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ABSTRACT

Hydraulic turbines of several hydropower projects have been facing severe problem
due to sediment erosion. In fact, the problem is much worst in case of run-off-the
river hydropower plants as the sediment particles dont get enough settling time in
contrast to reservoir hydropower plants. The particles eventually find their way to-
wards the turbine and causes the subsequent change in flow pattern inducing several
operational and maintenance problems in such plants. Several erosions inducing
factors like particle velocity, sediment shape, size, concentration, operating condi-
tions, impingement angle, hardness of substrate etc. are responsible for the loss of
efficiency and working capability of hydraulic turbines operating in sand laden con-

ditions.

In order to overcome these challenges, several approaches were put forward. Among
them, usage of coated materials and expansion of settling basin have drawn the in-
terest of some of the researchers. The application of the coating has been practiced
in few hydropower plants in Nepal, but the results were not found economically fa-
vorable. In addition, maintaining uniformity in coating thickness at all surfaces in
case of Francis turbine runner blade is quite difficult task. Due to the countrys ge-
ographical condition, it is always not possible to construct large settling basin. In
such circumstances, hydraulic design changes may be only available last resort for

this case.

This research was carried out to address these issues and assist in hydro sectors to
achieve the high performance Francis turbine with less prone to sand erosion. First
of all computational tools were implemented in order to study the effects of erosion
inducing factors at different operating conditions. Further, encompassing the previ-
ously conducted experiments, the nature of effects due to different combinations of
input factors like shape, size, concentration, and impingement angles on the turbine
material were analyzed. The analysis includes digital image processing to extract
shape and size of sediment particles from the erosion sensitive power plants and its

experimental studies carried out at Kathmandu University (KU) using two different

Xii



methods High velocity impact and Rotating Disc Apparatus (RDA).

In this PhD study, Computational Fluid Dynamics (CFD), Finite Element Method
(FEM) and Fluid Structure Interaction (FSI) were employed in order to minimize
the sediment effects on turbine material. The application of CFD, FEM and FSI at
different design stages innovated new way for Francis turbine design with less ero-
sion impact as compared to reference design. Comparative study was carried out
among the five different shapes of runner varying the guide vane and stay vane an-
gles. The effect of erosion was studied in terms of average erosion density rate on
optimized runner design with Lagrangian particle tracking method in CFD and com-
parison was done using two turbulence models. The simulation analysis results are
compared with the measurements carried out in the real turbine. The results showed
that runner material is more susceptible to erosion at part load conditions rather than
at best efficiency point (BEP), however erosion in guide vanes is dominant at full
load conditions. The comparison of five different shapes demonstrated that Shape
5 provides an optimum performance with high efficiency and lesser erosion on the
studied operating conditions. To conform structural integrity, multidisciplinary opti-
mization was performed on shape 5 in which energy extractions occur with high and
low energy distribution from inlet to mid span in first half and then from mid span to

the outlet of the runner in the latter half.

Although the problems of sediment cant be eliminated completely from its root,
the findings of this research will definitely assist in minimizing its consequences.
Further, the outcomes are believed to aid to lessen the erosion problem of turbine

components and increase the life time.
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Chapter 1: INTRODUCTION

1.1 Background to the research

Nepal has an enormous hydropower potential. Several researchers has noted that
the economically feasible hydropower potential of Nepal is more than 43,000 MW
[1, 2, 3] . Despite having a tremendous potential, Nepal is still lagging behind in
power generation and blackouts are common all around the year. Slow technological
transfer from the developed countries and lack of the state of the art of maintenance
for the installed hydropower plants are the major causes for the current situation. In
the past studies, it has been revealed that the new exploration of hydropower project
is not the only solution, but there are forthcoming problems during the operation
and maintenance after the installation. The rivers in Nepal have a higher concen-
tration of sediment due to the young mountains and late man-madedevelopment ac-
tivities around the Hilly areas/ regions. During the monsoon period, Nepalese river
and river bullets carry a higher concentration of sediment. These sediments passes
through the wet hydro-turbine components and are more prone to sediment erosion
than during the other seasons. Identifying the problems due to sand erosion and
the appropriate measures for its minimization is crucial for the sustainable develop-
ment of hydropower plants in Nepal.According to Constitution Assembly election
in Nepal (dated Nov 19, 2013), promises were madein major parties manifesto to
develop 5000 MW of generating capacity 5 years, 10,000 MW in 10 years; 25000
MW by 20 years; and 45000 MW by 40 years [4].

Apart from different socio-economic and political hindrances that limit the new hy-
dropower development, sediment erosion has evolved as one of the major obstacle
in run-off-river plants. About 60% -80% particles present in sediments of the rivers
have hardness number above 6 in Mohs scale [5, 6, 7]. The presence of hard particle
in sprouting velocity causes the wet turbine parts to erode rapidly than the normal
erosion due to pressure gradient. This eventually reduces the efficiency and life of
the turbine. Furthermore it fosters on break down maintenance of eroded parts each

year causing huge economic losses.



Figure 1.1 shows the effects of sediment erosion in Francis turbine operating in Hi-

malayan basins.

Figure 1.1: Effect of sediment erosion in Francis turbine

Not only the run-off-river power plants, the hydro turbine running in the Himalayas
and Andes Mountain of the South America are facing the same challenges [8, 9, 10].
In context of Nepal, Jhimruk power plant can be considered as one of the hydropower
running with high head Francis turbine and severely prone to turbine erosion. Bas-

nyat 98 presents the size of particle and mineralogical distribution in Table 1.1.

Table 1.1: Particle size and mineralogical distribution, from gravel trap site in Jhim-
ruk river [11].

Size of | Particle size | % retained % of mineral (volume wise)
Sieve(mm) | range (mm) (weight
wise)
Quartz Feldspar Mica
group
0.5 >0.5 0 - - -
0.2 (0.5-0.2) 0.15 15 <2 177
0.09 (0.2-0.09) 16.85 57 <2 41
<0.09 <0.09 83.0 85 <1 14




The Himalayan basins potential sediment erosion can be imagined and personalized
by experimenting the effect of river sand flowing with water on hydro turbine blade
material. The erosion measurement test at KU is carried out on turbine material af-
ter taking the different sample of sediment from several locations of Nepalese rivers
of the different Himalayan basin [8]. Quartz content and their shapes in different
rivers are identified through mineralogical analysis of the samples. Turbine material
16Cr5Ni Martensitic Stainless steel along with 1 kg sand samples were taken for the
erosion tests. Operating condition was adjusted same for each of the testing while
sand samples are taken between 425-300, 300-212 and less than 212 pm in size.
The erosion rate obtained from each of the testing are averaged and plotted in graph

along with corresponding quartz contents as below [12].
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Figure 1.2: Quartz content from mineralogical analysis and erosion rate from labo-
ratory erosion test [12]

Various attempts were made to neutralize the sediment erosion problems using dif-
ferent ways of coating which effectiveness of tackling problem depended upon the
spray parameters and powder properties [6, 13]. The coating done at Marsyangdi
hydropower project and HVOF coating done at Kaligandaki ‘A’ reduced the erosion
rate [13, 14], while the consequence was not the same in case of Jhimruk hydropower

project as the coating did not even last for one season [14].



1.2 Objectives of the research

The main aim of this research is to develop and analyze a Francis Turbine that can

handle sediment load. The specific objectives are as follows:

e To analyze the impact of sand erosion on Francis turbine.

e To determine the effective area and its impact on erosion on Francis turbine
runner blade and investigate the possible solution for the minimizing effect of

erosion on the turbine.

e To innovate optimization technology with utilizing meta-models On Francis

Turbine runner design for sediment load.

1.3 Motivation for research

The concept of development of new hydropower plants is facing several technical
and socio economic challenges. The performance of the hydro-turbines is being lim-
ited by the sediment erosion problem as it is one of the burning issue in Himalayan
basin. The presence of young mountains and man-made activities are adding fuel to
the fire by contributing more to flourish the problem rather than minimizing it. This
sort of hindrance has been considered as one of the major technological challenges
in context of Nepal for developing new hydropower plants. Most of the economi-
cally feasible hydro-power plant in Nepal which has to be harnessed onwards fall
within the working envelop of Francis turbine [15]. The present scenario regard-
ing the problem minimization is considered as mostly specific and local problem for
Himalayan region and Andes Mountain of South America [7, 10]. This local prob-
lem with huge hydro-electricity potential is basically addressed locally. Hence, the
globalization of the problem is must without any delay. There is a strong need to
have an ultra-review on sediment erosion pattern and suggest appropriate mitigation

measures that targets to minimize its effect on the turbine components.

The sediment erosion problem can be addressed through the development of new

materials and expansion of settling basin; however, both remedial approaches are un-

4



favorable in context of Nepal due to the unavailability of sophisticated technologies,
presence of young mountains and its geographical condition[6, 16]. It goes without
saying that many industrialist and academic intellectuals are keen to contribute to
minimize this problem as it can neither be controlled nor be avoided. Kathmandu
University has started research on hydro turbines since 2003, this can be considered
as a preliminary date for the advancement. This kind of problem has lured higher
academic interest which could foster new technology in design, manufacturing and

operating strategy.

1.4 Scope of the research

The scope of the research is to develop a tool or methodology that can be used in con-
ceptual design of Francis turbine runner design for the sediment laden conditions. In
order to avoid critical sediment erosion for developing phase new hydro power this
research final outcomes may play the vital role for reducing sediment erosion than
the traditional design. The study uses numerical techniques to study the effect of
sediments on runner blades and guide vanes. The design process adopted in this
thesis is based on parametric design, redesign, selection design and configuration
design. The numerical results are compared with the site measurements. Erosion in
other components of the turbines are not considered in this study. CFD is carried out
by using commercial code, ANSYS CFX and the simulations are done in one guide

vane and one runner blade passage.

The design and analysis of Francis turbine for sediment load research aim to con-

tribute the knowledge for:
1. Conceptual design of high head Francis turbine for sediment load conditions.

2. The effect of sand erosion on 10 different guide vane angles and its strategic

development for operations.

3. Application of optimization procedure for Francis turbine design for the sand

laden condition.



Chapter 2: LITERATURE REVIEW

This chapter contains exhaustive literature survey regarding the abrasive wear and
effects of several parameters like hardness, direction on the turbine material. Addi-
tionally, coating effects, particle trajectory and information on testing performed to

visualize the erosion are also presented.

2.1 Abrasive wear in hydraulic machinery wear
theory

Based on wear test results, several authors [17, 18, 19, 20, 21, 22, 23, 24] state that
wear rate depends upon the function of velocity, material hardness, grain size and

concentration of solid i.e.

wear  (velocity)” 2.1)

Where, the index ‘n’ varies according to the material and other factors involved and
its common value is 3 [18, 19, 22, 23, 24].
In 1971, Bovet states the abrasive power ‘Ps’, depends upon velocity of the particle

and several other parameters given by equation (2.2) [24, 25]

V(P, — P,)C?
p, = - ) 2.2)
P

Where, p is coefficient of friction between particle and surface, V' is volume of
particle, P; is density of particle, P, is density of liquid, C' is velocity of particle and

R, is radius of curvature of surface.

2.1.1 Effect on hydraulic performance and working life

Bezinge et. al. [24, 26] study on worn labyrinth seal clearances and present the im-
pact on the performance of turbines. In addition, Ferry et. al. [27] claim the role of
increased clearances of Francis turbine and worn out runners in reducing the turbine

efficiency.



For the prediction of hydraulic turbine working life, Bak and Bergeron states that

[19, 28, 29]:

1 ) 1

life X ——————= le.o ———
(total head)®/ wear rate

(2.3)

Additionally, Bak formulated the following equation to show other factors that affect

wear and tear.

KQ"

AH3/2WSX

2.4)

T(life € h.)

Where, A is constant factor, ()™ is Concentration of solid in mixture (%), K is Im-
peller shape factor (1.0 for multi-bladed impellers, 1.4 for channel impeller), H is
total head/stage, W is coefficient of abrasive wear for impeller material and X is

Coefficient of abrasiveness of solids.

2.1.2 Effect of hardness

Several test results showed that hardness of substrate materialshould be increased
to resist the abrasive wear [17, 18, 24, 29, 30]. While Antunes and Youlden [23]
admitted the linear relationship between hardness and resistance of metals, Stauffer
[18] didnt find any relation between them. In support of latter one, Bergeron [28]
stated that hardness is not the factor that determines the wear in a material. However,
in case of hydro turbine, erosive wear is found to be more with increase in hardness
of the erodent [6, 7]. Based on the experimental experiences, the hydro-abrasive
wear was commonly quantified by means of wear rate, W and generally expressed

as [31].

W = f (Properties of eroding particles; properties of base

material and operating conditions) (2.5)

Kjolle [31, 32] made detailed study on the hydro turbines and proposed that cavi-

tation, sediment, fatigue etc. are the main causes for the failing of hydro turbines,



mainly the runners of the Francis turbine. These effects can be minimized by altering

the design aspects of the component at the design phase.

Neilson and Gilchrist [31, 33] assumed that the total wear is contributed by only

deformation wear which gives a deformation factor (€) as below:

Wy

ce=
TM(Vsind — k)?

(2.6)

Where, IV, is deformation wear at normal impact condition, M is the total mass of
impacting particles, V' is velocity of particle, ¢ is impact angle and k is the normal

component of particle impact velocity that initiates the erosion.

Bain et al. [34, 35] developed a correlation to assume erosion rate which is expressed
as,

W = KVPd'e? (2.7)

Where, W is erosion rate, V' is velocity of particle, d is particle size, C' is solid
concentration and, K, 3, v and ¢ are constants that depend on the properties of the

erodent as well as the target material.

Based on the hydraulic performance tests on a Francis turbine model with sediment
laden flow conducted in Japan, Okamura and Sato [36] reported the turbines effi-

ciency is correlated to solid concentration by the following expression:
N = (1 = 0.085C, ) 1w (2.8)

Where, 7,, is turbine peak efficiency with sediment-laden flow, 7,, is turbine peak

efficiency with clean water and C,, is fraction of solid by weight.

According to Krause and Grein [31, 37], the abrasion rate on conventional steel

Pelton runner made of X5CrNi 13/4 1s given by equation 2.9,

§ = pqcv® Af(dys0) (2.9)



Where, ¢ is abrasion rate ( xm/h), p is a constant, ¢ is quartz content, ¢ is mean sand

concentration,v is relative jet velocity and f(d,s0) is function defining particle size.

As the above equation is applicable to turbine components of particular material
only, Naidu [38] suggested the expression equation 2.10 for predicting the silt ero-
sion rate:

W = 515253S4MTU$ (210)

Where, S; is coefficient of silt concentration, S5 is coefficient of silt hardness, Ss
is coefficient of silt particle size, S is coefficient of silt particle shape, M, is coef-
ficient of wear resistance of base material and v is relative velocity of water. The

exponent has value 3 for Francis runner, 2.5 for guide vanes and pivot ring liner.

Asthana [31, 39] expressed the turbine abrasion as:

TA = f(PE,v") (2.11)

Where, PE is modified suspended sediment content, v is relative velocity between
flowing water and turbine parts where abrasion is severe and z is exponent for rela-

tive velocity

Further, the modified sediment content (PE) is obtained by the equation 2.12:

PE = P“a®kikoks (2.12)

Where, P is the average annual suspended sediment content in gm/l, « is exponent
of ‘P’ representing correction factor for suspended sediment concentration. It has
value 1 for concentration up to 5 g/l. a is average grain size coefficient of suspended
sediment with a base of 0.05 mm. (3 is exponent of ‘a’ representing correction factor
for average particle size, which was taken as 1 for particle up to 0.6 mm and curved
flow; k1, ko, k3, represent the coefficient to account for shape, hardness and abrasion
resistance of base metal, respectively. £ is taken as 0.75, 1.0 and 1.25 depending on

irregularities ranging from few to severe, ko, was taken as 1 for hardness greater than



3 (on Moh’s scale) and 0.5 for less than 3, k3 was taken as 1 for 13Cr4Ni steel.

Schneider and Kachele [31, 40] stated that wear rate, W is the function of sand

concentration, hard particle contents, median particle size and flow velocity.

W ~ qu(dg)o)’l)? (213)

Where, ¢ (kg/m?) is sand concentration, ¢ (kg/kg) is hard particle contents, ds, (m)

is median particle size and vy (m/s) is flow velocity.

2.1.3 Effect of direction (impact angle)

While studying the hydraulic turbines impact angle of abrasive wear, considering
tangential velocity only, Bovet [24, 25] found decrease of wear on increasing impact
angle. But effect of wear in hydro machineries are more complex. When considering
cutting and deformation cases, Bitters expression [41] showed wear depends on both

normal and tangential velocity component of striking velocity.

2.1.4 Effect of medium on impingement angle

Levy et. al. [42, 43, 44] studied on the trajectory of particles that strike a cylindrical
body and found that viscosity has great influence on the erosion of material. He
stated that less number of particles strike the body in high viscous media as compared
to low one due to change in the impingement angle of the striking particle which
results in lesser wear of the material.It is visible from the Figure 2.1 that higher
viscous medium shifts the particle trajectory towards the periphery of the cylinder

which alters the location and form of wear.
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Figure 2.1: Effect of medium on impingement angle by erosive particles [45].
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2.2 Status and current researches

In 1984, Professor Brekke postulated erosive wear in hydro turbines. According to
his PhD lecture note, sand erosion basically occur in the inlet valve system, spiral
casing, the pressure relieve system, the guide vane system, runner and runner steel
and the draft tube. Brekke insisted that the major problem in case of hydro turbine-
sand erosion is inevitable but can be reduced because it is not possible to sediment

silt with grain size less than 0.1 mm or 0.06 mm can cause substantial damage [46].

Padhyet. al. [31] performed review on silt erosion and found that hydro turbine
functions with highest effectiveness in the initial days of its installation; however,
its performance declines after few years of operation. The major reason behind this
is erosive wear of the turbines due to the high content of abrasive material during
monsoon that can make prime impact in the plants of run-off river schemes and
those situated in hilly regions. Further, it leads to increase in vibration, fatigue dam-
age, inefficient operation, and eventually system failure which demand the change

in blade profile [31].

Numerous computational and experimental studies have been carried out to inspect
the process of erosion in hydro turbines and the effect of solid particles in coated and
uncoated turbine blade material surface. The roughness extents measured earlier and
after the erosion test indicates the variation in surface roughness in turbine blade ma-
terial resulted by erosion. The different computational studies were carried out on
low pressure turbine. After simulation, the vane and blade surface erosion patterns
were assumed combining the data with experimental one [47]. Individual awareness
on particle trajectories and blade surface degradation and coating has subsequently

increased due to the seriousness of erosion results on turbine life and effectiveness.
Not only the blade surface degradation and coating, extensive research has been con-

ducted to visualize the erosive nature in hydro turbine steels. The experimental task

conducted by Chauhan et. al. [48] presented the comparative nature of erosion in

12



martensitic and nitronic steels and stated the latter one to be high erosion resistance.
The test pieces for this experiment were machined for metallographic tests, tensile

tests, impact tests and erosion tests.

The metallographic analysis is generalized for example cast steels were ground and
polished and the microscopic observation on them determined microstructure about
their erosion behavior. In the test, nitrogen strengthened austenitic stainless steel
having low Ni and higher concentration of carbon was used. The slopes obtained
from erosion tests were almost constant except for nitronic steel at 90" impingement
angle [48]. This variation in the slope is resulted due to the changes in mechanism
of erosion damages during the erosion test. However, the constant nature of slope at
both 30° and 90° impingement angles in case of martensitic steel is due to the char-
acteristics of steel to undergo strain hardening less likely. Whereas, belonging to an
austenitic matrix, nitronic steel is more likely to undergo strain hardening resulting
in material loss due to embrittlement. The other significant difference on two sam-
ples is that the martensitic stainless steel are found less hard and ductile as compared
to nitronic steels. In addition to this, the higher nature of erosion resistance in ni-
tronic steel is also due to its tensile toughness which is greater in amount comparing

to martensitic steel.

2.3 Shape and size characterization and experimental
set-up

To analyze shape and size characterization, samples were taken from rivers like
Roshi, Sunkoshi, Indrawati and Modi which lies in middle and western part of Nepal.
These were collected from each river different sections considering upstream, hu-
man interference zone, tributaries joining points and downstream. Mostly fluvial

sediments were collected from the middle section of the rivers using bucket.

Sieve analysis was done to characterize sediment size as it is the one that has great

influence in eroding turbine material. Six layered sieve analyzer was used and vi-
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brated for 10 minutes to separate each sample by size in its respective sieve plate.
Roshi, Sunkoshi, Indrawati and Modi rivers sediments from five different sections

were sampled and sieved to respective sizes category as shown by table 2.1.

Table 2.1: Sieve size.

Sieve No. 1 2 3 4 5 6
Size (um) | >500 | 425-500 | 300-425 | 212-300 | 90-212 | <90

Among these sieved categories only three different sieve sizes were considered under
study that ranges from 90 to 300 micron sediment sizes. Particles larger than this get
filtered and are restricted to enter the turbine, so only the smaller sizes sediments

were considered for experiment.

2.4 Shape characterization

Shape is another factor that determines the extent to which turbine materials are dam-
aged. Few researches have been conducted showing the effects of sediment shape
on turbine material. This study is an attempt of characterizing the sediment particles
and its effect using digital image processing which can process the sediment image
and trace out the different shapes of sediments. Shape morphology of sediments was
extracted and defined using image processing. Fourier Transform was utilized to
derive different descriptors that clearly depicted twenty one different shapes of sed-
iments. Primarily impact by size was studied and later on setting these 21 different

shapes, its impact was studied and compared.

Complex Fourier function was firstly used to define the sediment image and then its
transformation was obtained to define the descriptors of shape, so that all the image
analysis which defines shape was done in Fourier domain. Firstly a sediment particle
was studied by taking coordinate values as a function within a defined boundary us-
ing image processing. Then, different derivatives were obtained from the image giv-

ing real and imaginary parts. It is mathematically governed by the Complex Fourier
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function defined by equation (2.14) as:

+N/2
2mnm 2mnm
m+ Wm = n + b, 51 2.14
Ty + 1Y NZH(G +1 )lcos( i )—i—zsm( i )} (2.14)
2

Where, x,y are coordinates describing the particle; N is the total number of de-
scriptors; n is the descriptor number; M is the total number of points describing the
particle; m is the index number of a point on the particle; a, b are coefficients for

each descriptor; ¢ denotes an imaginary number.

Matlab platform and Matrox Imaging library tools were utilized for image process-
ing. Image of sand particles were taken and its inherent coordinate were utilized to
process and analyze. Sand particles shape perimeter and its different neighbors were
accounted which was equally assessed and broken into 128 equal new coordinates.
Fast Fourier Transform was carried out after the division of shape to describe and
understand the descriptor of shapes. An image taken first, also known as parent im-
age, gives the original profile and it is done by image analysis which is shown by
figure (2.2). It is the original image being processed and its edges has been fairly

traced to give its exact perimeter.

\\L/

Figure 2.2: Digitized Outline of Particle [49].

The original image was suppressed using higher order of descriptors. The highest
order of the particle descriptors is of +/-64. The main aim is to have a refined mor-
phology of sediment particle which output is shown by figure 2.3(a). Furthermore
the image was reconstructed applying fast Fourier Transform which are shown by

figures 2.3(b), 2.3(c), 2.3(d) and 2.3(e) respectively.
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(a) )+/- 64 Fourier Descrip- (b) +/- 24 Fourier Descrip- (c) +/- 8 Fourier Descriptors

tors tors

D

(d) +/- 5 Fourier Descriptors (e) +/- 3 Fourier Descriptors

Figure 2.3: Fourier Descriptors [49].

The particle image was reconstructed defining the Fourier descriptors in their respec-
tive orders. It is found that the image are suppressed but have retained their original
morphology. Its equivalent data were statistically observed and analyzed using dig-
ital image processing. 21 different sediment shapes obtained from four different
rivers were given by their own specific name in this research. These were quantita-
tively analyzed in Machine Vision laboratory at Kathmandu University and defined

by following shape no index and shape morphology terminology given in table 2.2.

Table 2.2: Shape no. and morphology of 21 different sand [49].

Shape No Index Sediment Shape Morphology
1 Well rounded with high sphericity
2 Well rounded with low sphericity
3 Rounded with high sphericity
4 Rounded with low sphericity
5 Sub rounded with high sphericity
6 Sub rounded with low sphericity
7 Rounded angular with high sphericity

16



Shape No Index Sediment Shape Morphology
8 Rounded angular with low sphericity
9 Low angular with high sphericity
10 Low angular with low sphericity
11 High angular with high sphericity
12 High angular with low sphericity
13 Slight Elongation (E)
14 Moderate Elongation (E)
15 High Elongation (E)
16 Slight Square (S)
17 Moderate Square (S)
18 High Square (S)
19 Slight Triangular (Irregular) (T)
20 Moderate Triangular (Irregular) (T)
21 High Triangular (Irregular) (T)

2.4.1 Characterization of Sediment Particles

An image processing program has been developed on MATLAB platform to extract
the exact shape of sand particles collected. Sand particles were collected from the

erosion sensitive power plants and its digital images had been acquired.

(a) Raw image of sand particles (b) Cropped image of (c) Edge boundary of

single sand single sand

Figure 2.4: Different images of single sand particles [49].
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These shapes have further been analyzed by artificial neural network. This network
has been first trained for the known input and known output. After that it is trained
for unknown input and known output. Finally these networks could recognize any
shape given to it and gives the shape which is nearest to the seven predefined shape
[50]. Figure (2.4) shows the image processing steps used to characterize the sediment

particles.

2.5 Hard coating

The study about design of hard coating architecture for the optimization of erosion
resistance discusses about TiN coating response to impact, effect of coating thick-
ness and youngs modules effect of impact velocity. It further includes particle size
effect of substrate material and hardness and super hard erosion resistance coating
systems. The identification about the hard coating architecture which is personal-
ized to make distinguished about propagation suppressed and it allows to predict
and minimize the erosion rate. The study has obtained the new perspective of FE
model incorporated mechanical properties of the hard coatings such as hardness and
hydro turbine fracture toughness and the probable prediction of the area of probable
crack propagation in the hard coating optimization under particle impact [S1]. While
examining the experimental result with stress reduction on surface, multi-layer con-
figuration of hard coating was found to be best in terms of high performing erosion
resistant coatings.

At Kathmandu University, different strategies like rotating disc apparatus (RDA),
high velocity impact jet are developed to study the effect of sand erosion and mini-
mize the failure of hydro turbines. The objective of this test was to compare the per-
formance of HVOF coatings with that of stainless steel. A disc, made up of Stainless
Steel SS316, was taken and half of it was coated with tungsten carbide (86% Co 10%
Cr 4%). Based on the area and pattern of erosion, analysis of the erosion damage in
stainless steel and HVOF coatings was done through comparison [8, 13]. Figure 2.5
shows the erosion test of stainless steel and HVOF coating and Figure 2.6 shows the

erosion pattern generated by combined effects of sediment erosion and cavitation.
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WC-Co-Cr

coating

Figure 2.5: Erosion test of stainless steel and HVOF coating [52].

Figure 2.6: Erosion pattern generated by sand erosion [52].

2.6 Accelerated testing for erosion resistance

Two different test rigs, High Velocity Jet Rotating Test Rig and Rotating Disc Appa-

ratus (RDA), at Kathmandu University were used for this purpose.
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2.6.1 Erosion test rig

Figure 2.7 below shows the basic construction of a hydraulic circuit with high veloc-
ity jet that was used to investigate the accelerated erosion effect on turbine material
and surface coating. It consists of 5.5 kW mono-block centrifugal pump having head
45 m and discharge 61/sec along with valves -to control the flow of water and sand
particles and bypass circuit -to control the water flowing through the nozzle. The
sand is weighed and filled into the 1 m height hopper ahead of nozzle. As the pump
is started and valve of sand hopper is slowly opened, disturbances is created inside
the hopper by the water and then sands fall down in the horizontal pipe due to grav-
ity. The water accelerates the sand which then strikes the specimen 100 mm away
from nozzle exit. The test goes on till all sand pass through the nozzle. This dura-
tion depends on several parameters like size of sand particles, velocity of water and

opening of the valve [52].

Sand
hopper
Specimen
Nozzle
- \ ?
| |
Bypass
Sand circuit
collection &
tank > Pump

®

Figure 2.7: High Velocity Jet Erosion Test Rig at KU [52].

The test is carried out on a T-shaped specimen coated with HVOF ceramic coating
in all surfaces including edges with focus mainly on three areas of the specimen.
Each area is tested for different purposes; Area 1-to focus on the loss of coating

and to check if the coating can withstand a large sediment load; Area 2—to study
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damage on corners and Area 3—to study if the coating on sharp corner is weaker than
other places. Two specimens are attached to study the effect in the joints as shown
in figure 2.8(c) which resembles the joint of blades to the runner hub as shown in

Figure 2.8(d).

Area 3

(a) Erosion Test Criteria (b) Test Area in Coated (c) Test in Joints (d) Detachable coated

Specimen blades

Figure 2.8: Test condition and materials during erosion testing [52].

The quantification of loss of coating material obtained from this test was not con-
vincing although the symptom of damage coating was visible. The weakest area for
the DynaVec Francis runner is expected to be Area 3 at edges and joints but realistic
effects of erosion cannot be generated in the test specimen due to interference of
jet with splashing water. As this study didnt produce acceptable results for further
analysis new specimens were designed to carry out erosion test for the joint similar

to Figure 2.8(c) in Rotating Disc Apparatus.

2.6.2 Rotating Disc Apparatus (RDA) Experimental setup

Rotating Disc Apparatus (RDA) was developed at Kathmandu University to over-
come the flaws of the previous test and to study the sand erosion, cavitation and its
synergic effects [52, 53]. It comprises of a rotating disc driven by a 7.5 kW motor at
2880 rpm in the sand and water slurry chamber. Four specimens can be installed in
the disc and rotated along with the disc with velocity up to 39 m/s. The interaction
of sand particle with the coated specimen is at low impingement angle and this con-

dition is very much similar to flow in Francis turbines.

Test specimens having 5 different shapes at the edge of joint, both with and without

nitrogen carbide based coating were tested with RDA. Four specimens with two sets
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of each test samples for validating test data were fitted into the rotating disc at a time.
Each test was conducted at 10000 ppm of sediment concentration with particles size
of less than 200 microns. Test cycles were increased from 10 minutes to 60 minutes
with progressive test cycle. On average 12 cycles of tests were conducted for each
sample and scanned image of the specimens together with measurement of weight

loss were recorded after each test cycle.

Figure 2.9(a) shows the setup of RDA used for testing erosion on different shapes
of joint edges. Figure 2.9(b) shows the rotating disc with slots for holding 4 test
specimens at a time. Figure 2.9(c) & figure 2.9(d) shows scanned image of a test
specimen’s joint before and after the test with RDA at the sediment concentration of

10000 ppm for 550 minutes.

b) Rotating disc with 4 locations for test

a) Setup for testing erosicn on joints specimens

c) Scanned specimen before test d) Scanned specimen after test

Figure 2.9: Setup, rotating disc and scanned specimen [52].
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The experimental study done at Turbine Testing Lab, Kathmandu University was
ensued by computational analysis that has been carried out to analyze the effect of
shape and size of sand particles in turbine materials of the hydropower plant [49].
Findings from the study suggested that shape and size of such particles along with

their velocity directly affect the rate of erosion in turbine components [49].

In 2002, Karlen et.al. [54] predicted the patterns of hydro-erosion to examine the hy-
dro turbines on the basis of metallic lusters, fine-scaly erosion, scaly erosion, large
sized scaly erosion, in-depthscaly erosion and depth erosion. These patterns are ul-
timately assigned to the turbines as a result of different kind of erosion during the
operation of power plants. Brekke et.al, 2002 [55] , then, classified the phenomenon
of erosion into three different group, namely Turbulence erosion, Acceleration ero-

sion, and Secondary flow.

Neopane[56] revealed that the reduction of erosion takes place when the turbine
is operated only at best efficiency point (BEP) and the rate gradually increases when
operation occurs in part and full load condition[6, 56]. This increment in erosion

rate is the result of increase in turbulence and relative velocity at the outlet.

The traditional designs were made such that most of hydraulic energy conversion
takes place at the beginning half of the blade [57, 58]. Several studies showed that the

erosion rate can be greatly reduced by changing the hydraulic design procedure[10,

55, 56, 57, 59, 60, 61, 62].
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Figure 2.10: Francis runner of Jhimruk Hydropower Plant (Courtesy BPC).
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Figure 2.11: Drop in Efficiency at best efficiency point (BEP) [16].
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The dawn of commercial CFD and FSI code provides the new horizons to the turbine
designer in order to predict pressure velocity and strength of different parts without
any experimental testing [63]. These CFD and FSI analysis have played significant
value in improving machine design and its performance thereby minimizing the tur-

bine design time and cost [64].

Jhimruk Hydropower plant, a run-off type power plant and severely suffered site due
to sediment problem is located in Pyuthan district of Nepal[7, 14]. The plant con-
sists of three Francis Units each of 4.2 MW. Figure 2.10 shows Francis turbine runner
damaged by sediment erosion. In 2003, Ole and his team measured the thermody-
namic efficiency and found about 4% drop in efficiency at BEP, within the period of

1 September 37, 2003, and 11 November 2003, as presented in the figure 2.11.

Several studies revealed that the sediment effect mainly depends upon flow parame-
ter, sand particle characteristics and properties of material [6, 31, 55, 56, 57, 59]. A
study conducted by Pradhan et al., 2004 at Jhimruk Hydropower, Table 2.3, showed
that the efficiency is reduced by 4% at BEP condition and by 8% at 25% load con-
dition when 6900 tons sediment is passed through the system. Man et al., 2004 tried
to overcome this difficulty by introducing different coating processes like ceramic
coating, plasma nitriding, and high-velocity oxy-fuel spray. Besides this, the mod-
ification of design of turbine material has been particular field of research and as a

result several optimized designs are made to counter the effects of sediments [65, 66].

Table 2.3: Primary Data of Jhimruk Hydropower.

S.N. Parameter Unit | Value
I. | NetHead (H) | m | 201.5
2. | Discharge (Q) | m3/s | 7.05
4. | Efficiency (n) | % 96

25



Figure 2.12 showed the reduction in erosion up to 60 % which is resulted through

the CFD analysis on the optimized design as compared to the reference design.

(a) Streamlines on pressure side of reference de- (b) Sediment erosion on reference design

sign

(c) Streamlines on pressure side of optimized de- (d) Sediment erosion on optimized design

sign

Figure 2.12: Streamlines and sediment erosion on reference and optimized design
[64, 65].

The erosion rate is particularly greater during the monsoon period due to higher con-
centration in sediment content which causes the turbine components of the power
plants to suffer severe damage resulting in efficiency drop. This damage piled up
gradually and ultimately cause to shut down the plant for repair or for replacement
of the damaged components [6, 7, 14, 56, 57, 67] after a certain period of operation.

This has encouraged several research activities in order to quantify the erosion and
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minimize its effects in hydraulic turbines [31, 68, 69].

Sand particle analysis of Roshi, Sunkoshi, Indrawati and Modi river basin and its
image processing indicated that particles can be categorized in terms of shape factor
and its combine effect of all the shapes was quantified by using RDA experiments.
But this type of experiment can only conclude the loss in weight during the total
operation hours whereas determination of effected spot is almost difficult due to en-

vironment of hydraulic nature and its conditions.

During RDA test, 10 different specimens comprising of 5 dissimilar shapes of edge
at joint, each with coated and uncoated were tested. The test results showed that the
coated samples eroded to lesser extent as compared to uncoated one. Similarly, the
erosion rate could be reduced by introducing uniformly curved fillets in the joints
with sharp edges or chamfered edges. Such rate varies with variation in fillet radius

at joints [52].

Figure 2.13 shows the trend of weight loss from test specimens for different shape
of edge joint. It also shows that the weight loss increases significantly for uncoated
samples for the same shapes of the edge. Figure 2.14. indicates the average erosion
rate on different shape of edge for coated samples. It also shows that keeping all other
parameters same, shape of edge joint determines the erosion rate for test specimen.
The test specimen S-04 has erosion rates 9 milligram per kg of sediment per hour
of operation lower than that of test specimen S-08 [52]. This difference can create
substantial difference in material removal in case of a turbine with longer operation
time under higher sediment load, and hence significant reduction in performance and

expected life of the turbine.
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RDA Test Results

T Eorsion on Different Edge Shapes at Joint
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Figure 2.13: Erosion trends for different edge joints [52].
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Figure 2.14: Erosion trends for different edge joints [52].
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These results were used as the input parameters for design optimization in develop-

ing phase 2 runner by DynaVec for the Cahua Power Plant in Peru [52]. from figure
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(2.14) The weak spots in pilot runner like edge of runner hub at inlet, edge at joint
between runner blade and hub, and edge at labyrinth seals were optimized in shape
so that they were less prone to erosion. The phase 2 runner was installed in the power
plant and then after passing 159000 tons of sediment, it was inspected on January
2011. The conclusion was significant reduction in erosion on weak spots of phase 2

runner than that of the pilot runner in the same power plant earlier.

Figure 2.15(left) shows pilot runner developed and installed by DynaVec at Cahua
power plant after operation under 130,000 tons of sediment load [52]. The leading
edge at hub of the runner inlet and joint between runner blade and hub was observed
to be eroded significantly. These disturbed the inlet flow pattern causing the effi-
ciency of runner to be dropped further. Figure 2.15(right) shows the phase 2 runner,
with design optimization in weak spots, after operation under 159,000 tons of sed-
iment load in the same power plant. It can be observed that the erosion at the inlet
edge has been reduced significantly after the optimization. Figure 2.16(left) shows
the joint between runner blade and hub for the phase 2 runner after the same period
of operation. Figure 2.16(right) shows the edge of labyrinth seals of the same runner
after same period of operation. The erosion rate on both the edge at the joint and
at the labyrinth seal was reduced considerably which validated the optimization of
shapes of the edge in the pilot runner. This was accurately assumed by the accelera-

tion testing on RDA at Kathmandu University.

Figure 2.15: Pilot runner after 130,000 tons of sediment load (left) and Phase 2
runner after 159,000 tons of sediment load (right) [52].
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Figure 2.16: Joint between runner blade and hub after 159,000 tons of sediment load
(left) and Edge of labyrinth seals after 159,000 tons of sediment load (right) [52].

Sediment samples collected from four different rivers Roshi, Indrawati, Sunkoshi
and Modi were categorized according to size and shape and its impact on turbine
material was studied separately [49]. Firstly, sediment test rig set at Kathmandu

University was used to study the impact of size on turbine material.

2.6.2.1 Impact of sediment size

The average impacts of the sediment collected from four different rivers are pre-
sented by figure 2.17-2.19. All the sediments collected were 90 to 425 micron in
size and a graph is drawn by depicting the impact of size on turbine materials [49].
Figure 2.17 shows the chart of sediment impact on turbine material on the basis of

size. Similar test conditions were used for testing of each sediments in test rig.

Roshiriver originates from hilly region and joins into Sunkoshi river and has peculiar
characteristics. The sediment samples were collected from 20 different locations
were first sieved to respected four categories and its impact on turbine material was
performed. These sediment samples were categorized into four size range as shown
in the graph of figure 2.17. The figure depicted that larger the sediment size, larger
will be its impact on turbine materials. The impact of sediment size smaller than
90 micron has 0.002995 gram while as 90-212 micron and 212-300 micron size has
impact or weight loss of turbine material is 0.00555gram and 0.00695 respectively
[49]. The impact of sediment size 90-212 and 212-300 have somewhat in small
difference while as comparing it to smaller than 90 micron they have twice more

effect on turbine material. It is also clear that the impact due to size range 300-425
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micron size has 5 times more effect than the sediment size smaller than 90 and about

2 times more than the effect of 90-212 and 212-300 micron size effect [49].
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Figure 2.17: Size impact by sediment of four different rivers [49].

Figure 2.17 shows the impact of different size of sediment of Indrawati River on
same turbine material. The chart shows little distinction in sediment impact but the
trend line is somewhat following same pattern. Sediment size smaller than 90 micron
have very less effect tracing only 0.000622 gram of weight loss, whereas 90-212 size
sediment have 0.0023 gram of effect which is approximately equal to that of Roshi
river sediment impact by size smaller than 90 but 212-300and 300-425 micron sedi-
ment size range has about twice much more impact than 90-212 micron size. From
each of these graphs, conclusion can be drawn that sediment (from both the rivers)
that falls on 300-425 sieve size range has significant impact which accounts four to

five times greater than that caused by the smaller size range.

Sediments were collected from five different locations on upstream side of Sunkoshi
river. Figure 2.17 shows the average impact of different sediment size on turbine
material. It shows that the impact of sediment size in turbine material is gradually
increasing in an order of 2. The sediment of size lesser than 90 micron has 0.00054
gram of impact whereas 90-212 micron has 0.0018, 212-300 micron has 0.0049 gram

and 300-425 has 0.01188 gram of impact. The impact increment is quite similar to
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exponential graph. The size impact by sediment on Modi river is depicted by figure
2.17. The impact is straight line type with equal slope. The impact of sediment
size of this river on turbine material is increasing by increment of 0.001 gram of
impact. The impact by size range 425-600 micrometer is also considered to follow
the same pattern. Sediment size smaller than 90 has 0.00033, 90-212 has 0.0024
gram of impact, 212-300 micron has 0.00344 gram of impact, 300-425 micrometer
has 0.0048 gram of impact and 425-600 has 0.0059 gram of impact. The impact is
following some pattern from all four rivers size impact. This result concludes that
the pattern of sediment size impact depends upon the river sediment which shows

increment of effect either by multiple or by some intercepts.
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Figure 2.18: Erosion pattern due to sediment of Modiriver [49].

Figure 2.18 shows the actual erosion pattern due to sediment content in Modi River.
It was found that the maximum material loss of 0.007 gram is seen in spot 1 and
minimum loss of 0.004 is seen in spot number 7 [49]. This shows that the rate
of erosion varies according to location, i.e. from upstream to downstream, and it
follows the pattern that impact is high in upstream while low in downstream. As
the particle flow with water from upstream to downstream, they collided with each
other and pointed horns are broken down and the particles are changed into spherical

shape.
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2.6.2.2 Impact of shape

It 1s very difficult to define shape of the sediment and its exact impact; however,
digital image processing technique has been applied to describe it. Matrox Imaging
Library and MatLab software were used to define and count the sediment shape no
and its effect. The effect of 21 different shapes on turbine material are clearly shown
by figure 2.19 below. The shapes of sediment are indicated by its index no from 1 to

21 and are in horizontal axis with the corresponding impact in vertical one.
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Figure 2.19: Sediment shape effect of three different rivers [49].

The figure 2.19 depicts the shape effect of sediment in Roshi river, which shows the
fluctuating nature of line and the shapes are defined in an order rounded, angular,
square to irregular shapes with high and low sphericity. The chart clearly depicts
that the highest eroding property of shape no 4 while least by shape no 21 which
refers to rounded with low sphericity and triangular or most irregular respectively.
Similarly it also shows that the impact by shape no of Indrawati river which also
has somewhat similar pattern. Unlike Roshiriver, shape number 8 of Indrawati river
has highest eroding property and shape number 20 has least one. This study only

involves the shape effect depending on the particles count.
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Further, the figure 2.19 also shows the impact of sediment shape no on of Sunkoshi
river on runner material. It depicts the similar trend as in case of Roshi and Indrawati
River shape impact. Shape number 7 referring to rounded angular with high spheric-
ity have highest eroding nature with impact of 0.00031 gram followed by shape
number 9 referring to low angular with high sphericity has an impact of 0.00299
gram. Shape number 20 contributes to about 0.00008 gram impact and has least
eroding property. All these three figures have similar kind of pattern, so it can be

concluded that the shape number impact follows similar trend.

2.7 Progress of hydraulic design of Francis runner for
sediment handling

Kathmandu University in close cooperation with NTNU has started a unique project
to optimize the design of Francis runners for sediment handling that showed the pos-

sibilities of reducing sediment erosion significantly.

Each sites have unique turbine design which takes much time and effort to produce
the suitable design for specific conditions. This makes design optimization task even
for erosive environment even a challenging one. For the optimization process, it is
necessary to evaluate relation of the turbine design parameters on sediment erosion
so as to identify those parameters that can be attuned to reduce the erosion. Recent
advancements in computing tools and software have added advantage to these stud-

ies.

A new program Khoj has been developed to create and optimize the runner design
in preliminary stage. It is also featured to compare erosion in runner blades for dif-
ferent design cases. The final design can be exported to CFD and CAD tools for
further analysis. Parametric study was carried out with Khoj in order to evaluate the
relative effect of each design parameter on sediment erosion. The results from Khoj
were compared to that obtained from CFD analysis to estimate effects of the design

variables on hydraulic performance. Several optimized designs were developed and
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analyzed to fulfill the desired condition of erosion and efficiency.

During the process of developing Khoj software, Gjosater [10] introduced five dif-
ferent shape of S distribution of blades to study erosion effects and is shown in the
Figure 2.20. Then, erosion factor was calculated by the Khoj software and shape 1
was found to be less erosive than other types. However, Eltvik [57] found shape 4

was best among all five different shapes.

Blade angle distribution relative to inlet

c P e Shape 2

0 Stream wise span from inlet (1) to outlet (0) 1

Figure 2.20: Different shapes of the blade distribution for the parameter study [10].
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Figure 2.21: Erosion of five shapes of the blade angle distribution [10].
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2.8 Properties of five shapes of blade in terms of en-
ergy extraction

The energy extraction through the different set of the runner blade is presented in
the Table 2.4. In the shape one, energy is extracted low at in let of the runner and
high at out let of the runner. But, in the shape number two blade, energy extraction
is opposite to that of the shape one. For the shape three blade energy extraction is
liner throughout the blade and it is the simplest kind of structure compared to that of
other four type blade shape. Shape four and five blade, extract energy is opposite to

one another and the process also talks two folds within each half of the blade.

Table 2.4: Blade shape and its energy extraction type [57].

S.N. | Shape Energy extraction type
Inlet Outlet
1. | Shape 1 Low High
2. | Shape 2 High Low
3. | Shape 3 Linear Linear
4. | Shape 4 | First half span of blade: Low, High | Second half span of
blade: High, Low
5. | Shape 5 | First half span of blade: High, Low | Second half span of
blade: Low, High

2.8.1 Reference Design

Jhimruk Hydroelectric Center (JHC) in Nepal is considered as the reference case for
this study. The reference design for this power plant was based on net head of 201.5
m and net discharge of 2.35 m®/s. It consists of three units of Francis turbine with

splitter blade type and each unit of capacity 4.5 MW.

2.8.2 Design Optimization Range

The hydraulic design parameters are varied within a defined range and its effects

on erosion factor is evaluated. Table 2.5 lists the range of variation of the design
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parameters considered for this study.

Table 2.5: Hydraulic design parameters [8].

S.N. Parameters Symbol | Unit | Value for | Range of op-
Reference | timization
design

1 Outlet diameter D2 m | 0.54 0.4-0.75

2 Number of pole pairs 7P - |3 3-12

in generator

3 Reduced  peripheral Ul - 1074 0.65-1

velocity at inlet

4 Acceleration of flow | Acc % | 35 0-50

through runner

4 Height of runner b m | 0.16 0.05-0.4

5 Blade angle distribu- 6] ¢ | linear 4  different

tion nonlinear

Evaluating effects of sediment erosions in optimized designs, the following two
terms are defined as the indicators and the means of comparison of relative erosion

in the Francis turbine runner.

Erosion Tendency (F;)

It is the quantification of tendency of a specific design of runner to be eroded in

similar sediment conditions. Erosion tendency is defined as in equation 2.15 [10]:

Do WP X A 3.3
E, = ==7" [m?/s°] (2.15)
Zi:l A

Where n is the number of segment area (A;) in the runner blade surface. W; is the

relative velocity of flow in each segment area. The segment area is the area between

By AL
the intersection of E, = Z;:ViA%Az

and stream lines and stream points in the runner

blade surface.
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Erosion Factor (£/)

It is ratio of erosion tendency of each new design with respect to the reference design.

Erosion factor is defined as in equation 2.16 [10]:

(Et>New Design
Er= - (2.16)
d (Et>Reference Design [ ]

The erosion factor estimates a quantitative difference in sediment erosion of runner
with the change in hydraulic design alone. In this study this factor is used as a means
to compare the relative erosion in the optimized designs of runner with respect to the

reference design.

2.8.3 Optimization in Design

Design optimization is the science of producing the best possible design within the
stated domain.It has three different states, namely variables, objective functions and
constraints. Variables are those that affects the system when it varies within its do-
main. In this case, variable may be the components of velocities. Symbolically,
P1 and P2 are used for radial and tangential velocity respectively. Another impor-
tant state is objective function which has to be maximized or minimized. Generally,
we try to maximize the efficiency (1) and minimize the erosion rate density (P9).
Thirdly, we have constraints which are the restrictions on our design. They are the
requirements of the design. Mathematically, it is denoted by Const (P7). Here, P7 is

revolution per second.

Mathematically, single optimization can be expressed as [70, 71]

(P1)y > Pl(z) > (P1); 2.17)
(P2)y > P2(x) > (P2) 1) (2.18)
Max(n),{Min(P9)(P1)} (2.19)

Where, z € S and S is the design space.

38



2.8.4 Multidisciplinary design optimization [MDO]

MDO has couple of other systems. MDO may compose of fluid and structural op-

timization. In this case, structural and fluid design optimization is simultaneously

process during the simulation. Within this MDO, my research focus on optimization

of design process while keeping lower erosion tendency [70, 72] i.e. min J(x)

s.t.g(x) <0,
h(z) <0
Where J(z) = [Ji(2)..... ] (2)]"

Where, J(x)= Objective function to be minimized
g(z) = Inequlity constraints
h(z) = equality constraints

x : Design variables

(2.20)
(2.21)
(2.22)
(2.23)
(2.24)
(2.25)

Design of experiments is a series of scientific experiments planned to measure the

optimal response of the output variable by varying input variables at various levels.

It is the initial step building a Response Surface over the design space.

The objectives of conducting design of experiments are:

(i) Determine which variable largely influences the erosion.

(i1) Determine the optimal levels of parameters so that it will produce optimum

output.

(i11) Determine the optimal levels of parameters so that variability in erosion ten-

dency is small.
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The next step in the design of experiment is the selection of appropriate experimental

design. There are four types of design of experiment methods are commonly prac-

tices by the researchers. They are: two-level full factorial design, central composite

design (CCD), Box- Behnken Design (BBD) and three-level full factorial design

[70, 71, 73, 74, 75, 76, 76, 77]. These designs vary in both the number of experi-

ments and quality of information that can be extracted from each applied methods.
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Figure 2.22: Experimental designs in three variables, starting with (a) full factorial
design (b) central composite design, and (c) Box-Behnken design [71].

.

ii.

Two- level full factorial design:

The 22 full factorial design requires 8 experiments and central point runs. This
model is only applicable if the dependence is linear and is disregarded in opti-
mization procedures. It includes the calculation of linear dependence of indi-
vidual factors; however, the potential assessment of quadratic influence is not

possible.

Central composite design (CCD):

CCD is another type of technique in which a two-level full factorial experiment
is added with a center point and two additional points for each factor. This
approach estimates 10 coefficients after performing 15 experiments (14+ central
points). This indicates that certain degrees of freedom are left which is quite
useful to create reliable models whenever the experimental error arises. The

mathematical modeling technique used in this design is polynomial regression
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which can be expressed as [73]:

Yy = by + byx1 + boo + b33 + biox129 + b13T123 + bozwoxs

+b1127 + bopts + bzT; (2.26)

Where y is the response term, b; linear term, b;;interaction terms and b;; quadratic

terms.

Box- Behnken Design (BBD):

BBD exists only for 3-7 factors [74]. In case of 3 factors, this design requires 12
experiments and central point runs. For same number of factors, it has similar
number of runs and provides same mathematical model as compared to that of
CCD [73, 74]. Such approaches is suitable for the situation when corners are

not feasible as these designs have no any corners.

Three-level full factorial design:

The 33 full factorial design requires 27 experiments and central point runs. This
design consists of all the experimental points that are included in CCD and BBD.
This increase in experiments leads to the increase of analysis duration and makes
it cost-prohibitive approaches as compared to other. Hence, CCD has an edge
over this method although it provides extensive information for accurate estima-

tion of factor and interaction effects [73, 74].

2.9 Research gap

All of these hydraulic design of Francis turbine studies gave priority to BEP or the

particle classifications, but there is a huge variation in the operating load and flow

45 conditions. To maintain the constant speed of the turbine at different operations,

the guide vane angle is adjusted. This adjustment changes the flow behavior, which

eventually changes the nature and quantity of erosion in turbines. This study presents

a numerical technique to investigate the performances of designs of Francis turbine

runner at several operating conditions and its effects on efficiency, power and reduc-

tion in erosion when optimized in terms of velocity components.
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Chapter 3: METHODOLOGY

3.1 Preliminary design

In this new innovative design initially data in terms of the head, flow, outlet diame-
ter, reduced inlet peripheral velocity, pair of poles in generator and inlet height are
implemented into the “Khoj” and “La-Higuera” Softwares. “Khoj” software revel
the data in terms of guide curves, blade curves, erosion factor, velocity components,
characteristic parameters, turbine dimensions and corresponding domains for the
CFD analysis etc. [9, 66]. On the basis of data prevailed by the educational software
(Khoj and La- Higuera), turbine blade, hub and shroud data were imported to 3D

commercial software to create 3D model.

3.2 Methodologies involved in selecting runner model

Figure 3.1 below shows the methodology used in selection of the runner model for
performance test at lab. First of all, the basic turbine data obtained from the hydraulic
design of Francis Turbine has been taken from a literature [65]. For the performance
analysis of a prototype, the similitude conditions had been employed between the
model and prototype. Further, the strength analysis of runner model was done using
ANSYS to ensure the strength requirements of the turbine components that could

operate at laboratory test conditions.
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Hydraulic Design of Francis Turbine

A A

Obtain the main dimensions for hydraulic similitude between
the model and prototype

A 4

3D drafting of the runner model using CAD

h 4

Strength Analysis of runner model using ANSYS

A J

Selection of the model runner

Figure 3.1: Methodology.

3.2.1 Hydraulic Similitude

The laboratory test facility, range of study of the model, and requirements for a
model test and operating regimes of hydraulic turbines mentioned in International
Electro-technical Commission (IEC 60193, 1992, IEC 1116 1992.,) has been used
for obtaining the hydraulic similitude conditions between the model and prototype.

The turbine data for the prototype is shown in Table 3.1.

Table 3.1: Turbine Data of Prototype.

S.N Parameter Unit Value

Turbine Dimensions

1. Outlet Diameter m 0.544
2 Inlet Diameter m 0.865
3. Inlet Height m 0.092
4 Number of Blades - 17

Characteristic Parameters

5. Rotational Speed N 1000
6. Speed Number Q 0.321982
7. | Submergence Required | Hs -0.490201
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The hydraulic turbines can be defined as closed conduit models as the flow of water
within them occurs within a closed boundary. The main action i.e. dynamic transfer
of energy between a rotating runner and the moving fluid, should be considered
while designing a model. In an assumed closed-conduit model, the forces of gravity
are balanced. Unlike, the surface tension which is not involved, the viscous and
inertia forces are found during the steady flow of water, and elastic forces act during
unsteady flow. The characteristics of energy transfer are quite similar in model and

prototype under the conditions stated below.

i At geometrically similar condition, the ratio of fluid velocity and peripheral ve-
locity of the model should be equal to that of prototype with which the kinematic

similarity is achieved.

ii In theoretical principle, a complete similarity is achieved when the Reynolds
number equals in both the model and the prototype in addition to kinematic simi-
larity. However, the scaling effect between them causes the variation in Reynolds

number.

These two conditions are satisfied if the specific speed that describes the operating
conditions with respect to rotational speed, net head and discharge, is equal for both
the model and prototype (USBR, 1980). Speed number which defines the operating
conditions similar to the specific speed has been used in this paper for obtaining the
similitude conditions. The equations 3.1-3.3 of dimensionless numbers describing

these conditions mentioned below [78].

Speed Number(Q) = w/Q 3.1
Speed Factor(n.q) = % (3.2)
Flow Factor(Q.q) = ¢ (3.3)

D2/E

The laboratory test facility available at Turbine Testing Lab, Kathmandu University
was considered while choosing an appropriate size of model turbine. The testing

facility is tabulated in Table 3.2.
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Table 3.2: Laboratory Limitations.

S.N. Parameter Unit | Value
1. Open System M 30
Head (H)
2. Closed System | M 150
3. Discharge (Q) m3/s | 0.5
4. Torque (T) Nm | 2000

The selection of domain for the model turbine was then done using the approximate
Turbine Operating Regime for Francis Turbine guided by IEC 60193, 1992 docu-

ment and head, discharge and torque lies within the laboratory limitations.

Table 3.3: Range of Selection of Model.

S.N. Parameter Unit | Range of Value
1. Head (H) M 20-45
2. | Discharge (Q) | m3/s 0.12 0.4
3. Power (P) kW 50 - 100

The minimum conditions to select a model of the Francis turbine are shown in Table
3.4 (IEC 1116, 1992). These values gave good confirmation of hydraulic similar-
ity between the model and prototype which ensures the test results with sufficient

measurement accuracy.

Table 3.4: Minimum Values for model size of Francis Turbine.

S.N. Parameters Unit | Value

1. Reynolds Number - |4 x10°

2. | Specific Hydraulic Energy | J/Kg 100

3. Diameter m 0.25

The scaling effect due to a Reynolds number is taken into consideration only on the
runner efficiency and impellor power since the available data for scaling discharge

and specific hydraulic energy shows inconsistent trends [79].

45



3.2.2 Mechanical Design

In order to prevent the possible damage due to deflection caused by the loading dur-
ing the operation of turbine, they are provided with gap between the rotating and
non-rotating components. In addition to this, the stress is also induced in both these
components. So, analysis of turbine behavior is essential at real working environ-
ment. A 3D drafting of the turbine was done using the hydraulic similitude results.
The thickness of the turbine components was assumed based upon the existing sys-
tem. The 3D CAD model was then exported to ANSYS to study the mechanical
strength at laboratory constraints. This process was repeated until desired strength
with deflection and stresses induced within the acceptable limits was obtained.For
selected reference design, the similitude conditions for obtaining a hydraulically

similar model turbine has been calculated and tabulated in Table 3.5.

Table 3.5: Calculated Similitude Conditions.

S.N. Parameters Unit | Value
1. Speed Number(£2) - 0.321982
2. | Speed Factor (Ned) - 12.240
3. Flow Factor (Qed) - 0.178

As the selection of model size is an iterative process, the calculated similitude condi-
tions was used repeatedly to obtain the minimum operating conditions for the model
of the turbine. The selected operating conditions and size of the model is tabulated

in table 3.6.

Table 3.6: Selected Operating Conditions and Model Size.

S.N. Parameters Unit | Value
1. Head (H) m | 42.520
2. Discharge (Q) m3/s | 0.227
3. | Outlet Diameter (D2) | m 0.250
4, Inlet Diameter (D1) m 0.397
5. Inlet Height (B,) m 0.042
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All the aspect ratio between the model and prototype was maintained for all other

parts during 3D design processes.

3.2.3 Sector model

Sector model was prepared in 3D Commercial software. Model was divided into
seventeen equal parts ensuring the cyclic symmetry which has to be accommodated
by design modular in ANSYS for the fluid structure interaction simulation (FSI) [9].
Each sector is of 21.18° was maintained. 3D design software and ANSYS CFX, limit
of readable value up to 7 digits after decimal is set. Figure 3.2 shows the reference

design model and optimized design model prepared for the FSI simulation.

For the CFD analysis, similar boundary conditions were used for both model and
prototype to ensure both will act in same environment as predicted by geometric and

dynamic similarity. In this case, mass flow at inlet and static pressure at the outlet

were set as boundary conditions for the both analysis [9]

Figure 3.2: A part model of reference design (left) and optimized design (right).

3.3 Computational fluid dynamics

The simulations were performed for 100 combinations of Guide Vane (GV) opening
angles and the runner blade profiles. The estimation of erosion on stay vanes, guide

vanes and runner blades were based on Lagrangian calculation of particle paths in
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a viscous flow. The original turbine contains 17 runner blades, 24 guide vanes and
24 stay vanes. However, considering the cyclic symmetricity of the region, a single
blade passage, containing one stay vane, one guide vane and one runner blade was
modeled in ANSYS CFX in order to reduce the computational time and the resources
required. During the study, k-epsilon and SST turbulence models based on RANS
(Reynolds Averaged Navier-Stokes) equations were used in all the cases, as it offers
a good combination of accuracy and robustness[57, 80]. The algebraic equations

were solved iteratively with second order accurate approach.

3.3.1 Governing equations

In the ANSYS CFX fluid phase was modeled with the NS equations whereas the
particle phase with particle kinematics. This particle phase was later on coupled
with fluid phase with the help of source term. In this case, two general governing
equation available for the continuous phase simulation are represented by equations
3.4 and 3.5 [80, 81, 82].

op

L v.pU) =0 (3.4)

@ +V.(pU xU)=-Vp+ V.7 + Sy (3.5)

Where, S, is Energy source and the stress tensor, 7, is related to the strain rate by

2

™= p(VU + (VU)? = Z(6V.0) (3.6)

3.3.2 Spatial discretization

Initial Model analysis was discretized by selecting the course mesh. Program con-
trolled Triangular surface mesh was generated by program controlled and axis of
rotation was set to cylindrical. Soft behavior of material was chosen [9] [83]. Later
case of Fluid dynamics analysis in rotating machinery was performed by creating
high-quality hexahedral meshes in each of the fluid domains with the help of Turbo-
grid an in-built tool inside ANSYS. To incorporate the near wall refinements in the

blades, the factor ratio for this analysis was chosen to be 1.15 [57]. The y+ value of
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~3(0 was maintained around runner blade for all simulations as increase in the value

of factor ratio causes convergence problem [10, 57, 62].
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tube

Figure 3.3: Mesh used in the study for different domains.

In this prototype, mesh for domain R1 (blade), S1 (guide vane), S2 (stay vane), and
S3 (short draft tube) are tabulated in Table 3.7

Table 3.7: Statistics condition for prototype.

Domain Nodes | Elements
R1 795060 | 747296
S1 259191 | 242640
S2 265639 | 247440
S3 84420 78408
All Domains | 1404310 | 1315784

Calculation of discretization error by Grid convergence index (GCI) method

For the numerical stability and to minimize error, grid convergence index method
was adopted. The discretization error was performed on the basis of the GCI method
suggested by Roache and Celiket. al. [83, 84]. This method calculates the grid
size on the basis of equation (3.7). The grid refinement factor in equation (3.9) was
maintained to above 1.3. The sequential procedure for this method is given from

steps 1 to step 5.
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1. Grid size h was calculated by the equation (3.7)

| X 3
==Y (V) (3.7)
[N =1
B Total volume 3 (3.8)
~ \ Total number of element '

Where (VV'); is the volume and N is the total number of cells use in this

computations.

2. Grid refinement factor was calculated by the equation (3.9)

hcourse
r=——>13 3.9)

fine

3. Order of h was maintained as h; < hy < hs and ry; = Z—f and r3y = Z—; than

order of p was calculated by equation (3.10)

€32
= in 3.10
p= gl 2+ ) (3.10
Where ¢(p) = In (:;:z)
€32
s:lszgn( ) 3.11)
€21

where €39 = (I)g — (I)Q and €21 — CI)Q — (I)l

4. Calculation of the extrapolated values was done from the equation (3.12)

q’iit = (5P — (1)2)/(7’1201 —1) (3.12)

Similarly, calculation of ®32, value was done.

5. Calculate and report the following error estimates along with the apparent or-

der p:
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Approximate relative error

by — P
2l = ‘ 2@ . (3.13)
1
. The fine grid convergence index:
1.24¢%!
GO = o (3.14)
To1 —

Three different grid size fine (N1), medium (N2) and course (N3) were used to
carry out the calculation of discretization error. The simulation was performed
in each grid size and head, efficiency and power are recorded as presented in

Table 3.8.

Table 3.8: Calculation of discretization error.

NI ,N2, N3 2855979, 640584, 164000
To1 1.66305013624535
39 1.59888191510596
Items Head | Efficiency | Shaft power
®, (fine mesh) 208.349 | 97.0978 4740580
®; (medium mesh) | 210.823 96.2814 4801420
®, (coarse mesh) 215.186 95.3322 4890270
o2 1 204.6178 | 98.3291 4648822
GClI fine 21 2.24% 1.59% 2.42%
GCI medium 32 4.32% 2.06% 3.86%

21
ext

The interested quantity (®Z_,), head, efficiency and power was calculated using
the equation (3.12) by inserting the values from equations (3.10) and (3.11).
The GCI index for fine mesh for head, efficiency and shaft power was obtained
as 2.24 %, 1.59 % and 2.42 % respectively. Both GCI fine 21 and GCI medium

32 was found to be within acceptable range.
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3.3.3 Particle Tracking

The particle displacement was calculated using Euler integration of the particle ve-

locity over times dt, and is used for the equation (3.15) [80, 81, 82].
X, = Xp+Ujot (3.15)

In the above expression, superscripts 0 and n refer to old and new value of particle
velocity(Uy). At end of each time step particle velocity is calculated by particle

momentum equation (3.16) as

du,

My~ = Fa (3.16)

Fy; 1s representation of sum of all the forces acting on the particle, is presented in
the table 3.9.
Table 3.9: Forces acting on particle [80, 81, 82].

Fp (Drag force acting |
on the particle) Fp = §CD,0Faf’UF — U, (3.17)

where, C'p=Drag Coefficient
24 0.687
Cp = max E(l + 0.15R.*°") x 0.44 (3.18)

Schiller-Naumman Correlation
Ay=Effective particle cross section

Fp= Buoyancy force

due to gravity Fg = 8_(pD —pr) X g (3.19)
p
Fr= Rotational Force
Fo=m,(-2xQxU,—QxQr,) (3.20)
Fy y=Virtual or added o U aU
mass force Py = —YM F_Z7p 3.21
VM 5 F ( i il ) (3.21)
F,=Pressure  gradient
force F, = m,’L (U, VU, — Rp) (3.22)
Pp
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Two way coupling is necessary if there is turbulent dispersion when solid particle
is injected into fluid domain. In this case, particle source term is included in fluid

momentum equations. The generic particle source is given by;

% — C,®, + Rs (3.23)

Where, C,®,, are the contributions from the particles that are linear in the solution

variable and R, contains all other contributors [80].

3.4 Single objective optimization

For the optimization using ANSYS CFX facilities, basic design data of Jhimruk
Power plant is taken as a reference design. Optimized hydraulic design parameters
presented in table 3.10. In this optimization process, optimized values of radial com-
ponent of velocity (P1), corresponding head (P3), shaft power (P4) and Efficiency
(P5) are determined by keeping value for RPS (P7), flow rate (P6) and cylindrical

component (P2) as a constant.

Table 3.10: Optimized values for P1-vel R and head-H.

SN.| Pl P3 P4 P5 P6 P7

1 [0.24 | 183.794 | 4084080 | 94.696 | 2.35706 | 104.72
0.20 | 218.972 | 4882860 | 93.4553 | 2.35706 | 104.72
0.28 | 160.439 | 3486090 | 93.0557 | 2.35706 | 104.72
0.22 | 199.2 | 4454800 | 94.5628 | 2.35706 | 104.72
0.26 | 171.097 | 3761720 | 94.0276 | 2.35706 | 104.72

(S B S VS IR I )

For the given condition of the Jhimrukpower plant, optimized values of row 4 from
table 3.10 were selected and processed for the further CFD analysis for five different
shapes of turbine blades. In the Table 3.10, simulated value of the fourth row, shows
the highest power but it is discarded for the further simulation or selection since the

available head is only 201 m.
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The CFD simulation was perform on blade shape R1 to R4 with 15 mm leading edge
thickness to 8 mm trailing edge thickness. For the RS blade shape has 10 mm leading

edge blade thickness to 6 mm trailing edge thickness was chosen.

Lagrangian particle tracking method was applied to evaluate the CFD results. Com-
parative study was done for the evaluation of pressure distribution, velocity gradient,
and velocity at trailing edge. The figures 3.4 — 3.8 present the CFD analysis on

runner blades.

. =) ! =]
) (b)

(a

(©)

Figure 3.4: Pressure and velocity streamlines distribution and effect of sand erosion
on R1 blade [85].

B - B = B -

(@) (b) (©

Figure 3.5: Pressure and velocity streamlines distribution and effect of sand erosion
on R2 blade [85].
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(a) (b) (©

Figure 3.6: Pressure and velocity streamlines distribution and effect of sand erosion
on R3 blade [85].

(a) (b) (©)

Figure 3.7: Pressure and velocity streamlines distribution and effect of sand erosion
on R4 blade [85].

(a) (b) (©

Figure 3.8: Pressure and velocity streamlines distribution and effect of sand erosion
on RS blade [85].

On the basis of optimized data obtained from CFD analysis, two optimized trade-off
charts are drawn. Figure 3.1 is crated from efficiency (P5), head (P3), shaft power
(P4), and velocity components (P1) and Figure 3.10 is created from efficiency (P5),

flow rate (P6), shaft power (P4), and velocity components (P1). These optimized
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trade-off charts helps to minimize simulation and reduce time for design process.

The trade of charts made of by designs of experiments can be used as nomogram
for selecting the optimized values of corresponding efficiency and shaft power by
knowing the radial velocity component and flow. For example, if given condition
radial velocity components and flow than by drawing the straight line on the curve
P1 and P4, will get shaft power and similar by the straight line on P1 and P5 will

give corresponding efficiency.

P4 (.108) [W]
361 371 381 391 401 411 421 431 441 451 461 471 481 491 501 5.11
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e
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Figure 3.9: Optimized Trade off among efficiency, head, Shaft power and Velocity
component.
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Figure 3.10: Optimized Trade off among efficiency, Flow, Shaft Power and Velocity
component.

3.5 Structural analysis

For the structural analysis of finite element method (FEM) was adopted. FEM is a
numerical method that is used to solve initial value and boundary value problems.
Such method is widely applied in aerospace, hydro machinery, thermal engineering,

chemical engineering, Nano technology etc. [9, 86].

In FEM, area of interest (also called as domain) is virtually broken down into small
pieces called elements. The point of connection of elements is called node where
governing differential equation boundary conditions are specified. In this process,
fine elements are generally desirable which ensures the better approximation of the
solution [9]. The structural analysis were performed assuming structural steel as a
construction material. The properties of structural steel are listed in the table 3.11:

During the structural analysis for hub and shroud, variable pressure was applied as
boundary condition by literatures [9, 87]. These boundary conditions can also be

applied for top and bottom cover [87].
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Table 3.11: Properties of structural steel.

Young’s Modulus (Pa) | Poisson’s Ratio | Bulk Modulus (Pa) | Shear Modulus (Pa)

2.0 x 101 0.3 1.6667 x 10! 7.6923 x 10"

3.6 One and two way fluid structure interaction sim-

ulation(FSI)

Fluid Structure Interaction (FSI) analysis is a coupled solution of Computational
fluid Dynamics (CFD) and Structural analysis [86] . There are two ways to couple
between them unidirectional and bidirectional. The former coupling also called as
one way coupling exchanges forces from CFD grid points into structural analysis
and displacement on structural grid point into CFD grid point [9, 64]. This method is
inappropriate if there is relatively large deformation of the structure. In bi-directional
coupling CFD analysis and structural analysis exchanges the response variable value

between them and hence also called two way of coupling[9, 64, 86].

3.6.1 FSI Procedure

Following steps were adopted during FSI simulation:

1. For the FSI analysis (performed by maintaining one way coupling), geometries
were firstly imported from the 3D commercial software. Then, an optimized
CFD result from ANSYS is brought into connection with the ANSYS Static

Structural Analysis.

ii. Meshing was done by body sizing and match control. Triangular surface mesh-
ing was done by Program Controlled. Axis of rotation was set to cylindrical and

soft behavior of material was chosen.

ii1. Three dimensional solid model created in 3D commercial software was divided
into seventeen equal parts and one of the sections was taken in the design modu-
lar. Then, boundary conditions were defined by variable load pressure and fixed

support.
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Figure 3.11: Boundary condition location.

In figure 3.11, alphabet A represents variable load pressure, B is the fixed sup-

port, C, D, and E represent imported pressure 1, 2, and 3 respectively.

iv. Since the model is divided into the seventeen parts, APDL cyclic command was

used to view the whole runner.

v. In solution steps, Von mises stress, total deformation and factor of safety runner

assembly were observed.

The Von Mises stress is an equivalent stress at which yielding is predicted in
a ductile material [88]. Mathematically, it can be defined as shown in equation

(3.24)

oL 01— 09)%+ (09 — 03)2 + (03 — 01)?
0’—\/5\/[(1 2)? + (09 — 03)? + (03 — 01)?] (3.24)

Where, 01, 02 and o3 are three principle stresses.

3.6.2 Limitations of FSI analysis
The experiments were carried out with following limitations:

1. Optimization was performed for only one set of blade profile.
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ii. FSI analysis was performed only on Francis turbine runner assembly.

iii. During the FSI analysis, Unidirectional Coupling was chosen, considering there

was no large deformation on runner.

3.6.2.1 Boundary condition for FSI analysis

For the FSI analysis, fixed support was provided in the place where a shaft was
connected. Variable pressure was applied on the upper part of hub and bottom part
of the shroud whereas imported pressure resulted from the CFD analysis was applied

to the blade and inner part of hub and shroud as shown in figure 3.11 [9, 89].

3.7 Multidisciplinary optimization with two way FSI
simulation

In this method, two variables P1 and P2, associated with the components of velocity,
were set within the range specified during the comparative study of five different
types of shape. Efficiency was set to 95% or more than 95 % as an inequality con-
straint, 105 RPS was set as an equality constraint. The other parameter were set as

follows [70, 75]:

Maximum(P4)  and minimum(P5) (3.25)
constant( P7) (3.26)

(Pl = Pl(z) = (P1),, (3.27)

(P2)y > P2(z) > (P2); (3.28)

minimum  (P9){P1(z), P2(x)} (3.29)

Where, z € S and S is design space.
In the multidisciplinary optimization, fluid domain get design variables as input val-

ues. Once the CFD simulation is completed, the structural analysis gets initial values

from the CFD analysis. The dynamics of exchange of data will generated the output
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values once achieved the boundary conditions and limits are meet. Output values
from the structural analysis gives the objective vector as an output. The objectives
for the multidisciplinary optimization and objective vector is connected with the
coupling as an approximation method and sensitivity analysis. The objectives are
also connected with the input variables with coupling as design exploration. In this
system, input variables, CFD analysis, structural analysis and design objectives are
serially connected by couplings. In this sequence, multidisciplinary simulation, the
values are pass on the sequentially from fluid domain to structural domain and vice
versa. Each values has to check the equality and inequality constrains before pro-
ducing the output. Once all the criteria has been fulfilled than optimized values in

terms of erosion rate density and safety factor are recorded as an output.

3.8 Francis runner design procedure for sand laden
water

For the design of optimized Francis runner, first preliminary design data were ob-
tained from Khoj or La-Higeura; both programs are MATLAB based, developed at
NTNU waterpower laboratory through Renewable Nepal Project. CFD analysis was
performed using these design data. The limit of head, power, efficiency, and ero-
sion tendency was analyzed. When it was found to be within limit, single objective
optimization was performed. This optimization process was used to find out the max-
imum and minimum erosion tendency and its relation with the velocity components.
At the same time, one way FSI was performed to check the runner blade strength
and its factor of safety. Once the factor safety found to be limit than two way FSI
with Multidisciplinary optimization was performed. Through this steps limits of P3,
P4, P5, P9 and FOS was checked. The limiting values obtained from this step was
considered the final optimized value for the Francis runner. The flow chart of this

procedure is illustrated by the Figure 3.12.
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Figure 3.12: Flow chart of Francis turbine design for sand laden water.
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Chapter 4: RESULT AND DISCUSSION

In this chapter, the best result obtained from the CFD simulation was compared with
the field measurement data. Multidisciplinary design optimization was then carried
out on best results and its relation among the parameters which influences the erosion

in Francis turbine were thoroughly discussed.

4.1 Result of design optimization

Khoj design program was used to evaluate the consequences of variation in each
design parameter and results were compared with that obtained from CFD analysis.
During this study, erosion factor was of primary interest although several other de-
sign parameters were also observed [8]. It was concluded from the study that the
runner outlet diameter, peripheral velocity at inlet, and blade angle distribution are

greatly affected by the sediment erosion of Francis runner.

It was found that greater the number of pole pairs, smaller will be erosion effect
which motivates to decrease the rotational speed of the turbine drastically [8]. Though
this approaches tend to increase the size of both the turbine and the generator, thereby
amplifying the investment costs as well, higher hydraulic efficiency for this design

compared to the reference one negate the effect of cost.

Result shows that efficiency can also be increased by varying blade angle distri-
bution, and consequently also the energy distribution, so that significant reduction
of erosion is possible without changing the dimensions or the rotational speed of the
turbine. The combination of these two effects tends to reduce the erosion by 50 per-
cent as compared to the reference design. CFD analysis was also performed for this
design which showed good efficiency and acceptable flow conditions in the turbine

material.

CFD simulation was performed to optimize the reference design which prevailed

to draw trade-off chart among different parameters that signify reduction in simula-
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tion and cost of the design. Trade-off chart among different variables was used to
show the relation between variables. The chart determined the trade-off points for a

particular blade within a specified range without performing additional simulation.

The pressure distribution and velocity at trailing were observed for the five different
samples of blades. Among them, FSI analysis was done on selected R2 Blade as it
has uniform pressure distribution along the blade as well as relatively lower velocity
among all other blades that signifies the less erosion impact with compare to refer-
ence runner. The FEM analysis performed on guide vane, upper and lower cover
showed that the material stress is well within the safe limits for calculated loads.
Unidirectional coupled FSI analysis prevailed that total deformation of runner as-
sembly was 0.00016931 m which is safe for structural steel. And number of nodes
and elements were found 262,815 and 173,035 respectively for this analysis. The

element size was 5 x 1072 m [89].

In addition to CFD analysis, model testing was also followed in order to optimize
the design as the test is a suitable procedure to predict the performance behavior of
the turbine at reduced time and cost. A hydraulically similar model was selected
using the dimensionless parameters like speed number, speed factor and flow factor
which describes the operating conditions of the Francis turbine in terms of the head,
discharge and speed. During this testing phase, it was found impractical to satisfy
the equality equation for Reynolds number between model and prototype since it re-
quired either a larger size model runner or higher angular velocity [90]. The effects
due to Reynolds number could be overcome in prediction of performance behavior
by considering the relative roughness or surface conditions between the model and

prototype.

The CFD analysis showed that the total head of model runners was found to be
46 m and 42.5 m respectively for the reference runner and optimized runner. The
predicted head was slightly increased than the numerically calculated head for the

reference runner. For the optimized blade, CFD simulation determined head was

64



good agreement with the calculated head. FSI analysis performed on these models
showed that the maximum deflection was found to be 0.33 mm and 0.32 mm respec-

tively which is safe for the structural steel [90]

Optimization was focused on effect of velocity component. This study prevailed
that for the optimized turbine to operate with smoothly decreasing or increasing ef-
ficiency, the stay vane should be placed in such a way that flow entering the guide
vane should ensure velocity component of 8 to 9m/s [85]. This ensured the turbine
efficiency to be 94 percent for the guide vane opening position of 12 degree, pro-
vided that all other flow component remained constant. This approach also showed

acceptable result with other guide vane opening of 14, 13 and 11 degree [85].

4.2 Comparison of simulated results

The simulation was performed using both k-e and SST turbulence model. The results
obtained from these were first validated with the site measurement values. The ab-
solute velocities obtained at inlet and outlet of stay vane and guide vane and relative
velocities at runner inlet and outlet were compared and graph was drawn as shown

in Figure 4.2-4.4 [91].

The graph shows the velocities at corresponding power which were quite less than
the experimental values of power output. This means that for an experimental test-
ing, the velocity of water should be higher than the simulated data for same power
generation. This is due to the position of the sensor placed during the measurement
and wear and tear of the turbine runner, guide vane and stay vane. The runner and
guide vane condition along with the location of the sensors are presented in Figure
4.1 [16]. However, the experimental value of power output with respect to the ab-
solute velocity at SV outlet is higher than simulated value of k-¢ and SST. the other

values are calculated by based on measured flow rate and cross-sectional areas.
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Figure 4.1: [91]
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Figure 4.2: Absolute velocity at SV inlet (left) and SV outlet (right) [91].

In an ideal condition, power output increases with increase in water velocity; how-

ever, the CFD results and measurement values showed that the trend is deviated from

one another while increasing the velocity. While calculating absolute velocity at GV

outlet, field measurement and CFD analysis (both turbulence model) shows simi-

lar decreasing trend for power output at 2.5 MW to 3.5 MW. But for other cases,

the results are substantially different from one another. The results are substantially

different from one another.
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Figure 4.3: Absolute velocity at GV inlet (left) and GV outlet (right) [91].

Similarly, on comparing the relative velocities at inlet and outlet, both experimental
and CFD results showed similar increasing trend of velocities while increasing the
power output, as shown in figure 4.4. However, this trend was slightly deviated from
the trend line of relative velocity at runner outlet. The relative velocity of outlet

showed the similar trend for power output between 2 MW and 5 MW. Generally,

Jhimruk power plants do not operate at power output less than 2 MW.
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Figure 4.4: Relative Velocity at Runner Inlet (left) and Runner Outlet (right) [91].

Specific condition of sand i.e. spherical shape with same diameter, concentration
and flow rate was used to perform simulation analysis on eroded turbine. The eroded
turbine in the plant was observed and compared with simulated results for extreme
cases and compared with the actual condition. Figure 4.5 (a), (b) and (c) shows

the erosion on the runner at BEP, full flow and part flow conditions respectively.
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It showed that erosion majorly takes place at the outlet of the blades for full flow
and designed conditions. Turbines in run-off-river type projects such as Jhimruk are

mostly vulnerable to full flow conditions. This occurs due to following two reasons:
i. The flow has high velocity, which directly influences the erosion and

ii. The flow carries plenty of sand particles during monsoon season, when excess
water is available whereas in dry season, the water is cleaner, and is less suscep-

tible to erosion.

sand.Erosion Rate Density
1.000e-007

7.500e-008
5.000e-008
2.500-008

0.000e+000
[kg m*-2 5%.1]

(a) (b) (©)

() (e) (f)

Figure 4.5: Erosion on the runner at a) BEP b) Full flow condition c) Part flow
condition d) Accumulated effect on the actual runner [91].

4.5 (d) shows the erosion on the actual runner. These observations showed that the
runner is heavily eroded on the outlet of the blades. 4.5 (c) shows that erosion is

mostly concentration at mid-stream position of blades for part flow conditions.
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4.2.1 Comparison of Efficiency

Figure 4.6 shows the graph of efficiency Vs Guide Vane (GV) opening for five dif-
ferent shape of runner. Here, the flow conditions are represented by GV opening
angles with reference to BEP. In Table 4.1, 0° GV opening angle represents 72%
opening. Similarly, 6° opening angle represents 100% opening and -12° represents
18% opening. The best efficiency for all the shapes is obtained between 45-55% of
guide vane opening as the runner gets optimum flow during this condition [91]. As
a result, performance too increases and hence this condition is used as the design
condition for all shapes of runner. When GVs are at closing position i.e. at part load
condition, the efficiency reduces as the turbine is exposed to limited flow only. The
best runner efficiency (i.e. 97.71%) was obtained in Shape-1 and Shape-3 for 55%
GV opening. The deviation of efficiency from its optimum value is observed more at
lower and higher GV openings. During full opening condition, Shape-1 and Shape-3
showed optimum performance, whereas at full closing, the turbines had lowest effi-
ciencies. On contrary to this, Shape-2 and Shape-4 showed maximum efficiency at
full closing conditions, whereas the efficiencies tended to decrease significantly at
greater GV openings. On comparison, the Shape-5, with every single other shape
in part and full load condition, has the flattest curve, demonstrating acceptable per-
formances for both part load and full load conditions. Though, the difference is not
quite significant for two turbulence models, in overall, the efficiency predicted by

SST model is larger as compared to that by k-¢ model.

Table 4.1: Guide vane opening in % corresponding to flow conditions.

Flow kg/s | 132.8 | 121.2 | 109.5 | 97.9 | 86.2 | 74.6 | 62.9 | 51.2 | 39.6 | 27.9

GV open% | 100 91 81 72 | 63 | 54 | 45 36 | 27 18

Angle 6° 4° 2° 02 | -2° | -4° | -6° | -8 | -10° | -12°
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Figure 4.6: Efficiency corresponding to runner blade design and operating conditions
with k-e and SST Turbulence model [91].
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4.2.2 Comparison of Erosion

Figure 4.7 and 4.8 showed the erosion observed in runner blade shapes and GV for
all the designs and turbulence models. Normally, the trend of the curves of GV
opening angles and the erosion for all the shapes is irregular but the graph showed
that minimum runner blade erosion occurs at best efficiency points. In this condi-
tion, particles carried by flow regime is less likely to strike the wall of runner blades.
When the guide vane is at the closing positions, flow is in more turbulent condi-
tion and the glided particle with flow experience the high centrifugal force which in
terns more particles strike towards the wall of the runner blade. For both the turbu-

lence model, Shape-1 and Shape-3 had the maximum erosion at all the GV openings

whereas rest of the blades showed a similar trend at best efficiencies point and fully
loaded conditions. The erosion was found to be maximum for Shape-2 and Shape-4

and minimum for Shape-5 at full closing position as depicted in the figure 4.7 [91].
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Figure 4.7: Erosion on runner blade corresponding to runner blade design and oper-
ating conditions using two turbulence models [91].
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Figure 4.8: Erosion on guide vane corresponding to runner blade design and operat-
ing conditions [91].

Figure 4.8 depicts the erosion on guide vane corresponding to runner blade design
and operating conditions. The curve of GV erosion rate versus GV opening showed
an opposite trend as the erosion was found to be maximum for fully opening posi-
tion. This occurs due to the velocity difference, as velocity is higher during the full
flow condition than the part flow condition and erosion rate has direct relation to
the velocity. Also, when the flow is in design conditions, particle glided in flow first
strike on the leading edge of turbine. In this condition, flow is dispersed around lead-
ing edge, which forces the particle away from the leading edge zone of pressure side
and suction side. The particle tracking demonstrated the path of the particle during
guide vane in closing and near BEP positions as presented in Figure 4.9. During par-
tial closing position of GV, flow is not streamline along the pressure side and suction
side of GV. This causes the flow through guide vane to have more turbulence and
hence particle carried by flow experiences more kinetic energy. During full opening
condition, Shape-3 and Shape-4 showed less erosion in between 14.37° to 18.37".
However, no significant deviation occurred due to the runner blade shapes on guide
vane erosion. Shape-5 demonstrated the overall optimum performance while con-
sidering the erosion rate and the efficiency curve among all five different shapes of

the runner.
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Figure 4.9: Particle travelled path when guide vane is (a) near BEP and (b) closed
position [91].

When the turbine is operated in the part load condition, there will be arises the swirl
flow between the outlet of the guide and inlet of the runner blade [92]. In this con-
dition, particles experience the centrifugal force(FC) and drag force(FD).The drag
force on the particle is due to the relative velocity of particles in radial direction to-
wards the center of the runner and the centrifugal force is cause by the velocity of
particle in tangential direction (away from the center of runner) [56]. If the larger
particle which has more centrifugal force (F() than the drag force (Fp), particle will
be circulating inside the swirl with striking the wall. The particle remains there, un-
less and until the particle either has change the flow velocity due to the load demand
or particle is breakdown so that later develop centrifugal force more than drag force
. In this case particle driven out along with the flow of water. The particle drag force

and centripetal force is given by the equation [92].

nd? rd® C?
Fo=py- ==&’ =pp == 4.1
1
FD—§-CD- pC2 - A, 4.2)

The ciritcal diameter of particle which may experience the swirl can be calculated
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as:

-3 p Cn \’
=oo () () - @

Three possible conditions of the particles [92]:
e Particle remains say at the swirl orbit of radius r if Fio = F)p.
e Particle will strike outer wall if Fio > F)p.

e Particle will flow along with water towards outlet of the runner if Fio < Fp.

4.2.3 Comparative study of relative velocity at inlet and outlet of

the runner

As the erosion rate has direct relation with the velocity, so, less relative velocity
at the outlet of the runner is desirable. This relative velocity on combination with
stream function at outlet makes the erosion of runner at outlet even worse. Figure
4.10 depicts the comparative study of relative velocity at inlet and outlet of the run-
ner for the five different shapes of runner blades. This showed that shape 1 and
shape 3 of the runner blades give the similar trend of low relative velocity at outlet
but high relative velocity at inlet of the runner. This clarifies that outlet is less prone
to erosion as compared to the inlet of the runner. Furthermore, it is shown that shape
1 or 3 have higher erosion rate at the leading edge of the runner blade whereas these
geometries are more suitable to reduce the sand erosion at trailing edge of the run-
ner than other shapes. On comparison among 5 shapes of different blades,shape 5
encountered least erosion rate but slightly higher relative velocities whereas shape 1

and 3 and lesser relative velocities as compared to that of shape 2 and 4 [91].
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Figure 4.10: Relative velocity at inlet and outlet of runner[91].

4.2.4 Structural Analysis

The structural analysis were performed taking structural steel as a construction ma-
terial. The properties of structural steel are listed in the Table 3.11: The analysis was
carried out to obtain the equivalent stress distribution, total deformation in runner
assembly and Von Mises stress distribution in blade assembly. Figure 4.11 shows
the maximum equivalent stress of 1.712e+8 Pa in the inner portion of the hub and
minimum stress of 5712.5 Pa throughout the flange zone of the hub. Similarly, on ob-
serving the total deformation in runner assembly maximum deformation of 0.000169
m was obtained at outer portion of the blade and zero deformation was obtained at its
inner portion as shown in Figure 4.12. Figure 4.13 shows the Von Mises Stress dis-
tribution in the blade assembly with maximum value of 4.627e+7 Pa and minimum

value of 3.711e+5 Pa.
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Figure 4.12: Total deformation on runner assembly.
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Figure 4.13: Equivalent (Von Miss) Stress Distribution on blade assembly.

4.2.4.1 Design of Experiments

For the multidisciplinary design optimization, the design of experiments were carried

out to obtain best possible information from the limited design data by placing design

points within the design space. For this, outline of all parameters are tabulated in

Table 4.2. Different approaches like two-level factorials, three-level factorials, CCD,

and BBD were considered. After the investigation of advantages and drawbacks of

each methods, CCD was selected based on number of experiments required to obtain

the quality data. It is a popular method for Response Surface Modeling due to the

expanse of design space covered and higher order information obtained [70, 71, 73,

74,775,776, 77].
Table 4.2: Parameters
ID P1 P2 P3 P4 P5 P6 P7 | P9
Parameter | Radial | Tangential| Head | Shaft | Total | Disc | RPS | Sand
Name velocity | velocity Power | effi- harge Ero-
ciency sion

4.2.4.2 Matrix of Experiments

i. Parameter Parallel Chart:

From the design of experiment, out of 1,003 points, three best points were cho-

sen and their combination and compatibility with other variables were mapped
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in such a way that the variables have to be within the stated domain and con-
straints. In the Figure 4.14, three best candidate points of each radial and tan-
gential velocity components were taken from the design of experiments and its
possible combinations with other parameters such as head, efficiency, and ero-

sion are shown.
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Figure 4.14: Parameters Parallel Chart.

Each vertical line represents member of the optimization candidate. Initial two
vertical line that represents the meridian and tangential component. Each com-
ponent will have three combinations of data. In this design of experiments flow
rate and revolution per (rps) second are set to be equality constrains. Head, ef-
ficiency, power and erosion rate density was calculated by using components of

velocity and other parameters.

When the combination with 0.21 radial component of velocity and 0.96 tan-
gential component of velocity gives the higher erosion rate density and it is rep-
resented by line number 4. The erosion rate density represented by line number
4 is 2.03 kgm~2S~!. Whereas the combination with 0.22 kgm~2S~! radial

component of velocity and 0.97 tangential velocity component gives the least
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erosion with 0.178%kgm~2S~! and it is represented by legend number line 3.
The second best possible combination in terms of least erosion rate density is
legend number line 9. In this case, the combination takes the value 0.22 for

radial component of velocity and 0.98 for the tangential component of velocity.

ii. Response Surface:
It is a meta-model built from Design of Experiments for an efficient exploration
of the design space [93]. It shows how functional value keeps relation with
the variables. Goodness of fit provides charts and metrics to understand how
each output parameter is approximated by the response surface. In the given
experiment, a graph is plotted between predicted points from response surface
and observed from the design points. The graph shows that the parameters P3,

P4, PS5, P7 and P9 are not deviated much and follows the straight line path.
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Figure 4.15: Predicted versus observed- normalized values showing goodness of fit.

iii. Correlation matrix:

Correlation matrix shows the correlation of a parameter with other parameters.
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Figure 4.16 shows the general relation among different parameters while Table

4.3 shows the exact correlation between them. In the given Table 4.3, the pos-

itive sign shows that two variables are related in such a way that one variable

increases (or decreases) as other increases (or decreases) whereas negative sign

shows that one variable increase as other decreases and vice versa.

0.8
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0.2

0.1
-0.1
-0.2

P1

P2

P3

P4

Figure 4.16: Correlation matrix.

P5

Table 4.3: Correlation matrix co-efficient.

P9

Parameters P1 P2 P3 P4 P5 P9
P1 1 -0.08802 | -0.95227 | -0.97292 | 0.962065 | -0.87438
P2 -0.08802 1 0.301897 | 0.29066 | -0.3237 | 0.137383
P3 -0.95227 | 0.301897 1 0.976567 | -0.98233 | 0.850756
P4 -0.97292 | 0.29066 | 0.976567 1 -0.99491 | 0.873806
P5 0.962065 | -0.3237 | -0.98233 | -0.99491 1 -0.86267
P9 -0.87438 | 0.137383 | 0.850756 | 0.873806 | -0.86267 1

In the tabulated result, radial velocity (P1) is found to have negative correla-

tion with P2, P3, P4, and P9 whereas it has positive relation with P5S. Mean-

while, tangential velocity (P2) is found to have negative correlation with P1, P5

whereas it has positive dependence with P2, P3, and P4. Each parameters has

correlation of one with itself.
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iv. Sensitivity Analysis:

Sensitivities
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The optimization depends upon the Response Surface evaluations. From the
mass of several sample points, 3 best candidate points are chosen and its rela-
tion with other parameters are established.

As per the sensitivity curve shown in Figure 4.17, radial velocity keeps positive
correlation with parameter PS5 whereas negative correlation with other parame-
ters like P3, P4, P6, P7, and P9. Similarly, tangential velocity shows slightly
positive correlation with P3, P4, and P9 whereas slightly negative correlation

with P5. Meanwhile, it has no correlation with P6 and P7.
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Figure 4.17: Sensitivity Bar.

Figure 4.18 shows the one way FSI performed with single objective optimiza-
tion. In this case, only radial components of velocity (P1) is kept as function of
erosion rate density. The Von Mises Stress distribution was observed through
this optimization and factor of safety was found to be 3.75 considering the ma-

terial as structural steel.
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Figure 4.18: One way FSI simulation combined with single objective optimization.

As single objective optimization combined with one way FSI cant capture all the
required flow physics, multidisciplinary optimization was carried out to overcome
these limitations. Figure 4.19 shows two way FSI conducted alone in Francis runner
turbine which decreases the factor of safety drastically to 2.23 while increases the
Von Mises Stress. While conducting two way FSI along with goal driven optimiza-
tion, the stress was further increased whereas the safety factor was reduced slightly

to 2.01. This is shown by Figure 4.20.
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Figure 4.19: Two way FSI simulation.
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Figure 4.20: Two way FSI simulation combined with multidisciplinary optimization.
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4.2.5 Relation of velocity components with other parameters

The radial and tangential velocity components, relation with the erosion rate density,
head, efficiency, and shaft power are observed to be the quadratic in nature. The gen-
eral quadratic relation of velocity components in terms of radial (P1) and tangential

velocity (P2) was found to as given by equations Equation (4.4) and Equation (4.5)

YRadial = §1P12 + &P+ & 4.4)

YTangential = €1P22 + £2P2 + 53 4.5)

Where, different values for the coefficients (£, &>) constant terms(€3)and its root
mean least square values (R) for the erosion rate density, head efficiency and shaft

power are presented on the conclusion section of this thesis.

84



Chapter 5: CONCLUSIONS AND
RECOMMENDATIONS

5.1 Conclusions

In this research, design and analysis have been carried out by varying the blade load-
ing, angle distribution and angle of absolute velocity to flow in the runner. The com-
parison analysis was done to find the potential effects of erosion on the performances
of five designs of Francis turbine runner blades for ten different operating conditions.
This means flow domain was divided into ten sub division. Taking into account the
erosion rate at different operating conditions, relative velocities for power generated
and distribution of efficiencies, shape five showed the optimized performance com-
pared to all other design types. In the shape five design, the least erosion tendency
due to the geometrical property of the blade, the sediment contents in the fluid flow
directed towards the middle of the runner without moving towards the edges. This
result is expected to be very much helpful during design and operation of Francis

turbine for industrial application.

Geometrically, the study of Francis runner blade design process shows that instead
of choosing linear distribution, angle should be chosen in such a way that energy
distribution throughout the blade has to be distributed in two folds. In the first half,
energy extractions occur with high and low energy distribution from inlet to mid
span and then from mid span to the outlet of the runner in the latter half. Shape
5 was found to have the best performance considering the lowest erosion tendency.
When compared other shape runners with runner fitted the blade shape five as least
erosion tendency, shape 1, 2, 3 and 4 found to have more erosion amount in terms of

percentage as 56.8%, 206%, 89.6% and 212% respectively.

Through the Multidisciplinary optimization result, safety factor of the blade thick-
ness for the shape five runner blade was perceived to be 2.01. This is the least value
obtained while compared to the safety factor obtained through one way and two way

FSI only. The relation between the components of velocities with the erosion rate
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density, head and efficiency is found to be quadratic in nature. The coefficient of
velocities, relation with erosion rate density observed to be negative correlation and
its coefficients, constant and least square value for the radial component are -9e-7,
2e-6, 2e-6, 0.8339 and for the tangential components values are -8e-5, 0.0002, -7e-5
and 0.6798 respectively. Similar trend of negative correlation was also observed with
the efficiency and its coefficients, constant and the least square values for the radial
component are -277.31, 87.462, 90.065 and 0.92 and for the tangential components,
these values are found to be -5262.5, 10343, -4985.3 and 0.8557 respectively.

But the Velocity components, relation with head and shaft power is found to be
positive correlation. The coefficients of velocities relation with head, coefficient,
constant term and the least square values for radial component are found as 2752.8,
1354.6, 374.01, 0.9588 and its values for the tangential components are 4967, -
95488, 46102, 0.5624 respectively. Similar trend of positive correlation was also
observed with shaft power and its coefficients, constant terms and the least square
values for the radial components are 3e7, 2e6, 3e6, 0.9761 and these values for the

tangential components are 4 10e7,-1e8,1e8 and 0.9503 respectively.

5.2 Recommendations

The laboratory test for the performance of shape 5 has not been done yet. It will be
very useful if the testing is done in future and compare with this result in order to

enhance the design specification against sand erosion.

The multidisciplinary optimization was performed only considering the components
of velocity as variables and head, shaft power, efficiency as equality and inequality
constraints to optimize the less erosion tendency and maximize the efficiency and
shaft power. It does not change any configurations of design points of blade. If it
was performed by surrogating the system with Khoj or La-Higeura, it would have
produced the best runner with less erosion tendency without compromising the effi-

ciency.
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When the turbine operating under the part load conditions, swirl circulation was
observed in between the blades of runner at the leading edge. This swirl circulation
mostly depends on particle size and Reynold’s number of the flow field. To avoid
circulation of particles in between the runner blades, during the turbine operation,
calculation procedure has to develop, show that operating procedure can be recom-

mended for the particular site.

Erosion on Francis runner depends on parameters such as velocity, concentration,
implement angle, erosion density, etc. To incorporate the own erosion model, in
house code has to develop so that more control on parameters that associated with

the erosion can be controlled easily during simulation.

Topology optimization with multidisciplinary optimization, can produce less weight,
more efficient and less erosion tendency runner but it demands more sophisticated
computer. It is also recommend to carry out such simulation for the better shape size

and less erosion tendency runner.
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