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Numerical and Experimental Study on Micro Cross
Flow Turbine including the Prediction of Sediment
Erosion

Mausam Shrestha

Department of Mechanical Engineering

Graduate School of Korea Maritime and Ocean University
Abstract

A hydro plant from 5kW up to 100kW is usually responsible to provide
power for a small community or rural industry in remote areas away from the
grid. It gives the best solution to the power need of rural and small communities
which serves as decentralized power source to meet the local population
requirement. Energy requirement for lighting cooking heating drying agro
processing and other small scale industries activates can be met through these
Micro hydro power (MHPs) in the most reliable way in the rural areas of the
country like Nepal. Cross flow turbines are widely used in such MHPs due to
their simple design, easier maintenance, low initial investment and modest
efficiency. Also because of their suitability under low heads, efficient operation
under a wide range of flow variations and ease of fabrication.

Numerical simulation and Experimental analysis was carried out to achieve
the objective of the study. Previous studies and experiment conducted in the lab
were used as the reference for the further studies. Computational fluid dynamics
(CFD) simulations and experiments have been conducted at various rotational
speed, guide vane angle and different flow rates and the result has been
compared. The previous study mostly focused on the change in the shape of the

nozzle components and the casing.



Based on such design the setup has been constructed. Performance study of
the setup was conducted to validate the CFD results obtained. The change in the
shape of the blade has been considered in this work and the performance with
the change in nozzle has been studied. CFD simulation has been conducted for
the change in the shape of the blade based on the inlet angle and the diameter
ratio of the turbine. The change gives positive change in the efficiency and the
performance of the turbine

The structural strength of the turbine has been analyzed based on the
pressure points obtained from the CFD simulations. The forces exerted by the
water on the surface of the blades has been mapped on the using the Ansys
Workbench Structural analysis and the stress and the deformation on the turbine
blade has been studied.

Sediment erosion is one of the key challenges in hydraulic turbines
especially in the Himalayan from a design and maintenance perspective in
Himalayas. The effect and has been studied of sediment erosion and its effects
on the turbine has been done for the various size, shape and mass flow rate of

the sediment particles.

KEY WORDS: Micro-hydro Power, Hydraulic Turbine, CFD, One-way FSI, Sediment

Erosion, Cross Flow Turbine

X1



CFD

CFT

FEA

FSI

HPP

INPS

IWM

KMOU

kW

MH

MHP

NEA

PV

RMS

RNS

pm

SHP

SST

VFD

List of abbreviations

Computational fluid dynamics
Cross flow turbine

Finite element analysis

Fluid structure interaction

Hydro power plant

Integrated Nepal power system
Improved water mill

Korea Maritime and Ocean University
Kilowatt

Micro hydro

Micro hydro plants

Nepal electricity authority
Photovoltaic

Root mean square

Reynolds averaged Navier-Stokes
Revolution per minute

Small hydro power

Shear stress transport

Variable Frequency Drive

Xi1



N & S Qg N

List of symbols

Angle of attack °
Angle between relative velocity and peripheral velocity or angle °

between the tangents of the blade and runner periphery

Acceleration due to gravity m/s’
Net head m
Efficiency of turbine %
Differential pressure between inlet and outlet Pa
Specific water density kg/m3
Torque Nm
The peripheral velocity m/s
The absolute velocity m/s
The relative velocity m/s
Angular velocity rad/s

Difference in height between pressure transducer and center of the — m

runner

Xiii



1. Micro hydro power

1.1 Introduction

Nepal currently faces a shortage of electricity for as long as 18 hours a day
in dry seasons. Owing to persistent power shortages, micro hydro power
generation plays an important role in mitigating outage costs. Besides saving on
energy costs, these micro hydro Power Plants ensure that industries and
communities units get uninterrupted, reliable and stable supply of electricity for
smooth production operations.

Nepal is land locked with limitations to energy production for electricity.
But Nepal is blessed with a substantial possibility to harness water. Also, the
rural communities who are deprived of a reliable source of energy can benefit
from this. One of the major reasons behind this inertness is an insufficient
amount of technical analysis of the turbines designed for the proposed sites. The
knowledge will allow them to independently carry out design and local
production of reliable small micro hydro. Out of the total potential 42,000 MW
of electricity have been considered as commercially viable [1]. Currently, Nepal
has been able to produce 750 MW of electricity as hydropower and connected to
INPS to feed the urban areas [2].

The standalone MHP/SHP schemes cater the energy need of remote and
unprivileged masses. MHP/SHPs are, therefore, proved to be instrumental to
break the vicious poverty circle of the society. The number of populations
benefited per kW of power of MHP is large as compared to grid connected
population of urban area. Hence the social value of MHP/SHP is higher. The
technology has given affordable and prompt option of MHP connection to
national grid. Hence MHP/SHP will not remain as burden once the MHP area
commercialize and get national grid connected. The national grid connection

could not have been possible to stretch of transmission to the settlements at



remote hills and mountains of the country as it is financially and technically not
feasible.

Furthermore, numerous rural communities of Nepal are located in in areas
which are in reach of water resources but may not be connected to national grid
for some more decades to come. That may not be feasible due to both technical
and financial reasons. Those areas will need MHP for moderate quantity and
quality of electric thus greatly benefit from local micro hydro power
installations. As such, most of the rural people in Nepal are getting electricity
through renewable and alternative energy technologies such as pico hydro,

micro/mini hydro, IWM and solar PV systems etc. [3].
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Figure 1 State of energy in Nepal [1]

Micro hydro, the technology for small sized hydropower projects of up to
100 kW, is not only to bring light into people live in the off grid locality but also
give energy and water security to population, make people economically more
stable, reduce the physical work load for women, enable the mechanization of
rural industries and lessen environmental damages from cutting wood for fuel

and heat or harming aquatic fauna and flora.

Currently, 40 MW of electricity is generating by Pico hydro (up to 10 kW),
Micro hydro (greater than 10 kW but up to 100 kW) and Mini hydro (greater
than 100 kW but up to 1000 kW), and providing electricity facility to 350,000
rural households [4]. Moreover, no waste or by-products are produced unlike the
energy generation based on fossil sources. Many countries have begun to
embrace micro hydro technology as a viable and alternative source of energy,
especially for remote and rural areas. There are different replicable success

stories on micro hydro based projects in many developing countries. Most of the



micro hydro plants installed in Nepal have used Cross-flow turbines and Pelton
turbines for power generation with more than 76% of the turbines as Cross-flow
turbines [5]. Various researches have been conducted for the improvement of the

performance of the cross flow turbine.

The previous research conducted in Korea Maritime and Ocean University
(KMOU) has been working in the effort to improve the efficiency of the cross
flow turbine. Experimental and numerical simulation has been conducted to
study the performance of the turbine. Based on such result the simulation with
the modification of turbine has been conducted and an improved efficiency has
been obtained. Based on thus obtained efficiency, the new setup has been
constructed. This research is based on the performance study of the modified
setup based on the experimental and numerical analysis. In additional to it the
result based on the change on the shape of the blade has been studied. One way
FSI analysis for the turbine blade has been studied.

Thus Nepal needs to develop micro hydropower for the development of all
sectors. The development of micro hydro can be sustainable with enhanced local
capacity related to policy issues, technical issues, social issues and financial

issues of micro hydro.

1.2 Research objectives

The objectives of this thesis are to

e Analyze the results of the ongoing and the past studies focused towards
the modified hydraulic design of Cross flow Turbine

e Make a comparative analysis of the results between CFD and
Experiment and identify the level of significance of simulation and
experimental result in the field of Cross flow turbine

e Analyze the results of the ongoing studies focused for a better sediment

handling



2. Hydraulic turbines

2.1  Introduction to hydraulic turbines

Hydraulic machineries are the machines that convert hydraulic power from
the water to the mechanical power on the machine shaft. The purpose of a
hydraulic turbine is to transform the water potential energy to mechanical
rotational energy. The water energy may be either in the form of potential
energy as we find in dams, reservoirs, or in the form of kinetic energy in flowing
water. The shaft of the turbine directly coupled to the electric generator which
converts mechanical energy in to electrical energy. Like any other machines,
these machines involves various losses that arise partly in the machine itself and
partly in the water transfer into and out of the machine such as pipe friction
losses, losses due to bends in pipes, gates, valves and losses due to abrupt and
gradual expansion and -contraction of the pipes [6]. Some of the basic
components of a hydropower plant are listed below

e A water diversion structure like a dam or a weir creating a gross head
of water.

e A penstock, which intakes the water from the dam and transports it to
the turbines. Screening is done in the intake, to prevent unwanted
objects (debris and aquatic animals) entering into the turbine.

e Turbines and governing system: Electrical generators, electrical control
and switching equipment, equipment housing, transformers and
electricity transmission lines.

e Some of the other complementary components are the penstock gates,
surge tank and a tail race if the turbine exhaust water cannot be
discharged directly (through the draft tubes) into the river. Draft tubes
are used to utilize the kinetic energy of the water leaving the turbine
and allows the turbine to be installed above the tail water level without

decreasing the available head and hence, the available power.



2.2 Types of hydro turbines

Water turbines are classified into various kinds according to i) the action of
water on blades, ii) based on the direction of fluid flow through the runner and

iii) the specific speed of the machine [7].
2.2.1 Classification based on the action of water on blades

These may be classified into: 1) Impulse type and 2) Reaction type

In impulse turbine, the pressure of the flowing fluid over the runner is
constant and generally equal to an atmospheric pressure. All the available
potential energy at inlet will be completely converted into kinetic energy using
nozzles, which in turn utilized through a purely impulse effect to produce work.
Therefore, in impulse turbine, the available energy at the inlet of a turbine is
only the kinetic energy.

In reaction turbine, the turbine casing is filled with water and the water
pressure changes during flow through the rotor in addition to kinetic energy
from nozzle (fixed blades).As a whole, both the pressure energy and kinetic

energy are available at the at the inlet of reaction turbines for producing power.
2.2.2 Classification based on the direction of flow of fluid through runner

Based on the flow through the turbine, the hydraulic machines are classified
into:
a) Tangential or peripheral flow (Pelton)
b) Radial inward or outward flow (Francis Turbine)
c¢) Mixed or diagonal flow (Modern Francis turbine, Deriaz turbine)

d) Axial flow types (Kaplan turbine, propeller turbine)
2.2.3 Classification based on specific speed

Hydro turbines are classified on the basis of the specific speed of the

turbines. The specific speed is the speed in rotations per minute at which a



similar model of turbine would run under a unit head and to develop a unit

power.
Table 1 Turbine classification based on specific speed
Type Head Specific Speed
Low Specific 200-1700m 10-30(single jet) Pelton Turbine
Speed 30-50 (Double jet)
Medium Specific 50-200m 60-400 Francis Turbine
Speed
High Specific 2.5-50m 300-1000 Kaplan/ Propeller
Speed Turbine

2.2.4 Reaction turbine

In reaction turbines, only part of total head of water at inlet is converted into
velocity head before it enters the runner and the remaining part of total head is
converted in the runner as the water flows over it. In these machines, the water
is completely filled in all the passages of runner. Thus, the pressure of water
gradually changes as it passes through the runner. Hence, for this kind of
machines both pressure energy and kinetic energy are available at inlet.

Examples: Francis turbine, Kaplan turbines, Deriaz turbine.

Francis turbine

Francis turbine which is of mixed flow type is as shown in Figure 2. It is of
inward flow type of turbine in which the water enters the runner radially at the
outer periphery and leaves axially at its center [8].

The runner of turbine is consists of series of curved blades evenly arranged
around the circumference in the space between the two plate. The vanes are so

shaped that water enters the runner radially at outer periphery and leaves it



axially at its center. The change in direction of flow from radial to axial when
passes over the runner causes the appreciable change in circumferential force

which in turn responsible to develop power.

Shaft

Scroll
casing

Guide vane Regulating rod

Runner

Draft tube
Tail race

Scroll

L~ casing

— Link

Runner

Guide vane

Guide wheel

Figure 2 Sectional view of Francis turbine [8]
Propeller & Kaplan Turbines

The propeller turbine consists of an axial flow runner with 4 to 6 blades. The
spiral casing and guide blades are similar to that of the Francis turbines. In the
propeller turbines, the blades mounted on the runner are fixed and non-
adjustable. But in Kaplan turbine the blades can be adjusted and can rotate about
the pivots fixed to the boss of the runner.

The Kaplan turbine is an axial flow reaction turbine in which the flow is
parallel to the axis of the shaft. This is mainly used for large quantity of water
and for very low heads (4-70 m) for which the specific speed is high. The runner
of the Kaplan turbine looks like a propeller of a ship. Therefore sometimes it is
also called as propeller turbine. At the exit of the Kaplan turbine the draft tube is

connected to discharge water to the tail race.



2.2.5 Impulse turbine
Pelton Turbine

This is an impulse type of tangential flow hydraulic turbine. It mainly
possess: Nozzle and runners or buckets. Nozzle converts the potential energy
into high kinetic energy. The speed of the jet issuing from the nozzle can be
regulated by operating the spear head by varying the flow area. The high
velocity of jet impinging over the buckets due to which the runner starts rotating
because of the impulse effects and thereby hydraulic energy is converted into
mechanical energy. After the runner, the water falls into tail race. Casing will
provide the housing for runner and is open to atmosphere. Brake nozzles are
used to bring the runner from high speed to rest condition whenever it is to be
stopped. In order to achieve this water is made to flow in opposite direction

through brake nozzle to that of runner.

The turgo turbine is a type of impulse turbine that is similar to the Pelton
turbine but can handle higher flow rates. The incoming water jet from the
nozzle strikes the plane of the runner on one side (usually at an angle of about
25°) and exits on the other side. Since the water jet interferes less with the
runner than the Pelton design, it can handle more flow than a same diameter
Pelton runner. Since the runner of a turgo turbine is basically a Pelton runner cut
in half, a turgo turbine can generate the same power as a Pelton runner with

twice the diameter and thus has twice the specific speed.

= ==

Pelton Turgo

Figure 3 Different types of impulse turbines [9]



2.2.6 Cross flow turbine

Cross flow turbine is an impulse type turbine. The main characteristic of the
Cross-Flow turbine it can operate from lower head till medium head. The main
advantage of this turbine is that it can be operated with the similar efficiency for
different flow rates. The water jet of rectangular cross-section which passes
twice through the rotor blades -arranged at the periphery of the cylindrical rotor
- perpendicular to the rotor shaft. It has a drum-shaped runner consisting of two

parallel discs connected together near their rims by a series of curved blades.

At first, the water flow through the blade from the periphery toward the
center. Then after crossing the open space inside the runner, water flows towards
the runner from inside toward outside. Energy conversion takes place twice; first
upon impingement of water on the blades upon entry, and then when water
strikes the blades upon exit from the runner. The use of two working stages
provides no particular advantage except that it is a very effective and simple
means of discharging the water from the runner. A guide vane at the entrance to
the turbine directs the flow to a limited portion of the runner. Thus the water

strikes blades on both sides of the runner.

The machine is normally classified as an impulse turbine. Based on the fact
that the original design was a true constant-pressure turbine, a sufficiently large
gap was left between the nozzle and the runner, so that the jet entered the runner
without any static pressure. Modern designs are usually built with a nozzle that
covers a bigger arc of the runner periphery. With this measure, unit flow is
increased, permitting to keep turbine size smaller. These designs work as
impulse turbines only with small gate opening, when the reduced flow does not
completely fill the passages between blades and the pressure inside the runner
therefore is atmospheric. With increased flow completely filling the passages
between the blades, there is a slight positive pressure; the turbine now works as

a reaction machine.

10



Another feature of cross flow turbine is it always has its runner shaft
horizontal (unlike Pelton and Turgo turbines which can have either horizontal or
vertical shaft orientation). The cross-flow was developed to accommodate larger

water flows and lower heads than the pelton.

Inlet pipe
Guide vanes

Runner
Purge valve

Casing

Corner casing
Draft tube

Figure 4 Cross flow turbine [10]

Cross-Flow turbines may be applied over a head range from less than 2 m to
more than 100 m. A large variety of flow rates may be accommodated with a
constant diameter runner, by varying the inlet and runner width. This makes it
possible to reduce the need for tooling, jigs and fixtures in manufacture
considerably. Ratios of rotor width/diameter, from 0.2 to 4.5 have been made.
For wide rotors, supporting discs welded to the shaft at equal intervals prevent

the blades from bending.
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Figure 5 Horizontal flow and vertical flow cross flow turbine [10]

2.2.7 Comparison of different types of turbines

Figure 6 is a graphical presentation of a general turbine application range of
conventional designs. The usual range for commercially available Cross-Flow
turbines is shown in relation (dotted line). In the overall picture, it is clearly a
small turbine. It shows the region of cross flow turbine among the other turbines.

It benefits over other turbine over the use at low flow and low heads.
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Figure 6 Application ranges of various types of hydro turbines [11]

Figure 7 shows efficiencies of some of the more important turbine types in
relation to gate opening, e.g. flow rate. Conventional and highly optimized
turbines achieve efficiencies of more than 90 % in large units. The Ossberger
Cross-Flow has around 80 % for a wide range of flow, and the Cross-Flow
turbines built in Nepal achieve over 70%. On a small unit of, say, 40 kW
capacities, the maximum difference in efficiency of the Nepal Cross-Flow, and
an imported conventional type would be around 10% at the optimal point. Given
the same head and flow condition, this gives a reduced output for the Cross-
Flow turbine of around 5 kW. Depending on turbine type, this difference is
likely to be smaller or even reversed at reduced flow (e.g. Cross-Flow compared
to Francis or Propeller) and also in cases where a standardized conventional

turbine is installed in non-optimal conditions.

CFT is used for a wide range of heads overlapping those of Kaplan, Francis

and Pelton. It can operate with discharges between 0.02 m’/s and 10 m’/s and
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heads between 1 and 200 m. Water enters the turbine, directed by one or more
guide-vanes located in a transition piece upstream of the runner, and through the
first stage of the runner. Flow leaving the first stage attempts to cross the open
center of the turbine. As the flow enters the second stage, a compromise
direction is achieved which causes significant shock losses. Around 72% of the
total water energy is extracted from water in its first impact i.e. at the first stage
where as remaining 28% is harvested in the second stage of the water impact.
The energy of water in the form of rotational motion of the turbine is fed to the
electric generator running at a specific rpm, which in turn is used for generation

of electrical energy in the form of electrical current.

The utilization of these turbines in large-scale power plants has been limited
due to its low efficiency compared to other turbines used commercially (1 >

90%). In order to make them more competitive it is imperative that their

efficiency be improved.

20% | ~ 4 B i I /-— ‘/ > -ﬁ‘ﬂ.
3 Kfpan 4] .-,.4-.4‘ ........... . :,’_:_."
BO | OSSBERGER L& _._'BL,“S.';’?'??,-"'“ """ a L R
Cross-.“l:w Lt /\ aplan // '/-
70 . ,J;:r" P =5 ~
L"‘ / / /// L mys Menad
60 yoI e ,—' Cross-Flow ||
:; ..l / //‘Francns l-/:’lopallar
50 i1 7 7
i1/ )3
40 — 7 S
! / / / ;
30 +—+ 7
iV /
20 i | !J' //
Al
10 ' j
; /] ! Q/Q max
R |
0 ol ©62 03 064 05 06 07 08 08 1

Figure 7 Efficiency curves of some turbine types [11]
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2.2.8 Principle

The Cross flow turbine is a radial and partial admission free stream turbine.
From its specific speed it is classified as a slow speed turbine. The guide vanes
impart a rectangular cross-section to the water jet. It flows through the blade
ring of the cylindrical rotor, first from the outside inward, then after passing

through the inside of the rotor from the inside outward.

This flow pattern also has the advantage in practice that leaves, grass and
wet snow, which when the water enters are pressed between the rotor vanes, are
flushed out again by the emerging water assisted by centrifugal force - after half

a revolution of the rotor. Thus the self-cleaning rotor never becomes clogged.

For the places with most prominent variation in flow rates, the cross flow
(Ossberger) is built as a multi-cell turbine. The normal division in this case is
1:2. The small cell utilizes small and the big cell medium water flow. With this
breakdown, any water flow from 1/6 to 1/1 admission is processed with
optimum efficiency. This explains why cross flow turbines utilize greatly

fluctuating water supplies with particular efficiency.

2.2.9 Efficiency

The mean overall efficiency of cross flow turbines is calculated at around 80%
for small power outputs over the entire operating range. These efficiencies are
normally exceeded. Efficiencies above 80% are also measured in the case of

medium-sized and bigger units.
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Figure 8 Efficiency characteristic of an OSSBERGER turbine developed from

the 3 efficiency curves of a 1: 2 division compared with the francis turbine [10]

Figure 8 clearly illustrates the superiority of the cross flow turbine in the
partial load range. Small rivers and water courses often have reduced water flow
for several months of the year. Whether or not power can be generated during
that time depends on the efficiency characteristics of the particular turbine.
Turbines with high peak efficiency, but poor partial load behavior produce less
annual power output in run-of-river power stations with a fluctuating water

supply than turbines with a flat efficiency curve.
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2.2.10 Casing

The casing of the turbine is entirely made of steel, exceedingly robust,

lighter than a grey cast iron, impact and frost resistant.

Guide vang
Runner

/ Cormer casing
2 / Suchian
/ valve
o : 4
Storage — ;
waighls
Sarvomolor
- -
Self-aligning —
roller bearing

-
Base frame -~

Figure 9 Design of an OSSBERGER turbine [10]

2.2.11 Guide vanes

The subdivided cross flow turbine the admission of feed water is controlled
by two balanced profiled guide vanes which divide the water flow, direct it and
allow it to enter the rotor smoothly independent of the opening width. Both
guide vanes are fitted very precisely into the turbine casing. They keep the
amount of leakage so low that in the case of small heads the guide vanes may
serve as shut-off devices. Main slide valves between the pressure pipe and the
turbine can then be dispensed with. Both guide vanes can be adjusted
independently of one another via regulating levers to which the automatic or

manual control is connected. The guide vane bearings are maintenance-free.

The nozzle of a cross flow turbine has to give a certain circumferential

velocity and an optimum angle to the flow at the nozzle exit (runner inlet).
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Therefore, the nozzle shape has an important influence upon the turbine
performance. The influence of runner on the flow condition (flow angle and

pressure distribution) is relatively small at the nozzle exit.

The nozzle exit flow has no solid boundary and the boundary condition
of nozzle exit flow is the velocity on a free streamline is constant and its
pressure is equal to atmospheric pressure. The two dimensional jet with free
streamlines has been dealt with as a potential flow. It is common knowledge that
the theoretical values about the two dimensional jet through a straight wall
nozzle coincide with the experimental ones. For a curved wall jet, the exit flow
has been obtained by streamline curvature method for one solid wall and by a

conformal mapping and a singular curved wall.

2.2.12 Rotor

The cylindrical runner core consists of conservatively designed cam
disks and, following its width, several intermediate disks to which the profiled
blades are adapted and welded. This will make the runner extremely solid by
stiffening it at the same time in such a way that no vibrations are faced. The
blades consisting of bright drawn profiled steel mean an ideal solution regarding
solidity and water guidance. By utilizing the bright-drawn and exact blade
profiles an ideal balance condition is achieved automatically, only slight
corrections are required on the balancing machine. The blades bent in a linear
way only do not produce any axial thrust, thus there is no need for pressure
bearings. Another advantage of the flow guidance is that leaves, grass or snow,
pressed between the blades when the water enters the runner, are spilled out
again after a half turn by the leaving water, backed-up by the centrifugal force.
Thus the self-cleaning runner is never obstructed.

The rotor has up to 37 blades depending on the size. The linear curved
blades produce only limited axial thrust so that the multi-collar thrust bearings

with all their disadvantages are eliminated. In the case of wider rotors the blades
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have multiple interposed support plates. The rotors are carefully balanced prior

to final assembly.

2.2.13 Flow through a cross—flow turbine

 Guide vane . Air Vent
First Stage
Inlet \
Sec;md Stage
R Nozzle
Diffuser

Outlet
Figure 10 Cross flow operation

A cross—flow turbine in its simplest form consists of a runner and a
nozzle. Figure 10 shows the manner of operation of a cross—flow turbine. The
water enters through the inlet to the nozzle. The water flows through the
rectangular cross—section nozzle and enters the runner through the nozzle entry
arc. Nozzle entry arc is defined by the region of First stage. This circular arc is
defined by the angle that spans out between the line that goes from the starting
point to center of shaft and to the tip of the nozzle outlet. As the water enters
through the nozzle entry arc the first stage power is generated. The water then
generally crosses the inside of the runner and leaves through the second stage,
generating the second stage power. Since there is no gap between the nozzle
wall and runner, flow is not entrained.

The cross—flow turbine was originally designed as a pure impulse
turbine. However, modifications to the design, making the nozzle follow the

runner periphery closely have given a slight positive pressure in the gap between
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runner and nozzle. Haimerl [12] estimated the pressure rise in the first stage of
the runner to be 6.3% of the available head for large nozzle openings. The
second stage operates under constant atmospheric pressure.

Velocity diagrams give an indication of the magnitude and direction of
the velocity of the water. No loss through the inside of the runner is assumed,
which gives equal diagrams at the outlet of the first stage and inlet of the second.
In addition, an assumption of all energy extracted from the water at the turbine
outlet is made, which gives no tangential component of the absolute velocity

when the water leaves the runner as shown in the Figure 11.
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Figure 11 Velocity triangles at inlet and outlet

In Figure 11, the following notations are used:

V' — The absolute velocity, m/s

W — The relative velocity, m/s

U — The peripheral velocity, m/s

S — Angle between relative velocity and peripheral velocity or angle between the
tangents of the blade and runner periphery, rad

Subscript 1 — Water entering the first stage

Subscript 2 — Water leaving the first stage
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Subscript 3 — Water entering the second stage

Subscript 4 — Water leaving the runner

Efficiency

The efficiency of a turbine is defined as:

E E —loss
=t @2-1)
Ea Ea

E,- Energy Utilized
E,- Energy Available

When measuring the efficiency of a turbine in a laboratory one can
measure the shaft torque, 7, and the angular velocity, @ to enable calculation of
the sum of the available energy minus the losses. When multiplying the shaft
torque with the angular velocity, a direct measure of the utilized energy emerges.
With these values known, the efficiency measured in the laboratory is calculated

by the following equation:
To
77 =
pgQH

(2-2)

T Measured shaft torque, Nm
g — Acceleration due to gravity, m/s’
QO — Mass flow rate, m’/s
H- Net head, m
o - Angular velocity, rad/s
p — Density of water, kg/m’
In order to use equation 2-2, shaft torque, and rotational speed and flow
rate needs to be measured. In addition, the pressure at the turbine inlet must be

known to enable calculation of the net head, which is defined by equation 2-3[8].
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2 2
H:ujtgjtz 2-3)

v;- Velocity of the water at the inlet, m/s
v,- Velocity of the water at the outlet, m/s
Ap- Differential pressure between inlet and outlet, Pa

Z — Difference in height between pressure transducer and center of the runner, m

Torque

In this section the theory behind the experiment using a strain gage is reviewed.
The strain gage is utilized to find a relative measure of the torque transferred
during the first and second stage of the turbine. The magnitude of torque, T,
acting on a particle is defined as [21]:

T =F.a (2-4)

T —Torque, Nm
F — Force acting on the particle, N
a — Perpendicular distance between the line of action of a force and the axis of

rotation, m
2.3  Literature review and previous work on the cross flow turbine

The cross—flow turbine was first invented and patented by the Australian
engineer, A.G.M Mitchell in 1903. It was further developed and patented by the
Hungarian Prof. Donat Banki in Germany [13]. The recognition of the turbine
amplified after a series of publications between 1917 and 1919, and it became
well-known for its capability to be efficient at low head with a wide range of
flow. The simple design makes it cheap for manufacturing even small
workshops and ease to repair at site. In contrast, Cross-flow turbines have low

efficiency compared to other turbines. Nowadays the cross—flow turbine is
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mostly used in less—developed countries in remote area where it is out of reach
from the national grids. S. Khosrowpanah, M. L. Albertson and A.A Fiuzat [14]
worked on runner diameter, the number of blades, and the nozzle entry arc .The
effect on efficiency on numerous head and flow rate was observed. There was a
decrease in efficiency when runner diameter was reduced maintaining the same
width. The maximum efficiency of each and every experiment was at the same
rpm for a constant nozzle throat—width ratio. The efficiency improved with an

increase in nozzle entry arc from 58° up to 90°.

Several studies, both experimental and numerical methods have been done
to determine the optimal configuration of the cross- flow turbine. Most of these
studies include details concerning the influence of nozzle shape. Aziz and Desai
[15] conducted experiments in order to precisely identify the favorable
parameters and their impact on the cross—flow turbine performance. Their
research concluded that the turbine efficiency decreases with an increase of the
angle of attack at the first stage from 22° to 32°. Also an increase in efficiency
was observed when the number of blades increased from 15 to 30. In addition,
the ratio of inner to outer diameter of the turbine did also show an effect on the
efficiency of the turbine. When increasing the ratio, the maximum efficiency
showed a slight reduction. Son et al. [16] conducted a numerical analysis to
investigate the effect of nozzle shape on the performance of a cross- flow
turbine. The results showed that relatively narrow and converging inlet nozzle
shape gives better effect on the performance of the turbine. Choi et al. [17]
numerically investigated the effect of turbine's structural configuration on the
performance and internal flow characteristics of the cross- flow turbine model
by varying the shapes of the nozzle and the runner blades. The authors
concluded that the nozzle shape, runner blade angle and runner blade number
are closely related to the performance of the turbine. Olgun [18] conducted an
experimental investigation to study the effects of some geometric parameters of

runners and nozzles (e.g. diameter ratio and throat width ratio) on the efficiency
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of cross- flow turbines, by varying the inner and outer diameter ratio and gate

openings of two different turbine nozzles under different heads.

The turbine efficiency has been defined as the ratio between the power
output and the input power in relation to machine inlet head and discharge.
Previous studies show the influence of the shape of the nozzle and guide vane
angle [19] on the performance of the turbine. The study has been conducted to
extract the best possible efficiency modifying the curvature of the nozzle. And
also the guide vane angle has been set to the point to extract the best possible
efficiency. With this as the base of the study the shape of the blade has been
varied according to the diameter ratio and the inlet angle considering a constant
outer diameter of the turbine to study the best efficiency according to shape of

the turbine.
2.3.1 Turbine setup and experiments results

The performance study of the Cross Flow turbine was initially studied in for
the performance analysis for the base model through experimental analysis and
numerical simulations. The model consists of 30 number blades at an inlet angle
of 30° and outlet angle of 90°. The angle of attack () for the nozzle is at 16°.
The outer diameter of the rotor is 200 mm and the ratio of outer diameter to
inner diameter is 0.665. CFD simulation for the performance of the turbine was
done based on the various rotational speed and flow rates to validate the result
obtained from CFD simulation to that with the experiments. The result thus
obtained was further improved through simulations for various design aspects
such as the shape of the nozzle, guide vane angle and number of blades in
simulation. This research work led the path to carry out further investigations
numerically and experimentally, which has now become an integral aspect of the

machinery design.
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Figure 12 Turbine set up for cross flow turbine

The CFD analysis was carried out using ANSYS-CFX. The generation of
the mesh in ICEM CFED, CFX setup and the result obtained from the experiment
and CFD analysis are shown on the Figure 9. At the design speed of 642 rpm for
full opening, experimental data show the efficiency of 61.68% whereas the
numerical result shows 63.73%. The best efficiency was obtained at 500 rpm
from both experiment (64.14%) and simulation (64.81%) which find good
agreement with each other. [20]
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Figure 13 Experimental and numerical simulation based on various runner

speeds and flow rates for the base model
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It was shown in the study from CFD analysis that the efficiency of the
turbine showed drastic changes with the change in the shape of the nozzle and
the guide vane angle positioning. Furthermore the number of blades also
supports the change in efficiency positively. The simulations were done for a
single runner passage, where it was shown that the runner outlet diameter,
peripheral velocity at inlet, and blade angle distribution has the highest effect on

the efficiency of the Cross flow turbine.
2.3.2 Design optimization and results

In the first phase of the design optimization, nozzle shape was modified.
Different cases of modified nozzle with different edge blend were simulated and
the results were compared with base model. Figure 14 shows the variation of
base nozzle with the base nozzle. The structure of the nozzle is blend in
comparison to base nozzle for reference nozzle at the curvature of 150 mm.
Nozzle shape modification gives the highest efficiency of 67.26% with shaft
power output of 5.48 kW compared to 4.74 kW power and 63.73% efficiency
for base model. Guide Vane angle variation gives the highest efficiency of
73.09% with 7.21 kW power for 7° GV opening (0° being the full opening).
Figure 15 shows the result in efficiency and power produced with all the nozzle
shape modifications with specified edge blend dimensions. Varying the number
of blades in the runner, the best efficiency achieved is 76.26% with 7.14 kW
power for 22 blades (base runner with 30 blades) Casing length and diffuse
angle variation gives the highest efficiency of 80.76% with 8.51 kW power for
750 mm long casing and 18° diffuse angle (base being 850 mm long and 0°
diffuse angle) [20].
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(a) Base nozzle at full open (b) Blend nozzle at the curvature
guide vane condition of 150 mm at 7° guide vane open

Figure 14 Nozzle shape variations in the base and the designed turbine

Similarly different shapes were analyzed for the nozzle blend as shown in
Figure 14. It is noted that nozzle shape modification gives the highest efficiency
of 67.26% as compared to 63.73% efficiency for base model. Figure 15 shows
the shaft power output and efficiency of the base nozzle for the modified nozzle
at various guide vanes opening. Guide vane at full open condition being at 0°
and full closed at 32°. The nature of the graph illustrates that the efficiency of
the turbine increases from 0° to 7° but gradually starts dropping thereafter. The
highest efficiency obtained was 73.94%for 7° compared to 5.48 kW power and
67.26% efficiency for 0° GV angle.

For the current thesis the shape of the nozzle, guide vane angle and
number of blades has been changed based on previous studies and the turbine
setup has been constructed. The performance analysis for the new setup turbine
has been conducted to study the changes in the output of the turbine in
comparison to the previous turbine. Since the previous study was based on the
shape of the turbine nozzle, in this thesis the study of the shape of the blades

based on the inlet angle and diameter ratio has been conducted.
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3. Performance analysis and design optimization of

setup turbine

3.1 Modeling

3D models of the components were generated in Unigraphics NX 6.0
according to the available designs. 200 mm outer diameter runner contains n=
22 blades with the rotational speed of 642 rpm. For the reference design, the
blade is designed in way that the water enters at an inlet angle of £,=30° and
outlet angle of f,= 90°. The reference nozzle of 150mm blend curvature
contains guide vane mechanism to adjust the water flow and direction. The
widths of the nozzle and runner are all same at 210mm. Air suction present in
the casing [9]. The fluid domain for the CFD analysis was constructed with
whole setup. No intermediate discs were considered for the CFD analysis and
also for the nozzle, the whole setup with no partition was considered. Since the
flow analysis was only done for the full load condition and with both the nozzle

opened at the same angle.

Table 2 Turbine parameters specifications

Parameters Value
Runner Diameter 200mm
Rotational Speed 642 rpm
Guide vane angle 7°
No. of Blades 22
Application Micro Hydropower
Discharge 0.1m3/s (varied flow 0.06-
0.1m3/s)
Head 10m
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Figure 16 Modeling of fluid domain of turbine setup for CFD simulation

3.2 CFD simulations

3D steady state CFD simulations were performed using the CFD
commercial code ANSYS 13.0. Fine hexahedral grids comprises of 5.5x10°
nodes were generated in ANSYS ICEM CFD as to ensure the high accuracy of
the calculated results. The inflation layer is distributed around the blade as
shown in Figure 17. Quality of the mesh was verified by using a pre-processing
procedure by ANSYS ICEM CFD. The simulations were conducted for the
design condition Head and discharge (H, Q). Designed mass flow rate of 0.1
m’/s at inlet and atmospheric pressure at outlet and air inlet opening valve at OPa
at the casing were used as boundary conditions. General Grid Interface (GGI)

method was used for the mesh connection between the components with the
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interface. Both water and air phases were modeled in the computational domain
according to the free surface homogeneous model [21, 22]: according to this
model the two fluids share the same dynamic fields of pressure, velocity and
turbulence. In homogeneous multiphase flow, two phases coexist: water (w) and
air (a). Steady state SST turbulence model [23], convergence criteria of RMS
and 1x 10-5 residual were considered for maximum of 500 iterations to achieve

the convergence of the solution to an acceptable level. All simulations were

performed using ANSYS CFX in parallel network workstation.

Table 3 Mesh and boundary condition specification

Mesh Type Hexahedral
Mesh node number 55X 10°
Turbulence Model SST
Numerical Methods Type 2 phase Steady State
Convergence Criteria Max. le-5
Physical timescale /o
Rotor Stator Interface Frozen Rotor
Boundary Conditions Inlet Mass Flow Rate
Outlet Atmospheric Pressure
Air Inlet Atmospheric Pressure
(Opening)
Wall No-slip
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(a) For the whole setup

(b) Diffuser and Nozzle mesh
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(c) Rotor mesh and enlarged portion of single blade

Figure 17 Meshing using ICEM CFD
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3.3 Performance analysis of reference turbine for simulation

(b) Experimental turbine setup

Figure 18 CFD domains for the turbine setup
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CFD simulation for the performance of the turbine has been conducted for
the same turbine with two different shape of the nozzle. The nozzle
manufactured has an inlet o of 16 © whereas the one proposed considering the
previous research has been of 8.8 © as shown in Figure 18. The blades in both
the turbines have been kept constant with 22 number of blades, inlet and outlet

angle of 30 and 90 degrees respectively.

Similar input parameters in CFX have been used for both the cases to study
their performance for the different flow rates and for the different RPM. The
graph shows the value of performance of the turbines. It can be seen that the

turbine

Figure 19 shows the performance of the turbine setup and the designed setup
fort the various flow rates. It is seen that the performance of both the turbine
increases as the flow rate of the turbine increases. It is observed that in both the
cases the efficiency of the turbine was found to be best efficient at full load
condition at 75.16 % for designed turbine and 71.91% for the setup turbine. The
power for both the cases drops as the flow rate decreases. Head of the turbine is

varied from 4.64 m at 50 kg/s to 9.5 m at full load condition.
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Figure 19 Performance of turbines at various mass flow rates at designed

condition of 642 rpm

37



Figure 20 shows the performance of the turbine setup and the designed setup
for the various rotational speeds. Best efficiency for the setup turbine was found
for the designed rpm of 642 rpm at an efficiency of 71.9% whereas for the
designed setup the efficiency was best at 750 rpm. Since the nozzle shape in the
designed nozzle more efficient than that of the setup nozzle, more head can be
utilized for and the result can be seen in its efficiency. For the designed turbine,
9.95 m was achieved for the 642 rpm whereas 9.47 m was obtained for the setup
turbine.

It can be seen from Figure 21, the velocity vector of flow in both the
turbines. It is seen that the flow velocity in the designed setup is higher in
comparison to the turbine setup. Also the flow in the tip of nozzle is much
smoother than that for the setup model. The flow in the recirculation zone in
region 1 is also much less in comparison to other turbine. This has been the
major causes for the performance enhance in the design turbine as compared to

setup turbine.

38



80
./ﬁ:,.‘:'—‘,\‘\_‘\t‘.o
60
=
[£)
©
_g 40 -
=
L
20
—&— CFD result for Designed Turbine
—&— CFD result for Setup turbine
D T T T T

500 600 700 800
Raotational speed of turbine

(a) Efficiency comparison for setup turbine and designed turbine

10

z
=
E
L=
a
w
2 -
—8— CFD result for Designed Turbine
~—@— CFD result for Turbine Setup
0 T T T T

500 600 700 800
Rotational speed of turbine

(b) Shaft power comparison for setup turbine and designed turbine

Figure 20 Performance of turbine at various rotational speeds at designed

condition 0.1 m3/s flow rate

39



1.063e+001
7.084e+000

3.558e+000

2.242e-002
[m s”-1]

(a) Turbine setup

Water.Velocity
Vector 1
1.611e+001

(b) Designed setup

Figure 21 Velocity vector comparisons for setup and designed turbines
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3.4  Experimental equipment and test procedures
3.4.1 The turbine

A 3D-model of the cross—flow turbine used in the experiments is shown in
Figure 22. This cross—flow turbine consists of a steel casing, an adjustable
nozzle and a runner. The turbine casing is made out of steel plates which are
bolted, giving a high strength. The nozzle has a rectangular shape, with an
adjustable guide vane. The wheel mounted on top of the turbine regulates the
nozzle opening. The nozzle entry arc on this turbine is 7°. The runner consists of
22 blades symmetrically arranged between four circular plates along the plate
periphery. The shape of the blades, which is shown in Figure 22, is circular. The
blades have an inlet angle, £, of 30° and an outlet angle, 5, of 90°.

There is a two compartment for water flow. Both of these water
compartments in nozzle has been kept open at an angle at 7 degree for the
studies and both the guide vane angles are opened in the same angle for the

study of the flow.
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(a) Turbine setup

(b) Turbine runner with intermediate disc

Figure 22 3D modeling for the experimental setup
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3.4.2 Installation

The turbine was connected to a closed surface loop in Fluid Laboratory in
Korea Maritime and Ocean University. The closed surface loop, which is shown
in Figure 23, can provide a maximum of 10 meter head. A pool of water is
located just below the turbine outlet. Variable Frequency Drive (VFD) was
started which controls the rpm of the pump, which helps to maintain the required
head. A pump pumps water from the pool up to the pipe loop. The butterfly
valve present in the pipeline regulates the flow in the pipe. A valve located
upstream the turbine is used to regulate the head in a range of 5 -14 meter. After
the turbine outlet the water goes directly back into the pool. As soon as the
turbine started rotating, air trapped inside the pipeline was drained out and the
water supply valve to the powder brake was done immediately (water- cooled
type powder brake). The tension controller was started and thus the rpm of the
turbine was controlled as required. The required parameters were recorded in the

data logger and the data obtained were used for performance analysis.
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Figure 23 3D drawing for experiment setup
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Figure 24 Laboratory turbine setup

Figure 25 Overall arrangement of the setup
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Table 4 Equipment used with their specifications

Equipment Specification
Pump Head: up to 10m
Power: 25 HP
N: 1750 rpm
Pitot Tube Model 167-6-CF, Insertion Length: 6”

Pressure Transducer

Range: 760~ 760mmHg O/P: 1~5 VDC

Torque Transducer

SBB-5K.

Powder Brake

Model: Pora PRB Y3

Data Logger

Model: Powertron- t=1624

3.4.3 Instrumentation

Pitot tube

N

L ®

Figure 26 Pitot tube
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A pitot tube is used to determine the velocity of a fluid flowing through a
pipe. It works by using a manometer-like attachment to measure the difference
in pressure between two points in a pipe, which makes it possible to determine
the velocity of the fluid in the pipe using Bernoulli's equation. It can vary the
density of the fluid in the manometer for appropriate ranges of fluid velocities
and manometer heights. It is also noted that the height and velocity scales are

different for the two options

P, = P, + pv? 3-1)
v= /% (3-2)
Q = A X v ; Where 3-3)

P, is stagnation pressure and P; is pressure at the open section
p is density of water,

v is velocity of water,
Q is the mass flow rate and

A is the area of the cross section of the penstock pipe

Pressure Transducers

The experimental setup consists of three circumferential pressure tapings
specifically to measure pressure at the turbine inlet, turbine outlet, separator
inlet and separator outlet (overflow). The SENSYS pressure transducers of
measurement capacity up to 300 kPa were installed in the setup pipeline. Two
pressure transducers were arranged with Pitot tube for measurement of the
velocity at the pipeline. The other transducer was used in the turbine inlet. The

head calculated was based on the inlet pressure of the turbine using equation (3-
4).
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Piniet
H = Zinlet -4
Pg9Q (3 )

Where
H is the Head at the inlet,

P;,i.: 18 the Pressure measured from Pressure transducer at inlet,
p is the density of water and

Q is the mass flow rate measured from the Pitot tube

Torque transducer

The turbine was equipped with a torque transducer with an inbuilt RPM and
torque sensor. The use of strain gauge with brush and slip ring in the transducer
produces measurement with high accuracy. The applications of the transducer
include test of motor power, test of load speed reducers, test of brakes and
clutches, test of nut and bolt tightening torque calculation and also test of brake
properties. The torque transducer consists of shaft open at both ends. One end of
the shaft was coupled to the powder brake shaft while other end was coupled to
the turbine shaft. A flexible jaw coupling was used to couple the shafts. Jaw
coupling are designed to transmit torque while damping system vibrations and

accommodating misalignment which protects other components from damage.

The torque transducer used in the experimental analysis is a shaft type

torque transducer. The model number of the torque transducer is SBB-5K.
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Figure 27 Torque transducer

Powder brake

An electromagnetic braking device also known as powder/ particle brake is
used in the experimental analysis to apply load on the turbine and dissipate the
power generated as heat energy. Magnetic particle brakes are unique in their
design from other electro-mechanical brakes because of the wide operating
torque range available. Like an electro-mechanical brake, torque to voltage is
almost linear; however, in a magnetic particle brake, torque can be controlled

very accurately (within the operating RPM range of the unit).

Magnetic particles (very similar to iron filings) are located in the powder
cavity. When electricity is applied to the coil, the resulting magnetic flux tries to
bind the particles together, almost like magnetic particle slush. As the electric
current is increased, the binding of the particles becomes stronger. The brake
rotor passes through these bound particles. The output of the housing is rigidly
attached to some portion of the machine. As the particles start to bind together, a
resistant force is created on the rotor, slowing, and eventually stopping the
output shaft. When electricity is removed from the brake, the input is free to turn
with the shaft. Since magnetic particle powder is in the cavity, all magnetic

particle units have some type of minimum drag associated with them.
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Figure 28 Powder brake

The model number of the powder brake used in the analysis is PRB-
5Y;F.The powder brake was coupled to the torque transducer using jaw

coupling,

Based on the obtained pressure differences the velocity of the water is
measured in the penstock. Then the flow rate at such point is obtained as the
product of the velocity at that point and area of the cross section of the pipe.
With the obtained outputs, the program is constructed in data logger. Its program
collects signals from the measuring instruments and calculates the required

parameters of the turbine.
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3.4.4 Experimental results for the variation for rotational speed

The tests are performed with a constant head of 10 m, and nozzle openings
of 7°. For each opening the rotational speed varied between 600 rpm and 800
rpm. These values were decided based on numerical simulations that showing
that the best efficiency point for 10 m head occurs with a rotational speed of
approximately 642 rpm. After processing the data from the flow visualization
experiments, the general flow patterns through the turbine for different nozzle
openings was drawn. This speed is chosen based on the efficiency measurements
that were performed during the experiments. The results showed that for the
nozzle openings of 7°, had their best efficiency at this rotational speed. Figure
29 presents an overview of the efficiency measured for each rotational speed and
nozzle opening tested. It is observed the best efficiency of 69.4% was obtained
for the designed rpm of 642 rpm but the efficiency was not much difference as
compare to 600 rpm at 69.3%. As the rotational speed of the turbine increases

the efficiency and the power output gradually decreased.
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Figure 29 Performance of turbine for various rotational speeds
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3.4.5 Experimental results for the various flow rates

Another case of tests were performed with a constant head of 10 m, and
nozzle openings of 7°. For each the rotational speed was kept constant for the
best efficiency value of 642 rpm and the test were done for the variation of the
flow rate varied for 60% to 100% of total flow. After processing the data from
the flow visualization experiments, the general flow patterns through the turbine
for different nozzle openings was drawn. This speed is chosen based on the
efficiency measurements that were performed during the experiments. The
results showed that for the nozzle openings of 7°, had their best efficiency at this
rotational speed. Figure 30 presents an overview of the efficiency measured for
each rotational speed and nozzle opening tested. From the experiment it is
observed the best efficiency of the turbine was obtained for the designed load
condition of 100 kg/s. The performance of the turbine gradually decreases as the
flow rate decreases. It is observed that the efficiency of 50.5 % was found at the

60% of the flow rate.
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Figure 30 Performance of turbine for various flow rates
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3.4.6 Experimental results for various guide vane angles

Another case of tests were performed with a constant power output of 5 kW,
and varying the nozzle openings of 7° to 15°. For each the rotational speed was
kept constant for the best efficiency value of 642 rpm and the test were done for
the variation of the flow rate constant at 100% of total flow. After processing the
data from the flow visualization experiments, the general flow patterns through
the turbine for different nozzle openings was drawn. This speed is chosen based
on the efficiency measurements that were performed during the experiments.
The results showed that for the nozzle openings of 7°, had their best efficiency
at this rotational speed. Figure 31 presents an overview of the efficiency
measured for each guide vane angle and the power output at such points. The
head of the turbine varied from 8 m to 12.40 m as the nozzle guide vane was
angle was increased. The efficiency of the turbine ranges from the 57.4% for 15°

opening to 69.4% for full open condition at 7°
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Figure 31 Performance of turbine for various guide vane angles keeping power

output constant at 5 kW
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3.5  Comparison of experimental and CFD simulation results

The performance analysis of the turbine was based upon the performance of
turbine based on the numerical simulation and the validation of the result based
on the result of the experiments. The following graph shows the result
comparison in between the experiment performed as compared to the designed

turbine and the result based on the CFD result obtained for the setup.

It can be seen that the result obtained from the experiment is in close
approximation to the result obtained with the numerical simulation. The best
efficiency point obtained for the experiment and the numerical simulation is at
the design rpm at the load condition at efficiency of 69.4% and at 90% load
condition 71.9%. The design condition for the setup was at 73.95% obtained
through the CFD simulations. The pattern of the graph is similar as the speed of
the turbine is changes. The result from the graph shows the setup simulation and

experimental setup shows same value at 0.06 and 0.07 m’/s flows.

It is observed, that the best efficiency for the setup design experimentally
and numerically was at the designed speed of 642 rpm. It is observed that as the
speed of the turbine increases there is a gradual loss in the efficiency of the
turbine. However in case of designed setup the efficiency of the turbine was best
achieved at the rpm of 750 but the design head achieved was 10.49 m which
exceeded the design head of the turbine.
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Figure 32 Comparison of experimental and CFD results for various flow rates
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Figure 33 Comparison of experimental and CFD results at various rotational

speeds
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3.6  Experimental result comparison for base turbine and setup

turbine
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(b) Efficiency comparison at various flow rates

Figure 34 Experimental evaluations for the performance of base turbine and

modified turbine at various rotational speeds and flow rates
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Figure 34 shows the experimental evaluation for the performance of the base
turbine with modified turbine. The result can be seen in the improvement in the
performance of the turbine in comparison to base turbine as well as the overall

performance at different flow rates and flow has been improved.

It shows the efficiency of the turbine has been increased from 61.7% from
the previous turbine to 69.4% experimentally. Also the performance of the
turbine for the different flow rates for the previous turbine shows the
performance fluctuation as the performance drops immediately after the best
cases, but for the modified cases the performance of the turbine drops gradually
in comparison and the drop in performance is gradual. Its shows the
performance of the cross flow turbine for different flow rates to be as of cross

flow turbine.

3.7  CFD simulation for the change in blade with respect to the

diameter ratio

The diameter ratio of the cross flow turbine is for the turbine inlet diameter
and the turbine outlet diameter. The best efficiency for the turbine ratio diameter
is found to be around 0.68. The diameter ratio for the test turbine is 0.665. For
this study the outer diameter of the turbine has been kept constant at 200 mm
and the inner diameter has been varied to obtain the various diameter ratios.
Various diameter ratio sizes for the turbine have been studied using the
numerical simulation to find the best efficiency. The result is presented in the
graph below. It is seen that the best efficiency of the turbine has been obtained
for the diameter ratio of 0.7% at 75.66%. Increase in diameter ratio, corresponds
the increase in curvature of the blade. For the reference nozzle of 0.665 diameter
ratio, power output of 7.03 at 73.95% efficiency is obtained. Maximum
efficiency of 75.66% and 7.1 kW was obtained at 0.7 diameter ratio. However,
there weren’t many changes in efficiency of the turbine for the change in

diameter ratio from 0.68 to 0.72.
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Figure 35 Performance of turbine at various diameter ratios at designed

condition of 642 rpm and 0.1 m*/s flow rate

Figure 36 indicates stage of the flow region. Hence divided power output is
calculated at each region of the runner blades. Figure 36 presents the divided
local output powers at each region of the runner blades. The local output power
is evaluated from the calculated local output torque at each region of runner
blades. Negative power output is observed in Region 1. Remarkable output
power loss occurs in the Region 1 i.e. the recirculation area. Therefore, supply
of proper air flow rate to form the air layer in the runner passage can improve
the turbine performance considerably. It is observed that the losses in these
regions are reduced with the change in diameter ratio. It is shown from the radial
plot for the cases the peak torque is achieved at stage 1. As the diameter ratio
increases the peak torque at the end of stage 1 decreases and the torque is
distributed throughout stage 2. Maximum negative torque achieved at the end of

stage 1 as shown in Figure 36 for 0.65 diameter ratio.
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Figure 36 Performance at various diameter ratios at different stages for the

designed condition of 642 rpm and 0.1 m’/s flow rate

Figure 37 shows velocity vectors in the internal flow field of the turbine
model by the variations of diameter ratios and blade inlet angle respectively.
The fluid velocity becomes accelerated along the nozzle passage from the inlet.
After passing through the runner blade passage at Stage 1, cross-flow within the
runner center gains accelerated velocity and then the flow enters into the inlet of
Stage 2. It is seen from the velocity vectors the presence of recirculation zone in
reference design as compared to modified design. The change in the diameter
ratio contributes in less recirculation flow. As it is show in Figure 37, the power

losses in the recirculation zone decreases over the changes.

Figure 37 shows velocity vectors in the internal flow field of the turbine
model by the variations of diameter ratios and blade inlet angle respectively.
The fluid velocity becomes accelerated along the nozzle passage from the inlet.
After passing through the runner blade passage at Stage 1, cross-flow within the
runner center gains accelerated velocity and then the flow enters into the inlet of

Stage 2. It is seen from the velocity vectors the presence of recirculation zone in
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reference design as compared to modified design. The change in the diameter
ratio and blade angle contributes in less recirculation flow.
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Figure 37 Velocity vectors for different diameter ratio at the designed condition

of 642 rpm and 0.1 m’/s flow rate
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3.8  Distribution based on the shape of the inlet angle of the blade

P Outer diameter

Figure 38 Blade geometry

The shape of the blade is changed based on the inlet angle as shown in the
Figure 38. The inlet angle of the blade is varied from 15° to 38°. The change in
the shape of the nozzle with edge blend has considerable changes in the angle of
attack. The following relationship between o and f; is used to obtained the inlet

angles. [24]
Tanp, =2-Tano, (3-5)

Figure 39 shows the efficiency and power comparison based on the various
inlet blade angles. The diameter ratio for this calculation is similar to the base
turbine of 0.665 and the outlet blade angle (f) is constant at 90° and inlet angle
has been varied. For the reference design, power output of 7.03 kW at efficiency
of 73.95% was achieved. Since the nozzle curvature was changed with respect to
base design, the angle of attack at the nozzle outlet decreases accordingly. As
per equation (3-5), to improve the performance of the turbine the blade inlet
angle has been decreased. It shows in Figure 39 that as the inlet angle decreases
the efficiency of the turbine increases. The efficiency increased till the inlet

angle was reduced till £,=20° at the efficiency of 77.5% and power of 7.5 kW
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and for further less the efficiency decreases gradually. The efficiency of the
turbine can be increased up to 78.90% for the £,=20° and diameter ratio of 0.70.
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Figure 39 Performance at various inlet angles at designed condition of 642 rpm

and 0.1 m’/s flow rate

Figure 40 indicates stage of the flow region. Hence divided power output is
calculated at each region of the runner blades. The graph shows the torque at
each blade. It is shown from the radial plot for the cases the peak torque is
achieved at stage 1. As the inlet angle decreases the maximum torque at the end
of 1% stage decreases but the torque in 2™ stage is evenly distributed. The peak
torque at the end of stage 1 decreases and the torque are distributed throughout

stage 2.

63



—— 15° Nozzle
—— 20° Region'1 \ ‘Stage 1 Gnn.ndevane
—— 25°
—e— 30° (reference) Stage 2 |Region
Bt

Water Inlet

Stage 2

180 o s et
J '.l:ij 5 10 15
. o Region 1

270

Figure 40 Performance at various blade inlet angles at different stages for the

designed condition of 642 rpm and 0.1 m*/s flow rate

Figure 41 shows velocity vectors in the internal flow field of the turbine
model by the variations of diameter ratios and blade inlet angle respectively.
The fluid velocity becomes accelerated along the nozzle passage from the inlet.
After passing through the runner blade passage at Stage 1, cross-flow within the
runner center gains accelerated velocity and then the flow enters into the inlet of
Stage 2. It is seen from the velocity vectors the presence of recirculation zone in
reference design as compared to modified design. The change in the diameter
ratio contributes in less recirculation flow. As it is show in Figure 41, the power

losses in the recirculation zone decreases over the changes.
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Figure 41 Velocity vectors for different inlet angle at the designed condition of
642 rpm and 0.1 m’/s flow rate

65

G’lelectimn



3.9 Performance at various numbers of blades
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Figure 42 Performance at various numbers of blades at designed condition of

642 rpm and 0.1 m’/s flow rate

Figure 42 shows the numerical simulation for the different number of blades.
As the number of blades increases [15], an increase in efficiency was observed.
So a simulation for increased number of blades here shows an increase in
efficiency of the turbine. The efficiency for increased number of blades didn’t
vary much but a slightly increase in blades were observed as the numbers of
blades were increased. Efficiency of 76.0% was observed for 32 numbers of

blades as compared to 75.6% for 30.

Overall it shows an improvement in the performance of the turbine in
changes with the shape of the nozzle, guide vane angle and the number of blades.

As the shape of the nozzle has been changed, performance of the turbine can be
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further improved with the improvement with the change in the shape of the
blade angles and ratio. It is seen from the result the changes in shape of the
blades according to diameter ratio yield in slightly improved turbine
performance and with change in shape of blade inlet angle according to the
shape of the nozzle has yield in better performance and efficiency of the turbine

can be increased up to 78.90%
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4. Static structural analysis

4.1 Static structure

A coupled-field analysis is a multidisciplinary engineering analysis where
various independent fields combine and interact together to solve a global
engineering problem such that the result of one field is dependent on the other
field(s). The coupling can be either one-way or two-way. In the one way
coupling, the effect of one field is imposed on the other field but not the vice
versa. In the fluid- structure analysis, when the stiffness of the structure is too
large, the deflection of such structure has a negligible impact on the flow field.
Similarly, in the case of temperature-structure coupling, the temperature field
affects the structural field by generating the thermal strains, but the structural
strains have a negligible or no impact on the temperature field. For these types
of applications, a one-way coupling analysis is sufficient. The classical approach
towards one-way FSI is that the pressure distribution on the surface is calculated
by CFD, which is exported to FEA to calculate the stresses and deflections on
the structure. The effect of the deflection of the structure on the flow field
surrounding the structure is neglected in the one-way FSI; hence this type of

coupling strategy is also called as a partially-coupled or a weak coupled analysis.

According to the ANSYS coupled-field guide [25], the coupled-field
analysis is of two types: Sequential and Direct. The sequential method consists
of two or more analyses of different fields, which are executed sequentially. The
direct method on the other hand consists of only one analysis in which a coupled
field element is used containing information from both the fields. Direct method

is mostly used when the coupled-interaction is highly nonlinear.

This thesis only deals with the one way unidirectional FSI. The forces
exerted by the water has been extracted into the structural domain and mapped.

This has been used to solve the structural analysis
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The FSI analysis layout was made in ANSYS workbench as shown in
Figure 43. The pressure load from CFX is exported to the structural analysis by
defining a Fluid-Structure interface. Also, the boundary conditions of the runner

were defined as shown in Figure 45.

The geometries used in the analyses were drawn in the Unigraphics NX
6.0.The FSI analyses were performed by combining CFD analyses in ANSYS
CFX and FEM analyses in ANSYS Static structural. The connections between
the different programs were done in ANSYS Workbench. Figure 43 shows the

workbench connections.
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3 @ Results " 4 3;@ Geometry v 4
CFx 4 ﬁ h;crglel v 4
5 @ Setup & i
?% Su:ulu1_:in_n_ : v 4
; @ Result; 2 v o4

Static Structural

Figure 43 Project schematic of the one-way FSI
4.2  Geometry and meshing

The meshing and structural analysis of the runner was performed in ANSYS
Static Structural. A static structural analysis determines the displacement,
stresses, strain and forces in structures or components. Figure 44 shows the 3D
model of the blade setup where the analysis was conducted. Since the CFD was
conducted only for the fluid domain with no intermediate discs, two models: one
with intermediate discs and the other without the intermediate discs were

constructed to conduct the one way FSI analysis.
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(a) With intermediate discs (b) Without intermediate disc

Figure 44 3D modeling of turbine runner for structural analysis

4.3  Boundary conditions

Figure 45 shows the boundary conditions set in ANSY'S mechanical. The
boundary condition Fixed support was used on the connecting surface at the
sides [26, 27]

e Rotational velocity about the z-axis with 67.23 rad/s.

e Acceleration due to gravity (g).

e Imported pressure load on the blade surface.
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(b) Imported pressure points

Figure 45 Boundary conditions used for the FSI analysis
4.4  Results and analysis

The result of the mesh independent model of Case-I for one-way coupling is
shown in Figure 46 and Figure 47. It can be seen that the maximum von-Mises
stress is found to be around 32.4 MPa in the reference design and 3.423 MPa in

the Turbine case. The position of the maximum von-Mises stress is in the
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Pressure side of the blade region connecting the near to the nozzle tip. A
comparatively higher amount of stress was found in the second stage of the
cross flow runner. Since the water at the stage 1 is at an angle to the runner
however at the stage 2 the runner is water hits the regions directly. It can also be
seen that due to presence of plates in the middle the stress is evenly distributed
in the over the blades in Figure 47 whereas in Figure 46, it can be seen that the
stress is mainly concentrated in the middle section of the blade. Considering the
experiment was conducted with the other model the stress in the blades is evenly

distributed throughout the turbine.
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2.8854e7
2.5248e7
2.1641e7
1.8035e7
1.4429e7
1.0823e7
7.2168e6
3.6107e6
4533.5 Min

Figure 46 Result of one-way coupling von-Mises stress distribution for turbine

without intermediate discs
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Figure 47 Result of one-way coupling von-Mises stress distribution for turbine

with intermediate discs

The deflection in the blades is shown in the Figure 48. The maximum
deformation in the turbine blade is for the 2™ stage of the flow. The deflection is
mostly around the inlet section of the 2" stage of cross flow turbine. The total
deflection for the blades in the reference turbine was found to be 0.0511mm at
the inlet section of 2" stage transfer whereas for the set up turbine was found to
be 0.00124 mm. The maximum deformation is found around the exit for stage 1
and the entry of stage 2. Since the intermediate discs are placed in such turbines,

the deformation is distributed throughout the width of the runner.
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Figure 48 Result of one-way coupling deformation for turbine without

intermediate discs
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Figure 49 Result of one-way coupling deformation for turbine with intermediate

discs
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5. Sediment erosion in cross flow turbine

5.1 Sediment erosion

Sediments are the result of fragmentation of rock due to chemical and
mechanical weathering. The sediments found in river are mixtures of different
particle sizes which cause erosion. Sediment is a naturally occurring material
that is broken down by processes of weathering and erosion, and is
subsequently transported by the action of wind, water, or ice, and/or by the force

of gravity acting on the particle itself.

The mechanism of erosion is much dependent up on the processes,
parameters, properties of the impacting particles, target materials and
environment. Sediment erosion is a phenomenon of mechanical wear of
components, both rotating and stationary, which occurs due to the dynamic
action of abrasive sediment flowing in the water impacting against the solid
surface of hydraulic components. In case of hydraulic machinery, the suspended
sediment in water with kinetic energy, the force of gravity, viscosity, turbulence,

centrifuge and cavitation causes mechanical wear.

Table 5 Classification of river sediment [28]

Particle Clay Slit Sand | Gravel | Cobbles | boulders
Size (mm) | <0.002 | 0.002-0.06 | 0.06-2 | 2-60 | 60-250 >250

Sediment with specific gravity approximately 2.6 [29] flowing along water
passing through the turbine causing the sediment erosion in hydraulic turbine
components. Sediment particles are generally divided in to bed load and
suspended load based on transport of sediment. If particle move close to the bed
by sliding, rolling or jumping, then the particle is called as bed load whereas if

particles have much lower velocity than flowing water and are carried away in
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suspension by flowing water, are called suspended load and they have almost

same as the flowing water.

Some of suspended load is settled down in the reservoir or settling basins

and rest will strike the turbine resulting erosion. [29]

The intensity of erosion is also directly proportional to the hardness of
particles. The particles with hardness value above 5 in Moh’s scale are
considered harmful. Most of the sediments in Himalayan regions contain more
than 70% Quartz particles on average with hardness value of 7 in Mohr’s scale,
that means sediments are more hazardous to hydraulic components. Based on
the wear of base material wear can be classified into abrasive wear and erosive

wear.

Abrasive wear occurs every time when a solid material that has equal or
greater hardness passes on the particles of a material causing micro cutting,
fatigue, grain detachment and brittle fracture resulting the loss of material over a
surface. Whereas Erosive wear occurs due to collision of solid and liquid

particles on a surface.

Another factor to consider for erosion is the fluid characteristics. Fluid
flowing into the turbine possess several characteristics such as velocity,
acceleration, impingement angle, medium of flow, temperature, turbulence and
many more which is another major aspects contributing to the erosion. The
intensity of erosion is directly related to the velocity. Many erosion models have
described its relation to the wear is that wear is directly proportional to velocity

power ‘n’.

Impingement angle is defined as the angle between the eroded surface and
the trajectory of the particle just before impacting a solid surface. If the particles

are moving parallel to the surface, impingement angle is almost 0° and causes
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only minor. When particles are moving normal to the surface the impingement

angle is 90°.Effect of impingement angle is different for different material.

Medium of flow is another aspect to be considered. In case of Hydro power,
water is the medium. A mixture of erosive particles and liquid medium is known
as slurry. The characteristics of the medium have a strong effect on the final
wear rate. Now the controlling factor stands with the medium property such as
viscosity, density, turbulence and so on. Many researches indicated that small

addition of lubricant to the slurry can notably reduce the erosion.

Material used for the turbine components is the key factor for rate of erosion
and their damage. Hardness of the material, its chemical composition,
microstructure and its work hardening property determines the intensity of
erosion in hydraulic components. The choice of the material for a particular
component should be performed according to its ability to meet the functional
requirements such as impact strength and ability to withstand the cyclic loading

in addition to its wear resistance nature.

Predictions of the erosion in hydraulic turbines are done with the help of
various erosion models. These models can help in the design, operation and
maintenance of the turbines for a specific site conditions. The erosion models
are mostly developed through particle dynamics or empirical and statistical
relations obtained from experiments and experiences. The most fundamental

form of the erosion model is given by.

Erosion = f (operating condition, properties of the particles, properties of the

base material)

The expression for erosion was simplified in [30], which is given in Equation (5-

).

Erosion «< (velocity)™ 5-1)
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where m is the exponent of velocity. According to [31], the most general

formula for the pure erosion is given by Equation (5-2)
W = Kpai Keny- C. V' [mm/year] (5-2)

Where W is the erosion rate in mm/year, K,,, is the material constant and
K., 1s the environment constant, C is the concentration of the particles and V), is

the velocity of the particle.

An erosion prediction was done based on 8 years of erosion data of 18
hydro-power plants [32] suggested Equation (5-3) to calculate erosion in

turbines.
W = B.C*.a”.ky. ky. k3. V" [mm/year] (5-3)

Where W is loss of thickness per unit time, /5 is turbine coefficient at eroded
part, V is relative flow velocity, a is the average grain size coefficient on the
basis of unit value for the grain size 0.05 mm. The terms k; and &, are shape and
hardness coefficient of sand particles and k; is the abrasion resistant coefficient
of the material. The exponent values x and y are for the concentration and the

size coefficient respectively.

According to [33], the erosion rate was estimated through laboratory tests of
various turbine materials under different test conditions. Equation 5-4 gives an
empirical relation to predict the erosion rate for 16Cr5Ni, which is the most

widely, used turbine material.
y=6E—5x3.13 [mg/kg] (5-4)

Where x(m/s) is the velocity of eroding particles impinging at the angle of
45° and y is the loss of the material in mg per kg of eroding particles striking the

surface.
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An erosion model was proposed in [34] that could estimate both absolute
erosion rate (mm/year) and corresponding reduction in efficiency (% per year)
of Francis runners due to suspended particles. This model was termed as the
improved version of the two former models. The final equation yielded by this

model was given by Equations (5-5) and (5-6).
E, = C.Khardness- Kshape- km- k¢ a. (size)?[mm/year] (5-5)
n, = a.(E,)’[%/year] (5-6)

Where K, is the material factor, K, is the flow factor, K. is the shape
factor and Khardness is the hardness factor. a and b are the empirical constants

defined as :
a=351.35, b =1.4976 for quartz content of 38%,
a=1199.8, b =1.8025 for quartz content of 60%, and

a=1482.1, b = 1.8125 for quartz content of 80%.

5.2 Basic erosion models in ANSYS-CFX

There are two choices of erosion models in CFX, Finnie and Tabakoff. With
a larger number of input parameters, Tabakoff model provides more scope for
customization, though the choice between these two models depends on the

types of simulation. The equations of these models are discussed below:
5.2.1 Model of Finnie

This model shows that the erosion is affected by the impact angle and the

velocity given by a relationship,
E = kV3f(y)Where, (5-7)

FE 1s a dimensionless mass,
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V'p is the particle impact velocity and
f{v) is a dimensionless function of the impact angle which is in radian

n is the value of exponent which is usually in the range of 2.3 to 2.5 for metals.
5.2.2 Model of Tabakoff and Grant

In this model, the erosion rate E is determined from the following relation:

E=ki.f().V2.cos?(Y)[1— R}] + f(Vpn) (5-8)
FO) =1 + k. kaa. Zsin(y"y—/oz)z, (5-9)
Ry =1—k,.V,siny, (5-10)
fWpn) = k3. (V, siny)?, (5-11)

_(lify< 2}/0}
ky = {0 ify =2y, (5-12)
Where,

E is the dimensionless mass (mass of eroded wall material divided by the mass

of particle)
V), is the particle impact velocity

y is the impact angle in radians between the approaching particle track and the

wall
Yo 1is the angle of maximum erosion

k; to ky, k> and y, are model constants and depend on the particle/wall material

combination.
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The Tabakoff model requires the specification of five parameters: The k;,
constant, 3 reference velocities and the angle of maximum erosion y. An

example of these parameters for Quartz-Steel is shown in Table 6.

Table 6 Coefficients for quartz-steel Tabakoff erosion model

Variable Coefficient Value
ki ki> 0.293328
Ref velocity 1 v, 123.72m/s
Ref Velocity 2 v, 352.99m/s
Ref Velocity 3 Vs 179.29m/s
Angle of Maximum erosion y° 30°

The erosion rate was predicted for blades of a Cross flow turbines for

different shape, size and concentration of the particle and operating conditions
of the turbine.

The CFD analysis carried out in ANSYS-CFX contains various parameters
shown in Table 7. The generation of the mesh in ICEM CFD, CFX setup and the

result showing the erosion rate density for a conventional design is shown in

Figure 50.
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Table 7 Various CFX parameters used sediment erosion study

Sediment

Quartz density 2.65 gm/cm3
Particle Molar Mass 1 kg/kmol
Particle Diameter 0.1 mm
Tabakoff erosion parameters

ki 0.293328
Reference velocity 1 123.72 m/s
Reference velocity 2 352.99 m/s
Reference velocity 3 179.29 m/s
Angle of max. Erosion 30 degree

Particle coupling

One way coupling

Rotating domain

Angular Velocity

642 rev /min

Turbulence model

SST

R1 Blade/Hub/Shroud boundary detail

No Slip Wall

Inlet components

Mass flow rate

100 kg/s

Flow direction(cylindrical components)

0 m/s,-1 m/s,0 m/s

Turbulence

Medium (Intensity = 5%)

Particle mass flow rate

0.1 kg/s

Particle position

Uniform injection

Uniform injection

1000 (Direct Specification)

Outlet

Relative pressure 1 atm
Pres. Profile Blend 0.05
Solver control

Max. Iterations 500
Residual tolerance 1 E-5
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(a) Region of sediment erosion in turbine setup
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(b) Sediment erosion in turbine runner

Figure 50 Sediment erosions in cross flow turbine
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It can be seen form Figure 50, the sediment erosion has mostly influenced in
the 2™ stage of the cross flow turbine. During the first phase of the flow, the
sediment erosion is less likely but in the second stage it can be seen considerably
high. The simulations were done for a single runner passage, where it was
shown that the runner at stage 2 of cross flow turbine has the highest effect on
the sediment erosion since the runner is in direct contact with the sediment. The
particle motion in cross flow turbine shows the particle first hits the pressure
side of the stage 1, but the erosion rate density at the pressure stage of stage 1 is
not as high in comparison to the erosion rate density at stage 2. The particle
motion after it leaves the tip of nozzle shows the sediment under the direct
contact with the blades of stage 2 and the region 1 after the nozzle. Since there is
no cross flow in region 1, sediment is seen accumulating in that region and the
effects of erosion can be highly seen. The sediment erosion rate density is less
seen after the water passes through the stage 2. Some traces of sediment were

seen in the suction side of the blades in these regions.

5.3 Effect of the size of the particle on the erosion

The intensity of erosion is directly proportional to the size of the particles.
Particle sizes above 0.2 mm to 0.25 mm are extremely harmful to turbine
components whereas the smaller sized particles wear out the underwater
components. The diameter of the quartz particle was chosen to be 0.1 mm for
the reference case. The size was now varied between 0.1 mm to 1 mm to
observe the effect of the particle diameter on the erosion pattern. Rest of the

parameters was made constant.

The results of this analysis are shown in Figure 51 and Figure 52. These
figures represent the sediment patterns on the blade on the pressure side, but
since all of them have the same 'user specified' range; the comparison of the
results cannot be made numerically. Figure 51 represents the average erosion

rate density that occurs at the particular size of the particle. The sediment
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particle size of 0.1 and 0.2 mm diameter area shows minimal effect on the user
specified range of sediment erosion whereas the maximum erosion was found
around the particle diameter of 0.5 mm. At the diameter 0.4 and 0.5 the sediment
erosion is prominent around the blades in stage 2 flow. But with 1 mm diameter
the sediment erosion is mostly seen on the first blade at the stage 2 flow and the
occurrence is less likely in the other blades, this shows that the size of the

particle has a significant but uneven influence on the erosion pattern.

2508 Effect of the particle diameter on the erosion rate density

2.0e-8 4

1.5e-8 A

1.0e-8 A

5.0e-9 4

Average erosion rate density on the blades

0.0 ¥ T T T T
0.0 0.2 0.4 0.6 0.8 1.0 1.2

Particle diameter

Figure 51 Effect of the sediment size on erosion
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Figure 52 Effect of sediment size on blades

86



5.4  Effect of the shape of the particle on the erosion

Generally particle shapes are found round, angular and semi- round based
on visual observation experiments using microscope. The shape is defined
whether the particles are spherical or elliptical. The X-section area factor of 1
represents the particle of the spherical shape, which was taken in the baseline
study. The shape of the particles could however have variable shapes. Here, 2
other shape factors were taken into account. The non-uniformity of the shape

was not considered in this study.

(b) 0.50

particle.Erosion Rate Density
BLADES
. 2.500e-006

1.875e-006

' 1.250e-006

6.250e-007

I 0.000e+000

[kg mA-2 s*-1]

()1
Figure 53 Effect of shape of sediment on blades
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Table 8 Average and maximum erosion rate density for different shape

sediments

Shape | Average erosion rate density Max erosion rate density

0.25 2.82892E-08 1.62E-04
0.5 1.64191E-08 1.18E-04
1 6.78416e-009 1.02E-04

The result of this analysis is shown in Figure 53. Erosion rate density is least
at shape factor of 1 and increases as value of shape factor decreases. The
spherical particle was seen to have the least effect of the erosion compared to the
elliptical ones. However, there was not much difference in the overall erosion

pattern.

5.5 Effect of the sediment concentration

The sediment concentration is another major dominating factor inducing
wear rates. Concentration is termed as the total mass or volume of the particles
present in the unit mass or volume of the fluid. Erosion rate is proportional to

the concentration of sediment mass up to certain limiting value.

The particles inside the domain can be enabled by defining the 'Particle
Behavior' and specifying their properties on the inflow. Here, the particle
velocity, injection position, diameter distribution and mass flow rate need to be
specified. Here, by default, the injection of the particles is done randomly. The
direction of the particle is made identical to the direction of the fluid flow. The
particle mass flow rate was varied between 0.01kg/s to 3kg/s per machine. The
particle diameter was kept constant (0.1 mm) in this part. The particles are
uniformly injected with 1000 number of particles at the inlet. This number can
also be chosen as 'Proportional to mass flow rate' where the number of particles

per unit mass flow should be specified.
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The effect of the mass flow rate of the particle on the average erosion rate
density on the blade is shown in Figure 54. It can be seen clearly that the erosion
increases linearly with the increase in the mass flow rate. Since other parameters
like the injection position, number of particles and the diameter distribution
were made constant; the erosion patterns between these mass flow rates were the
same. It can be concluded from this analysis that the mass flow rate and the
concentration of the uniformly injected sediment particle have a linearly

proportional influence on the erosion.
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Figure 54 Effect of the mass flow rate on erosion
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5.6 Effect of the erosion models on the results

gamcle.Erosion Rate Density
Lje

2.000e+001
1.500e+001

' 1.000e+001

I 0.000e+000

[kg m*-2 s*-1]

5.000e+000

(a) Finnie model

Eartic:le.Emsmn Rate Density
LADES

1.875e-007
- 1.250e-007

6.250e-008

I 0.000e+000

[kg m*-2 s*-1]

(b) Tabakoff model

Figure 55 Effect of the erosion models
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Tabakoff erosion model for Quartz-Steel was used in the baseline study with
the values of the parameters provided by ANSYS-CFX. It also supports Finnie
erosion model as well as Tabakoff erosion model for Quartz-Steel. These
conditions were implemented to observe the variation in the results, which are

shown in Figure 55.

In the case of Finnie’s model, the erosion is a function of the impact angle
and velocity, such that in CFX, the only parameter that could be changed
explicitly is the value of the velocity power factor (n) as shown in Equation 5-7.
It can be seen from Figure 55 that the amount of erosion predicted by this model
is massive even when the value of n is 2 (ranges between 2.3 to 2.5 for metals).
This shows that Finnie’s erosion model for this case or the parameters provided

is not acceptable.

The Tabakoff’s erosion model seems to be more promising, especially for
this application as the coefficients which are needed for the implementation of
the model are already provided by ANSYS-CFX for Quartz-Aluminum and
Quartz-Steel. It could be seen from the Figure 55 that when Quartz-Steel is
chosen as the eroding and the eroded material. This could be because of the
higher density of the steel compared to aluminum. The prediction of the erosion
for the stainless steel, which is most commonly used in the hydro turbines, could

be more reliable in this case.
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6. Conclusions

The processed data from the experiments and the numerical simulation gave
valuable information about the cross—flow turbine. The result of the cross flow
turbine simulation resulted in the construction of turbine with reduced the
number of blades and the modified shape of the nozzle and guide vane angle.
The performance study of the designed turbine gave an increase in the efficiency
of the turbine up to 69.4% as compared to 61.7% for the previous set up. The
shape of the nozzle was changed for the experiment and the guide vane angle for
the setup was kept open 7°. The numerical simulation for the same setup gave a
turbine efficiency of 71.9%. The values of result obtained from the simulation to
the value obtained from the experiment were in close contest.

However the change in the shape of the blade will further improve the
efficiency of the turbine. Numerical simulation for the changed shape blade has
been conducted. This shows that the change in diameter ratio for the blade can
give an efficiency of 75.65% as compared to 73.94% for the designed cross flow
turbine. Since the shape of the nozzle has been changed and the shape was blend
at the ratio of 150mm, the nozzle exit angle a has been reduced. These changes
can be compromised with the change in the shape of the runner inlet. It can be
seen that the turbine with low inlet angle gives an increase in efficiency of the
turbine. Best efficiency of around 77.5% is obtained for the inlet angle of 20°
while keeping the outlet angle constant at 90°.

The FSI analysis of the turbine gives the forces extorted by the water on the
turbine. For this study only the forces exerted on the blade has been studied.
Pressure points on the blade surfaces has been imported to ANSYS mechanical
and mapped at 98% with the structural model. The stress exerted by the water
and the deformation of the turbine has been obtained. The study only conducted

the one way FSI for the turbine.
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The sediment erosion is one of the main researches in the Himalayan Rivers
and territory. Since cross flow turbine is easy to manufacture and much simple
structure in comparison to other turbines, the sediment research is less focused
on it. In this paper, the sediment effect on the turbine has been studied for the
various sediment size, shape and sediment mass flow rate. It is seen from the
CFD studies that the sediment erosion is mainly occurring in the stage 2 of the
turbine. Here the particle is at settling due to gravity and it hits the blade in
direct line in comparison to stage 1. The pressure side on the stage 1 and 2 are
mostly affected whereas the suction side for the turbines at region 1 and the
blade at the tip of the nozzle entry are affected. It is seen that the sediment
erosion in turbine increases linearly with the increase in mass flow rate. The
more elliptical shape of the sediment is more likely to cause sediment erosion in
comparison to spherical shape. The maximum erosion was found for the

sediment of around 0.4-0.5mm particle diameter.
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