.

3.3 RESULTS AND FINDINGS

3.3.1 CFD CODE VALIDATIONS

Each turbulence model has been compared in terms of trailing edge pressure
distribution to the experimental result [71][72]. Fig. 3.5 shows the comparison result of
each turbulence model. As we can see, SA model is not able to capture the minimal
pressure as well as the others. This can be explained as in the SA model destruction
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part; the d (distance from the wall to the nearest field point ) solely depends on grid size,
so if any viscous effect appears lower than Δ, the length scale needs to be modified.

Figure 3.5: Trailing edge pressure distribution comparison among four different
turbulence models and experimental data

Potsdam et al. [76] confirmed that the non-modified SA model has a problem
when dealing with highly vortical flow. Therefore, it can be said that d cannot be
calculated in a conventional way. As DES is implemented, we can see a slight
improvement in capturing the pressure drop on the surface, but it is still insufficient to
produce a result close to that of the experiment. However, DDES and IDDES turbulence
models appear to give good results, close to the experiment. Based on this finding,
DDES turbulence is selected to be used in this calculation, a selection which was also
suggested by previous researchers [65][70][77]. Magagnato et al. [78] found that DDES
was more capable of capturing the incipient separation in transitional flow prediction on
a turbine blade as compared to LES, thereby supporting the choice of the DDES
turbulence model to be applied in a turbine blade study.
The present computation produced three local minimum values of dimensionless
pressure, which also appeared in the experimental results (at S/D ≈ −0.7, 0.0 and 0.75).
The locations of these minimal points and the minimum values of the computed results
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agree well with the experimental results. Sieverding et al. [71] claimed that at this
pressure plateau (after the pressure minima values), there are separations due to
overexpansion of the suction and pressure sides. This is one of the reasons for the
discrepancy between the present results and the experimental results at |S/D| > 0.8.

Figure 3.6: Comparison of the isentropic Mach number on the blade

Fig. 3.6 shows the isentropic Mach number. The numerical results agree well
with the experimental results. In order to decide the location of the hole, we observe the
flow field near the trailing edge of the blade (no hole) and the Fast Fourier
Transformation (FFT) calculation has been tabulated at the respective location. FFT
gives information about the dominant frequency at the location of the selected hole and
indicates whether our flow calculation captured the flow field in a timely accurate
manner. Friedrichs et al. [79] made holes in regions of high static pressure to reduce
aerodynamic penalties. The vortices should be suppressed by making holes near the
location of vortex shedding. Fig. 3.7 shows the instantaneous vorticity contour in the
wake of the blade. The initial vortex shedding begins at S/D = −0.62. This result is
consistent with Lake‟s [39] results that vortex shedding of the studied blade starts at
about 70% of the normalized axial.
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Figure 3.7: Instantaneous vorticity contour in the wake of the blade

Besides observation on the flow field near trailing edge, the frequency
comparison at several locations around the trailing edge has been plotted. FFT also
shows that the predominant frequency occurred at S/D = -0.62, as shown in Fig. 3.8.

Figure 3.8: Pressure spectra comparison at S/D = -0.62, -0.69, -0.82
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Spectral Pressure Level (SPL) of the graph shows a peak at 7.42kHz, which is
consistent with the reference [71][72]. According to Fig. 3.8, all respective locations
have the same frequency peak values. S/D = -0.62 shows a higher peak as compared
to other locations. This is one of the reasons why a series of micro-holes has been
applied at this location. The comparison between computational and experimental data
at the initial three frequency peaks also shows that they agree well with each other, as
presented in Table 3.1.
Table 3.1 Comparison frequency (kHz) between numerical and experimental
Frequency (kHz)

Δ%

Peak

CFD

Experiment

1st
2nd

7.42
14.84

7.37
14.71

0.67
0.09

3rd

22.27

22.14

0.59

Boundary layer characteristics have also been validated. Boundary layer profiles
were measured at a distance equal to one trailing edge diameter for both the suction
side and the pressure side. Fig. 3.9 shows the result of this comparison: a good
agreement has been achieved between experimental and computational results.

Figure 3.9: Boundary layer profile at trailing edge
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3.3.2 VELOCITY PROFILE THICKNESS

Table 3.2 summarizes the three sizes of hole used for investigation at constant
S/D = ±0.62. The “base” represents the basic blade without any hole. ∆L is length of the
hole and Dh is diameter of the hole. The velocity profile is plotted on Fig. 3.10. Unity
velocity is defined as the point where the profile velocity (u/umax) remains unchanged
with a further increase in Y/D. The profile thickness is measured according to the
distance between the point where the velocity becomes unity and the point of maximum
velocity (for both suction and pressure sides) as shown in Fig. 4.9. The velocity profile
thickness is less in all cases with holes than in the base case. The results are
summarized in Table 3.3.
Table 3.2 Hole Diameters at constant S/D = ±0.62
Dh/D

∆L/Dh

Base
0.054
0.065

18.12
15.23

0.094

10.32

Table 3.3 compares the thickness of the velocity profile in each case. The base
cascade (no hole) shows growth in the profile thickness downstream from x/D = 2 to x/D
= 4. This wake growth is due to turbulence mixing. When the hole is added at S/D =
±0.62 on the blade, the velocity profile thickness reduces markedly. For the smallest Dh
(0.054D), the profile thickness reduces by 14%.
Table 3.3 Velocity Profile Thickness for Different Hole Diameters at (a), (b) and (c)
Dh/D

(a) x/D = 2

(b) x/D = 3

(c) x/D = 4

Base
0.054

3.60
3.60

3.76
3.50

3.92
3.10

0.065
0.094

3.60
3.30

3.30
3.20

2.90
2.50
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As Dh increases from 0.054D to 0.065D, the profile thickness further decreases
by nearly 20%. For Dh = 0.094D, the profile thickness further decreases by 24%.
According to Eq. 3.1, an increase in Dh may lead to an increase in U. As U increases,
the mixing and momentum increase [80]. The increase in momentum affects the overall
velocity. This explains why Dh = 0.094D gives the smallest thickness of the velocity
profile. This result is supported by previous result [81]. The average velocity in the wake
region is higher in the hole cases, which demonstrates good flow control.

THICKNESS
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Figure 3.10: Velocity profile at the blade wake for different hole diameters at (a), (b) and
(c)

Furthermore, creating the hole has little effect on the velocity component U at the
center of the wake region (−0.4 < Y/D < +0.4). At this area, the velocity is smaller mainly
due to the boundary layer growth. Further downstream, the velocity is increasing due to
the mixing and eventually become same with maximum velocity (as observed from X/D
= 2, 3 and 4). This finding is in line with the previous result [82].

3.3.3 TOTAL PRESSURE

Fig. 3.11 shows the time-averaged total pressure contour in the wake for different
values of Dh. As we have seen, the pressure drop is reduced and the vortex is
suppressed by adding the hole. Initially, the pressure drop for the base case has
dominance in the center region of the wake (−1 < y/D < +1), until x/D = 10 as shown in
Fig. 3.11(a). For Dh = 0.054D, the pressure drop is minimized to x/D = 8, approximately.
As Dh increases from 0.054D to 0.065D, the pressure drop in the wake decreases as
the length of x/D decreases - Fig. 3.11(c). For Dh = 0.094D, this pressure drop further
reduces.
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The pressure relaxation is achieved more rapidly for a larger Dh. This can be
explained as follows. In this study, the hole is represented in terms of dimensionless
velocity (Eq. 3.1). A change in Dh affects U and pressure, as confirmed by previous
results [61]. The hole changes the flow stream, resulting in propagation of the local
vortex and a decrease in pressure drop in the wake. This is why the total pressure drop
at Dh = 0.094D is suppressed at a shortened x/D. Further downstream in the wake (from
x/D = 0 to x/D = 10), the interaction between flows from the suction and pressure sides
continues, reducing the pressure drop. Fig. 3.12 shows the distribution of the trailing
edge pressure at different values of Dh. An increment in pressure will reduce the wake
loss and enhance overall performance [40][41][83]. Trailing edge pressure increases in
all cases with holes in the blade, which is confirmed by previous results [70].

Figure 3.11: Time-averaged total pressure contour at the blade wake for different hole
diameters

The trends for Dh = 0.054D and Dh = 0.065D are similar. For Dh = 0.094D, the
pressure is a maximum of 14% greater than that in the base case. As explained earlier,
U increases as Dh increases. Because the pressure in this study is slightly higher than
ambient pressure, the changes in cross flow velocity are related to the mean free path.
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The mean free path is the average distance of motion of a moving particle and is related
to the diameter of the molecule, relative velocity, and pressure.

Figure 3.12: Distribution of trailing edge pressure along the trailing edge

As the hole is connected between the pressure side and suction side, the fluid
velocity has moved through the hole. This velocity increases at the lower velocity
region, which becomes a jet / blowing phenomena. The jet mixes with the flow stream
and accelerates the flow, as explained in sub-chapter 3.3.2. This will cause an increase
in the boundary layer thickness on the area immediately after the hole area, and will
decrease the surface velocity on this area. As this surface velocity is reduced, the
surface pressure increases, as explained in the Bernoulli equation and several other
studies [133,134], where the pressure coefficient decreases on the suction side when
the jet has been applied. As for the pressure side, the velocity flows through the hole, as
with the suction phenomenon. This causes the velocity to drop at the area immediately
after the hole, for similar reasons as for the suction side.
As the hole diameter increases, more space is available for the flow to go
through the hole. As a result, this may increase the velocity and increase the boundary
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layer thickness, which is the reason why a larger Dh results in higher pressure.
Connecting the pressure and suction sides of the blade, shifts the pressure from the
high-pressure region to the low-pressure region. As a result, the pressure increases in
the low-pressure region, which offsets the shear layer in this area. This weakens the
vortex on the blade surface and reduces the pressure drop in the wake. An increase in
pressure distribution indicates the increase of the ratio between jet pressure and crossflow pressure. A higher jet to cross-flow pressure ratio increases the mixing efficiency
[132], eventually suppressing the downstream vortex.

3.3.4 WAKE LOSS
Wake loss, ξ is defined as

(3.2)

where PS is the static pressure. All pressure values are time averaged.

Figure 3.13: Wake loss coefficients at x/D = 0.2
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Fig. 3.13 shows the wake loss coefficients for different values of Dh. By plotting
wake loss, the reduction of the pressure loss can be viewed. Overall, it is clear that ξ is
lower in the case of a hole than for the base blade. All graphs have a peak at Y/D = 0.
The case of Dh = 0.054D has a trend similar to that of the base case. An increase in Dh
from 0.054D to 0.065D decreases ξ by approximately 2% at the center of the wake
region. At the same time, ξ increases in the Y/D > 0.4 region and −0.8 < y/D < −0.4
region. The reduction of ξ is greater when Dh = 0.094D. In the center region of the wake
(−1 < Y/D < 1), wake loss is minimized by a maximum of 10% relative to the base case.
The reduction of ξ is related to the increase in pressure produced at the exit of the
blade, which was explained previously. As we integrate each curve in respect of the
minimum and maximum Y/D value, it is obvious that Dh = 0.094D gives the lowest
percentage of ξ.
The increase in pressure at the downstream region of the wake is related to the
explanation in previous sub-section 3.3.3, in which the pressure drop at the hole surface
is reduced. The surface pressure is thus higher for a blade with a hole than for the blade
with no hole. In contrast, there is a small increase in ξ at Y/D < −1.2 for Dh = 0.094D.
This increase is related to the shifted shear boundary layer in a low-pressure region on
the surface, and may result in a pressure drop in the field far from the blade‟s wall and
not fully suppressed at a short distance of x/D. As mentioned before, the vortex of a
blade with a hole is suppressed more rapidly than the base blade. Fig. 3.14 shows ξ at
x/D = 1.5. The lowest ξ is observed for Dh = 0.094D, which suggests that there is high
pressure in this plane (x/D = 1.5).
All cases of a blade with a hole have low ξ at a short x/D distance, indicating that
a hole directly affects the total pressure produced in the wake. It can be said that Dh
affects the trailing edge pressure and wake loss. Dh = 0.094D was chosen for the
optimum value for further investigation. While maintaining Dh = 0.094D, the location of
the hole is changed and the effect of ξ is investigated. Table 3.4 summarizes the
variation of S/D at constant Dh. The relationship between the hole location and ξ is
presented in Fig. 3.15 and Fig. 3.16. For S/D = ± 0.73, ξ is similar to that in the base
case (in the center region of the wake).
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Figure 3.14: Wake loss coefficients at x/D = 1.5

This can be explained by the fact that there is no initial vortex formation at this
location (S/D = ± 0.73). Creating a hole at this location may have a small effect on the
closed flow stream (near the blade surface) and pressure drop. As the hole location
shifts to S/D = ± 0.58, ξ decreases. At S/D = ± 0.58, the trend of ξ is similar to that for
S/D = ± 0.62. This is because there is an initial vortex in this area, and the addition of
the hole thus delays the vortex formation and reduces ξ.
Table 3.4 Variation of S/D at a constant Hole Diameter (Dh = 0.094D)
S/D

L/Dh

Base
± 0.58

9.69

± 0.62
± 0.73

10.32
11.02

A maximum of 2.61% of reduction in ξ has been achieved in this calculation
(average). There are discrepancies in the Y/D < 0 region between each case. This is
because the hole is added near the initial vortex. The effect of the pressure increment
on the low-pressure side thus moves the boundary layer nearer the blade surface,
pushes the nearest vortex to downstream, and reduces the pressure in this area. The
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hole also delays the vortex formations, thus weakening the vortices, which is confirmed
by the visualization in Fig 3.17. This results in the ideal pressure becoming dominant,
thus reducing the pressure loss through the hole and reducing the pressure drop in the
wake.

Figure 3.15: Wake loss coefficients at x/D = 0.2 (Dh = 0.094D)
The vortex cannot be suppressed at a short distance x/D. An observation further
downstream is thus needed. Fig. 3.16 presents ξ for different locations at x/D = 1.5.
Further downstream, the discrepancies of ξ in the Y/D < 0 region are eliminated. The
base case still produces the highest ξ. On this plane, the difference between S/D =
±0.73 and the base case is appreciable, in contrast with previous observations at x/D =
0.2.
The case of S/D = ±0.62 continues to produce the lowest ξ. At S/D = ±0.62, the
vortex formation is delayed, which affects vortex formation downstream of the cascade.
This shows that a series of micro-holes at the location of vortex formation not only
increases the trailing edge pressure distribution but also reduces ξ. This effect may also
be due to the lower ∆L/Dh, as reviewed by Bunker [84], who stated that lower ∆L/D may
improve the pressure distribution and reduce the overall energy loss. Modification at the
location of the dominant vortex affects the pressure and reduces the energy loss. It can
be said that ξ is affected not only by the hole diameter but also by the hole location.
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Figure 3.16: Wake loss coefficients at x/D = 1.5 (Dh = 0.094D)

3.3.5 INSTANTANOUS FLOW FIELD

The instantaneous iso-surface of the study case has been plotted in order to
show better comparison (in terms of flow field) between the base case and the hole
case. Fig. 3.17 shows iso-surfaces of vorticity magnitude colored with stream wise
velocity. The isometric view has been oriented, which permits the observation of wake
vorticity and shear layer, as well as the effect of the hole mechanisms. The figure also
illustrates the gradual shedding of the vortex. The comparison has been made at
approximately the same time phase. The case, Dh = 0.094D at S/D = ±0.62, has been
chosen for this configuration.
Fig. 3.17(i) corresponds to the initial condition of wake vortex formation for base
and hole case. The difference between both cases is readily apparent even at an early
stage. There are concentrations of vortices at the trailing edge surface area of the base
case, which are not significantly apparent at the span-wise hole oriented case. At this
stage, in both cases, enrollment of vortex shedding from the pressure side of the blade
has not yet begun.
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A

Figure 3.17: Iso-surface instantaneous vorticity magnitude for base and hole case. Hole
case condition (Dh = 0.094D, S/D = ±0.62)
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As holes were added to the surface of the blade, the vortex suppressed around
trailing edge (at the region downstream of the hole area) and reduced the vortex
concentration (at the hole area). In short, the addition of micro-holes has successfully
suppressed the strong vortex at the surface of the trailing edge. With reference to Fig.
3.17(ii), attention should be focused at the trailing edge area (surface) of the blade. For
the hole case, at the region between the hole downstream area (-0.62<S/D<+0.62), a
less strong vortex has been developed, which did not appear in the base case. This is
believed to be due to the vortex, where the pressure side started to enroll and mix with
the suction side vortex. At the same time, the vortex started to grow and moved away
from the trailing edge.
In both cases (base and hole), when a downstream vortex initially developed,
approximately the same sized vortex was produced. However, a significant difference is
apparent in Fig. 3.17(iii). While the micro-hole series continue to induce a strong vortex,
the “second vortices” downstream of the wake become separated from the initial vortex
formation. While for the base case, “second vortices” are not fully separated from the
initial vortex. Further downstream of the wake, we can observe the development of
vortex shedding for both cases. For the hole case, this growth, which has been labeled
as “A” in Fig. 3.17(iii), is significantly reduced. From the appearance of the contours and
also the physical structure of the vortex, we can say that at “A”, vortex strength has
been reduced, and the structured vortex which appeared in the base case, is physically
changed in hole cases.
For Fig. 3.17(iv) shows that as the interaction between the vortices continues, the
strong vortex concentration observed in the base case gradually becomes less evident
in the hole case (at trailing edge surface). A significant difference is observed at the
surface area, where the holes have been added. Even in the base case, there are
vortices with relatively low strength on the suction side and when a series of micro-holes
are added to this area, the vortex seems to be well distributed span wise along the
blade. As a result, this reduces the vortex strength in the wake and causes the vortex to
separate from the initial vortex. Further downstream, the same effect as in the previous
figure becomes more obvious. A strong contour vortex appears in the base case, but is
suppressed in the hole case. No concentrated and “structured” vortices can be seen
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downstream of the hole case, and a delayed vortex formation in the downstream area
has been achieved.

Figure 3.18: Frequency comparison between base case and hole case. Hole case
condition (Dh = 0.094D, S/D = ±0.62)

Fig. 3.18 shows the comparison of frequency between the base case and the
hole case. It can be seen that the frequency power is reduced significantly (for the hole
case), especially for the 2nd and 3rd peaks. In summary, the addition of a series of
micro-hole reduces vortex formation at the trailing edge surface initially, which leads to
a reduction in the strength of the vortex at the blade wake. Further downstream, the
delay in vortex formation is also observed.
Another parameter that is associated with blade loss is entropy increase [3]. The
main source of entropy is the viscous effect of boundary layers and the mixing process,
shock wave and heat transfer [3]. Fig. 3.19 shows a comparison of entropy generation
in the base case and in the hole case (Dh = 0.094D, S/D = ±0.62). The decrease of
entropy generation means a reduction in loss. As seen in this figure, the entropy
produced from the blade in the hole case is lower than in the case of the no hole blade.
In the downstream area of the wake, flow mixing continues, initially very rapidly, up to
one chord of the blade [85]. Physically, a shear layer depends on the stream wise
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pressure gradient and transverse velocity gradient, dV/dy [4]. Making holes at the
trailing edge allows the flow to be mixed between the suction side and pressure side,
while jet mixing at the surface reduces the shear layer at the hole area [86]. This is due
to the fact that the jet has reduced the friction on the surface and reduced maximum
velocity. As this shear layer decreases, the rate of entropy generation is also reduced,
which is proportional to μeff (dV/dy)2 [3]. This explains why entropy generation in the
hole case is lower than in the no hole case.

Figure 3.19: Entropy generation comparison between base case and hole case. Hole
case condition (Dh = 0.094D, S/D = ±0.62)

3.4 CONCLUSIONS

The application of a series of micro-holes on a turbine blade was numerically
investigated. The turbulence model selection was a vital step in order to obtain an
accurate result; finally, the SA-DDES turbulence model was chosen in this calculation.
First, the effect of the hole size was investigated. The larger hole diameter of 0.094D
was the most effective among three diameters tested. Dh = 0.094D reduced the wake
loss by a maximum of 10%, increased the trailing edge pressure distribution by 14%
and reduced wake velocity profile thickness by a maximum of 24%, as compared to the
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base (no hole) case. In addition, it was found that a series of micro-holes suppresses
the vortex and reduces the pressure drop in the wake at lower distances of x/D.
Next, the effect of the location of a series of fixed diameter holes of 0.094D was
studied. The optimal location was obtained at S/D = ± 0.62, where approximately 2.6%
maximum reduction in average wake loss was achieved, compared to the base case.
The location of the holes is also significant; at the upstream location (S/D = ± 0.73) is
weakly affected by pressure distribution and wake loss, which is similar to the base
case. In contrast, at the downstream location (S/D = ± 0.58), the wake loss was reduced
by 2.4%, compared to the base case, which was similar to the result at S/D = ± 0.62. It
can be concluded that placing a series of micro holes downstream of S/D = ± 0.62 is
effective for vortex suppression.
In conclusion, a micro-hole series of Dh = 0.094D at S/D = ± 0.62 is shown to
produce the most effective results, compared to other configurations, and the ensuing
flow field also shows suppression of the vortex downstream of the blade wake.
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CHAPTER 4

DIFFERENT STEADY SYNTHETIC JET HOLE ARRANGEMENTS ON A HIGH
SUBSONIC TURBINE BLADE

4.1 INTRODUCTION

Turbine blade wakes normally exhibit an unsteady character in the form of vortex
shedding (von Karman vortex streets) [2]. The total loss associated with vortex
shedding is generally significant at conditions of high-speed [3]. However,
These losses can be reduced through optimization of the blade geometry
(shape), proper flow control, and boundary layer control. A synthetic jet is an option for
flow control, and is widely being used in incompressible laminar flow. To date, there are
few studies of the effect of synthetic jets at high subsonic flow, since no flow separation
has occurred under high Reynolds number operating conditions; i.e. with a sparksynthetic jet actuator [87]. A synthetic jet has the advantage of zero mass input and
non-zero input of momentum without any extra air-supply device [88]. The jet can be
either a steady/continuous jet or a blowing and suction jet. The impact of synthetic jets
on the performance of the turbine blade aerodynamics is still being studied [88].
Different locations, directions and arrangements of synthetic jets have different effects
[89].
Nominal direction of a synthetic jet may generate vortex pairs induced by span
wise instability, transition to turbulence, and become indistinguishable from the mean jet
flow [90]. The effect of the number of holes in the steady synthetic jet and its
arrangement are new elements of investigation in high subsonic flow synthetic jet
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studies. This study is motivated by several findings from previous research. Aram et al.
[91] has claimed that strong counter-rotating vortices can be observed only on the
stream-wise oriented synthetic jet, and cannot be observed on a span-wise oriented
configuration. A span-wise distribution of synthetic jet is beneficial in delaying trailing
edge separation [87]. Thus, span-wise and stream-wise configurations each has its own
benefit. In this study, both effects have been combined. Applying a synthetic jet can also
reduce vortex shedding at the blade wake. Rizzetta et. al. [92] investigated the near
wake regions of the aft-blade and found that active synthetic jet control is able to reduce
the wake loss coefficient by about 53% ~ 56%. This effect was also confirmed by
Kurmanov et al. [69]. Thus, the present study focuses on the effect of single, double and
triple rows of steady synthetic jets on wake vortex shedding and on the pressure around
the blade and at the wake.

4.2 NUMERICAL METHOD

The three-dimensional, Reynolds-averaged, unsteady Navier–Stokes equation
for compressible flow is solved. For this calculation, standard central difference is used
for discretizing the viscous flux, and total variation diminishing scheme is used for
discretizing the inviscid fluxes. The procedure is second-order accurate in time, and the
calculations are carried out using a structured in-house and single-block code method.
Roe‟s flux-difference splitting scheme is used for a numerical inviscid flux calculation,
where second-order accuracy is achieved by employing the MUSCL scheme with the
van Albada flux limiter, while the lower upper symmetric Gauss Seidel together with a
second-order dual time stepping method is employed to calculate the unsteady flow.
Fig. 4.1 shows a close-up view of the region around the trailing edge. The
maximum number of iterations is 2  105, and there are five inner iterations for the
implicit scheme (time marching). Dimensionless Δt* is equal to 105.42  10−6 and the
physical time step Δt = 3.33  10−7s. The numerical method is validated by comparing
the numerical results with experimental data obtained by Sieverding et al., [71] for the
configuration without a hole. The instantaneous result calculated a Courant–Friedrichs–
Lewy number of around 10. The configuration of the cascade is presented in Fig. 4.2,
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which is the same as Sieverding et al. The chord, C is 140 mm, axial chord, Cax is 91.84
mm, trailing edge diameter, D is 7.43 mm and pitch, s is 97.44 mm. The span-wise size
of the blade is 10% of the blade chord length.

Figure 4.1: Trailing-edge S/D, x/D and Y/D reference system

4.2.1 BOUNDARY CONDITIONS
Fig. 4.2 shows an O-type structured grid that has 4.0  106 grid points. In preprocessing, the grid has been developed via Gridgen software and the minimum grid
size is 0.002mm (y+ ≈ 1). Imposed boundary conditions at the turbine inlet are total
pressure, P01 = 140,000 Pa and total temperature, T01 = 280 K, respectively. At the
outlet, isentropic Mach number, Mis,02 = 0.79 and Reynolds number is 2.8  106. To
achieve these conditions, the outlet pressure is specified as P02 = 92,755 Pa.
At the blade surface, a non-slip adiabatic wall boundary condition is applied. For
the inlet boundary condition, subsonic Rieman Invarient condition, R01 has been
imposed. A translational periodical boundary condition is applied for this calculation,
illustrated in Figure 4.2, as in previous studies [60]. The static pressure has been
prescribed at the outlet, thus the subsonic outlet boundary condition has been imposed.
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Figure 4.2: Boundary condition, calculation grid, blade configuration and
dimensions (in mm)

The synthetic jet is represented in terms of finite jet Mach number, Mjet at the
surface of the blade, which is defined as [93];

(4.1)

First, the computations are carried out to investigate the effect of a single row of
synthetic jet holes at different locations, with constant size and flow rate.

Table 4.1 Location of pressure difference

Label

S/D

Location

A

+19.67

0.27Cax

B

+13.67

0.42Cax

C

+0.67

0.97Cax

Figure 4.3: The location selection for Synthetic jet configurations
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This location has been identified based on the area where large differences in total
pressure occurred, as shown in Fig. 4.3, and based on the wake loss produced at
respective location. This pressure difference from leading edge to trailing edge is mainly
due to blade design. The wake loss, ξ can be calculated as in Eq. (3.2). All pressure
values are time averaged. Fig. 4.4 shows the wake loss for each location at x/D = 1.5.

Figure 4.4: Wake Loss for Base, A, B and C

The lowest wake loss was obtained when the synthetic jet is applied at S/D =
+13.67. As a result, the location of S/D = +13.67 was chosen. Next, the number of rows
of synthetic jet holes, single, double and triple rows, was further investigated, as
illustrated in Fig. 4.5. These three configurations of slot-hole series can give a better
description of the stream-wise and - span wise effect of a synthetic jet. Since the focus
of this study is to observe the aerodynamic flow field and the blade wake flow, the detail
inside the synthetic jet hole is not discussed. All the slot-holes are 0.13D x 0.13D in size
and slots are placed equidistantly at ΔZ=1.17mm. A synthetic jet angle, αsyn of 10
degrees tangential to the flow direction and Mjet of 0.7 are constant for all cases. The
slot-holes have been applied only on the suction side surface for all cases, as in
previous research [94].
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Figure 4.5: Synthetic jet configurations (a) single slot-hole (b) double slot-hole (c)
triple slot-hole (d) slot-hole configurations

Four turbulence models have been tested, which are Spalart Allamaras (SA),
Detached Eddy Simulation (DES), Delay Detached Eddy Simulation (DDES) and
Improved

Delay

Detached

Eddy

Simulation

(IDDES)

turbulence

models

[62][64][65][67][95], as explained in Chapter 2. The comparisons of the turbulence
models were explicated in Chapter 3, and the SA-DDES turbulence model has been
chosen to be used in this study.

4.3 RESULTS AND FINDINGS

4.3.1 SURFACE PRESSURE COEFFICIENT, CP,sur AND LIFT COEFFICIENT, CL
Each configuration case has been compared with the base case. Since the
experimental result of CP,sur is not available in the literature, the CP,sur of the base case
relies on the simulation result. Fig. 4.6 shows the result of CP,sur for all cases. For the
base case, CP,sur shows a downward trend of pressure at the trailing edge suction side.
Adding the synthetic jet changes the pressure coefficient effect on the blade [69].
Adding a single row of synthetic jet caused the pressure spike to plateau at 0.5< x/Cax
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<0.6. This pressure spike is due to the introduction of the synthetic jet that causes the
surface pressure to increase sharply up to 0.70, which is consistent with previous
findings [89][96]. The pressure then decreases to a minimum value of -0.6. The sudden
pressure drop is due to the development of boundary layer trajectories. Since the
velocity ratio (Mjet) is quite high (0.7), it is expected that the jet would block the stream
flow and boundary layer, causing the cross flow to be diverted over and around the jet
flow. This will create a low pressure region downstream near the jet area [131]. The
maximum increment of 53% in CP,sur (as compared with the base case) occurred at the
trailing edge area (x/Cax >0.9).

Figure 4.6 Pressure Coefficient (CP) and Lift Coefficient (CL) for each case
When another row of slot-holes (double row) is added, the respective CP,sur
plateau is reduced. A significant effect is observed at x/Cax = 0.6, where the reduction of
pressure has improved about 50% compared to the single row application. Improvement
has also been achieved at the trailing edge area, where CP,sur has been fully eliminated.
As for the pressure side, a small increment of CP,sur has occurred between 0.4 < x/Cax <
0.9. In the case of the triple row of synthetic jets, the result exhibits a similar trend to
that of the double row case. A small increment of CP,sur can be observed at x/Cax = 0.6.
Between 0.65 < x/Cax < 0.9, the CP,sur registered a small reduction for all cases where
synthetic jets were introduced.
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Figure 4.7 Distribution of trailing edge pressure for each case

The increase of Cp,sur is related to velocity changes at the location of the
synthetic jet. The Bernoulli equation explains that the velocity increase will cause a
reduction in pressure, and vice versa. In this calculation, the velocity of the jet is
introduced lower than stream velocity, which may cause a reduction in flow velocity,
hence increasing the pressure distribution. The lift coefficient can be obtained by;

∫

[

( )

( )]

(4.2)

where XLE and XTE denote the – x coordinate of the leading edge and the trailing edge of
the blade, while CP.lower is the pressure coefficient on the lower surface and CP.upper is
the pressure coefficient on the upper surface. It can be seen that adding synthetic jets
has reduced the lift coefficient. Fig. 4.7 shows the distribution of the trailing edge
pressure. An increment in pressure reduces the wake loss and enhances the overall
performance. It is clear that the synthetic jet increases the trailing edge pressure
distribution, which is confirmed by previous results [97]. The trends for all the synthetic
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jet applications are similar. Small discrepancies between each synthetic jet
configuration have been observed at S/D > 0.5 and S/D < -0.5.
The steady synthetic jet is applied on the suction side and this jet is mixed with
the flow stream, which accelerates the flow, as explained in Chapter 3, sub-section
3.3.2. This causes an increase in boundary layer thickness on the area right after the
area where the jet is located, causing the surface velocity on this area to decrease. As
surface velocity decreases, surface pressure increases, as explained per the Bernoulli
equation and other references [133,134], where the pressure coefficient decreases on
the suction side when the jet has been applied. This is why surface pressure distribution
increases in configurations with holes. Overall, it can be said that the application of
synthetic jets increases the pressure of the trailing edge and decreases the pressure
drop at the wake.

4.3.2 FLOW FIELD CONTOURS

Fig. 4.8 shows the time-averaged total pressure contour around the blade. At the
wake area, the pressure drop is reduced and the vortex is suppressed. Initially, the
pressure drop for the base case is greatest in the central region of the wake from (−1 <
y/D < +1), until x/D = 10.
Adding a single row of holes, reduces the area of pressure drop (at the location
where the synthetic jet is applied), but at the same time, the magnitude of the pressure
drop increases, which is consistent with the result of Cp,sur in the previous result. In
contrast, the pressure at the wake dropped substantially, compared to the base case,
where the pressure drop has been eliminated.
In the case of the double row synthetic jet, the high magnitude of pressure drop
(at the hole area) is reduced and the wake area remains without any pressure drop. For
the triple case, the flow field was almost the same as for the double case. As the jet
phenomena are added, the flow around the blade surface is disturbed and “blocked”.
This may lead to significant reduction of pressure at the jet area, as seen in Fig. 4.8.
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Figure 4.8 Time average total pressure contour (a) Base, (b) Single Row (c) Double
Rows and (d) Triple Rows Hole

Fig. 4.9 corresponds to the instantaneous iso-surface vorticity of each case.
Before the synthetic jet is applied, strong vortices have developed at the wake of the
blade, especially at the suction side of the blade. When the single row of holes of the
synthetic jet is applied, this vortex fluctuation and strength are significantly reduced.
There is also a significant delay in the reattachment of the boundary layer which
develops as a consequence of the synthetic jet, and is believed to be due to
compressible effect [87][98]. In the case of a double row of holes, the reattachment area
between the vorticity is slightly longer than in the single case, occurring at
approximately x/D ≈ 0.8. Further downstream at the wake, the interaction between the
vortex continues at low strength.
The triple row case displays unsteadiness of the vortex at the suction side
surface and this affects vortex formation downstream at the wake. In this configuration,
the vortex develops different shapes, compared to the other cases.
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Figure 4.9 Iso-surface instantaneous vorticity for each case

4.3.3 WAKE LOSS

Fig. 4.10 shows the wake loss coefficients for different hole arrangements at x/D
= 1.5. By plotting the wake loss, the reduction of pressure loss can be viewed. Overall, it
is clear that ξ is lower in the case of a synthetic jet than for the base blade. All graphs
have a peak at y/D = 0. All synthetic jet configurations reduce the wake loss. Reduction
in wake loss suggests that the pressure at the wake has increased. A single row case
reduces ξ by about 44%, compared to base case. The lowest ξ is achieved by the
double row case, in which the maximum reduction of wake loss is approximately 2%
lower than for the single case. A triple row of synthetic jet registered an increment in
wake loss of about 9.2% compared to double row case, although it was still lower than
the base case. Even though the synthetic jet was applied only at the suction side
surface, the effect on wake loss can be presented as the overall wake loss reduction
[99].

73

Figure 4.10 Wake Loss for (a) Base, (b) Single (c) Double and (d) Triple

4.4 CONCLUSION

The application of a series of synthetic jets on a turbine blade was numerically
investigated. Turbulence model selection was a vital step in order to obtain an accurate
result. The location of the holes also plays an important role; applying a series of
synthetic jet slot-holes at the location of the most significant pressure difference can
reduce the wake loss by a maximum of 13% and increase the trailing edge pressure
distribution. Additionally, a double slot-hole series is most effective in terms of pressure,
resulting in a reduction in concentrated pressure drop and an increase in CP,sur by a
maximum of 53% (as compared with the base case). Furthermore, the flow field shows
the pressure drop at the wake is successfully eliminated, which leads to a reduction in
wake loss. In addition, the instantaneous vorticity shows that the strength of the wake
vortex is reduced in all configurations of synthetic jet applications.
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CHAPTER 5

SIMULATION OF COMPRESSIBLE AND MULTI-PHASE FLOW IN PLASMA SPRAY
WITH FVM-MPS HYBRID METHOD

5.1 INTRODUCTION

As the previous chapter has confirmed, the application of a series of micro-holes
at the trailing edge area has been proven computationally to be effective for
downstream vortex suppression. Several techniques for making micro-holes on a
turbine blade have been suggested, including laser drilling, electrolyte jet drilling,
electrochemical machining, and electrical discharge machining.

5.1.1 Electrical Discharge Machining (EDM)

Electrical Discharge Machining (EDM) is a non-traditional machining process.
The basic components in the EDM process consist of a tool electrode, a work piece,
and a dielectric and pulse generator. The process is based on removing material from
the work piece surface by a series of electrical discharges between the tool and the
work piece in the presence of dielectric fluid. By moving the tool electrode towards the
work piece, an arc discharge can occur in a narrow gap of several µm to several tens
µm between the two electrodes after high voltage is applied. Material is removed by
melting and/or evaporating. Generally, EDM can be classified into two main categories:
sinking EDM, and wire EDM.
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The increase in demand for micro parts and products has forced manufacturers
and researchers to explore methods of producing products which are small in size and
high in accuracy. When EDM processes are applied to produce a product with holes,
cavities or pins smaller than 500μm, the process is categorized as micro EDM
[100][101]. Examples of the application are drilling small and deep holes for turbine
components or for fuel injection nozzles [102][103][104]. To realize machining in micro
scale, two main requirements should be fulfilled: reduction of unit removal, and
improvement of equipment precision [100]. Since there is no direct contact between the
electrode and the work piece with EDM, problems related to mechanical stresses,
chatter, and vibration during machining can be eliminated. Regardless of hardness, any
conductive materials can be machined by EDM. One of the challenges in using EDM as
a tool for making micro holes in turbine blades is that EDM can only make contact with
conductive surface. Normally, a turbine blade is coated with a non-conductive coating to
operate under high temperature systems.

Figure 5.1 Proposed method of conductor coating by [105]
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In order to solve this limitation, Gokhan and Cogun [105] have proposed a new
method by applying a layer of conductive coating on the surface / area where the EDM
is to take place [105]. This conductive layer coating provides electrical conductivity on
the surface to be machined. The initial discharge formations occur between the tool
electrode and conductive layer. After this conductive layer is completely eroded,
conductivity is provided by means of graphite powder added into a dielectric fluid which
serves as a bridge between the nonconductive workpiece surface and the conductive
layer. Conductive graphite powders in the machining gap are formed by the breakdown
of the dielectric fluid, and conductive particles that are removed from the conductive
layer stick to the surface of the non-conductive workpiece through the thermal effect of
the discharge and form a thin conductive layer on the surface of the nonconductive
workpiece. The process continues by means of the formed carbon layer on the
nonconductive workpiece. In this way, EDM is made suitable for the machining of
electrically nonconductive workpieces by mixing graphite powder particles into a
dielectric liquid and coating the surfaces of the workpieces with a conductive layer.
As noted, a turbine blade is normally coated with a non-conductive coating in
order to withstand high temperature operating conditions. Therefore, in order to perform
EDM, as a first step for making a series of holes, it is necessary to apply a conductive
layer coating at the trailing edge area. This study will simulate this coating process prior
to the micro hole machining process.

5.1.2 Conductive Coatings

A plasma spray is used to produce coatings such as a Thermal Barrier Coating
and conductive coatings. Micrometer size powders are introduced into a hot plasma jet,
then heated and evaporated to form droplets. The droplets collide at high speed with the
substrate to form a coating. The droplets are flattened as they cool and solidify due to
heat exchange with the substrate. Shinoda et al., [106] experimentally measured the
flatness of the particles. It was found that particles‟ flatness was proportional to 0.2-0.3
powers of the Reynolds number. The droplet impinged on the substrate becomes a
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splat or a splash with a large deformation and break-up. Fukumoto et al. [107]
measured the threshold temperature between the splash and the splats experimentally.
In previous studies, full-scaling modeling of the plasma spray was performed by
solving the fluid flow of the plasma jet using either the FVM (Finite Volume Method) or
the FDM (Finite Difference Method), while a simple model with a point mass was used
to simulate the powder particle behavior [108][109]. It is difficult to simulate the
deformation of the droplet in such approaches, and they are also not suitable to study
the physics of the microstructure formation. On the other hand, the VOF (Volume of
Fluid) method of the incompressible Navier-Stokes equation is typically used to simulate
the collision and deformation processes of a single droplet [110][111][112][113]. The
formation processes of the air void, which affect thermal conductivity, have been
investigated by simulating the impingement of the multiple droplets on a substrate
[114][115]. Full-scale modeling to reproduce the deformation of the droplets is useful for
the development of new materials. However, the computation cost is too high to capture
the interface of the droplet entirely in full-scale modeling using the VOF method in the
Euler coordinate, since the interface resolution requires very fine computational grids.
During acceleration and the heating process of the powder, the heat is transferred from
the atmospheric gas to the powder particles, and the liquid droplet is deformed by the
aerodynamic force from the atmospheric gas. Thus far, however, the physics of these
processes has not been fully taken into account in conventional studies. It should be
noted that the plasma jet is known to be heavily turbulent, as observed in the
experiment reported in [116]. The liquid droplet should be deformed significantly by the
turbulence. Moreover, the effect of the aerodynamic force and heat exchange on the
substrate has not been considered, to the best of the author‟s knowledge.
The aim of the present study is to realize a full-scaling modeling that can
reproduce the micro-structure of the coatings. The MPS (Moving Particle Semi Implicit)
method for computing the large-scale deformation, break-up, and attachment of the
liquid droplet is coupled with the FVM for accurately computing the high-speed flows of
compressible fluid, while reducing the computational cost as compared to the VOF
method. In the present study, the numerical method has been developed along the
same line as the FVM-MPS hybrid method developed in an earlier study by Ikejiri et al.
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[117]. The hybrid method is now extended to simulate the plasma spray, solving the
compressible and viscous gas flow, heat transfer between the droplet and the substrate,
and the phase change of the droplet. To the best of the author‟s knowledge, this is the
first time such an extension is being carried out.

5.2 METHODOLOGY

5.2.1 GAS FLOW CALCULATION

FVM (Finite Volume Method) is used for simulating the fluid flows.

Figure 5.2 (a) Overall computational grid (b) Position of expansion nozzle [d = nozzle
diameter (5mm), L = nozzle distance (50mm)]

The unsteady three-dimensional compressible Navier-Stokes equation is solved.
Spatial accuracy is extended up to third-order via the MUSCL method [116]. The air is
assumed to be an ideal gas (atmospheric air), and the viscosity coefficient is evaluated
by using the Sutherland equation. The SLAU method, which is able to maintain
accuracy at low Mach number flow, is used to evaluate the non-viscous flux [118]. The
Van Albada flux limiter is adapted. Viscous flux is discretized using central difference.
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Figure 5.3: The calculated velocity distributions of the jet initial conditions

An explicit third-order TVD Runge-Kutta method is used for the time integration
[119]. Fig. 5.2 shows the computational grid used in this calculation. A total grid number
of 7.82 x 106 is used. The initial velocity distribution of the jet before inserting particles is
shown in Fig. 5.3. If the boundary-fitted grid is used for calculating the flow around the
droplet, the boundary layer on the interface of the droplet can be regenerated
accurately.

Figure 5.4: Droplet around the flow (Re = 133)
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However, the computational cost is too high for full-scaling modeling. In the
present study, the virtual boundary method is applied to establish the boundary
condition of the droplet interface [120]. This method allows the imposition of a non-slip
boundary within the flow field by a feedback forcing term which was added in the
momentum term, as found in reference [120] and in chapter 5.2.4 of this study. This
method is similar to a coordinating transformation, which has been widely used in the
finite element method. This external force has been applied at a specific grid point of the
simulation. The droplet consisted of particles. Aerodynamic force is exerted on the
particle on the interface between the droplet and the atmospheric air, while the reaction
force is generated from the particle to the gas. The flow around a droplet is shown in
Fig. 5.4. The Reynolds number is 133 in this case. The wake flow geometry is similar to
the visualization in the reference [121]. A plausible flow can be formed around the
droplets by using the virtual boundary method. The flow calculation without any particles
is converged first, and then a droplet of a given initial velocity and temperature is
introduced at the height of 1mm above the substrate, as shown in the expanded image
in Fig. 5.3. The detailed condition of droplet is presented in Table 5.1.

Table 5.1: Calculation Condition of Droplet and Gas Jet
Droplet Substance

Copper

Substrate Material

SUS304

Distance between initial MPS particle

2.0 μm

Initial Droplet Diameter

50.0 μm

Initial Droplet Velocity

60 m/s

Initial Droplet Condition (height)

1.0 mm

Initial Droplet Temperature

1700K

Substrate Temperature

300K

Droplet Solidification Temperature

1357K

Exit Nozzle Speed

100m/s

Exit Nozzle Temperature

273 K

Exit Nozzle Static Pressure

1.0 atm

Nozzle Diameter

5mm

Nozzle to substrate Distance

50mm
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5.2.2 PARTICLE CALCULATION METHOD

The following three-dimensional incompressible Navier-Stokes equation is solved
using the MPS method for simulating the droplet dynamics.

(5.1)

The present method follows [122]; it consists of the explicit integration of the
velocity field and the implicit integration of the pressure equation. The Laplacian is
evaluated using Khayyer„s model [123][124]. In addition, the incomplete Cholesky
decomposition with conjugate gradient method (ICCG method) is used for the implicit
integration of the pressure equation. The water column collapse problem was solved for
the validation of the MPS method, and the numerical results were compared with the
experimental results [125][126][127]. The FVM flow calculation and the MPS droplet
calculation were solved in series, while weakly coupled with each other.

5.2.3 INTERFACE DETERMINATION

The number density of the particle on the free surface is considered to satisfy:

(5.2)
Here, n0 is the initial particle number density, and n* is the particle number
density that is calculated after the explicit integration of the velocity field. We set β =
0.95. In addition, Gotoh et. al [128] conditions are imposed as an auxiliary judgment.
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5.2.4 EXTERNAL FORCES (SURFACE TENSION, AIR FORCE) MODEL

The external force term, Fext includes surface tension, aerodynamic force, and
gravity. Most studies so far have used the VOF method, while the CSF (Continuum
Surface Force) model has been used for the evaluation of surface tension [129]. In the
present study, the Ishii model is used as it is more stable than the CSF model when
applied to the particle methods [130]. The normal force originating from the pressure,
Fp, and the shear force, Fs are applied on the interface between the gas and the
particles. In order to evaluate Fs accurately, it is necessary to resolve the boundary
layer of the air flow generated in the droplet surfaces, which may increase
computational cost. For this reason, Fp and Fs are being estimated using simple models
as follows.

(

)|

(5.3)

|

where S is the surface area of a single particle and Cd is the drag coefficient of a
sphere as a function of Re, which can be calculated as

. ni is the normal vector of the

intersurface at the position of particle i. uigas is the velocity vector of the atmospheric
gas at the same position as particle I, and ui is the velocity vector of particle i. For the
atmospheric gas, the reaction force is applied on the virtual interface between the gas
and the droplet so that the overall momentum is conserved.

5.2.5 HEAT CONDUCTION MODEL

The heat conduction equation was solved to simulate the cooling process
between the droplet and the substrate after the contact:
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(5.4)

where h is the enthalpy of each particle of the droplet and J is the heat flux from
droplet to the base material. The heat flux is given as follows,

(5.5)

where k1 is the thermal conductivity of the liquid droplet, and k2 is the thermal
conductivity of the solid substrate. The thermal conduction inside the droplet and the
substrate are calculated by solving Eq. (5.5) and putting k1=k2. The present model for
the thermal conduction is simplified by ignoring the contact thermal resistance across
the interface, and is much simpler than, for example, the VOF simulation [110].

5.2.6 PHASE TRANSITION (SOLIDIFICATION) MODEL
The solidification fraction, γ, is defined as a discontinuous function of enthalpy
as:

(
{

)

(

)
(

(5.6)

)

where hs0 and hs1 are the enthalpy at the beginning and at the end of the melting
process. For simplicity of the analyses, the droplet is assumed to be liquid for  < 0.5,
and solid for  ≥ 0.5. After a particle is solidified on the substrate, the particle adheres to
the substrate.
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5.3 RESULT AND FINDINGS

The velocity distributions of the gas flow and the droplets during the collision
process are shown in Fig. 5.5. Due to the motion of the droplet in the gas atmosphere, a
wake is generated in the gas behind the droplet. The gas is compressed in a region
between the substrate and the droplet prior to the impact, and then the gas expands
outward from the collision point horizontally to the substrate surface after the impact.
After the impact, the droplet particles in contact with the substrate surface are solidified
instantaneously and their motions are stopped, while the particles above the contact
surface remain mobile to move in a lateral direction. The lateral motions of these
particles are enhanced by the gas flow above the droplet in the lateral direction. After
the latter timing (t = 0.437 μs), a few particles fly off the droplet.

Figure 5.5 The droplet velocity distribution in the collision process

The temperature distribution during the collision process is shown in Fig. 5.6. As
shown in Fig 5.6 (a), before impinging on the substrate, the droplet is slightly flattened.
Due to the aerodynamic force, the temperature is uniform within the droplet. At t = 0.25
μs, the substrate starts to be heated by the droplet while the temperature in the droplet
is still high. At t = 0.8 μs, the droplet particle starts to cool near the periphery, while the
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temperature of the droplet near its center is still high. The solidification of the droplet
proceeds from the periphery to the center. At t = 1.8 μs, the particles around the
periphery are solidified while the temperature near the center is still high so that the
particles near the center are still mobile. The solidified particles near the periphery
deflect the particles moving outward from the center to the upper direction, like a jump
ramp.

Figure 5.6 The droplet temperature distribution during the collision process

A few particles moving from the center bounce off the periphery. While at t = 0.8
μs, the shape of the droplet is convex, and then it becomes concave at t = 1.8 μs due to
the deflection at the jump ramp. The shape of the resulting splat is concave. This is
consistent with the calculated result using the VOF method [110]. In fact, Kamnis et al.
[110] simulated the process using a two dimensional numerical model (VOF method), in
order to reduce the computational time and complexity.
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Figure 5.7 Flatness as a function of impact velocity

By using this hybrid FVM + MPS method, a similar result can be obtained in
acceptable computational time with three dimensional calculations. The flatness of splat
as a function of the impact velocity of the droplet is shown in Fig. 5.7. The flatness or
degree of flattening is defined as the ratio of the final splat diameter and the diameter of
the particle just before the impingement process. The figure shows the results of both
the FVM and MPS coupled analysis (FVM + MPS) and the uncoupled analysis (MPS
only) which ignored the aerodynamic force from gas to the droplet. Two different initial
temperatures of the substrate were tested. The result shows that flatness increases with
impact velocity.
In the case of MPS only, if the initial temperature of the substrate is set at 300K,
the flatness is found to be proportional to Reynolds number, Re0.25; if the temperature is
set at 673K, the flatness is proportional to Re0.30. For the initial substrate temperature of
300K, the flatness of the coupled analyses of FVM and MPS is slightly higher than the
results of the uncoupled analysis (MPS only), which is proportional to Re0.26. The graph
trends in each case are similar, and the present results are consistent with previous
results obtained from VOF analyses [106], and experimental results [111], in which the
flatness was found to be proportional to Re0.2~0.3 [106]. When the substrate initial
temperature is raised from 300K to 673K, the flatness also increases. The shape of the
splat is determined by the dynamic deformation and solidification of the droplets.
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Figure 5.8 Streamline around the droplet (a) CFD calculation (b) Reference [121].

By increasing the initial temperature of the substrate while maintaining the initial
droplet temperature, the heat flux from the droplet to the substrate is reduced and
overall solidification is delayed. The mobility of the droplet lasts a longer time enabling
the higher substrate initial temperature to increase the flatness. The VOF calculation of
Al2O3 by [111] has shown that the solidification time increases with an increase in the
substrate temperature. At the same initial temperature of the substrate, the results in the
FVM + MPS coupled analyses show greater flatness than in the uncoupled analysis of
the MPS only. This is because the liquid droplet is flattened by the aerodynamic force
prior to the collision. The droplet structures on steady axisymmetric flow in Figure 5.8
are also consistent with reference [121]. For convenience, Fig. 5.8 shows both
configurations, from the calculation result (Fig. 5.4) and from the reference.

5.4 CONCLUSION

A new method coupling FVM and MPS using a virtual boundary method is
introduced. The following conclusions can be drawn:

(1) The processes from the acceleration and deformation of a droplet under the
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influence of ambient gas flow to the solidification of the droplet on a substrate have
successfully been observed.
(2) The trend of flatness at the initial temperature of 300K is proportional to Re 0.26,
which is consistent with the experimental result (Re0.2-0.3).
(3) The splat shape results also agree well with previous VOF method.
(4) The virtual boundary method in this calculation has successfully realized a full-scale
modeling calculation of the plasma spray, with good computational time.

89

CHAPTER 6

OVERALL CONCLUSION

6.1 PREAMBLE

In Chapter 6, the overall conclusion to the research is presented, and the objectives
achieved. Finally, some suggestions are made for future research.

6.2 OVERALL CONCLUSIONS

The following general conclusions can be drawn from the research findings:

(1)

The use of three dimensionalities is important to ensure an accurate result is
obtained.

(2)

Different turbulence models give different results. Careful selection of the
turbulence model was a vital step toward obtaining an accurate result.

(3)

The proposed method of connecting the suction side and the pressure side of a
turbine blade successfully suppressed the vortex at the trailing edge and wake
area.

(4)

The optimal application of micro holes is sensitive to location and size.

(5)

With respect to the research parameters, the optimum (Dh = 0.094D at S/D = ±
0.62) gave maximum reduction in wake loss of 10%, reduced wake velocity
profile thickness at a maximum of 24% and reduced the frequency peak.

(6)

The proposed method of applying the multi-hole synthetic jet has successfully
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suppressed the vortex at the wake area.
(7)

A small separation on the blade surface is beneficial for single and double row
cases, while greater separation is disadvantageous in the case of triple rows.

(8)

Double rows give maximum reduction in wake loss of 13% and eliminate the
pressure coefficient drop spike.

(9)

A new method that coupled FVM and MPS was successfully developed, in
which the process from acceleration until deformation of a droplet can be
observed.

(10)

The flatness of an observed droplet was proportional to Re0.26, which is
consistent with experimental results. The shapes of droplets also agree well with
what is reported in references

6.3 RECOMMENDATIONS

The following are recommendations for future research:

(1)

As comparisons between each turbulence model were made, it was apparent
that there are some discrepancies between each turbulence model. As the
turbulence model in this study has been limited to only one equation turbulence
model, it is suggested that a future researcher implements two equation
turbulence models (i.e. k-omega, k-epsilon etc.) for the same study.

(2)

Prior to the results obtained, small discrepancies were observed between the
numerical simulation and experimental values, in terms of total pressure
distribution along the blade (Fig. 3.5). Since the effects of turbulence models are
significant in this study, the modification on existing turbulence model (SA-DDES)
is also expected to improve this result. This would lead to a novel study in
computational fluid dynamic turbulence flow.

(3)

An experiment could be conducted to evaluate the result especially for the effect
of through-holes and synthetic jets.

(4)

Since the effect of through-holes has been presented in terms of the HagenPoussille equation, for a computational study, a future researcher could attempt
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to simulate the flow inside these holes, by using detailed boundary conditions
and grids. This would require enhanced computer capability.
(5)

A detailed study could investigate the synthetic jet effect in overall flow (streamwise and span-wise) direction.
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