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ABSTRACT

One of the primary operating issues for the hydropower sector is the severe degradation
of the hydro-mechanical components of hydropower projects (apart from storage-type
plants). The eroded pieces are regularly replaced with fresh ones (or repaired ones) and
are fixed by welding. The templates created from sheets and utilized for bucket profile
control during repair and maintenance have the drawback of not being able to record the
angular deviation of the bucket profile. Additionally, secondary flows and bucket
warping may be brought on by unequal loading, an eccentric jet, and changes in
mechanical qualities. A relative angular eccentricity between the jet and bucket results
from both of the aforementioned cases. This study aims to investigate how the angular
eccentricity between the jet and bucket affects the flow behavior. Numerical flow
analysis is done in this work to examine the impact of eccentricity on the Pelton turbine's
bucket using the commercial Computational Fluid Dynamics (CFD) Fluent code
ANSYS. To mesh, ANSYS ICEM was utilized, and the Volume of Fluid (VOF)
method's implicit scheme formulation was employed to represent the transient state of
the jet until a steady state was reached. For focal situations of jet-bucket interaction, the
results of theoretical calculations, experimental observations, and numerical modeling
were compared. There is a -11.5% error in the jet velocity and a 32.75% error in the
thickness of the water sheet as compared to theoretical estimates. The study of flow
simulation over a bucket was conducted to analyze flow in the eccentric situation by
dividing the bucket into two parts, the upper half and the bottom half, at three distinct
angular deviations (specifically 2.5, 5, and 7.5 degree). A flow model is used to represent
the velocity profile, pressure profile, and water volume percentage at various locations
between the needle tip and bucket exit. With angular deviation, velocity profiles and
pressure profiles have changed, and it has been shown that as eccentricity increases, the
thickness of the water sheet in the bucket also does. Calculations were made for the
overpressure coefficient produced in the bucket at an eccentric angle. The results were
0.1544, 0.247, 0.1235, 0.1204, 0.1853, and 0.3087 for the top and lower halves of 2.5,
5, and 7.5 degrees respectively. This suggests that eccentric installation increases bucket
loading. Additionally, a thicker water sheet means that a bucket will hold more mass
than it would under ideal conditions. Along with imbalanced forces, which are generally
considered for studying mechanical vibrations, this additional weight of water in the

bucket is a source of mechanical vibrations as well.
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CHAPTER ONE: INTRODUCTION
1.1 Background

In Nepal, there are about 6,000 rivers and rivulets. Due to its unique geography and
abundant water supply, Nepal has a wealth of hydropower potential. There is an overall
economically viable production capacity of 83,000 megawatts (MW) and a production
capacity of roughly 43,000 MW. Compared to the similar amount of 6,529 GWh in FY
2019/20, the total energy usage in FY 2020/21 was 7,319 GWh, a small rise. The annual
energy output from hydropower plants has surpassed the target projected by 95.25
percent (NEA, 2021).

Furthermore, the Himalayan region as a whole offers significant potential for the
development of hydropower. However, due to the issue of silt erosion, hydropower
production faces numerous technical difficulties. Tropical temperature, immature
geology, and heavy seasonal rainfall are a few examples of the physical and climatic
factors that contribute to problems with sedimentation and erosion. Therefore, during
the monsoon and the time of major flooding, the rivers in this area move a significant
amount of silt. A key element in increasing the efficiency of hydraulic turbines may be
how hydropower projects are managed. Because of this, the security, dependability, and
longevity of hydropower projects are now top priorities. Large amounts of silt, typically
in the form of quartz-based rock shards or hard, abrasive minerals, are found in the
Himalayan Rivers. The presence of brittle rocks in mountains, great relief, and
extremely strong monsoon rainfall are the primary causes of sediment particles in rivers.
Determining the safety, dependability, and lifespan of infrastructures like the
electromechanical parts of hydropower projects has thus become one of the most crucial
issues. (Pachhain, 2020)

Building hydropower facilities across rivers that are heavily packed with sediment is
extremely difficult due to the flow of sediment particles. Particularly at high- and
medium-head hydroelectric power facilities, the hydro turbines experience erosion due
to the abrasive impact of hard particles like quartz and feldspar. (Sangal et al., 2018)
(Poudel et al., 2012). According to a forced perspective on the erosion phenomenon in
the Pelton bucket, the outer part of the bucket is more vulnerable to erosion because

there, the separation forces acting on the sediment particles are the strongest. (Kumar et
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al., 2019). Due to the smallest radius of curvature in the bottom portion of the bucket,
the Pelton bucket suffers the highest erosion (Rai et al., 2021)
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Figure 1.1: Turbine Selection Nomogram

The head and flow parameters determine which hydro turbine should be used at a
particular location. The application ranges of several types of hydraulic turbines are
depicted in Figure 1.1. The Pelton turbine is used in high head sites, as seen in the
picture.

In unstable mountainous areas, hydropower plants must contend with significant hydro-
abrasive erosion of hydraulic components, which reduces efficiency, causes frequent
power-generating disruptions, and requires downtime for repair or replacement. A
Pelton turbine is prone to erosion because parts like nozzles and buckets have high flow
rates (Rai et al., 2021).

Hydro-abrasive erosion of hydraulic turbines is an economically important issue due to
maintenance costs and production losses, in particular at high- and medium-head run-

off-river hydropower plants (HPP) on sediment-laden rivers (Felix et al., 2016).

Table 1.1 presents the list of major hydropower projects in which Pelton turbines are

installed in Nepal.
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Table 1.1: Major Hydropower Projects with Pelton Turbine

Total Unit
Name of the ) ]
S.N ] Capacity | Capacity Status Reference
Project . )
(in MW) | (in MW)
< |1 Kulekhani 1 60 30.5 Running NEA, 2017
i
z
> 2 llam 6.2 3.1 Running NEA, 2017
E (Puwakhola)
=
O3 Sundarijal 0.64 0.32 Running NEA, 2017
1 Khimtikhola | 60 12 Running IPPAN, 2018
2 Chilime 22 11 Running IPPAN, 2018
(%2}
(a8
a |3 Chhyangdi 2 1 Running IPPAN, 2018
>
o)
23 Upper 456 76 Running IPPAN, 2018
=
5 Tamakoshi
4 Sanjen 42.5 15 Under IPPAN, 2018

Construction

Total Operating (Running) | 606.84

The project stated in the above table are state-owned, owned by the Nepal Electricity
Authority (NEA), and some by Independent Power Producers (IPPs) which operate
under the umbrella organization Independent Power Producers Association of Nepal
(IPPAN). From the NEA information companies like Upper Tamakoshi Hydropower
Limited (UTHL), and Chilime Hydropower Company Limited (CHCL) are sister
companies. In total available energy, NEA’s generation contributed 31.66%, whereas
those imported from India and domestic IPPs accounted for 31.83% and 36.51%
respectively. Table 1.1 show that the 606.84 MW of power generated from the power

plant having Pelton turbine to the national grid.

Hence, it can be seen that 16.45 % of the total power is contributed by the Pelton turbine.
In Nepal, most of the micro and mini (<=1000 kW) employ the Pelton turbine for its
cost-effectiveness and flat efficiency curve which shows the Pelton turbine's importance
in Nepal.
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Pelton turbine buckets are mounted on the periphery of the runner. Either double
hemispherical or double ellipsoidal-shaped buckets are mounted. Bajracharya et al
(2008) is an initial comprehensive study on sediment erosion in the Pelton turbine
available online. This was the first time that a study specifically focused on
understanding erosion in Pelton turbine nozzles has been published. Computational fluid
dynamics (CFD) has developed and advanced to the point where erosion patterns may
now be anticipated through simulation. In particular, the usual installation of Runner
and distributor parts is analyzed for the hydro-abrasive erosion analysis in the Pelton

turbine by CFD simulation.

The erosion is followed by a decrease in the runner's efficiency and the introduction of
mechanical vibration. Therefore, to maintain a reasonable level of vibration and overall
generating efficiency, the runners must be replaced regularly. When reinstalling a Pelton
turbine, there is a chance that needle tip and bucket splitter will be eccentric or out of
alignment. Studies on the eccentric flow behavior of the needle eccentricity, eccentric
bucket-jet interaction, and the erosion behavior of the Pelton turbine needle, bucket, and
mechanical behavior (mechanical vibration) of the Pelton Turbine are thoroughly
conducted. However, a warp is created in the bucket as a result of the eccentric jet-
bucket contact, changing the flow and water content of the bucket. Due to uneven
loading, eccentric jet, and change in mechanical properties, secondary flows and
warping of the bucket can be caused (see Figures 1.2 and 1.3). This study intends to

study the change in flow behavior due to bucket warp (or Twist).
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Figure 1.2: Twisting of Bucket due to uneven jet loading((Egusquiza et al., 2018)
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Figure 1.3: Evolution of the vibration signatures (Frequency vs Amplitude) in a Pelton

turbine.

The stress distribution for the runner excited without and with jet misalignment has been
represented in Figure 1.3 (Egusquiza et al., 2018)
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This misalignment may also be caused during the repair and maintenance of the Pelton

turbine.

Design Template

Figure 1.4: Design templates used during the repair of Runner (Panthee et al., 2015)

Figure 1.4 depicts the templates used for profile control of the bucket during repair and
maintenance. One limitation of such template is that it is unable to capture the angular
deviation of the bucket profile.

1.2 Problem Statement

Erosion of turbine runner is reported as the most challenging and researched topic in the
hydropower sector. After the erosion, the efficiency of the runner decreases as well as
mechanical vibration is introduced. Hence, replacement of runners should be done
continual basis to keep overall generation efficiency and vibration at the recommended
level. In the case of the Pelton turbine, during reinstallation, there are chances of
mismatch or eccentricity between the needle tip and bucket splitter. It is reported by an
experienced Pelton turbine operator that this causes an abnormal increase in the thrust
bearing temperature and causes mechanical vibration along with reduced efficiency.
Having known the effect of eccentricity on bearing temperature and vibrations,
alteration of flow due to warping of bucket surface is least studied. In this study, by
numerical modeling of the angular deviation of the jet-bucket interaction, change in flow
behavior due or eccentric jet-bucket interaction shall be studied. It is believed that the
findings of this research would be a good help to operators to understand alteration of
flow and efficiency loss due to bucket twisting.
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1.3 Rationales of Research

The main rationale of this research is to enhance the current capacity to model flow in
the Pelton turbine bucket. The main innovative aspect of the study is that investigation
of change in flow behavior due to angular eccentricity of jet-bucket interaction of Pelton
turbine is done. The turbine used in this study is the turbine developed by Bajracharya
2008(Bajracharya et al., 2008). The turbine has a nozzle diameter of 20 mm, and a 16
bucket, 2 kW, 1450 RPM Pelton turbine runner with a mean diameter of 175 mm.

1.4 Research Objectives
1.4.1 Main Objective

To study the effect of the angular eccentricity of jet-bucket interaction of Pelton turbine

on the hydraulic performance of the bucket.
1.4.2 Specific Objectives
The specific objectives of these studies are:

1. To perform flow analysis (hydraulic analysis) for jet deviation in Pelton turbine
splitter and compare it with theoretical analysis and experimental observation for

model verification.

2. Tomodel flow and hydraulic analysis in case of the angular eccentricity of jet-bucket

interaction of Pelton turbine

3. To compare velocity profile, pressure profile, water sheet thickness in of angular
eccentricity of jet and compute exit flow conditions.

1.5 Assumptions and Limitations
The assumptions and limitations of this study are:
1. The occurrence of cavitation in the flow domain was neglected.

2. Water is assumed as an incompressible fluid. This assumption will allow us to use

the pressure-based solver on Fluent (for planar analysis).

3. The cause for bucket warp (angular eccentricity of jet-bucket) may be the change in
mechanical properties of the repaired bucket or eccentric jet hitting of the bucket. In
such cases, the splitter tip may possess some eccentricity with the bucket tip. In this

study for simplicity, it shall be assumed that bucket twisting is about the splitter tip.
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CHAPTER TWO: LITERATURE REVIEW

In any hydropower plant, the hydraulic energy is harnessed as the available potential
energy which exists in the form of the height variation between the water level and the
position of water turbines in the hydropower plant. This height difference is defined by
the terminology hydraulic head (Zhang, 2016b).

2.1 Working Principle

Pelton turbine is the impulse type water turbine commonly employed in high head sites.
The rotor of this turbine consists of a circular disc with several vanes (also represented
as buckets) placed around the periphery. The nozzles are positioned in a way that each
water jet from the nozzle impinges directly along a tangent to the circle (Dixon & Hall,
2010) causing the runner to rotate about its central axis. Figure 2.1 is a typical
installation of a horizontal axis Pelton turbine which shall aid to understand the working

principle.

Figure 2.1: Typical Installation of horizontal axis Pelton turbine

Figure 2.1 gives a schematic of the installation of a Pelton turbine. As seen from the
diagram, the water from the penstock is directed towards the runner by a nozzle with an

internally fitted spear. The wheel spear changes the linear position of the needle altering
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the net area for the flow of water which thus serves the purpose of governing (Rajput,
1999).

2.2 Energy Conversion in Pelton Turbine

A general schematic of a horizontal axis Pelton turbine is shown in Figure 2.1. By
applying nozzles to convert water flow into the form of high-speed jets at the height of
the turbine wheel, potential energy is first transformed into Kinetic energy, which is then
converted into useful mechanical energy. Depending on the flow potential of the site,
multiple (Up to 6) nozzles may be used. Thus, the mechanical energy of the shaft fully
comes from the momentum exchange high-speed water jet and the buckets. The energy
conversion diagram in a Pelton turbine is shown in Figure 2.2. The diagram shows how
the high-pressure, low-velocity flow changes into a high-velocity jet in an area with
atmospheric pressure as a result of the flow over the nozzle.

Outlet Outlet of 2 Inlet of Outlet of  Inlet of
the runner —2"’— the runner the needle the needle
(=" gh,
2
&
2
g g E=gh
1 [
g g
o Jr 73”
g
5 1 1* ghi=0(abs)

Figure 2.2: Energy conversion diagram (Adopted from(Kjalle,
2001))

The Bernoulli equation for incompressible, steady, and flow without friction along the

streamline is given by

— 1
Pzp Py +§(C§—Cf)+g(22—zl):0 Equation 2.1
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Concerning Figure 2.2, evaluating from point 1* to 1 and solving for the jet velocity at
1, by neglecting losses in the injector due to friction, the speed of the jet is calculated to
be

¢, =k*\/2gH Equation 2.2

Where H is the net pressure head at the nozzle and g is the local value of acceleration

due to gravity.
2.3 Jet Impingement on a Flat Plate

Impingement of a round jet at an angle 6 on a flat plate can represent a fundamental jet
mechanics concept (Figure 2.3). The water sheet spreading across the plate surface is
calculated using the equations of conservation of mass, momentum, and energy. The
speed for spreading water-sheet is inferred to be equal to jet speed using the energy
conservation equation, jet frictionless deflection, and frictionless water sheet spreading
assumptions. While flow distribution at the perimeter circle and radial extent is
determined using the law of momentum. And to determine the integrated mass flow
along those perimeter circles, which is a reflected jet, the conservation law of mass is
applied. Hasson and Peck's (1964) computation of the flow distribution was the first to
be accurate. Equation 2.3 is used to calculate the water-sheet height distribution along
the periphery of any arbitrary circle.

h2r sin30
R2 (1—cosBcos@)2

Equation 2.3

The stagnation point of the round and center of the arbitrary circle coincides together on

the flat plate which is eccentric to the jet axis it’s” distance as given by

~ = cos6 Equation 2.4

The law of momentum provides the interaction force between jet speed ‘C’ and flat
plate. As frictionless flow is assumed there is no component of force in the plane of the

plate resulting in interaction force perpendicular to a flat plate.
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Figure 2.3: Round jet impact on a flat plate and water sheet
spreading (Zhang, 2016b)

Fiet = mR*.pC?.5in® Equation 2.5
The aforementioned jet force is referred to as jet impact force.
2.4 Water-Jet-Bucket Interaction

As the buckets of the turbine are continuously bombarded with periodic jet
impingement, the bucket profile design and its optimization are crucial. For that, the
interacting jet piece should be determined. The oa marks the position of corresponding
bucket and is derived as

Rm-do/2 _ Dm—do
R¢ D¢

cosa, = Equation 2.6

25



. %
c Attimet; g

! [s]

d b Attime t,

B
.

S2 =3

sl -
-

A
L |

Figure 2.4: Jet piece abcd and specific bucket positions(Zhang,
2016b)

If a definite jet piece contacts the bucket, then the bucket sweeps at angular range Aa=
ad -0a. The angular range is significant when the turbine has two or more injectors. The

offset angle should be higher than Aa to avoid jet interference between two injectors.
2.5 Coincidence and Symmetry Conditions

For practical applications, the peripheral speed coefficient ‘km’ of Pelton turbines is
selected at the range of 0.45-0.48 where maximum efficiency is expected. The peripheral

speed coefficient kn, is:

2 221 :
k., = = Equation 2.7

4\
N tanagy;—tan(agy, —Tn)

If X is equal to 1, this explains that the two interacting buckets are under full jet
impingement simultaneously. The factor (A) is denoted by multi-bucket factor. A is a
function of both the specific and peripheral speed coefficient for the wheel of Pelton

turbine.
2.5.1 Deflection of the Flow at the Bucket Main Splitter

An angle 2e which is around 25°to 40°is used for the bucket main splitter configuration

of Pelton turbines as shown in Figure 2.5. Generally, the jet impinges at an angle that is
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non-perpendicular to jet axis and also to relative flow velocity. With simplifications for
further study, only the cases with the bucket main splitter present perpendicular to axis
of jet are undertaken. An unwanted shock would be developed by the sudden flow
deflection on an angle €. The force of shock load is applied on the moving bucket which

could add up to shaft power.

Figure 2.5: Flow deflection at the main splitter(Zhang, 2016b)

The shock load force can be obtained by equation 2.8.

Cshock = % = WyUcosa.cosy(1 — cose) Equation 2.8

27



If there is specific kinetic energy for jet as C%/2, partial efficiency can be obtained for

the shock load force.

e Wo U .
Nshock = 22 = 2—=L—cosa. cosy. (1 — cose) Equation

T =
Ecg CO CO

2.9
2.5.2 Thickness of Water Sheet in the Bucket

The water-sheet width in the bucket can be considered to increase linearly with the

distance traveled by the flow as:

dy—dy
S

d=d,+ Equation 2.11

Where d> is water-sheet widths at the bucket exit and S is the trajectory length of the
flow. The width of the water sheet is equivalent to jet diameter do at the entry of the
bucket. Whereas for the bucket exit, an assumption of 85% of bucket B width at a
nominal flow rate. But the viscous friction can slow down the relative velocity by 10%
which can increase the height of the water sheet correspondingly. Thus, actual water-
sheet height should be considered for ensuring sound exit flows from buckets with a

correctly set exit angle.
2.5.3 Exit Condition and Over Pressure

A pressure increase is observed along the water sheet and bucket surface because of the
curved streamlines body in bucket flow. This pressure increase is estimated with the
help of the local radius of curvature of the bucket. The overpressure coefficient of the
related overpressure is written as equation 2.14 which can determine the orders of
magnitude for Cp-values in bucket flow.

cp = 125 = 2(1 = kpp)?

7PCo

% Equation 2.12
For example, the bucket is designed for a nominal flow rate which can be determined
by the diameter of the jet. It can be noted from Fig 2.6 that for the sound and free exit
of water flows the bucket without interruptions, the flow velocity for exiting ‘C2’ has a
lateral x-component. For a limited time interval, the water flow particles must pass

through the side distance of ha, which is determined by the summation of the water-sheet
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height and thickness of the bucket wall. Therefore, the exit flow condition is formulated

as

CZxAt > ha

Figure 2.6: Flow conditions determination at the bucket exit(Zhang,
2016b)

2.6 Computational Fluid Dynamics

Computational Fluid Dynamics (CFD) is used extensively in solid particle erosion
research. A complete CFD-based erosion prediction model comprises several steps
which include the particle-fluid interaction, flow modeling, particle-wall interaction,
particle-particle interaction, and particle erosion modeling (Frawley et al., 2009) and
(Pandya, 2013). The literature of this section is mostly based on (Anderson, 1995a,
1995b; ANSYS Inc, 2013; Versteeg & Malalasekera, 1995).

CFD uses a high computing environment to simulate flow-related problems and provide
solutions. While simulating a problem, one should provide the mathematical framework
and associated programming tools to solve the high-order polynomials. The data is
produced and analyzed within the solving environment. The fluid flows are explained
based on the conservation laws including mass, momentum, and energy. CFD solves
complex partial differential equations and provides solutions with the help of high-

computational computers. Using CFD, we can obtain the qualitative prediction of fluid
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flow depending on our boundary conditions and fluid transfer environment. CFD
analysis is performed in three major steps: (1) a pre-processor, (2) a solver, and (3) a
post-processor. ANSYS CFX and ANSYS Fluent are the widely used commercial CFD
workspace available for free for education purposes.

2.6.1 Governing Equations

ANSYS Fluent solves conservation of mass and conservation of momentum for all flows
and special conservation equations are solved depending upon the case. In this case, the
following shall be the governing equations:

e Conservation of Mass

e Conservation of Momentum

e Conservation of Energy

e Turbulence model: Realizable kappa-epsilon model

e Particle motion equations for the Euler-Lagrange approach
2.6.2 Pre-Processor

In Pre-Processor, the flow problem is inputted into the CFD program with the help of a
user-friendly interface and the associated information is provided to develop the desired
model for the solver to provide the solution. The detailed steps are given below:

e At first, the desired geometry is defined in the computation workspace.

e The geometry is subdivided into smaller blocks by employing the grid generation

feature where several sub-domains are created that might be grids or cells.

e Now, multi-physics models are selected depending upon the user problem. This

might include chemical or physical fundamental studies.
e The provided fluid properties with the wall boundaries are well defined.
2.6.3 Solver

The solver can be performed with either of the following available numerical techniques:
finite element, finite difference, or spectral methods. Here are the following steps during

the solver process:
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e Using simple functions for approximating unknown variables of flow.

e Substitute the approximated values in governing equations and discretization
followed by further mathematical manipulations.

e Finally, the solution for algebraic problems.

The aforementioned numerical techniques differ in the way how flow variables are
determined and how they are discretized for problem-solving. Here, the project utilizes

the finite volume method.
2.6.4 Post-Processor

Owing to the development of high-computations work stations, many have high-quality
graphics ability, and are equipped with handy data visualization tools. Some of those

interfaces are

e Vector Plots

e Surface Plots

e Particle Tracking

2.6.5 Commercial CFD Codes

From the literature survey, it is seen that ANSYS CFX, ANSYS Fluent, and STAR
CCM+ are commonly used commercial solvers to numerically solve flow and erosion
in Pelton turbine needles. ANSY'S Fluent is chosen for this study as a CFD solver for
this study for experience with the code. Most of sections 2.5.5 and 2.5.6 are based upon
the theory guide of ANSYS Fluent.

2.6.6 Turbulence Modeling in CFD

Smooth, orderly laminar flow is strictly limited to finite values of critical parameters
like Reynolds Number, Grashoff Number, etc. Beyond some critical values, the flow
becomes unstable and new flow regimes are created which are dominated by a
fluctuating and disorderly motion, often known as turbulence. It is very difficult to
completely analyze turbulence due to the complex motion of fluid and the unpredictable

nature of the flow.

The Reynolds number describes the ratio between the inertia and viscous forces in the

fluid. If there is a high Reynolds number, then the flow becomes turbulent. In laminar
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flow, a small perturbation is dampened by viscous forces, which is not the case with

turbulent flows.

2.7 Work done in the Department of Mechanical and Aerospace Engineering

Table 2.1: List of works done in the department of mechanical and aerospace

engineering in advancing numerical modelling of Pelton turbine and assembly

List of Works done in the Department of Mechanical and Aerospace Engineering in

Advancing Numerical Modelling of Pelton Turbine and Assembly

Name Of o
S.N. Year Type Description
Student
Ashesh Numerical Title: Sand Particle Led Erosion in
1. Babu 2019 |and Pelton Turbine Injector(Timilsina,
Timilsina Experimental | 2019)
2. Anil Title: Numerical modeling of
Pachhain _ deterioration of efficiency of Pelton
2020 | Numerical )
turbine due to bucket
erosion(Pachhain, 2020)
3. Sourav Title: Flow analysis in an eccentric
Dhungana _ bucket of Micro Pelton turbine:
2020 | Numerical ] ] ] ]
Multiphase modeling with transient
state condition(Dhungana, 2020)
4. Sameep
Shrestha et Numerical Title: Effect of Pelton Turbine Needle
al 2021 | and Eccentricity on Jet Quality and Injector
Experimental | Erosion( Sameep Shrestha et al, 2021)
5. Narendra Title: Pelton Runner Erosion Due To
Kumar 2021 Field Setting | Cavitation: A Case Study Of
Mandal Research Storage Hydropower Plant,

Kulekhani First Hydropower
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Station(Narendra Kumar Mandal,
2021)
6. Anil Title: Numerical Modelling of Sand
Sapkota _ Particle Led Erosion in Reverse
2021 | Numerical ) _
Engineered Pelton Turbine
Bucket(Anil Sapkota, 2021)

This study is an addition to this series of research by contributing alteration of flow
behavior in Bucket flow due to twisted buckets.
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CHAPTER THREE: RESEARCH METHODOLOGY

As shown in figure 3.1, the study will commence with the development of the CAD
model for modeling the flow domain and the result of the analysis will be incorporated
into the flow simulation model. The eccentricity of the bucket will be analyzed and the
results will be compared to that obtained from CFD simulation. The water sheet
thickness of the bucket of the Pelton turbine in design condition is obtained from the

simulation results compared with the theoretical value.

Literature Review

Y

Develop of CAD
model for study

Site visit ———

.
Mesh generation e

h 4

Fluid flow simulation
and setup

b

Theoretical
calculation

Start
Calculation

Analysis of
simulation result

h 4
Numerical
calculation

|

Comparison and
> Evaluation

!

Result and
discussion

Figure 3.1: Methodology for Research Work
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3.1 Control Volume of the Study

Figures 3.2 and 3.3 depict the control volume and general layout of the horizontal axis

machine.

Figure 3.2: Control VVolume for this Study
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Figure 3.4: Bucket Twist
3.2 CFD Solution Procedure

The method adopted for any CFD simulation process is summarized in figure 3.5.

[ Pre-Processing
[ Solution
[ Post-Processing

Figure 3.5: Process Flow of CFD Simulation

The above Figure 3.5 shows the three major phase technique of CFD simulation.
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1. The first one is Pre-processing, the analyst develops a finite element mesh in
this phase to divide the subject geometry into subdomains for mathematical

analysis and applies material properties and boundary conditions.

Areas of

‘ fine mesh

Inlet

Outlet

Figure 3.6: Refine Mesh Area

Boundary conditions information will be used as per ((Bajracharya et al., 2008))
and also by experiments study done during the site visit. With ANSYS Fluent,
the eccentric shape of the bucket will be studied from different parameters and
the twisting effect will be captured. The results will be obtained for different
angles and different lengths from the simulation in the ANSYS fluent and

compared with the experimental data.

2. The second one is the solution, from the model the program derives the

governing matrix equations and solves for the primary quantities.

Here we will use ANSY'S Fluent 2020 for the solution. Fluent is a finite volume-
based program that has two solvers i.e., pressure-based and density based. As
our problem doesn’t incorporate changes in density, we will use the pressure-
based solver. By adopting finite volume most commercial codes are now
developed. The finite volume method is easier (or more natural) to implement
for unstructured meshes and is more stable. Most importantly, FLUENT can be
epitomized using UDFs. UDFs are flawless if we want to do dim alternation to

the standard models.
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3. And the last one is post-processing, the validity of the solution can be analyzed
by the analyst by checking and examining the values of primary quantities (such
as displacements and stresses) and deriving and examining additional quantities
(such as specialized stresses and error indicators). An inbuilt program in
ANSYS Workbench CFD Post shall be used for post-processing the CFD

results.
3.2.1 Pre-processing

In this case, to model the flow domain, 3D CAD software, CATIA will be used
for its ability to better model the surface topology. Better modeling of surface
topology is expected to ease us during the mesh generation. As two-dimensional
and three-dimensional flow simulation will be done and our domain is eccentric,
a part of the domain will be modeled which will then be used to generate the
whole domain. The meshing of the domain will be done by using ICEM CFD
2020. To capture the viscous layer effects (boundary layer) in fluid flow, the
fine mesh will be used near the spear, inside the bucket, and in the wall of
course. Thus, O-grid will be the efficient choice in this study, with the fine mesh

being used on either side of the flow.

ANSYS

2020 R1

Figure 3.7: Half Mesh of Bucket-Jet

38



ANSYS

2020 R1

Figure 3.8: Full Mesh of Bucket Jet
3.2.2 Solver Settings
Two-Phase Transient State Modeling:

Gravity was defined in negative y-axis (i.e -9.8 m/s? ).turbulence model used was a
realizable k-epsilon model based on past practice and as recommended by the ANSYS
Fluent theory guide for multiphase flow simulation for jet flows. The VOF model was
employed with primary fluid assigned to air and secondary fluid was set to water with
the surface tension coefficient set to 0.072 N/m, and the surface tension model was
continuum surface force. The second order discretization scheme was chosen and as
recommended by ANSYS Fluent theory guide, default transient scheme, second order
backward Euler was chosen. To trace the interface of water and air, the geo-reconstruct
scheme was employed. Residuals are important for they measure convergence, for all
governing equations 10, As regards boundary conditions, the inlet was defined as a
pressure inlet condition with the numerical value set to 3 bar, the outlet was set to one
atmosphere. For multiphase simulation, at the inlet, the value of the water phase was
set to 1 and the value of air was set to 0. For the rest of the nodes across the domain,

the velocity was initialized to 1.5 m/s, pressure to 3 bar, and air volume fraction as 1.
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Figure 3.9: Basic Workflow
3.3 Measurements in Field Setting Research

Figure 3.10 shows the bearing position on the shaft where the Pelton turbine aligned

and also shows the measurement eccentricity and temperature with help of dial gauge.

DIAL GAUGE PLACEMENT FOR
MEASAURING SHAFT ECCENTRICITY

THRUST
BEARING

GUIDE
BEARING 1

THERMOMETER (RTD) FOR
TEMPERATURE MEASUREMENT

DIAL GAUGE PLACEMENT FOAR
MEASURING RUNNER ECCENTRICITY

Figure 3.10: Measurement Plant to Understand Effect of
Eccentricity on Bearing Temperature

One of the pronounced effects of bucket eccentricity is an unbalanced loading of the
bucket causing torque that warps the bucket. This warping creates axial forces which
have to be resisted by the thrust bearing. These axial forces cause axial vibration of the
runner and subsequent rise in bearing temperature. For measurement purposes, two dial

gauges were set, one in the runner disc and another in the shaft for measuring disc
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eccentricity and shaft eccentricity. Readings from previously set bearing were taken to

note temperature rise.

Figure 3.11: Eccentricity Measurement Using Dial Gauge
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CHAPTER FOUR: RESULTS AND DISCUSSION
4.1 Observation in Field Study

During the site visit, several eccentricity values (absolute) of 4 mm, 5 mm (maximum),
and 0 mm (minimum) were observed which were not constant as a runner was rotated.
Figure 4.1 and 4.2 below shows the recorded value of eccentricity for the refurbished
turbine. Moreover, due to eccentricity the thrust bearing temperature was changed and
spiked by 20 degrees than the desired limit. The normal operating temperature of the
bearing was 60 degree Celsius which rose to 80 degrees Celsius upon the eccentric
running of the Runner. It decreases the load carrying area of the pad and reduces the oil
film thickness, which causes the breakdown of the bearing or malfunction resulting in

loss of efficiency. Table 4.1 and 4.2 summarizes the readings noted.

Table 4.1: Eccentricity Reading of Pelton Turbine

S.N. Rotation in Degree(®) | Eccentricity (Dial Gauge Reading) in mm
1. 45 2.6
2. 90 4.1
3. 135 5
4. 180 3.1
S. 225 2.4
6. 270 2.3
7. 315 1.7
8. 360 0
Average 2.65
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Table 4.2: Eccentricity and Bearing Temperature

S.N. | Average Eccentricity (in mm) Bearing Temperature (°C)
1. 0 60
2. 2.65 80

4.2 Numerical Modeling of Flow for Zero Angular Deviation
4.2.1 Volume Fraction (Water Flow) for Centric Placement

The Figure 4.1 show the flow for centric placement.

Phase 2 Water.Volume Fraction ‘!t?!.?l

Contour 1
[ 1.000e+00

9.000e-01
- 8.000e-01
- 7.000e-01
- 6.000e-01
I 5.000e-01

4.000e-01
- 3.000e-01

2.000e-01
I 1.000e-01

0.000e+00

@
v X

0 0.050 0.100 (m)

I
0.025 0.075

Figure 4.1: Volume Fraction of Water after steady state flow
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Figure 4.1 is the distribution of water flow in the bucket after the achievement of the
steady-state flow. It can be seen that as depicted in texts of Zhang, the water sheet
gradually gets thin as it comes close to the bucket exit and after the flow exits it gets
dispersed. The water sheet thickness first increases as the height of flow spread in the
bucket increases and gradually get decreases at the exit condition the water sheet
thickness is more or less equal to the bucket thickness which meets the previous study

results.

(a)
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(b)

Figure 4.2: (a),(b) Actual flow-through model(VOITH Workshop, St. Poelten, 2019)

4.2.2 Velocity Distribution

Table 4.3: Velocity profile of centric case at a different deviation

Angular At Needle Tip At Splitter Tip
deviation
Oo Velocity Profile at Needle Tip Velocity Profile at Splitter Tip
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As shown in Table 4.3, the velocity obtained at needle tip is zero as the jet move towards
the splitter tip its velocity gradually get increases which show the simulation of the
model is right. The velocity profile at splitter tip seen that the velocity obtained is
20m/s.The maximum velocity is around 80m/s obtain in middle of bucket. As the flow
exit from the bucket, the velocity is not zero which shows the jet fly away from the
bucket and dispersed freely from the buckets.

4.2 .3 Pressure Distribution

Table 4.4: Pressure profile of centric case at a different position

Angular At Needle Tip At Splitter Tip
deviation
Oo Pressure Profile at Needle Tip Pressure Profile at Splitter Tip
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As shown in Table 4.4, the pressure at needle tip is 200 kPa and at splitter tip is 300
kPa. From the pressure profile at middle of bucket pressure is zero which verifies the

maximum velocity at middle of bucket. Pressure at the exit is initially seen as zero

which means that the velocity at some extent at the exit has near to the maximum value

after passing some distance pressure increases and then decreases respectively.
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4.2 .4 Water Sheet Thickness

Table 4.5: Water volume fraction profile of centric case at different positions

Angular At Needle Tip At Splitter Tip
deviation
O o - Water Volume Fraction at Needle Tip Water Volume Fraction at Splitter Tip
t 0.011 S
0.008- 4
0.008
U.UUE*‘
T
S 0006171 - — — — — — - - = - - - - === -
0.004- -
E
5 L
0.002 0.004-! |
4! |
a-, . ' [ D] [ . il |
0.000 0.200 0.400 0.600 0.800 1.000 00027 - - - - -~~~ — ~ [ Ml
Phase 2 Water. me Fraction
Waler Volume: Fraclion & Heedle Tip 1 |
| |
0y T
0.000 0.200 0.400 0.600 0.800 1.000
Phase 2 Water.Volume Fraction
Water Wolume Fraction at Splitter Tip
Angular In Middle of Bucket At Exit Side of Bucket
deviation
Oo Water Volume Fraction at Bucket Mid Water VYelume Fraction at Exit Side of Bucket
1 . . 1 —
0.5 0.5
g g
B B
B B
B B
™ ™
EO6 EO6
2 2
o o
= =
K K
£04 £04
~ ~
H] H]
£ £
o o
02 02
0 : | . ' . : o o o C
0.080 0.085 0.080 0,095 0.100 0.000 2.000 4.000 6.000 8.000 10.000
X[m] Chart Count
WEer Valume Tracton &l Ducks Mid Waler Velume Fraction al Cxil Side of Durkel

Table 4.5 show the water volume fraction at a different position. Water sheet thickness

at needle tip has a maximum value which gradually decreases as the height of the flow

increases and at the exit condition water sheet height is equal to the bucket thickness.

(Zhang, 2016b)
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4.3 Theoretical Calculations for Zero Angular Deviation

Table 4.6: Experimental reading and error calculation

Calculation of Jet Velocity (Experiment)

S.N. | Item Value Units
1 | Runner PCD 0175 | M
2 | Measured Runner RPM 1430 | RPM
3 | The linear speed of Bucket 13.10 | m/s
4 | Assuming maximum eff. Condition, Jet Velocity 26.21

Error analysis

Velocity from Computations as measured at the location of runner bucket, the point

where Jet and Bucket Interact

1 | X- Velocity (Absolute) 21.99 | m/s
Error in Computation -16.08%

1 Resultant Velocity (Absolute) 23.219 | m/s
Error in Computation -11.5%

The error as calculated in Table 4.6 is accounted for the fact that, though the design has
been done for maximum efficiency conditions, the jet constant, which is calculated to
be 0.5 for maximum efficiency conditions may not achieve during manufacturing. In

addition, there are errors present in Numerical simulation which are systematic.

4.3.1 Water Sheet Thickness

For Centric condition

Bucket width (B) =48.661 mm (from geometry)

Water sheet width (d.) at exit = dz, n = 0.85B = 0.85*3do ~ 2.5do (from equation 2.11)
=0.85*48.661

=41.361mm
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(Jet diameter = water sheet width) at entry
. : d2
At exit, Jet diameter d, = 5 ~16.54475mm

Trajectory length(S) = 42.08mm (from geometry)

The water sheet width of the bucket can be calculated as (from equation 2.12)

dy—d, 41.361+16.54475

d=d0+

= 16.54475 + * 16.54475

=26.408 mm
4.3.2 Overpressure coefficient calculation for centric condition
The overpressure coefficient in terms of ‘h’ can be calculated as (from equation 2.14)

Py , h
6 = 1= 2(1 k) —
7.060 b

The radius of curvature of the surface profile can be represented as
rv= 0.55do

The overpressure coefficient in terms of ‘water sheet width’ cab be calculated as (from
21 dj

equation 2.14) Cp = (1 — k) 41rnd
b

Overpressure coefficient at 0° (with km=0.47)(Zhang, 2016b)

s d?
=(1-047)2-—— 2%
& = ) 4085 dy v d
¢ = (1 047" 16.54475
P 40.55  26.408

=0.2513
Error Calculation

The water-sheet height h along the sheet width d, can be assumed to be uniform and

thus constant. The height of the water sheet at the bucket exit can be expressed as
h 2N~ 0.05*B

= 0.05*48.661 mm
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=2.43305 mm
From numerical results we can get the range for water sheet thickness (From X-axis)
for volume fraction of water equal to 1 which is 3.23 mm (for centric placement).

Numerical value — Theoretical value

error = -
Theoretical value

_ 3.23-2.43305
~ 243305

= 32.755%

As we compare the theoretical and numerical value 32.75% error encountered in the
thickness of the water sheet as compared to theoretical estimates. The error occur due
to the mesh sizing, design of the bucket, viscous water sheet and theoretical assumption,
stationary bucket position. A thicker water sheet means that a bucket will hold more
mass than it would under ideal conditions. Along with imbalanced forces, which are
generally considered for studying mechanical vibrations, this additional weight of water

in the bucket is a source of mechanical vibrations as well.
4.3.3 Comparison of Numerical and Theoretical Calculation
Velocity Comparison

For verification of the current adopted numerical modeling, a comparison of velocity
profile with experimentally measured value was done. There is a-11.5% error in the jet
velocity, which was calculated from experimental and computational value. The
average velocity from numerical result 22.2 m/s is similar to the previous simulation
23.219 m/s, which show the solver setting for the simulation is right and verified the

model for the further study of different angular deviation cases.
Sheet Thickness

Water sheet thickness obtained from the theoretical calculation is 2.43305mm and from
the numerical result is 3.23 mm.The variation occur due to the mesh sizing, design of
the bucket, viscous water sheet and theoretical assumption, stationary bucket position.
The water sheet thickness at needle tip is 5.56 mm, at splitter tip is 2.22 mm, mid of the
bucket 3.23 mm and at the exit side is 1 mm. the value of the water sheet thickness at

different position show the water sheet thickness varies as the height of the flow
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direction changes. The obtained value for the centric condition meet the statement as

the height increases the water sheet thickness increases (Zhang, 2016a).
Overpressure Coefficient

The obtained value of overpressure coefficient is 0.2513 which is slightly closer to the
value mention in the Zhang book. The calculated value shows that the parameter
considered during centric condition is applicable for the further study of the different

cases.
4.4 Numerical Modeling of Angular Deviation
4.4.1 Flow Modeling

The Table 4.7 of flow model of different angular deviation show the sable relation

between the jet and the stationary bucket.

Table 4.7: Flow model for deviated angles

S. | Deviati | For centric condition
on
1. |0
Upper half Lower Half
2 2.5
s s
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Table 4.7 is the distribution of water flow in the bucket in different cases. It can be seen
that as the angle of deformation increases the water sheet thickness increases. In the

upper half, the water sheet thickness is greater than in the lower half.
4.4.2 Velocity Profile at Needle Tip

Table 4.8: Velocity profile of different angular deviations at needle tip
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From Table 4.8 it is seen that the velocity profile at different angular deviations at
needle tip has zero velocity which is similarly to the centric case. This shows that the

simulations of the different cases are right.
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4.4.3 Pressure Profile at Needle Tip

Table 4.9: Pressure profile of different angular deviations at needle tip

Deviation at 2.5°
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Upper half
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Pressure Profile at Needle Tij
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From the 4.9 the maximum pressure profile is obtained at needle tip which validates
the velocity profile at needle tip according to the past study i.e at maximum pressure

velocity is minimum.
4.4.4 Velocity Profile at Splitter Tip

Table 4.10: Velocity profile of different angular deviation at splitter tip

Deviation at 2.5°
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Velocity Profile at Splitter Ti
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As shown in Table 4.10 the velocity at splitter tip step by step increases as the height
of the water sheet increases. The maximum velocity at the splitter is shown in the upper

half of the 5-degree angle of deviation.

60



4.4.5 Pressure Profile at Splitter Tip

Table 4.11: Pressure profile of different angular deviation at splitter tip

Deviation at 2.5°
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Pressure Profile at Splitter Ti
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Lower half

Pressure Profile at Splitter Tip
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From Table 4.11 the larger pressure variation is seen at a different position. The

variation in the pressure at 5 degrees upper half and the lower half has a greater value

difference. Whereas the in-between upper half and lower half pressure variation of 2.5

degrees and 7.5degree has more or less similar values.

4.4.6 Velocity Profile at Middle of Bucket

Table 4.12: Velocity profile of different deviations at middle of bucket

Deviation at 2.5°
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Velocity Profile at Middle of Bucket
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As shown in Table 4.12 the maximum velocity among all the angular deviation profiles

at different positions in middle of bucket has been recorded.
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4.4.7 Pressure in Middle of Bucket

Table 4.13: Pressure profile of different angular deviations in middle of bucket

Deviation at 2.5°
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Pressure at Middle of Bucket
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Lower half

Pressure at Middle of Bucket
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From Table 4.13 pressure at the upper half of the 5-degree angular deviation show the

maximum value while other cases show more or less similar value.

4.4.8 Velocity Profile at Exit Side of Bucket

Table 4.14: Velocity profile of different angular deviations at exit side of bucket
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Lower half
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Upper half

Velocity Profile at Exit Side of Bucket
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As shown in Table 4.14 the recorded velocity profile at different deviation angle values

lies in the same range but the upper half profile of 7.5 degrees shows the maximum

value among all the cases on the exit side.
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4.4.9 Pressure Profile at Exit Side of Bucket

Table 4.15: Pressure profile of different angular deviations at exit side of bucket

Deviation at 2.5°
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Upper half
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Lower half

250,000

200,000 —

150,000

Pressure [ Pa ]

100,000

50,000

Pressure Profile at Exit Side of Bucket

6
Chart Count
Pressure Profile at Exit Side of Bucket

Table 4.15 show the pressure profile at exit side of bucket. The pressure at the beginning

of the chart count obtains a similar value i.e. zero whereas the lower half profile of 7.5

degrees shows the maximum value at the beginning of the chart count i.e. 200kPa.

4.4.10 Water Volume Fraction at Needle Tip

Table 4.16: Water volume fraction of different angular deviations at needle tip

Deviation at 2.5°

Upper half

0.01 |~

0.008 -~

Yim]

|
|

|

|

|
0.006 !
|

|
0.004,
|

|

0.0024—

Water Volume Fraction at Needle Tip

[ L (O S B T
0.2 0.4 0.6 0.8 1
Phase 2 Water.Volume Fraction
Water Volume Fraction at Needle Tip

73



Lower half

Water Volume Fraction at Needle Tip

0.01-/ R
0 0.2 0.4 06 0.8 1
Water Volume Fraction at Needle Tip
.o °
Deviation at 5
Water Volume Fraction at Needle Tip
Upper half T .
4| T |
| B |
0.008+- - — - - - = — = — — -
| |\\
| |
0.006 - |
E 7\ |
;‘ | |
0.004 |
~1 |
| |
0.002~ -
| |
1 |
|
0 — — e
0 0.2 0.4 0.6 0.8 1
Phase 2 Water.Volume Fraction
Water Volume Fraction at Needle Tip
Lower half 6 Water Volume Fraction at Needle Tip

06 0.8 1

02 oa

Water Volume Fraction at Needle Tip

Deviation at 7.5°

74




Water Volume Fraction at Needle Tip
Upper half 001z | |
1 |
0.01| |
4 |
0.008 ! - }
|l .
E‘ | |
Foos— — — — — — — — — — — — — = —
> | | AN
| |
00041 — — — — — — — — — — 7 — =
| |
0.002 1 f
| |
R . S
0 0.2 0.4 06 0.8 1
Phase 2 Water.Volume Fraction
Water Volume Fraction at Needle Tip
Lower half . Water Volume Fraction at Needle Tip
|
-0.002
-0.004~
Eoo06- — — — — — — — — — — — —
>
o
0008- — — — — — — — == — — — — —
0.01- [
7
-0.012 -, ——— — — e e
0 0.2 0.4 06 0.8 1

Phase 2 Water.Volume Fraction
Water Volume Fraction at Needle Tip

As shown in Table 4.16 the water volume fraction at needle tip of the different angular

deviation shows the tentative similar value of water sheet thickness in the lower and

upper half. Which shows that the flow simulation is going in the right way.
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4.4.11 Water Volume Fraction at Splitter Tip

Table 4.17: Water volume fraction of different angular deviation at splitter tip
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From Table 4.17 the water sheet thickness in the 2.5 degrees upper half and the lower
half value get decreases from the value obtained at needle tip whereas the water sheet

thickness value increases for the other two cases from the water sheet thickness at

needle tip
4.4.12 Water Volume Fraction at Middle of bucket

Table 4.18: Water volume fraction of different angular deviation at Middle of bucket
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Water Volume Fraction at Bucket Mid
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Water Volume Fraction at Bucket Mid
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From Table 4.18 the recorded value of the water volume fraction at middle of bucket is
seen as the maximum value. Among all the deviation cases at the middle position of

water volume fraction 5 degrees shows the highest value.
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4.4.13 Water Volume Fraction at Exit Side of Bucket

Table 4.19: Water volume fraction of different angular deviations at exit side of bucket
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Lower h alf ) Water Volume Fractioln at Exit Side of Bucket
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From Table 4.19 the water sheet thickness at the exit side gets thicker as the deviation

of angle increases.

4.4.14 Calculation of Overpressure and Flow Condition at Bucket Exit
Overpressure coefficient in the Water Sheet

1. Overpressure Coefficient At 2.5° Upper

Bucket thickness = 1.001 mm (from geometry)

Water sheet thickness at exit = 1.5 mm

water-sheet height (h)= 1.001+1.5=2.501mm

2.501
0.55%16.54475

cp =2 % (1—0.47)*
=0.1544
2. Overpressure Coefficient At 2.5° Lower

Water sheet thickness at exit = 3 mm

Water-sheet height (h) = 1.001+3=4.001mm

4.001

_ _ 2
Cp =2 (1-047) 0.55%16.54475

=0.247
3. Overpressure Coefficient At 5° Upper
Water sheet thickness at exit =1 mm
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water-sheet height (h)= 1.001+1=2.001mm

2.001

_ _ 2
cp=2*(1 0.47) 0.55%16.54475

=0.1235
4. Overpressure Coefficient At 5° Lower
Water sheet thickness at exit = 0.95 mm

water-sheet height (h)= 1.001+0.95=1.951mm

1.951
0.55%16.54475

¢, =2 % (1—047)?
=0.1204
5. Overpressure Coefficient At 7° Upper

Water sheet thickness at exit = 2 mm

Water-sheet height (h) = 1.001+2=3.001mm

3.001

_ _ 2
¢p =2x(1-047) 0.55%16.54475

=0.1853
6. Overpressure Coefficient At 7° Lower

Water sheet thickness at exit = 4 mm

Water-sheet height (h) = 1.001+4=5.001mm

5.001
0.55%16.54475

cp =2 % (1—0.47)*

=0.3087
In the Table 4.20 shows the calculation of different condition overpressure coefficient
in which the 7.5 degree shows the maximum value among all the cases. Due to the

changes in the flow direction pressure in-between the bucket and water sheet increases.
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Table 4.20: Overpressure coefficient value at different angular deviation

S.N. | Deviation | Overpressure coefficient at Overpressure coefficient at
Upper half Lower half
1. 2.5° 0.1544 0.247
2. 5° 0.1235 0.1204
3. 7.5° 0.1853 0.3087

The above value of the overpressure coefficient shows the pressures variation in

between the flow and bucket. The overpressure coefficient of 5 degree angular

deviation show the similar value. Calculations were made for the overpressure

coefficient produced in the bucket at an eccentric angle. The results were 0.1544, 0.247,
0.1235,0.1204, 0.1853 and 0.3087 for the top and lower halves of 2.5, 5 and 7.5 degrees

respectively. This suggests that eccentric installation increases bucket loading.

4.5 Comparison of Flow Parameters Charts

4.5.1 Velocity Profile at Needle Tip
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Figure 4.3: Upper half velocity of different angular deviation

Figure 4.3 shows the variation of velocity of the different angles at needle tip, the

velocity change of different deformed angles seen that more or less change. The

maximum velocity was obtained between the needle wall and to nozzle wall. As we see

the deformed angle of 7.5 degrees, which has maximum velocity among the deflection
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angle. It can be seen that the velocity at needle tip is zero, which is desired ad verified

with the centric condition.
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Figure 4.4 Lower half velocity of different angular deviation

Figure 4.4 shows the lower half velocity profile at needle tip, from the above figure it
is seen that as the deformation angle increases velocity is slightly seen increased. At
the deformation angle of 5 degrees, the maximum velocity is around 22 m/s seen.
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4.5.2 Pressure Profile at Needle Tip
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Figure 4.5: Upper half pressure variation of different angular deviation

The visualization of pressure distribution is shown in Figure 4.5 for different deformed
angle. The higher pressure at needle tip is seen which validates the velocity profile at

needle tip and the maximum pressure condition region obtained.
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Figure 4.6: Lower half pressure variation of different angular deviation

The visualization of pressure distribution is shown in Figure 4.6 for different deformed
angles. The maximum pressure was seen in the needle tip which gradually decreases as

the height of water sheet increased.
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4.5.3 Velocity Profile at Splitter Tip
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Figure 4.7: Upper half velocity variation of different angular deviation

Figure 4.7 shows the variation of velocity of the different angles at splitter tip, the
velocity change of different deformed angles seen that the 2.5 degree has maximum
velocity. As the water gets thick the velocity change decreases. The positive velocity at

deformed angle of 7.5 degree the seen which occur due to the flow detachment.
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Figure 4.8: Lower half velocity variation of different angular deviation

Figure 4.8 shows the variation of velocity of the different angles at the lower half of the

splitter tip, the velocity change of the deformed angle for 2.5 degrees has maximum
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velocity, and 5 degrees and 7.5 degrees show a slight change. As the water sheet gets

thick the velocity change decreases and tends to be zero for higher angle deflection.

4.5.4 Pressure Profile at Splitter Tip
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Figure 4.9: Upper half pressure variation of different angular deviation

Figure 4.9 the maximum pressure distribution of the upper half at splitter tip obtained.
The pressure distribution of deformed angle 2.5 degrees and 7.5 degrees give a similar
trend and more or less the same value while a deformed angle of 5 degrees has
maximum alteration and give a higher value i.e 800000 Pa. As the flow gets thick the

pressure distribution over height get decreases.

89



0.004

-0.001 e

s
£ .0.006
>_
-0.011
-0.016
0 100000 200000 300000 400000 500000

Pressure (Pa)

—e—Deformed Angle of 2.5 Deg Deformed Angle of 5 Deg
Deformed Angle of 7.5 Deg

Figure 4.10: Lower half pressure variation of different angular deviation

Figure 4.10 the maximum pressure distribution of the lower half at splitter tip obtained.
The pressure distribution of deformed angle 5 degrees and 7.5 degrees give more or
less similar value at splitter tip i.e 300000 Pa while deformed angle 2.5 degrees have

higher value i.e around 400000 Pa. As the flow gets thick the pressure distribution over
height get decreases.

4.5.5 Velocity Profile at Middle of Bucket
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Figure 4.11: Upper half velocity variation of different angular deviation
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Figure 4.11 shows the variation of velocity of a different angle of the upper half at

middle of bucket, the velocity change at the bucket wall is seen as zero which is desired

value. The deformed angle of 5 degrees shows the negative velocity which is due to

vortex formation.
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Figure 4.12 Lower half velocity variation of different angular deviation

Figure 4.12 shows the variation of velocity of a different angle of lower half at middle

of bucket, the velocity change at the bucket wall is seen as zero which is desired value.

The deformed angle of 2.5 degrees shows the positive velocity which is due to

circulation formation. The maximum velocity 60m/s found at 5 degrees deformed

angle.
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4.5.6 Pressure at Middle of Bucket
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Figure 4.13: Upper half pressure variation of different angular deviation

Figure 4.13 the pressure distribution of the upper half at middle of bucket obtained. The
variation in the maximum pressure at different deformed angles found a similar trend
at the wall of the bucket.
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Figure 4.14: Lower half pressure variation of different angular deviation

Figure 4.14 the pressure distribution of the lower half at middle of bucket obtained. The
variation in the maximum pressure at different deformed angles found a similar trend
at the wall of the bucket.
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4.5.7 Velocity Profile at Exit Side of Bucket
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Figure 4.15: Upper half velocity variation of different angular deviation

Figure 4.15 shows the variation of velocity at a different angle of upper half at exit side
of bucket. The 2.5 degree angular deviation velocity changes more after flying from the
bucket and after moving 5 mm along the water sheet the velocity of 2.5 degrees and 7.5
degrees have the same value. The velocity of the 5-degree deformed angle shows the

maximum value after moving away from the bucket at around 130m/s.
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Figure 4.16: Lower half velocity variation of different angular deviation
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Figure 4.16 shows the velocity at the exit profile has a similar value but after leaving

the bucket the changes in the velocity vary. Maximum changes were seen in the 5
degree deformation angle.

4.5.8 Pressure Profile at Exit Side of Bucket
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Figure 4.17: Upper half pressure variation of different angular deviation

Figure 4.17 shows the pressure variation at exit side of bucket in which the maximum
pressure is represented by the 5 degree deformation angle a value has 175 kPa and the

other value of the other two deviations has a more or less similar value.
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Figure 4.18: Lower half pressure variation of different angular deviation

Figure 4.18 shows that the lower half pressure profile at exit side of bucket in which
the deviation angle of 2.5 degrees and 5 degrees at the beginning of flow exit show zero
pressure, whereas a 7.5 degree angular deviation shows the 200kPa pressure at the
beginning of exit flow. After flying away from the flow from the bucket at some
distance the angular deviation of 5 degrees has a nearer value than the angular deviation
of 7.5 degrees.
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4.5.9 Water Volume Fraction at Needle Tip
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Figure 4.19: Upper half water volume fraction of different angular deviation

Figure 4.19 shows that the water sheet thickness at the upper half of the needle tip has

a constant value for all the deformed angles and the value is about 5 mm.
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Figure 4.20: Lower half water volume fraction of different angular deviation

Figure 4.20 shows that the water sheet thickness at the lower half of the needle tip has
a constant value for the deformed angles at 2.5 and 7.5 degrees and the deformed angle
at 5 degrees has thicker than that of the other two values.
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4.5.10 Water Volume Fraction at Splitter Tip
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Figure 4.21: Upper half water volume fraction of different angular deviation

Figure 4.21 shows that the water sheet thickness at the upper half of the splitter tip has
a constant value for the deformed angle of 5 and 7.5 degrees and the deformed angle of
2.5 degrees has the thin water sheet thickness as compared to the value of the other two

angles.
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Figure 4.22: Lower half water volume fraction of different angular deviation

Figure 4.22 shows that the water sheet thickness at the lower half of the splitter tip has

a constant value for the deformed angle of 5 and 7.5 degrees and the deformed angle of
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2.5 degrees has the thin water sheet thickness as compared to the value of the other two

angles.

4.5.11 Water Volume Fraction at Middle of bucket

1.20

1.00 —

0.80

0.60

0.40

0.20

0.00 ————

-0.20
0.086 0.088 0.090 0.092 0.094 0.096 0.098 0.100

X (m)

Phase 2 Water.\olume Fraction

—e—Deformed Angle of 2.5 Deg Deformed Angle of 5 Deg
Deformed Angle of 7.5 Deg

Figure 4.23: Upper half water volume fraction of different angular deviation

Figure 4.23 shows the water sheet thickness at the upper half of middle of bucket which
has a maximum water sheet thickness of 4.5mm at a 5 degree angular deviation. Water
sheet thickness at 2.5 degrees and 7.5 degree angular deviation has similar values i.e.
2mm.From the above graph it is seen that the thickness increases as the angular

deviation increases.
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Figure 4.24: Lower half water volume fraction of different angular deviation

Figure 4.24 shows the water sheet thickness at the lower half of middle of bucket which
has a maximum water sheet thickness of 12.2 mm at a 7.5 degree angular deviation.
Water sheet thickness at 5 degrees has 7.33 mm and at 2.5 degree angular deviation has
aminimum value i.e. 1 mm. From the above graph, it is seen that the thickness increases
as the angular deviation increases. Which validates the statement that as the height

increases the water sheet thickness increases.
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4.5.12 Water Volume Fraction at Exit Side of Bucket
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Figure 4.25: Upper half water volume fraction of different angular deviation

Figure 4.25 shows the water sheet thickness at the upper half of the exit side of bucket
which has minimum water sheet thickness. At 2.5 degrees and 5 degree angular
deviation has a similar value of more or less Imm. Water sheet thickness has 2mm at a
7.5 degree angular deviation as the minimum value. The water sheet thickness has a
tentative value as the bucket thickness which verifies the previous study and shows that
the simulation done was right.

100



1.20

1.00 —

0.80

0.60

0.40

0.20

0.00 ——

-0.20
0 2 4 6 8 10

Distance along water sheet(mm)

Phase 2 Water.\olume Fraction

—e—Deformed Angle of 2.5 Deg Deformed Angle of 5 Deg
Deformed Angle of 7.5 Deg

Figure 4.26: Lower half water volume fraction of different angular deviation

Figure 4.26 shows the water sheet thickness at the lower half of the exit side of bucket
which has minimum water sheet thickness but has a greater value than the upper half.
The water sheet thickness obtained has 2 mm at 2.5 degrees, 4 mm at 5 degrees, and 5
mm at 7.5 degrees angular deviation. The lower half thickness increases as the angular

deviation increases.
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4.5.13 Deviation vs Overpressure Coefficient
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Figure 4.27: Overpressure coefficient at different angular deviation

As shown in Figure 4.27 coefficient of overpressure at the lower half of 7.5 degrees has
a maximum value. The figure value at the lower half of 2.5 degrees has 0.25 which
decreases as the angular deviation increases but when the deviation further increases
the value of the overpressure coefficient at the bucket is increased. In the upper half
case, the value of the overpressure seen slightly changes with the deviation angle.
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CHAPTER FIVE: CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

The conclusion of this research work is:

1. A field setting research was conducted on a 1 MW Pelton turbine unit, to
understand the effect of eccentricity on Pelton turbine performance. The turbine
runner was rotated manually after reinstallation following standard installation
practices as recommended by the manufacturer. The average eccentricity measured
on one complete rotation of the unit was 2.65 mm. Due to this eccentricity, notable
axial vibrations were seen with no lateral vibration observed. The effect of this
vibration was a rise in the temperature of the thrust bearing by 20 Degree C while

the temperature of guide bearings was fairly constant.

2. Numerical modeling of Jet deviation at splitter was conducted for centric
installation case of a model 2 kW Pelton turbine unit. For model verification,
theoretical calculations of water sheet thickness were calculated and compared
against the one obtained from numerical modeling. The error in water sheet
thickness was 32.75%. Also, the velocity derived from experimental observation
was compared against the one obtained from numerical modeling. The error in
velocity computation was 11.5 %. The error is accounted for numerical errors,
assumptions in deriving the water sheet thickness equation, and certain installation
errors. The acceptable range of error verifies the modeling approach used in the

study.

3. Flow modeling was done for the case of the angular eccentricity of the jet-bucket
interaction of the Pelton turbine. The angular eccentricity of 2.5, 5, and 7 degrees
was considered in the study. By modeling the jet bucket interaction by dividing the
control volume into two parts i.e., the upper half of the bucket-jet interaction and
the lower half of the bucket-jet interaction, the change in velocity profile, pressure
profile, and water sheet thickness across the bucket was studied. For verification
of flow modeling in each case, the velocity profile at needle tip is compared with
the velocity profile obtained for the centric installation case. For all cases modeled,
the velocity profile fairly overlaps with the velocity profile obtained for the centric

installation case.
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It was seen that with deviations, flow circulation (vortex formation) was also
observed in the bucket. The formation of vortex in the bucket, changes in pressure,
and velocity profile corresponds to a loss in energy transfer hence reduced
efficiency. An increase in water sheet thickness with angular eccentricity
corresponds to an increase in the weight of water trapped in the bucket which is
different in either half of the bucket. This additional weight and weight difference
in either half may be one of the sources of mechanical vibrations in addition to the
unbalanced forces. The overpressure coefficient produced in the bucket at
eccentric angles 2.5, 5 and 7.5 degree for the upper and lower half was calculated
to be 0.1544, 0.247, 0.1235, 0.1204, 0.1853, and 0.3087. This illustrates the
overloading of the bucket with more angular deviation.

5.2 Recommendations

1. As eccentric installation is associated with reduced performance of the Pelton
turbine, it is recommended that operators and fabricators follow strict protocols for
maintaining the centricity of the jet-bucket interaction and preventing angular
eccentricity.

2. This study may further be advanced by experimental modeling and three-

dimensional numerical modeling of the flow in cases of angular eccentricity.
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