





8.2. SEDIMENT EROSION IN FRANCIS TURBINE

8.2.2 Concentration study

Comparison between Finnies and Tabakoffs erosion models are presented in the following
figure 8.17. The graphs indicates the erosion tendency for different sediment concentration
for full load and design load for one runner blade. Take notice to the z-axis on the graphs

which indicates the erosion rate.

Erosion Rate vs Turbine Operation
Finnies Erosion model
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(a) Finnie’s erosion model

Erosion Rate vs Turbine Operation
Tabakoff Erosion model
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m Full Load
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Erosion rate BEP
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Mass flow of sediments [kg/s]

(b) Tabakoffs erosion model

Figure 8.17: Finnie’s and Taboffs erosion rate for Francis turbine

Figure 8.18 shows the concentration rate at BEP for a low and high sediment concentra-
tion. Near the shroud at the runner outlet, the erosion pattern starts to develop for low
concentration and intensify with increasing concentration.

Erosion development at full load operation is demonstrated in figure 8.19. Larger erosion

spots are detected at the blade surface compared with design load, and the intensity is
higher.
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Figure 8.18: Erosion at runner for low and high sediment concentration rate at design load
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Figure 8.19: Erosion at runner pressure side at full load operation
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Chapter 9

Discussion

The intension of the comparison between the verification model and experiments from
Castberg, was to prove that the erosion models and simulations can predict erosion areas
and intensity.

9.0.3 Erosion rate versus impact angle

The simulations indicate erosion for specimen at three angles, 45°, 60°and 90°. For low
angles, the erosion pattern will disperse over a larger area, and the erosion pattern occurs,
as seen in figure 8.2. Transient simulations will implement an amount of particles closer to
what is utilized in the experiments. Results from these simulations at these angles would
have given a smoother erosion pattern and look closer to and ellipse.

At 90°, the erosion pattern on the specimen appear as a “halo ring”. Comparing the
simulations with results from Castberg, see figure 6.5, the erosion pattern is similar for
specimen at 90°. In Castbergs experiments, the centre of the erosion point has vanished,
due to replacement of specimen after several test runs. Also in figure 6.6 the same erosion
tendency is observed.

In comparison with experiments, the erosion rate for 90°gives no similarity. This is proba-
bly due to the material properties. The simulations involve the erosion effect on a ductile
material, 304 stainless steel, but the experiments involves with a hard and brittle metal.
Thus the rate of erosion can not be compared, but regarded as a relative expression for
the erosion intensity. The effect of erosion on brittle and ductile materials in shown fig-
ure 3.2. The same relation is plotted in figure 8.4 for three velocities. The curves should
look similar to ductile materials, were the erosion rate is maximum for low angels (10°-30°)
and decreasing with higher impact angles. High erosion occurs at 90°, which is not correct
according to the theory about ductile materials.
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9.0.4 Erosion rate versus velocity

The erosion rate for different velocities is seen in figure 8.5. As expected, the erosion rate
increases with higher velocities. The development of the erosion pattern is easily seen, and
the red areas are the most exposed zones. The erosion rate is also shown for all angles in
figure 8.6. From these curves, the values for the velocity exponent, n, are calculated for each
angles, given in table 8.1. According to ductile material theory, the values agrees, as the
value decrease with increasing angles[7]. Simulations implementing Finnies erosion model
were also tested. Only the value for the exponent needs to be defined in this model. When
inserting Castergs exponent value, 3.33, the calculated erosion rate was unrealistically large
since the model only depends on this exponent value and gives a over estimated erosion
intensity. Thus the Tabakoffs erosion model was utilized for these simulations.

The velocity profile from the nozzle outlet to the specimen is showed in figure 8.7 a. The
jet stream has a velocity of 74m/s out of the nozzle, but reduces to 15m/s at the specimen.
This is due to friction in the water. The effect of this decrease in velocity can be observed
in the erosion pattern in figure 8.3. The particles have a normal impact angle, but due to
the low velocities in the stagnation point, minor erosion occurs at this point.
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9.1. SEDIMENT EROSION ON FRANCIS TURBINE

9.1 Sediment erosion on Francis turbine

9.1.1 FErosion areas on the blades

Stay vane

The prediction of erosion at the stay vanes has similarities with the theory. As mentioned
in chapter 4.3, the erosion occurs at the leading edge close to the hub and shroud, see
figure 8.9. The area in the mid height of leading edge has minor erosion intensity. On
the blade surface, scattered erosion spots are observed at pressure side. On the suction
side, no erosion occurs, this is due to the boundary layer effect which is see figure 8.9
b. As mentioned in the CFD theory, chapter 5, this effect is one of the limitations in
many turbulent models. Especially the k-¢ has limitation when it yields flows over curved
surfaces and boundary layer separation. Simulations with the SST turbulence model also
shows the same tendency, although the model utilizes a better and more robust function to
calculate the flow near wall. The boundary layer effect may be due to the initial velocity
values at the stay vane inlet or incorrect mesh properties. The stay vanes at Cahua have
been through several monsoon periods, and the most vulnerable areas is often welded and
repainted, seen in the picture from Cahua, figure 4.1. Results from the simulations indicate
similar trends at the leading edge and blade surface.

Guide vane

The simulations indicates minor erosion on the guide vane, see figure 8.10. The blade
surface has spotted erosion on the pressure side, but since the absolute velocities and
acceleration increases, the erosion intensity should be higher. Also at the guide vane,
the boundary layer effect occurs and the particles do not collide on the suction side, and
therefore no erosion occurs. Minor erosion spots appear at the lower cover. At the upper
cover more erosion spots occurs at the blade pressure side. The leading edge is not an
exposed area according to theory and the observation at Cahua power plant, however, the
simulations indicates erosion at the entire leading edge. This poor erosion prediction can
be due to poor grid density or incorrect input values, which affects the flow conditions.

Runner vane

Since the simulations are steady state, the erosion effect in the runner is highly dependent
on the fixed runner placement. Transient simulations will give a more realistic prediction
of erosion, but due to limitations in the software this were not feasible. At the inlet area,
minor erosion is observed for best efficiency point, but at full load the erosion intensify and
more spots are found. This can be due to differences of flow angles coming from the guide
vane. Due to increasing relative velocities in the runner channel, the erosion intensity will
increase from the middle of the blade towards the outlet area. This effect is larger at full
load operations. At the runner inlet, the pressure distribution will interrupt the particle
flow and the flow tends towards the low pressure side. The particles crosses the channel
and make grooves at the hub and shroud. Especially at full load, where the centrifugal
forces are larger, the particles are extracted against the upper and lower cover and the
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9.2. THEORETICAL MODELS VERSUS NUMERICAL EROSION MODELS

erosion intensify. This effect is observed from earlier experiences 4 and at inspection at
Cahua power plant.

9.1.2 Erosion concentration studies

The results clearly shows that the concentration of sediments will influence the erosion in-
tensity on the turbine, see figure 8.17. At design load, the erosion gradually increases along
with the sediment concentration. Other tendencies appear at full load, where the erosion
rate is growing drastically with higher sediment concentration. For small concentrations,
the rate is almost similar for both operating points.

The figure 8.17 shows the erosion rate predicted with the two erosion models. The Finnies
erosion model gives erosion values around E408, which is improbable, since a turbine
exposed to such an erosion would fall into pieces. Simulations with Tabakoffs erosion
model give a more realistic erosion rate. Disregarding the absolute erosion rate, the erosion
development is similar for the models. At full load, the erosion rate grows fast with
increased concentration. This may not be the case for best point operation. The same
appears for the Finnies erosion model. This signifies that the erosion rate at design load
is not that crucial for the turbine.

The quantity of particles passing the turbines at Cahua power plant is known, and these
values is possible to implement in the simulations. Results from these simulations indicate
erosion after one day, one month, half a year and a monsoon period with high sediment
concentration. Thus it is possible to predict when the turbine needs maintenance. The
only mineral implemented in the simulations is quartz. For the real case in Cahua, the river
contains about 30% of quartz. To get a better erosion rate prediction, the exact amount
of the different minerals should be included.

The results indicates growing erosion rate with increased operation load, but this will not
be the case for all power plants. Even if the concentration rate and mineral contents are
the same for two similar turbines, the erosion areas and intensity can be quite different|6].
This illustrates how complex the sediment erosion in turbines can be, and it is difficult to
handle the problem concerning each individual power plant, its best load and maintenance
schedule.

9.2 Theoretical models versus numerical erosion mod-
els

Both Finnies and Tabakoff erosion models are tested in the simulations, but indicate dis-
similar values for erosion rate. This can be explained with the mathematics behind the
models. The most influencing factors in the models are the velocity and material constants.
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9.2. THEORETICAL MODELS VERSUS NUMERICAL EROSION MODELS

In Finnies erosion model, the exponent,n, is highly dependent on the individual experiments
and material properties. For Francis turbines, the exponential value is recommended to
be 3[15], but in Ansys Solver Guide[3], a value between 2.3 and 2.5 for steel material is
suggested. The simulations implementing Finnies erosion model are tested for all these
values, but the erosion prediction is unrealistic. The experiments done by Castberg is
on brittle material, and the exponent value from these tests is calculated to be 3.33.
When inserting this value into the simulations, the erosion rate is extreme large and not
comparable with the experiments.

In Tabakoffs models, the values for 304 stainless steel are implemented, which is a ductile
material. Since the material in Castbergs experiments is a brittle metal, the erosion rate is
not comparable with the simulations. Anyhow, the simulations with this model calculate a
more realistic erosion rate value than with Finnies model. When it comes to the simulations
with the Francis turbine, the results with Tabakoffs erosion models will give a more realistic
erosion rate indication than the Finnies erosion model. The simulation takes into account
the influence of quartz particles colliding with the ductile material. This prediction is
closest to the uncoated turbine at Cahua power plant because of the properties of the
material.

For every numerical model, the theoretical erosion models needs to be modified and ad-
justed to the exact problem. Theory and experiments can indicate important values for
the input variables, but verification models are needed to confirm the simulations.
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Chapter 10

Conclusion

The analysis of sediment erosion in Francis turbines gives an indication of relative erosion
intensity and zones. The results coincide with earlier experiment and observation at the
turbine in Cahua. The simulations for the runner gives the most realistic prediction of
erosion. Especially at hub and shroud near the blade roots, and the outlet area on the
blade, the most serious erosion occurs in the turbine.

A study on the concentration effect of sediment indicates the erosion development in the
turbine. At low concentrations, the most exposed areas will first be visible, such as the
outlet area of the runner. This indicates the critical erosion zones which first will need
reparation. Simulations with a higher concentration rate will indicate the growing erosion
intensity near the vulnerable areas. By changing the concentration rate in the simulations,
it is possible to predict when the turbine components require maintenance.

An correlation between CFD and data from experiments and experiences is presented.
Results from the simulations on the verification model shows similarity with experiments
when comparing the erosion tendency. Due to the erosion models and material properties,
the degree of erosion intensity is incorrect. After testing two erosion models, the Tabakoff
erosion model is the most suited erosion model for these simulations. The model indicates
erosion tendency closer to the reality, compared to Finnies erosion model. A modification
of the numerical erosion model, adjusted for the particular problem and for which material
that is utilized, will give a better prediction of erosion intensity.
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Chapter 11

Further Work

PhD student Hari Neopane is working on a doctoral theses about Quantification of Sand
Erosion in hydraulic Machinery. CFD- analysis about sediment erosion in Francis turbines
are also a part of the theses, where he will do a deeper study on how the particle size,
shape and concentration influence the erosion intensity in the turbine.

To get a better prediction on erosion rate, the erosion models can be modified with a
Fortran code implementing the properties for Wolfram Carbide.

By including the spiral casing, a better simulation of the flow distribution will be achieved.

It is of interest to look at the effect of leakage flow and sediment erosion. When generating
the grids in TurboGrid, a clearance can easily be added on the guide vane.

A transient solution gives better erosion prediction, but is not supported in Ansys CFX
version 11.0.
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Appendix A

Sediment Erosion Theory

Theory in this chapter is taken from [17]

A.1 Erosion wear

According to Thapa[17], wear can be defined as:

" the rate of material removal or dimensional change due to wear per unit of
exposure parameter, for example, quantity of material removed (mass, volume,
thickness) in unit of sliding or unit of time."

Sediment in rivers can be composed of clay, silt, sand and gravel where the size range vary
from 0.002mm to 60mm. Transportation of sediments in rivers are classified as bed load
or suspended load depending on how the particles interact with the water. Suspended
load has nearly the same velocity as the water whereas bed load velocity is slightly slower
and will slide, roll or jump along the wall. The simulations in this project apply sediment
particles with an average size of 0.1 mm which is classified as suspended load.

A.1.1 Particle Velocity

For calculating erosion rate the particle velocity is a very important factor, but it is difficult
to obtain accurate measurements. Still, particles with low velocities which have too little
kinetic energy to induce abrasive erosion can cause erosive wear like fatigue and elastic
deformations. [17]

Erosion « Velocity" (A.1)

The recommended erosion expression involves the particle velocity and a factor n that
takes into account the material used and operation conditions. Different studies indicate
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A.2. SAND PROPERTIES

values of n between 1 and 5 but in view of the kinetic impact energy as a result of erosion,
a factor 3 is used.

A.1.2 Impact angle

The angel between the surface and the particle path shortly before impact is called the
impact angle (see figure A.1l). For an impact angle near 0 degrees the particles slides
parallel to the wall and erosion can be detected. For increasing angles, different erosion
occurs depending on material type.

Velocity v

A J

Erosive wear Abrasive wear

Figure A.1: Erosion Mechanisms

A.1.3 Particle Mechanisms

Sand particles follow the velocity stream and attack the surface of the material with a
certain velocity and angle. Two abrasive mechanisms indicate erosion, depending on how
particles attack the material.

e Erosive wear, impact erosion. Particles hits the material with a velocity v and an
angle o, and over time material will be removed due to deformation, cutting, fatigue
cracking or a mix of these.

e Abrasive wear, sliding erosion. A bed of particles slides over the surface with a
velocity vector parallel with the surface, minor parts of material will be removed.

A.2 Sand properties

Erosion rates depends on fluid conditions such as velocity and turbulence, particle transport
mechanisms and particle properties. In this section the different physical properties like
hardness, shape, size, concentration and density will be discussed.
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A.2. SAND PROPERTIES

A.2.1 Hardness

Hardness of minerals is represented in Mohs hardness scale where diamond has the factor
10, talc 1 and quartz 7 [?]. When particles are harder than the turbine material, serious
erosion takes place. Hardness and shape can be connected together when looking at erosion
impact. Soft and spherical shaped particles will not create as much erosion as hard and
sharp particles. Quartz particles have an angular shape and high hardness factor and will
therefore cause a rough damage [16].

A.2.2 Shape and size of particles

The particle shape is essential for the erosion rate, whereas a round shape cause less damage
than a particle with sharp edges.

Figure A.2: Sand shape

Thapa mentions an observation done by Sheldon and Finnie on erosion due to particle
size. Large particles induce erosive wear and the erosion rate is dependent on the material
toughness. Small particles have a higher abrasive erosion effect and the rate of erosion
depends upon the hardness of the material.

A.2.3 Concentration

The concentration is the amount of particles in a fluid given by part per million (PPM),
which also can be termed [mg/litre]. Generally a large concentration amount gives higher
erosion rate. Some authors have done tests on the effect of concentration, but results a
varying[5]. As a conclusion, the concentration as function of velocity is a suitable approx-
imation of the erosion rate.
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Appendix B

CFD

The CFD analyse is of the sediment erosion was performed by using Ansys CFX 11.0.
Firstly a mesh of the geometry had to be made before setting the fluid conditions for the
simulation. This chapter will give some background of the theory behind CFD, generating
grids and setting up an analysis. Theory in this chapter is taken from [3], and [18].

B.1 CFD Theory

B.1.1 Basic equations
Fluid dynamics is based on three fundamental principles which are Newtons 2.law, mass-
and energy conservation. These principles are difficult to solve analytically and are there-

fore described with partial differential equations;

The Continuity Equations:

0
a—f—i—A(pU) —0 (B.1)
The Momentum Equations:
opU

where 7 is the stress tensor and Sjs is the momentum source.

The Total Energy Equation:
Iphiot _ dp

o oy T APUhier) = AQAT) + AU )+ U Sy + 5 (B.3)

where hyy is the total enthalpy, A(U-7) is viscous work term, U- Sy is work due to ex-
ternal momentum sources which are neglected and Sg is the energy source.
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B.2. GRID

These equations are discretized to algebraic equations and then numerically solved with
ANSYS CFD which is based on the Finite Volume technique.

B.2 Grid

Before discussing the grid decision, some terms have to be defined.

B.2.1 Wall function and Y-plus

Boundary conditions have to be settled before solving governing model equations. Flow
conditions near to no-slip walls are calculated by using wall functions. These functions
assume the velocity distribution near the wall (see figure B.1) can be described as a loga-
rithmic profile. The fluid shear stress function is depending on the fluid velocity at a given
distance from the wall, known as the log law of the wall. Near the wall the velocity, U,
and wall shear stress, 7, will pose a problem. Theory and experiments shows that the
boundary layer consists of two layers; closest to the wall lays the viscous layer and here
the velocities have greatest influence. In the logarithmic layer the mixing turbulence is the
dominating variable. Between these to layers is a region called the buffer layer, and here
both viscosity and turbulent have equal influence.

y
A
Uy
- —‘ —————————————————————————— -
I
I
I
I
I
|
|Ay
I
: Turbulent Layer
|
I
I
|
I Logarithmic Layer
I
I
|
I _/ /Larninar (viscous) Sublayer
Y Ve

/e

Figure B.1: Near wall region [3]

A scalable wall-function(Equation B.4) determines the near wall conditions by scaling the
variables. The velocity profile can be predicted while it change from linear to logarithmic
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B.2. GRID

behaviour with increasing Reynolds number.

Y-plus is a dimensionless factor that defines the distance between the wall and the first grid
element. In the first elements near the wall, y-plus values within 20 and 300 are accepted
while the numerical error will be small. The wall function is related to wall shear stress,
ur [18] :

Ug 1
T=2"=ln(y" B.4
w=0 gy o (B.4)

where y and w, is defined below
Ayu,
yt =" (B.5)
1

.

Ur = (?w)l/Q (B6)

where
e u ™, near wall velocity
e u,, friction velocity
e U, known velocity tangent to the wall at a distance of Ay from the wall
e y, dimensionless distance from the wall
e 7, wall shear stress
e 1, von Karman constant

e C, log-layer constant depending on the wall roughness

B.2.2 Turbulence models

The two most common turbulence models are the k-¢ and Shear Stress Transport (SST).
The k-¢ model is often used by the industry because it is numerically robust, while it
also is computational accurate. The k-¢ model has its limitations with rotating fluids,
curved surfaces and separation predictions. SST calculates the conditions near the wall by
blending k-e¢ and k-w model. In the k-w model the treatment of low Reynolds number are
more accurate and robust, and it requires a y+ < 2 and at least 15 nodes in the boundary
layer near the wall to avoid numerical errors. When introducing particles in the domain,
the treatment near the wall is important and no loss of data is desirable. Therefore a SST
model is preferable since it gives a more accurate prediction of the flow in these areas.
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B.3. PARTICLE TRANSPORT MODEL

B.3 Particle Transport model

Ansys CFX Particle Transport model is a numerical study to predict where particles collide
with the wall, also known as impact zones of erosion. Including sand in the system, the
water will be handled as a multiphase flow where the sand particles are a dispersed phase.
The Langrangian Tracking model is used to track the particles through the flow.

Even though the particles have a specified diameter they are modelled as moving points
and will not take up volume from the fluid, and particle-particle interactions are neglected.

B.3.1 Erosion

Erosion is a result of particle momentum change, which lead to a force on the wall. The ero-
sion rate density corresponds to shear stress and pressure from the flow. In the simulations
erosion of a wall due to one particle is calculated by/[3]:

ErosionRate = E'x N xmy, (B.7)

where E is representing an individual particle, m,, is the mass of the particle and N is the
actual number of particles the one particle represents. The total erosion is a summation
of all the particles injected. In the results, the erosion rate density is given as kg/m?s and
is a qualitative guide to erosion. The Finnie model is weak for angles at 90 degrees and to
cope with this a user-defined Fortran code can be implemented. This is not done in this
project.

B.3.2 Forces acting on the particles

Viscous drag will influence the fluid to change velocity and direction of the particles. At
the same time, also particles can have an effect on the fluid flow. In the CFD simulation,
this effect is called phase coupling. The Fully Coupled set of particles allows the particles
to influence the continuous flow. One-way Coupled particles only follow the flow field. By
making two different sets of particles, a more accurate calculation of the particle volume
fraction and local forces on the wall are rendered.

In the intermediary region between the viscous and inertial area, spherical particles will
be affected by both the viscous and inertial forces. To take into count these effects Schiller
and Naumann determined the drag coefficient as a function of Reynolds number [3]. For
simulations with solid particles, the drag forces are best handled with the Schiller Naumann

Drag Model.
24

e

Ch (14+0.15Re%587) (B.8)

Forces of gravity also have influence on the particle, but since other forces like drag and
inertial forces are larger, the buoyancy force can be neglected.

Mette Eltvik 70 Master Thesis



B.4. ELEMENTS OF ERROR AND UNCERTAINTY

For rotating fluid machinery models, it is useful to specify the domain as a rotating frame
of reference. The angular velocity, w, is 600 rpm and the direction is decided by the
right-hand rule, and then Coriolis and centrifugal momentum terms are calculated [3].

B.4 Elements of Error and Uncertainty

Errors and uncertainty are important parts of the CFD calculations and have to be con-
sidered. [18]

Numerical errors involve miscalculation in the analysis like round off error, iterative con-
vergence error and discretisation error. Verification of a model involves error quantification
by comparing CFD results with predicted results. A plot of e.g. pressure distribution and
velocity vectors can be of use to determine errors.

Uncertainties are associated with input values such as domain geometry, boundary con-
ditions and fluid properties. Validation of a model involves quantification of input uncer-
tainties. For example, a test on the model for different input data can give an analysis of
the sensitivity in the model.

The best validation for CFD analysis is to compare with experimental data.
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