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Abstract

This thesis includes a brief presentation of the different losses developed
in high head Francis turbines, where special attention is paid to the
losses in the guide vanes due to the head covers deflection. The different
factors determining the extent of the leakage flow are thoroughly exam-
ined. Also, since the guide vane facing plate and the head covers are
exposed to serious wear due to the presence of sand particles in a high
accelerating flow, efficiency measurements of sand eroded and repaired
turbines are presented. In addition, results from efficiency measurements
of Francis turbines with different clearance gaps are included to under-
line the severity of the clearance gap between the covers and the guide
vanes.

The thesis presents a numerical approach to calculate the head covers
deflection. And the scope of this work is to develop a simplified 2-D model,
which calculates the head covers deflection within a certain order of accu-
racy. Thus a 3-D modelling of the head covers deflection is also included
with the purpose of validating the 2-D modelling.

Furthermore, a discussion of the efficiency with respect to the design of
the head covers is performed to describe the potential of increasing the
hydraulic efficiency by altering the design method.

Also, a numerical computation of the leakage flow in the guide vanes due
to the head covers deflections, is presented to better visualize the effect
from the clearance gap between the head cover and guide vane facing
plate. Also, to underline the severity of large clearance gaps, the guide
vane has been modeled with four different sized clearance gaps. Finally,
an analytical interpretation of the leakage flow is included to evaluate the
numerical calculation of the leakage flow.
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Nomenclature

Symbol Description Unit
H Net available head, in water column [m]
Hy Gross pressure drop, in water column [m]
Hgtag Stagnation pressure, in water column [m]
H, Suction head, in water column [m]
*H Height of the head covers [m]
h Pressure head, in water column [m]
hy Static pressure head, in water column [m]
h, Cool water pressure, in water column [m]
j Loss, in water column (m]
c Absolute velocity [m/s]
W Relative velocity [m/s]
u Circumferential velocity of the runner [m/s]
z Altitude (m]
g Gravity constant [m/s?]
E Specific hydraulic energy [J/kgl
Q Flow rate [m3/s]
cp Specific heat [J/kgK]
T Temperature (K]
r Radius (m]
D Diameter [m]
M Torque (Nm]
M, Torque from the hydraulic pressure [Nm]
B Height of the runner blade [m]
n Rotational speed of runner [rpm]
p Pressure [N/m?]
E E-module [N/m?]
X Number of ribs [-]
t Thickness of ribs [m]



Centre of mass

R,
Az Vertical translation [m]
C Centre of mass in figure 3—1 [-]
Fy, Force [N]
1 Length of circular arc [m]
Fy Tangential force [N]
F, Radial force [N]
Re Reynolds number [-]
U Longitudinal velocity [m/s]
u’ Dimensionless longitudinal velocity [-]
U, Friction velocity [m/s]
v’ Dimensionless distance from the wall [-]
%4 Velocity [m/s]
L Characteristic length scale [m]
P Power (W]
d Derivative [-]
N Number of pole pairs [-]
r, Radius which denotes the end of the layrinth seal [m]
K Constant in equation 2.6 [m?/s]
f Net frequency [rad/s]
k Turbulent kinetic energy [m?%/s?]
X, ¥ Z Cartesian coordinates [-]
Greek letters Description Unit
a Inlet angle [°]
B Outlet angle [°]
p Density [kg/m?]
Pe Variable in figure 3-1 [m]
Mh Hydraulic efficiency []
® Angular velocity of turbine runner [rad/s]
0 Angle [°]
€ Radial strain [-]
€ Tangential strain [-]
€ Turbulence dissipation rate [-]
Radial tension [N/m?]
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Subscripts

Tangential tension
Viscosity coefficient
Kinematic viscosity
Angle of deflection
Wall shear stress
Loss coefficient
Partial derivative
Finite segment

Description

1 Inlet of the runner
2 Outlet of the runner
3 Outlet of the draft tube
Leak Leakage
Nom Nominal
1,0 Inner and outer
Abbreviations
FEM Finite Element Method
CFD Computational Fluid Dynamics
H.W Head water

T.W

Tail Water






Introduction

The most common water turbines today are Kaplan, Francis and Pelton.
The Francis and Kaplan turbines are reaction turbines, where both the
drop in pressure from inlet to outlet and the impulse forces from changes
in the direction of the relative velocity vectors, develop mechanical
energy. The Pelton turbine, on the other hand, develops mechanical
energy solely from the impulse forces created by the changes of direction
of the velocity vectors. The choice between these turbines is first of all
based on the net head and total flow. However, the final choice depends on
several additional parameters such as price, efficiency, sand erosion and
time of repair. The Francis turbine holds the highest peak efficiency, and
the efficiency curve is also rather steep. Accordingly, the Francis turbine
is best suited for continuous operation at or around peak efficiency. As
opposed to the Francis turbine, both Pelton and Kaplan turbines possess
a quite flat efficiency curve, and is better suited for variable load opera-
tion.

The water power plants are initially designed to give a continuous produc-
tion at best efficiency point. But the last few years there has been a
change in this production pattern. A continuous expansion of electrical
cables to neighbour countries is defining a new marked for the water
power industry, where the price of electricity is the most important
parameter in governing the production pattern. This involves a more fluc-
tuating and demanding production pattern. The water power plants oper-
ate at full load, best efficiency point as well as at part load, all depending
on the electricity price, and at the expense of the utilization factor. As
mentioned, the Francis turbine exhibits a quite steep efficiency curve, and
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is therefore poorly suited for variable load operations, which in many
cases characterize the production pattern today. This fact makes it even
more important to aim for a better efficiency at part load for Francis tur-
bines. The challenge is to improve the efficiency outside best efficiency
point without suffering a loss in peak efficiency.

The losses in a Francis turbine constitute roughly of leakage flow, friction
loss and impact loss. The total loss in a high head Francis turbine lies
between 5-6% at peak efficiency. In which the leakage loss in the guide
vanes amounts to 1.5%, and therefore constitutes to a rather large part of
the total loss developed in a Francis turbine. This leakage flow does not
only disturb the main flow in the guide vanes, but it also disturbs the flow
in the runner. The leakage flow in the guide vanes arises due to the head
covers deflection, which increases the gap between the guide vanes and
the head cover, when it is pressurized. The extension of the gap is mainly
a function of the net head and the stiffness of the head and bottom covers,
but it is also significantly influenced by erosion due to presence of sand
particles in the flow. The leakage flows through the gap from the pressure
side to the suction side, disturbing the main flow at the suction side and
consequently reduces the efficiency.

To improve the hydraulic efficiency by develop a new runner design
involves complicated flow analysis to account for the interaction between
the stay vanes, guide vanes and runner blades. However, since the loss in
the guide vanes is highly dependent on the extent of the clearance gap
between the guide vanes and the covers, there is a large potential to
increase the hydraulic efficiency by simply increasing the stiffness of the
covers. And thus allow for a smaller deflection of the covers. And since
this improvement does not involve the complicated runner design, it is
relatively easy to perform.

In order to emphasis the potential efficiency increase due to the reduced
leakage, it 1s necessary to gain insight into the physics that govern the
loss mechanism. A valuable tool in this process will be a proper numerical
approach that will give accurate results without the demand of high com-
puter power. When the loss mechanism is fully emphasized, the basis of
increasing the efficiency is made.
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1 Hydraulic losses in Francis
turbines

This chapter presents the different losses developed in high head Francis
turbines. Hence the loss in generator and the head losses in pipelines and
penstock will not be included in this presentation. The main objective is to
emphasize one loss in particular, namely the leakage flow in the guide
vanes, which contributes to a rather substantial part of the total loss de-
veloped in a Francis turbine.

The crucial factors which determine the extent of the leakage will be thor-
oughly discussed, and preventive steps to reduce this leakage will also be
presented.

1.1 The hydraulic efficiency

The hydraulic turbine efficiency is defined as the ratio between the utilized
energy and the available energy. The available energy is established by
subtracting the total energy at the outlet of the draft tube from the total
energy at the inlet of the runner. However, to get a better visual impres-
sion of the correlation between the energy trade and the losses developed
in a hydro power plant, a principal sketch of a power plant illustrating the
different losses is given in figure 1-1.
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Figure 1-1: Energy trade at a hydro power plant. Figure from [1].

And by considering figure 1-1, the following expression of the available

head is obtained:
2 2
_ & C3
H = (g+h1+zlj—(g+h3+z3j (LD

Thus the final expression of the hydraulic efficiency is obtained from the
following equation:

E

= — (1.2)
Ny gH

Where the definition of the output, E, only accounts for the loss developed
in the turbine and the loss in the draft tube due to back flow. By employing
this definition, the head loss in the penstock and pipe lines due to friction
and the outlet loss as the flow enters the draft tube are neglected. From
figure 1-1 one can also relate the static pressure, Hg, to the available net
head, H:
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_Cl__-"‘ (1.3)

The static pressure, Hy, is defined as the height difference between the
head water and the tail water. The second term on the right hand of equa-
tion 1.3 corresponds to the head loss in the pipe lines and penstock, and the
third term describes the outlet loss in the draft tube.

1.2 Losses in a Francis runner

In general, the loss developed in a high head Francis runner lies between
5-6% at best efficiency point [2]. The distribution of this loss from the spiral
casing to the outlet of the runner is illustrated in figure 1-2.

Figure 1-2: Loss distribution in a high head Francis turbine. Figure from

[2].

The loss illustrated at the outer right in figure 1-2 corresponds to the loss
developed in the spiral casing and the stay vane cascade. The flow condi-
tion in the spiral casing is a bit complex due to the viscosity along the wall.
The viscosity sets up a boundary layer, which consumes energy from the



4 Hydraulic losses in Francis turbines

water to maintain its existence. Thus the static pressure in this region is
lower than in the friction less region outside the boundary layer. This
induces a secondary flow, because the water will flow from the higher pres-
sure region to the lower pressure region in the boundary layer, as illus-
trated in figure 1-3. Unless the secondary flow is considered, it will
propagate further through the stay vane and guide vane and worsen the
flow field. But in most cases today a special design of the stay ring, as illus-
trated in figure 1-3, prevents the secondary flow to propagate further
through the stay vane cascade. Still, at best efficiency point a loss of
approximately 0.6% is developed in the spiral casing and in the stay vane
cascade. This loss mainly consists of friction loss due to the roughness of
the surface and impact loss due to the secondary flow at the inlet of the
stay vane.

Figure 1-3: Secondary flow in the spiral casing. Figure from [3].

As the flow accelerates through the guide vane cascade, the efficiency is
reduced by another 1.5% due to the leakage flow between the guide vane
facing plate and the covers. There is also a leakage flow in upper and lower
labyrinth seal which reduces the turbine efficiency by a total of 0.6% at
best efficiency point.

The disc friction loss of 0.5%, on both sides of the runner, is due to the fric-
tion from the water between the stationary and rotational parts of the run-
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ner. The friction force develops a moment in the opposite direction of the
rotational speed, and consequently reduces the turbine efficiency.

Loss due to the existence of friction between the flow and surface of impact
1s often related to an increased temperature of the flow. In this particular
case, a part of the available energy is used to increase the temperature of
the water between the rotational and stationary parts, instead of being uti-
lized by the runner. According to the law of convection, the relation
between the required effect and the increased temperature is expressed in
terms of the specific heat [4]:

j = pOC,AT (1.4)

However, numerous experiments have shown that any loss in power can
also be related to the rotational speed in third potence [5]:

j = Cn3 (1.5)

Also, in the actual runner the friction between the water and the surface
of impact further reduces the hydraulic efficiency. However, the hydraulic
efficiency is obviously also quite sensitive to the direction of the relative
velocity, wi, at the inlet of the runner, because a bad inflow angle causes
heavy impact losses. Considering the extent of the impact loss and the fric-
tional loss in the runner at best efficiency point, the efficiency is further
reduced by approximately 1.5%. However, at operation above peak load the
inlet angle, o, has to be increased to allow for a larger flow. And as can be
seen from figure 14, this alters the direction of the relative velocity at the
inlet of the runner, resulting in an increased impact loss. This is also the
case at operation below best efficiency point, where the inlet angle has to
be decreased to obtain a lower flow. Compared to the relative velocity at
best efficiency point, the reduction of the inlet angle causes the relative
velocity to deflect towards the right, while an increased inlet angle causes
the relative velocity to deflect to the left as can be seen by regarding the
velocity diagram in figure 1-4.

Strictly theoretical, one can achieve a better adjustment between the rela-
tive velocity and the shaping of the runner blade, by changing the tangen-
tial velocity of the runner. And since the tangential velocity, u is related to
the rotational speed, n = 30u/n'r, which again is related to the net fre-
quency, f = N'n/30, it is impossible to change the tangential velocity with-
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out altering the net frequency. However, since the turbine runs a
synchronic generator, which is connected to a network with constant fre-
quency, it is not feasible to obtain a different tangential velocity.

S

* /
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*
Wy
A

+ Best efficiency
---- Above best efficiency

Figure 1-4: Velocity diagram. Figure from [1].

Furthermore, figure 1-2 indicates a loss at the outlet of the runner. The
outlet of the runner is connected to a draft tube, with the sole purpose of
converting the specific velocity energy to specific pressure energy. This is
achieved by an increasing cross section towards the outlet of the draft tube.
But, the actual outlet loss connected to the increasing cross section is not
included in the definition of the hydraulic efficiency.

The loss developed in the draft tube due to back flow, is however consid-
ered when the hydraulic efficiency is calculated. And this loss is indicated
at the outlet of the runner in figure 1-2. The loss due to the back flow in
the draft tube is established according to the following formula:
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2
€3

= 2g (1.6)

J
At best efficiency the loss developed in the draft tube reads approximately
0.3%.

However, at operation outside best efficiency point an additional loss is
developed at the outlet of the runner. This loss is related to the develop-
ment of swirl flow at off cam operation. The swirl flow origins as the value
of the tangential absolute velocity, c9, attains a value different from zero.
And by regarding figure 1-4 one can see that the absolute velocity, ¢, has
increased from zero at best efficiency point to a non zero value at full load.
Also, by regarding figure 1-3, one can see that c, 9 is negative and thus
directed in the opposite direction of the circumferential speed, uy, causing
a contra rotation of the flow in the draft tube.

At part load a similar situation occurs when the inlet angle is reduced to
obtain a lower flow. However, in this case the ¢, 9 component is directed in
the same direction as the circumferential runner velocity, causing a pro
rotation of the flow in the draft tube, as shown in figure 1-5.

The swirl flow at the outlet of the runner is rotational energy which has
not been converted to mechanical energy and therefore not been utilized by
the runner!, causing a reduction in the efficiency. The actual value of the
rotational energy in water column is calculated according to the following
formula:

j=c,/29) 1.7

1. See chapter 1.3 for a further explanation of conversion of energy.
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Figure 1-5: Contra rotation at full load and pro rotation at part load. Fig-
ure from [6].

The loss in efficiency due to the rotational velocity, c, 9, at the outlet of the
runner can also be seen by regarding the definition of the hydraulic effi-
ciency given in equation 1.8:

1

From this equation one can clearly see that when ¢, equals zero the high-
est possible efficiency is achieved.

1.3 Leakage flow in the guide vanes

According to figure 1-2 the losses due to the leakage flow in the guide
vanes represent a substantial part of the total loss in a high head Francis
turbine. The leakage flows from the pressure side to the suction side and
disturbs the main flow in the guide vane channel as illustrated in figure 1—
6. The leakage flow also causes swirl flow at distinct regions in the clear-
ance gap. This swirl flow has shown to induce heavy erosion on the facing
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plates [7], as will be discussed later in this chapter. In addition, the leak-
age flow never enters the runner channel and therefore this part of the to-
tal flow is not utilized by the runner and the efficiency is reduced
accordingly.

Figure 1-6: A principal sketch of the leakage flow in the guide vanes. Fig-
ure from [2].

However, the increased vortex flow and the disturbance of the main flow
due to the leakage are found to have a greater impact on the efficiency than
the actual loss of water. As mentioned above, the secondary flow disturbs
the main flow in the guide vane cascade. But the secondary flow also influ-
ences the main flow at the inlet region of the runner vane, causing a bad
inflow angle which induces impact losses at the inlet of the runner. Obvi-
ously, this flow condition reduces the hydraulic efficiency. However, since
this loss is detected in the runner it is commonly defined as a loss which
origins in the runner, despite the fact that the loss is actually caused by
the leakage flow in the guide vanes. The loss distribution in figure 1-2 is
no exception to this definition. Hence if the origin of the losses were to be
accounted for in figure 1-2, the loss of 1.5% in the runner should be lower
corresponding to an increased loss in the guide vanes. In other words, the
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loss due to the leakage flow in the guide vane contributes to an even larger
part of the total loss developed in the turbine.

The leakage flow is governed by the pressure difference between the suc-
tion side and pressure side, and by the extent of the gap between the guide
vanes and the head and bottom cover.

1.3.1 Pressure side and suction side

The pressure difference between the pressure side and the suction side is
closely connected to the development of rotational flow in the guide vanes.
The rotational flow is recognized as the tangential component of the abso-
lute velocity, denoted c,,. In order to understand the importance of obtain-
ing a rotation of the flow, one has to consider the torque acting on the
runner. The derived expression of the torque, M, acting on the runner is
obtained from a closed volume consideration of a runner channel [6]:

%
M = pO(c, r1—¢,n7) (1.9

And as suggested above, equation 1.9 substantiates the importance of
obtaining a rotation of the flow entering the runner channel, as the only
velocity which contributes to the energy conversion in the runner is the
tangential component of the absolute velocity. In equation 1.9 the terms
involving the tangential component of the absolute velocity and the radius
define the swirl flow. Thus in addition to regulate the flow entering the
runner, the main purpose of the guide vane is to develop and obtain a swirl
flow at the inlet of the runner.

As the importance of the existence of the swirl flow in the guide vane is
emphasized a further investigation of the flow condition through a Francis
runner is performed. And in order to illustrate the energy conversion, a
diagram of the flow condition in the turbine from inlet guide vane to outlet
draft tube is shown in figure 1-7.
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Figure 1-7: Energy conversion in a Francis turbine. Figure from [6].

From figure 1-7 one can see that the meridian velocity increases towards
decreasing radius, as is expected according to the law of continuity. And
due to the increasing value of the total absolute velocity as the water flows
towards decreasing radius, the pressure energy must decrease according
to Bernoulli equation. However, the development of the rotational energy
places restriction to the design and orientation of the guide vanes. In figure
1-8 an axial view of a Francis turbine is illustrated to point out the orien-
tation of the guide vanes compared to the runner vanes position at an open
position of the guide vanes.

Furthermore, consider two points located at two different radii in the guide
vane channel, as also shown in figure 1-8. Based on the prior discussion of
the energy conversion through the guide vane, one can easily conclude that
the pressure at point one must be higher than the pressure at point two,
because point one is located at a larger radius than point two. Hence the
pressure difference between the two points will pull the water at point one
towards point two, giving rise to a secondary flow across the guide vane
facing plate. Point one and two is respectively located at the so called pres-
sure side and suction side of the guide vane.
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Figure 1-8: Pressure side and suction side.

Also, when the guide vanes lie in a different angle then the stay vanes the
non-uniform velocity profile at the inlet of the guide vane is further ampli-
fied. Thus the pressure difference between the pressure side and suction
side increases and accelerates the leakage flow.

Previous efficiency measurements, illustrated in figure 1-10 through
figure 1-13, clearly show that the major losses in efficiency due to the
clearance gap in the guide vanes occur for small guide vane openings.
These measurements illustrate a higher improvement of the efficiency at
part load compared to full load, when the clearance gap is decreased.

One reason to this is found by studying the pressure distribution across the
guide vanes at different guide vane openings. At closed guide vanes the
entire energy is converted to pressure energy, thus the velocity energy is
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zero. Hence the pressure energy decreases by increasing guide vane
openings. This means that the relative leakage flow through the guide
vane clearance gap increases by decreasing guide vane opening, because
the pressure drop across the guide vane profile is higher at smaller
openings than at larger openings. The guide vanes are also positioned over
a larger sand eroded area at part load compared to full load. Also, small
guide vane openings form narrow channels with rough sand eroded
surfaces, where high frictional losses occur from the high velocities. In
addition, the leakage flow in the guide vanes also amounts to a larger part
of the available energy at part load.

1.3.2  The clearance gap

When the head and bottom covers and the guide vanes are designed they
are originally made with a certain clearance gap, as shown in figure 1-9,
to prohibit grinding when the turbine is not pressurized.

o
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Figure 1-9: Dry clearance between the guide vane and bottom cover. Fig-
ure from [1].

But when the turbine is pressurized the originally gap, and hence the
leakage flow increase. The efficiencys dependence on the extent of the
clearance gap is clearly illustrated in figure 1-10, where the results from
efficiency measurements at three different clearance gaps are presented.
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Figure 1-10: Efficiency test with different clearance gaps. Figure from
(8].

From figure 1-10 one can see that at part load, the efficiency is decreased
by approximately 2.5% as the size of the clearance gap is increased from 0
mm to 1 mm.

In general, the gap between the head cover and guide vane is highly depen-
dent on the net head, but it is also influenced by the dimensions and the
wear of the machinery. Especially high head Francis turbines are exposed
to serious wear from sand erosion due to the high velocities and accelera-
tions. The wear of the machinery caused by sand particles in the flow can
make an uneven increased gap surface between the head covers and guide
vanes, and further increase the gap.

In general, the presence of particles in a water flow usually cause abrasive
degradation of hydraulic machinery components exposed to the flow. The
deterioration of these parts may result in considerable reduction of perfor-
mance and reliability of the water power plant. The higher number of re-
pair periods due to the wear also decreases the total energy production.
Consequently, abrasion should be considered and taken into account al-
ready at the design stage of the covers.
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Wear due to abrasion primarily depends on the material of the exposed
surface and the properties of the particles in the flow, such as geometrical
shape, size and hardness. And the actual abrasive process on a surface is
determined by the relative velocity and impact angle of the particle as it
hits the surface [9]. The particle motion is further governed by the local
flow pattern. As flow patterns significantly change within a turbine,
knowledge of the local flow pattern is vital in order to predict the potential
hydro abrasive wear. In particular, the abrasive wear is highly sensitive to
vortex flow.

In the guide vane cascade one will find the highest acceleration and the
highest absolute velocity in a Francis turbine. Correspondingly, the guide
vane cascade is highly exposed to serious wear from sand erosion. In par-
ticular, the erosion of the facing plates underneath the edges of the guide
vanes is enhanced by the vortex lines caused by the leakage flow. The wear
from sand erosion further increases the clearance gap, which again
enhances the vortex flow in the guide vanes and subsequently the erosion
is further accelerated.

The clearance gap due to the water pressure alone, is minimal compared
to the increased clearance gap when the guide vanes are subjected to sand
erosion. The interaction between the erosion and the swirl flow is in fact
bringing the extent of the clearance gap to a new level, where erosion of
several millimetres has been observed [8]. Erosion due to the leakage flow
has been detected on the suction side due to heavy vortex flow, but in addi-
tion wear at the inlet of the pressure side and at the outlet of the suction
side has been observed due to local separation and turbulence [9].
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Figure 1-11: Efficiency of sand eroded and repaired turbine. Figure from

[2].



1.4 Concluding remarks 17

o Before repair
® After repair

PPN
® O
® O

Relative Efficiency [-]

30 40 50 60 70 80
Output [MW]

Figure 1-12: Efficiency of a sand eroded and repaired turbine. Figure
from [8].

In figure 1-11 and figure 1-12 results from measurements of the efficiency
of sand eroded and repaired turbines are presented to substantiate the im-
portance of keeping the erosion on a minimum level. In figure 1-12 an im-
provement of 6-7% is achieved at part load as the turbine has been

repaired. All in all, these results show that there are a lot to gain by avoid-
ing erosion or at least do the proper repairs as heavy erosion are detected.

1.4 Concluding remarks

The loss in the guide vanes due to the leakage flow has been proven to con-
sist of a rather substantial part of the total loss in a high head Francis tur-
bine. Also, a great increase of the efficiency has been proven as the
clearance gap between the covers and the guide vane facing plates has
been reduced. Also measurements of sand eroded and repaired turbines
have shown a great potential of increasing efficiency as the erosion is di-
minished. To minimize the degree of erosion smoothest possible accelera-
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tion, reduction of the clearance gap between the guide vanes and the facing
plates is recommended in general. But when the erosion is a fact, installa-
tion of guide vane seals in order to prevent the leakage flow will also re-
duce the erosion until the turbulence and secondary flow erosion have
created a waviness surface between the seals and the facing plates. In fig-
ure 1-13 a plot of the efficiency with and without sealing strips is present-
ed, and proves a substantial increase of the efficiency as sealing strips are
employed.

o Without sealing strips,
clearance 0,15 mm

® o o With sealing strips
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Figure 1-13: Efficiency measurements of a Francis turbine with and
without sealing strip between the guide vanes and head cover. Figure
from [2].

In addition, a careful choice of the stay vane outlet angles bringing the
guide vane in a neutral position at the normal operation point is an impor-
tant feature in order to achieve a uniform velocity profile at the inlet of the
guide vanes.

Nevertheless, the best preventive step is to use materials with a certain
hardness and particular the ceramic materials, or coatings on the material
to avoid erosion of the surface. A lot of research has been directed towards
the hardness of ceramic coatings and stainless steel [10]. And as an exam-
ple the use of a ceramic coating of the guide vanes has been developed for
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high head Francis turbines. It should however be emphasized that for a
new turbine, because of the small clearance, one must be careful when
coating the facing plates in order to obtain the necessary tolerances and
surface finish.

In addition to choose the most suitable material, the choice of dimensions
of the head and bottom cover is crucial to keep the gap below a certain crit-
ical value to avoid the large vortex flow, which induces erosion and further
gap increase. By considering the severity of the leakage flow already at the
design stage one can prevent or at least reduce unexpected costs from
repairs and loss in production due to the secondary flow across the guide
vane facing plate.

It should also be mentioned that there have been performed some experi-
ments with tracks on the facing plates in order to break down the energy
which leads the leakage from the pressure side towards the suction side

[2].

The results presented in this chapter are the basis and the motivation for
a further investigation of the head covers deflection due to the water pres-
sure.
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2Numerical modelling of the
head covers deflection

This chapter introduces a method to calculate the head covers deflection,
when pressurized, by the use of the commercial software program Algor.
Algor calculates current parameters like stress and displacement by the
use of the Finite Element Method (FEM). The finite element method is a
numerical procedure for analyzing structures and also continua. The dif-
ferential equations, which describe the physical problem, are assumed to
hold over a certain region. This region is divided into smaller parts, so-
called finite elements. And instead of seeking approximations that hold di-
rectly over the entire region, the approximation is carried out over each el-
ement. And as the behaviour of all elements is established, these elements
are patched together to form the entire region. Thus an approximate solu-
tion for the behaviour of the entire body is obtained [11].

A numerical computation of 20 different head covers has been completed,
and the results are presented in this chapter. Furthermore, the head
covers in questions are made by the same manufactures in order to rule out
any differences due various design procedure. And even though the bottom
cover is disregarded in this computation, the static pressure from the
water obviously causes a similar deflection of the bottom cover. And the
total clearance gap between the guide vane and covers increases accord-
ingly. One should also bear in mind the fact that the additional translation
due to the stay rings deformation is not included in this work. In any given
design problem it is valuable to easily make changes of the geometry and effi-
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ciently establish the significant results due to this change. And compared to a 3-D
computation, the preliminary work involving a 2-D computation is much simplified,
along with the heavily reduced computing time. Consequently, the main objective of
this work is to develop a numerical 2-D approach which calculates the head covers
deflection within a certain order of accuracy. Thus a 3-D modelling of the head covers
deflections are also performed with the sole purpose of validating the accuracy of the
2-D approach.

2.1 The forces acting on the head cover

To simulate the head covers deflection one has to calculate the static pres-
sure acting on the head cover. The static pressure decreases towards
decreasing radius. However, the dependency on the radius is somewhat
different in the guide vane cascade than across the pump plate. Accord-
ingly, the guide vane cascade and the runner cascade have to be considered
separately when the static pressure distribution is derived. In addition,
the pressure drop across the labyrinth seals deviates from both the pres-
sure development in the guide vane and across the pump plate. Thus addi-
tional calculation has to be derived concerning the pressure distribution
across the labyrinth seals.

2.1.1 Static pressure distribution in the guide vane region

The region were the guide vanes are located is indicated by a thick solid
line in figure 2—1.

Figure 2—-1: Sketch of the lower plate of a head cover, illustrating the
region where the guide vanes are confined.
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The purpose of the guide vane is to regulate the flow direction and the
amount which flows towards the runner channel. According to the continu-
ity equation the water in the guide vanes is accelerated as it moves to-
wards a smaller radius. Consequently, a larger part of the net head is
converted to velocity energy and the static pressure is reduced accordingly.
Furthermore, no work is generated in the guide vane, which means that
the entire static pressure is maintained and acts on the head cover. Con-
sequently, the static pressure is simply obtained by subtracting the dy-
namic pressure from the stagnation pressure:

2

_ C

The net or available head is only defined as the height difference between
the head water level and tail water level minus the head loss in the pipe
lines and the outlet loss in the draft tube. Accordingly, the submerging of
the turbine, as shown in figure 2-2, is disregarded. Thus the stagnation
pressure is defined as the summation of the net head and the submerging
of the turbine.

H.W

Figure 2—2: A submerged turbine, illustrating the definition of the avail-
able head, H, and the suction head, H,. Figure from [1].

Furthermore, the value of the absolute velocity, c is calculated by means of
the meridian velocity, cp,.
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c
c = —m (22)
SIna

Whereas the meridian velocity is a function of the flow and is calculated
according to equation 2.3:

- __ 0
Al e— (2.3)

It should however be noted that the inlet angle, a, attains a constant value
throughout the entire guide vane cascade, due to the constant swirl flow in

the guide vane cascade.

C

u

Figure 2—3: Velocity diagram of the flow in the guide vane channel.

The swirl flow may be expressed in terms of the meridian velocity, as can
be read from figure 2—-3. And the following expression is derived:

cm
c, r = r=0C (2.4)
tano

And by replacing the meridian velocity in equation 2.4 by the expression
given in equation 2.3 the following relation is obtained:

1. The swirl flow, ¢, 1, attains a constant value because no forces are transferred in
the guide vanes.



2.1 The forces acting on the head cover 25

Q = - Consi (2.5)

2-m-r-B-tana 2-m-B-tana
And since the value of Q/27tB in equation 2.5 amounts to a constant for a
given geometry, a also must equal a constant value to fulfil the require-
ment of a constant swirl flow throughout the guide vane cascade.

Anyway, all the quantities on the right hand side of equation 2.3 are
known factors, and the static pressure distribution may be established
according to equation 2.1.

2.1.2 Static pressure across the pump plate

The region, in which part of the pump plate is confined, is illustrated by
the thick solid line in figure 2—4.

AN
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Figure 2—4: Sketch of the lower plate of a head cover, illustrating the
region where the pump plate is confined.

As mentioned, the calculation of the static pressure distribution across the
pump plate is somewhat different than in the guide vane region. As op-
posed to the guide vane channel, the pressure and velocity energy is con-
verted to mechanical energy as the water flows towards the outlet of the
runner. The mechanical energy is further transferred to the runner shaft,
and work is generated accordingly. Consequently, a substantial part of the
static pressure is utilized by the runner and does effect the head cover. And
in order to establish the pressure distribution in this region an infinite flu-
id element is considered, as shown in figure 2—2.
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Figure 2-5: Pressure distribution across the pump plate.

According to Newtons second law the equilibrium of forces acting on the
element are established as followed:

cu2
dp = pdrT (2.6)

In equation 2.6 the term pdr denotes the mass of the infinite fluid element
and the second term, cu2/r, denotes the centripetal acceleration. And by
dividing equation 2.6 by pg, the pressure distribution is obtained in terms
of meter water column:

2
Qﬁdr = Ez—a’r (2.7)
or gr

Numerous measurements have shown that the tangential component of
the absolute velocity between the cover and the pump plate, lies between
0.5u-0.55u, where u is the circumferential velocity of the runner [6]. Also,
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since the velocity of the runner can be expressed in terms of the angular
velocity, u = r - ®, the following relation is derived:

oh _ Ko'r

or g

(2.9

where K lies between 0.5-0.55. The static pressure distribution is then
extracted from equation 2.8 by integrating from inlet runner to the current
radius:

hy r
2 2 2 2
Ko _Ko 22
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The value of the static pressure, hq, at the inlet of the runner is retrieved
from the earlier calculation of the pressure distribution in the guide vane
region. Accordingly, the pressure distribution from the inlet of the runner
to the labyrinth seals can be found by solving equation 2.9 with respect to
the unknown pressure, h. The pressure drop across the labyrinth seals on
the other hand, develops in a more linear manner, and an additional pres-
sure calculation has to be performed.

2.1.83 Static pressure distribution across the labyrinth seal

As opposed to the guide vanes and the pump plate the labyrinth seal is con-
fined to a rather small area, as shown by the thick solid line in figure 2—6.
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Figure 2—6: Sketch of the lower plate of a head cover, illustrating the
region where the labyrinth seal is confined.

As mentioned, the pressure across the labyrinth seal drops in a more linear
manner, and is a function of the radius until it attains the value of the cool-
ing water pressure at the end of the seal:

hi—h,
B = hi_( ).(,,l,_rl.ﬂ) (2.10)

l J—
ri=r.

And in accordance with equation 2.10 the pressure distribution across the
labyrinth seals is then established.

2.2  The 3-D numerical approach

A presentation of the approach concerning the 3-D modelling is presented
below, where the grid resolution and the boundary conditions are thor-
oughly accounted for.

2.2.1 Modelling in Algor

Two of the considered head covers are solid, while the rest of the head cov-
ers are made with ribs equal to the number of guide vanes. And since the
non-solid head covers are made of 24 ribs, 1/24 of the entire head cover is
modelled to give an axe symmetrical geometry. Correspondingly, a seg-

ment representing 360°/ 24 = 15° of the geometry is modelled.
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The demand of a fine mesh to get reliable results is diminished due to the
fact that no large stress gradients are expected, apart from the region just
around the connection to the stay ring. Nevertheless, two different mesh
resolutions have been generated to substantiate this assumption. An
example of the two different grid resolutions are shown in figure 2-7,
where the finest mesh constitutes of twice as many grid cells as the coarse
mesh. The results from the different mesh resolutions are compared, and
resulted in a difference between 0-5 percent. However, when a mesh is
refined with twice as many grid cells, then if the differences in results lie
between 0-10 percent, a need for a refined mesh is superfluous [12].
Accordingly, the coarse mesh is chosen in order to reduce the computing
time, but still maintaining the accuracy of the results.

Figure 2-7: Two different mesh resolutions of 1/3 of a 2-D geometry,
where the red part illustrates the region where the rib is located.

The head cover is connected only to the stay ring, at the outer part of the
head cover, as shown in figure 2—8. The head cover is coloured in red and
the stay ring is coloured in blue. And since the bearing has to absorb the
entire water pressure, large tensions are expected in this area. The actual
bearing is accounted for by employing a boundary condition at the outer
part of the head cover, which only allows for translation in the radial direc-
tion. The importance of making the right boundary is underlined in Selvi
Eide et.al [13].
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Figure 2-8: Mounting of the head cover to the stay ring. Figure from [1].

Since the 15 degree segment of the head cover represents an axe symmet-
rical part of the geometry, the cross section which separate two adjacent
segments must be linked to each other by periodic conditions. But in Algor
it is not possible to just define a periodic surface. Thus in order to simulate
and obtain the periodic condition a boundary, only allowing for translation
in the z-direction, is applied at the cross section.

Subsequently, the pressure distribution and the material properties are
implemented, and Algor calculates deformations and stresses due to the
static pressure acting on the head cover.

2.2.2 The results from the 3-D analysis

The region where the guide vanes are located is confined to approximately
1/3 of the head cover, as illustrated in figure 2—8. Thus only the displace-
ment of this part of the head cover is of interest, when considering the leak-
age flow in the guide vanes. And in this particular case the translation at
both the inner and outer radius of the shaft bolt is retrieved to obtain the
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actual deflection of the head covers. The location of these points is illus-
trated in figure 2-9.

ri ru

Figure 2-9: A sketch of the lower plate of a head cover illustrating the
inner and outer radius of the guide vane shaft.

And from now on, the points representing the inner and outer radius of the
guide vane shaft are only referred to as the inner and outer radius. The re-
sults from the 3-D numerical computation are presented in figure 2—-10,
where the absolute displacement at the inner and outer point is plotted
versus the individual heights of the head covers.
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Figure 2—-10: The vertical displacement of the head covers at the outer
and inner radius plotted versus the individual height of the head covers.
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The plot in figure 2—10 states that the absolute translation tends towards
a linear behaviour with respect to the height of the head covers. According-
ly, the relative translation, defined as the ratio between the absolute
translation and the height of the head covers, approaches a constant value.
The solid line in figure 2—10 is a linear trend line, which is added to better
illustrate the linear behaviour of the current plot.

The head covers, which are regarded in this thesis are connected to the
stay ring at the upper part of the head cover, as illustrated in figure 2-8.
And this geometry can cause quite large deformations, as illustrated in
figure 2—-10.

The deformation can be reduced if the head cover is prestressed against a
facing flange on the stay ring at the bottom of the head cover, as illustrated
in the enlarged part of figure 2—8. In this case the deformation at the out-
ermost radius of the head cover is reduced to zero. However, during pres-
surizing and depressurizing of the turbine the prestressed surfaces will
slide against each other, and thus the surfaces will gradually be worn
down. This problem can be solved by a conical connection between the head
cover and the stay ring.

In this work, prestressing of the covers has not been considered when the
head covers deformations have been modelled. However, since the defor-
mation at the outer region of the head cover should be zero with the right
prestressing, the deformation obtained at the outer radius of the guide
vane shaft has been subtracted from the deformation obtained at the inner
radius. Thus the vertical deformation as the head covers are assumed pre-
stressed is obtained.

Since the outer radius of the guide vane shaft is quite close to the region
where the head covers have been prestressed, it is acceptable to employ the
deformation at the outer radius of the guide vane shaft. The result is pre-
sented in figure 2-11 and shows a considerable decrease of the vertical de-
formation compared to the result in figure 2-11, which are based on no pre
stressing and tightening of the covers. Thus there is a lot to gain by doing
the proper prestressing. But in many cases this prestressing is avoided due
to the high costs, which are involved in this procedure.
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Figure 2-11: The vertical displacement of the head covers at the inner
radius plotted against the individual heights of the head covers, when
prestressing is assumed.

Furthermore, to substantiate the assumption of low pressure gradients, a
tension contour of six pressurized head covers are shown in figure 2—12.
The colour range in figure 2—12 is simply added to clarify which colours
represent low tension and which represent high tensions. However, the ab-
solute values attached to the colour range differ in each individual case. Al-
80, the corresponding net head and volume flow is given for each individual
head cover.

Only the tension at the bottom surface of the head cover is illustrated in
figure 2—12. And as can be seen, the largest pressure gradients appear at
the bearing, where the entire static pressure is absorbed. The low tension
region in the middle of the surface, represented by the pink colour, indi-
cates the increased strengthening of the geometry due to the ribs. And
with the exception at the bearing, the tension gradient is quite low
throughout the entire head cover.
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H=266m,
Q=8,3ms

H=430m, H =240 m, H=445m,
Q=82,6m’/s Q=4,1ms Q=243m’/s

Figure 2-12: Tension plot of the bottom surface of a random selection of
head covers.

Also, in figure 2—13 a contour plot of the magnitude displacement of the
three upper head covers in figure 2—-12 is shown.
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Figure 2-13: Magnitude displacement of the three first head covers in
figure 2—12.
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This plot indicates a linear behaviour of the displacement with respect to
the radius, where the displacement increases with decreasing radius.

In order to get a visual feel of the deflection, the natural course of the dis-
placement including the indisplaced state of the head cover is illustrated

in figure 2—14. The green contours indicate the head cover prior to the
pressurization. In this figure the actual displacement is scaled with a fac-
tor of 5 in order to improve the illustration. And as can be seen from this
figure the entire head cover deflects a certain angle, ¢, which will be fur-

ther investigated in chapter 3.

A displaced and indisplaced head cover.

Figure 2-14

The 2-D numerical approach

2.3
As mentioned in the last section most of the regarded head covers are not

solid, but actually made with ribs equal to the amount of guide vanes. And

in order to develop a complete 3-D model, which represented an axe sym-
metrical part of the head cover, a 15 degree segment had to be established.
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Thus it seems impossible to develop a 2-D geometry, which represents an
axe symmetrical part of the actual head cover. However, the challenge lies
in obtaining an overall stiffness of the 2-D model corresponding to the ac-
tual stiffness of the 3-D geometry. And this can partially be achieved by
manipulating the stiffness of the region where the ribs are located.

2.3.1 The stiftness of the 2-D model

As shown in figure 2—14, the ribs, with a certain thickness, are located in
between two solid plates. And in order to establish a 2-D geometry with a
stiffness corresponding to the actual stiffness of the 3-D geometry, a soft
area is introduced in the 2-D model in the region where the ribs are locat-
ed. This soft area is modelled with a somewhat lower E-module than the
rest of the geometry, which is modelled with the E-module of the actual
material. The calculation of the E-module of the soft region is based on how
large part of the circumference the ribs occupy at certain radius, corre-
sponding to the centre of mass:

X-t

— F 2.11
Z-n-ra 3-D ( )

Ey _p sop =

In addition, the hole where the guide vane shaft is running through is not
included in the 2-D model, accordingly the 2-D model has a higher stiffness
than the 3-D model in this region. Consequently, large simplifications are
made when the 2-D model is developed. And the consequence from these
substantial simplifications is important to emphasize in order to give a
proper estimate of the actual displacement, based on the 2-D computa-
tions.

2.3.2  Results from the 2-D computation

In figure 2—-15 the results from the 2-D computation are presented, and
similar to the 3-D results, the magnitude displacement at the inner and
outer radius are retrieved and plotted against the individual heights of the
head covers. And in accordance with the 3-D results, the displacement in-
creases linearly with increasing height of the head covers.
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Figure 2—-15: The vertical displacement of the head covers at the outer
and inner radius plotted versus the individual height of the head covers.

Also, in figure 2—16 a tension contour of two head covers from the 2-D mod-
elling is shown.

H=266m, Q=8,3m%s H=320m, Q=11,3m%s

Figure 2—-16: Tension distribution from a 2-D computation.

And in accordance with the 3-D results, the characteristic low tension gra-
dient is present, with the exception at the bearing where the tension gra-
dient is rather large due to the absorbance of the water pressure.
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In addition, a contour plot of the magnitude displacement of the same head covers as
shown in figure 2—-16 is given in figure 2—17.
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Figure 2-17: Magnitude displacement of the same head covers as
referred to in figure 2—-16.

Also this plot is in accordance with the results from the 3-D modelling.
Hence the displacement increases linearly with decreasing radius.

However, in order to establish the accuracy of the 2-D results, a further in-
vestigation and comparison of the results from the different modelling ap-
proach are made in the following section.

2.4 Discussion of the numerical results

The main objective is to find a relation between the 3-D results and the 2-
D results, in order to develop a reliable 2-D numerical approach with an
appropriate error estimate.
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2.4.1 2-D versus 3-D

Accordingly, the ratio between the translation results from the 2-D simu-
lation and the 3-D simulation is calculated and presented in figure 2—18.
It seems like the ratio roughly lies between 0.8-1.25. In the authors opinion
this is a quiet high order of accuracy, especially when regarding the exten-
sive assumptions which is made when the 2-D model is established. How-
ever, based on a further examination of the geometry, an attempt to
improve the accuracy of the 2-D analysis is made.
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Figure 2—-18: Displacement ratio between the 3-D and 2-D results.

2.4.2 Dependence on the design

To achieve a proper and accurate estimate of the displacement, based on
the 2-D results, it is vital to understand the consequence of any simplifica-
tion made when the 2-D model is developed. In this thesis some of the
results presented show a quite large ratio between the 3-D and the 2-D
computation. And this is not a surprising result regarding the extensive
simplification which are made when the 2-D model is developed. However,
many of the 2-D computations were in quite good accordance with the 3-D
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results. And this scattering in results makes it difficult to estimate the
head covers deflection with a high order of accuracy, based solely on the 2-
D computation.

As pointed out earlier, the simplification of the ribs and the negligence of
the bolt hole when the 2-D model is made, causes an obvious deviation
between the 3-D and the 2-D results. And some extent of scattering in the
ratio, depending on the design of the ribs and the dimensions of the hole,
are also expected. But are there different fundamental design characteris-
tics, which are the main source of the largest scattering?

Initially, the head covers were divided into solid and non-solid head covers,
with the main purpose of dividing the head covers into different groups
based on the resemblance between the 2-D and 3-D model. The ratio
between the 3-D and the 2-D results of the solid head covers are expected
to be low due to the high degree of similarity between the 2-D and 3-D
model. The analysis of the solid head covers reported a higher displace-
ment of the 3-D model than the 2-D model, corresponding to a ratio
between 1.022-1.035. This can be explained by the fact that the bolt hole
was neglected in the 2-D model, corresponding to an increased stiffness of
the 2-D model compared to the 3-D model.

But in addition, an attempt to further divide the non-solid head covers into
additional groups, based on its design, was performed with the intention
of gathering head covers with similar ratio in one group. And a further
analysis of the head covers geometry has shown that there are two special
design which stand out, and which might be the reason for this great scat-
ter in the ratio. Almost one half of the head covers are made with a cylinder
surrounding the guide vane shaft, while the second half is made without
this strengthening cylinder, as illustrated in figure 2—19.
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Cylinder

Rib

Rib

Figure 2-19: Head cover with cylinder on the left and without cylinder on
the right.

The cylinders are connected to the ribs and are therefore regarded as an
extension of the actual rib, corresponding to the diameter of the cylinder.
The horizontal dotted lines in figure 2—20 illustrates the extension of the
ribs, and from this figure one can see that approximately 1/2 of the cylinder
is thereby considered when the stiffness of the soft area is calculated.

R

C

I £

Figure 2—20: Cylinder connected to the rib.
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Thus the cylinders are only partially accounted for when the 2-D model is
made. In other words, the 2-D model is softer than the actual 3-D model
due to the partially negligence of the surrounding cylinder. On the other
hand, the 2-D model is also strengthen due to the negligence of the hole for
the guide vane shaft. The interaction between these approximations is
hard to predict. But by dividing the non-solid head covers into these two
additional groups has made the internal scattering of the ratio between
the 3-D and the 2-D results less, as shown in figure 2—21 and figure 2-22.
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Figure 2—21: Displacement ratio of the head covers in group 1.

In figure 2—-21 the ratio between the absolute displacement of the 3-D and
2-D computation is plotted. This plot is restricted to the head covers made
with cylinders. And as can be seen from figure 2—21, the ratio in this group
now only differs between approximately 0.95-1.15. As pointed out earlier,
in this group it is hard to predict whether the 3-D or 2-D computations give
the highest translations. This is because the partially neglected cylinder
decreases the stiffness of the 2-D model, while the negligence of the bolt
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hole increases the stiffness of the 2-D model compared to the 3-D model.
Consequently, the final stiffness of the 2-D model depends on the extent of
the individual simplification.

However, in the second group with no cylinder surrounding the guide vane
shaft, only the bolt hole is not considered when the 2-D model is estab-
lished. Thus the displacement results from the 3-D modelling are expected
to exceed the displacement results obtained from the 2-D modelling. The
ratio between the 3-D and the 2-D result is plotted in figure 2—-22, and are
in good accordance with the above assumption, as the ratio is confined only
to 1.1-1.25.

1.4 —

Sample [-]

Figure 2—22: Displacement ratio of the head covers in group 2.

In addition to these two main classifications of the non-solid head covers,
there are two other head covers which have a somewhat different design,
which can not be represented by either of these two groups. These two head
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covers also have a cylinder surrounding the guide vane shaft, but the plac-
ing of the guide vane shaft, and thus the cylinder, is different.

In this case the cylinders are placed between the ribs, as illustrated in
figure 2—-23.

Rib

Cylinder

Figure 2—23: Head cover with cylinder placed between the ribs.

And since the cylinder is not a part of the rib, the cylinder is not considered
when the E-module of the soft area is calculated. Correspondingly, the 2-
D model representing this head cover design attains a lower overall stiff-
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ness than the original 3-D model, when disregarding the absence of the
shaft hole. However, the results from the numerical computation reported
a higher translation of the 2-D model compared to the 3-D model, in both
cases. These results underline that the decreased stiffness of the 2-D
model due to the negligence of the cylinder is not balanced by the increased
stiffness due to the absence of the shaft hole. This is not a surprising result
when regarding the size of the cylinder compared to the extent of the
neglected hole.

Based on these results one really can understand the importance and the
advantage of distinguish between different kinds of design, when a simpli-
fied 2-D model is developed. Accordingly, a proper and more reliable esti-
mate of the actual deflection, based on the 2-D result, is obtained. Anyway,
a further investigation of the head covers deflection with respect to the
design of the head covers is performed in the following chapter.
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The guide vanes and the runner blades lie in between the head and bottom
cover, and the main purpose of the covers are to keep the turbine together.
Consequently, the covers must be quiet stiff to minimize the deformation
due to the water pressure. The design of the covers is often based on an an-
alytical calculation of the covers deflection. And this chapter presents the
basis for such a simplified analytical method, which calculates the deflec-
tion of the covers due to the water pressure. Furthermore, a discussion of
the design based on the FEM results is performed to emphasize any poten-
tial efficiency increase due to improved design of the covers.

3.1 Stress in head and bottom cover

The head and bottom covers are exposed to a substantial static pressure
from the flow, causing a deflection of the covers. The total force acting on
the head and bottom cover is absorbed by the bolts, which anchor the cov-
ers to the stay ring.

In figure 3—1 a principal sketch of a head cover is drawn to illustrate the
deformation of the head cover due to the deflection. An element at distance
p from the centre of mass is deflected, causing a radial displacement, Ar,
of the element. In figure 3—2, a more detailed sketch of the actual displace-
ment is shown to better obtain the relation between the external moment
from the water pressure and the resulting angle of deflection.
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Figure 3-1: Pressurized head cover illustrating the deformation of an
infinite element. Figure from [3].

Figure 3—2: Deformation of an element due to the deflection of the head
cover. Figure from [3].



3.1 Stress in head and bottom cover 49

As the cover is deflected, an element of the cover is displaced some angle,
¢, which contributes to a radial movement Ar. And according to figure 3—2
the following relationship can be made:

Ar = @psino. = @y (3.1

Furthermore, the radial strain is derived by the following relation:

g,= A7r= L4 (3.2)
r

The radial strain generates a tangential strain. And in figure 3-2 a seg-
ment dO of the entire head cover is considered. Hence the length of the cir-
cular arc, which defines the circumference of the segment is given by 1 =
rd0. Hence the tangential strain obtained from the chain rule reads [14]:

Al_ Ar-do+r- A(dO)

€= (3.3)

e - do

Since the cover only experience radial deformation, the value of the tan-
gential deformation, A (d0), equals zero. Thus based on equation 3.3 the
radial strain equals the tangential strain, g; = €,. The tangential stress is
then calculated by means of Hook's law [15]:

= Eg, = £ (3.4)

c
! r

t

Consider an infinite element with length dr and height dy, then the tan-
gential force yields:

dF, = o,-dr-dy (3.5)
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FdFL

Figure 3-3: The relation between the radial and the tangential force,
when the head cover is regarded as a ring.

The correlation between the radial and the tangential force can be derived
by considering figure 3—3, where d® << 1. Thus tan 6 = 6 [14]. Hence the ra-
dial force on an infinite element with tangential extension then yields:

dF, = dF,-d® = o,-dr-dy-do (3.6)

The radial force establishes a moment about the center of mass and is giv-
en by:

r

2
= o,ydrdyd6 = —E—%y—drdyde (3.7

The value of the total moment acting on a certain extension, 0 = [0, 27/Z]
of the cover is found by integrating equation 3.7:
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2n
Z ”yyzE y2

M, = Ijj-i—r dydrd6 (3.8
0 riy

Since the cover is not continues in the y-direction the integral with respect
to y is replaced with a summation sign, and the final expression is then giv-
en by:

n ry
w3 3
_ 2nEQ OV i2-=yi)
M, = 37 j p dr

(3.9

i=1r;

And by use of some mathematical relations the angle of deflection can be
found from the following expression [16]:

3M,Z
Q= (3.10)

e s ()

1
i=1

The accuracy of this equation is well accepted when the following condition
is fulfilled [14]:

v
L<1,5 (3.11)

r

This analytical calculation is based on ring deformations and thus neglects
the shear and bend deformation of the covers, but when the shear and bend
stresses are accounted for the actual deflection is 1.5-2 times higher than
the result obtained from the simplified stress calculation [17]. A final
numerical calculation is usually carried out by means of a finite element
method.
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It should however be mentioned that the disturbance from the leakage
flow in the guide vanes reduces the efficiency even more for high head
Francis turbines compared to low head Francis turbines. This is most
likely due to the fact that the height of the guide vanes in high head tur-
bines is much lower than for a low head turbine. Correspondingly, the
leakage flow disturbs a larger part of the main flow. The long runner
blades in high head Francis turbine also make the runner more sensitive
to local disturbances. In addition, the guide vane opening for a high head
Francis turbine is also smaller than for a low head turbine, making the
pressure difference between pressure side and suction side larger than for
a low head turbine [2].

Accordingly, the design criteria of the covers for high head an low head tur-
bines differs. As a rule when designing the covers the angle of deflection
for high head Francis turbines should be less than 510 radians, but for
low head Francis turbines it is sufficient to keep the deflection below 810
4 radians [3].

In general, one can say that according to the design criteria the deflection
should decrease with increasing unit size. In the following sub-chapters a
discussion of the efficiency and the deflection with respect to unit size is
performed to fully examine the presented design criteria. However, since
the design criteria depends on the size of the turbines, a parameter
describing the size has to be introduced. And in this case the Reynolds
number is employed to express the dimensions of the regarded turbines.

3.2 The Reynolds number

I order to distinguish between the different sized turbines, the Reynolds
number is often employed. The Reynolds number for a Francis turbine is a
function of the outlet diameter of the runner and the velocity at the outlet
of the runner:

V2'D2

Re = (3.12)

\%

According to equation 3.12 the Reynolds number increases by increasing
unit size. The Reynolds number of the 20 Francis turbines referred to in
this thesis is calculated, and plotted against the best efficiency in figure 3—
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4. The plot clearly indicates that the efficiency increases by increasing Rey-
nolds number. Thus the efficiency increases by increasing unit size. This
relation can be explained by comparing the friction loss in a small and
large Francis turbine unit. Since a larger percentage of the flow in a small
runner is in contact with the surface than in a larger runner, the friction
loss in percentage is higher in a smaller unit than in a larger unit.
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Figure 3—4: Efficiency plotted against the Reynolds number.

3.3 The stiffness of the head cover related to the effi-
ciency

In figure 3-5 the efficiency at full load is plotted against the stiffness of the
head covers. However, the turbines referred to in this thesis have speed
numbers in the range of 0.25 - 0.3. And to account for the different speed
numbers, the stiffness of the head cover is defined as the ratio between the
height of the head cover and the nominal head, *H/Hyy,,,- The plot in figure
3-5 shows an increasing stiffness as the efficiency increases. Thus the
stiffness increases with increasing unit size, which is in accordance with
the design criteria. However, since the angle of deflection is often the basis
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when the covers are dimensioned, a further examination of this parameter
is performed.
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Figure 3-5: The efficiency at full load plotted against the stiffness,
*H/HNom, of the head cover.

3.4 Deformation in terms of deflection and translation

As a prolonging of the examination of the angle of deflection, a further
analysis of the actual translation in terms of the vertical displacement is
also included in this chapter.

3.4.1 The angle of deflection

The angle of deflection is calculated from the translation data recovered
from the finite element analysis. And to better understand the geometrical
relation between the translation and the angle of deflection, a sketch relat-
ing the deflection and the vertical translation is drawn in figure 3—6.
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(3.13)

But since the value of (Az;-Az)/(R,-R;) << 1, the angle of deflection can be
written as [14]:

Azi—Azo
Q = —t® (3.14)
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Figure 3-6: Angle of deflection.

The black solid line in figure 3—6 represents the head cover before it has
been pressurized, whereas the gray solid line represents the head cover as
it has experienced a deformation due to the water pressure.
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Figure 3-7: The deflection of the head cover plotted against the efficiency
at full load.

As mentioned in chapter 3.1, the criteria when designing the head and
bottom cover is based on the maximum allowable angle of deflection. And
figure 3-7! shows a tendency of decreasing angle of deflection as the effi-
ciency increases, which supports the idea of obtaining a lower acceptable
angle of deflection as the unit size increases. However, by considering
equation 3.14 and figure 3—6 one can conclude that a head cover may expe-
rience a low angle of deflection, although the vertical translation is large.
Thus the angle of deflection does not describe the actual extent of the clear-
ance gap, as opposed to the vertical translation. And since the design cri-
teria is based on the maximum allowable angle of deflection, a further
examination of the actual translation is performed in the following chap-
ter.

1. In figure 3—7 a linear trend line is added to better visualize the tendency of the
plot.
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3.4.2 The vertical translation

In order to disprove or corroborate the suspicion of a large translation even
if the angle of deflection is well within the acceptable limits, the absolute
translation in both the outer and inner radius is plotted against the effi-
ciency in respectively figure 3-8 and figure 3-9. And although the angle of
deflection decreases with increasing efficiency, the displacement in terms
of the vertical translation, increases with increasing efficiency. Thus the
translation increases with increasing unit size.
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Figure 3—8: Displacement at the outer radius plotted against the effi-
ciency at full load.
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Figure 3—9: Displacement at the inner radius plotted against the effi-
ciency at full load.

The vertical displacement at the inner radius is also plotted against the
relative stiffness of each individual head covers in figure 3—-10. And even
though the relative stiffness of the head covers increases with increasing
unit size, as shown in figure 3-5, this plot also obviously states that the
vertical displacement increases with increasing unit size, as opposed to the
angle of deflection. This result is not surprising, when regarding the re-
sults from chapter 2.2.2, where the translation was found to increase lin-
early with increasing height of the individual head covers.

In figure 3—4 the plot states that the efficiency increases with increasing
unit size. And the fact that the efficiency increases as the vertical deforma-
tion increases might seem as a contradiction. But one must also bear in
mind the decreased friction loss as the turbine unit increases.
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Figure 3-10: The vertical displacement at the inner radius plotted
against the relative stiffness, *H/Hyopn-

Thus far only the displacements at the inner and outer point have been
regarded. And the plots of the displacement at these points have clearly
indicated an increasing displacement with increasing unit size. However,
in figure 3—11 the vertical deformation across the entire head cover of to
two different sized units is plotted against the normalized radius. The
reason for this is to better visualize the actual extent of the entire clear-
ance gap in the guide vane region of different sized turbines.

And to distinguish between the different sized turbines the Reynolds num-
ber is employed, as indicated in figure 3—11. Also, in this case the radius is
reduced with respect to the largest radius of the individual head covers.
The plot in figure 3—11 shows that the vertical translation follows a strictly
linear behaviour with respect to the radius, as was indicated in figure 2—
13. The angle of deflection of the large and small head cover is respectively



60 Design of covers

7.1'10'% and 8.2'10%. And most importantly, this plot illustrates that the
clearance gap of the larger unit is quite substantial compared to the small-
er unit, despite the fact that the smaller head cover exhibits a larger angle
of deflection.
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Figure 3—11: The vertical translation of a large and a small head cover.

3.5 Remarks

The results from the finite element computation report a decreasing angle
of deflection with increasing unit size, in accordance with the design crite-
ria. However, a further investigation of the deflection angle, ¢, has shown
that it does not describe the actual size of the clearance gap. The deflection
parameter is more or less a relative size, which does not describe the actual
height of the clearance gap. Thus the angle of deflection is not a determi-
nant factor in emphasizing the extent of the leakage flow. And according
to equation 3.14, it was established that a head cover may experience a low
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angle of deflection although the vertical translation is quite substantial.
Thus a further investigation of the absolute translation was conducted to
rule out the possibility of an increasing translation with increasing unit
size. And the further examination was quite conclusive, reporting an
increasing translation with increasing unit size. Consequently, the poten-
tial leakage flow increases with increasing unit size, in conflict with the
original design philosophy.

The design philosophy was based on the fact that the leakage flow in a
large unit disturbs a larger part of the main flow, due to the low height of
the guide vanes. Also, the long blades make the flow more sensitive to the
leakage flow. Finally, it was also mentioned that the smaller guide vane
openings in a high head Francis turbine increase the pressure difference
between the pressure side and suction side. Thus the consequence of a
clearance gap is more severe for a large unit compared to a smaller unit.

By regarding the vertical translation instead of the angle of deflection, an
increase of the turbine efficiency is realistic due to a restriction based on
the actual size of the clearance gap. Also, the vertical translation at the
radius corresponding to z,, has proven to be quite large when prestressing
of the head covers have not been employed. Thus in addition to consider
increased stiffness of the larger units it is also crucial to do the proper pre-
stressing on order to keep the deformation on an acceptable level.

However, a numerical computation of the leakage flow in the guide vanes
1s presented in the next two chapters in order to emphasize how sensitive
the leakage flow is to the extent of the clearance gap. Thus indicating the
degree of importance of reducing the clearance gap to improve the flow con-
dition in the guide vane and runner.
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4Numerical modelling of the
flow in guide vanes

This chapter presents the modelling approach concerning a numerical cal-
culation of the leakage flow in the guide vanes. The commercial software
program Fluent 6.0 is employed to carry out the computation. The analysis
of the flow in the stay vane is not well documented in this chapter, because
the main focus is the flow condition in the guide vanes. But the modelling
of the flow in the stay vanes is based on the same fundamental principal
as the modelling of the flow in the guide vanes. However, some imperative
details concerning the computation of the flow in the stay vane are pre-
sented for the purpose of credibility.

4.1 Computational domain

In order to establish a reasonable velocity profile at the inlet of the guide
vanes, a computation of the flow in the stay vane is included. A numerical
simulation of the flow through the stay vane and guide vane cascade is nor-
mally conducted without including the spiral casing and the runner vane.
This is not an ideal approach since the boundary conditions are not well
defined at the inlet of the stay vane nor at the outlet of the guide vane. Es-
pecially the boundary conditions at the outlet of the guide vane are difficult
to decide due to the influence from the runner vane as it rotates. This in-
teraction between the rotating runner blades and the stationary guide
vanes gives rise to an unsteady flow in the cascade between the outlet of
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the guide vane and the inlet of the runner vane. Furthermore, only one
guide vane channel is modelled due to symmetry. Also, only half of the
guide vane has been considered for the model generation, because all
boundary conditions imposed at the inlet do not exhibit any variation over
the span.

The leakage flow in the guide vanes is the problem of interest. And since
the mesh resolution of the model is limited by the Central Processing Unit
(CPU) of the computer, the guide vane and the stay vane have been com-
puted separately in order to achieve a higher mesh resolution in the guide
vane cascade. However, the physical presence of the stay vane will obvi-
ously influence the flow condition at the inlet of the guide vane. Thus this
interaction is not accounted for as the guide vane and stay vane are com-
puted separately. But since the scope of this work is to emphasize how sen-
sitive the leakage is to the extent of the clearance, this modelling approach
is believed to be sufficient at this level.

4.2 Mesh

In the near-wall region the solution variables change with large gradients,
and therefore a high mesh resolution of this region is imperative in order
to predict the flow conditions. The turbulent flows are highly influenced by
the presence of walls, where the mean velocity field is effected through the
no-slip condition that has to be satisfied at the wall [18]. However, the tur-
bulence is also effected by the presence of viscous damping near the wall,
which reduces the tangential velocity fluctuations. In general, the near-
wall modelling significantly impacts the validity of the numerical solutions
in this region. Therefore, accurate resolution of the mesh in the near-wall
region increases the precision of the predictions of the wall-bounded turbu-
lent flows. And in order to verify the computed flow condition, a wall pa-
rameter is introduced to validate the chosen mesh-resolution at the wall:

yt = pury/,u 4.1

The y variable in equation 4.1 denotes the distance from the wall to the
nearest grid node, thus a large y value corresponds to a low resolution of

the near-wall region, equivalent to a large y* value. Since y© depends on
geometrical factors as well as flow conditions, it is difficult to obtain the
correct value of y+ before any solutions have been produced. Correspond-
ingly, the first grid generation has to rely on estimates only, and after a
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completed computation a proper estimate of y* can be found. If the value

of y* is not satisfactory, another simulation with a different grid resolution
1s performed.

The near-wall region can be subdivided into three layers, corresponding to
the viscous sublayer in the innermost region, the fully turbulent layer at
the outer region and the interim region between the viscous sublayer and
the fully turbulent-layer. In the viscous sublayer the flow is almost lami-
nar, and the viscosity plays a dominant role in momentum, heat and mass
transfer. In the turbulent-layer the turbulence obviously plays a major
role. In the transition zone between these two layers the viscosity and the
turbulence are equally important. In figure 4-1 the different subdivisions
are illustrated by plotting the velocity profile in the different subdivision.

30 2 T T T
| Outer law profiles:
| Strong increasing pressure — A
Flat plate flow — 7
P Pipe flow —— 7 n
Strong decreasing pressure ——
20 - Linear ut =y 4
viscous .' ’
sublayer,
="
01 -
: Logarithmic
overlap
10 -
Experimental data
0 !
1 10 10 10° 10°

ooyut

Figure 4-1: Subdivisions of the near-wall region. Figure from [19].

These velocity profiles are calculated according to the linear law in the
near wall region, the logarithmic law in the outer part and the overlap law
in the overlap region [20].
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In figure 4-1, data based on numerous experiments are also plotted for the
purpose of validating the derived velocity relations. At the innermost
region the velocity profile tends towards a linear behaviour, but as the y*
value increases the profile exhibits a logarithmic behaviour. The plot
implies that the experimental data quite well follows the derived laws in
the different regions. Thus the experimental data verifies the inner-, outer
and overlapping laws, which is a mathematical interpretation of the differ-
ent sublayers [18].

The Fluent code offers two different approaches when solving the near-
wall region, namely the Wall Function Approach and the Near-Wall Model
Approach. The first code is due to Launder and Spalding [21], and has
advantages in terms of comparably low grid resolution and therefore saved
computational resources. In this case the viscous sublayer is not resolved
numerically. Instead, this region is modelled in terms of empirical equa-
tions. This places restrictions to the distance from the wall to the nearest
grid cell. From figure 4—1 one can see that the log-law is valid for y* > 30.
And although Fluent employs the linear law when y* < 11.225, correspond-
ing to the viscous sublayer, using an excessively fine mesh near the walls
should be avoided, because the wall functions cease to be valid in the vis-
cous sublayer. In other words, the first grid cell must lie in the region
where the log-law 1s valid. Due to the active wall function the first grid cell
should be placed in the region 30 <y * < 60, preferable as close to the lower
bound as possible [20].

The second near-wall code, namely the Near-Wall Model Approach,
resolves the viscous sublayer at the innermost wall region. In this case,
experiments have shown that the first grid node should be placed at y" =
1. In addition, 10 grid nodes should be placed within the viscous sublayer
to achieve accurate results. Due to the higher mesh resolution at the inner-
most region, this approach is more computer demanding compared to the
near-wall function. It should however be mentioned that this approach is
preferable in typical low Reynolds number flow, where the wall-effected
zone is quite substantial.

When the mesh is fine enough to resolve the laminar sublayer, the wall
shear stress is obtained from the laminar stress-strain relationship:
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(4.2)

If the mesh is too coarse to properly resolve the laminar sublayer, corre-

sponding to high y™, it is assumed that the centroid of the wall-adjacent
cells falls within the logarithmic region of the boundary. Thus a proper and
valid flow solution is not obtained in the near-wall region [20].

In order to get a visual feeling of the mesh resolution, a mesh of the head
cover is illustrated in figure 4—2. Also, the mesh resolution of the stay vane

1s included in figure 4-3.
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Figure 4-2: Grid resolution of the guide vane cascade.
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Figure 4-3: Grid resolution of the stay vane cascade.

4.3 Boundary conditions

For incompressible calculation it 1s common to apply velocity components
as inlet boundary conditions. And in this particular case the radial and
tangential velocity components are applied to the inlet of the stay vane do-
main. These flow parameters are unknown at the inlet domain of the com-
putational volume, but since the volume flow through the turbine is known
from measurements an average radial velocity can be calculated according
to the following equation:

- 9 43)

r nrB

As can be seen from equation 4.3, the radial velocity at a given radius and
height of turbine is a function of the net flow.

The tangential velocity, on the other hand, is a bit more complicated due
to the complex flow conditions in the spiral casing. Thus a proper estimate
of the tangential velocity component would require a complete analysis of
the flow condition in the spiral casing [21]. But since we are not interested
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in the detailed flow condition at the inlet of the stay vane it is adequate to
calculate an average tangential velocity, expressed in terms of the radial
velocity and the inlet velocity angle:

Cr

¢, = 4.4
! tano (44)

Also, since the stay vane and guide vane is computed separately, an inte-
rior surface at the immediate outlet of the stay vanes is defined as the inlet
of the guide vane. Thus velocity data from the interior surface are re-
trieved and imposed at the corresponding inlet of the guide vane cascade.
Consequently, the radial and tangential velocity is only computed at the
inlet of the stay vane.

Because the solver code can extrapolate the pressure from the interior of
the computational domain, a constant pressure field is applied as the
boundary condition at the outlet of both the stay vane and guide vane
domain.

In figure 4—4 the computational domain of the guide vane is illustrated to
get a visual feel of the various boundary conditions applied to the different
surfaces of the guide vane cascade. As can be seen from the bottom of figure
4—4, the guide vane is made with an extension on the pressure side around
the guide vane shaft. This design is chosen for the purpose of strengthen.

The mid-span section of the blade is assumed to be a plane of symmetry.
And the boundaries which separate two adjacent vanes are linked to each
other by rotational periodic conditions.
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Figure 4—4: Computational domain of the guide vane cascade.

4.4 Flow condition & The solver setup

This chapter presents a short analysis of the flow condition in the entire
guide vane cascade including the narrow gap between the guide vanes fac-
ing plate and the head cover. An analysis of the given flow condition is im-
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perative in order to choose the right solver and to make the proper solver
setup, which reflects the actual flow situation. For all flows, Fluent solves

conservation equations for mass, momentum and energy' [23]. Additional
transport equations are also solved when the flow is turbulent, as will be
explained below. In order to choose the right solver one first of all has to
decide whether the flow is turbulent or laminar. And in most cases it is suf-
ficient to calculate the Reynolds number in order to establish whether the
flow is turbulent or laminar.

4.4.1 The Reynolds number

The dimensionless Reynolds number is a primary parameter correlating
the viscous behaviour of all newtonian fluids.

Re = pVL 4.5)

1)

and since the ratio p/p in equation 4.5 is defined as the kinematical viscos-
ity, v, one can employ the following relation:

Re = 2= (4.6)

where V and L are characteristic velocity and length scales of the flow.

As mentioned above the Reynolds number is often used to decide whether
the flow is turbulent or laminar. However, sometimes we are dealing with
a transition between laminar and turbulent flow or vice versa, and it is dif-
ficult to predict the flow conditions by just employing the Reynolds
number. But the overview below presents an approximate classification of
the different flow condition as a function of the Reynolds number [18]:

0<Re< 1: Highly viscous laminar “creeping” motion

1<Re < 100: Laminar, strong Reynolds-number dependence

1. Since these governing equations are thoroughly presented in a wide range of liter-
ature, they will not be presented in this thesis.
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100 < Re < 10% Laminar, boundary-layer theory useful
103 < Re < 10* Transition to turbulence
10* < Re < 10%: Turbulent, moderate Reynolds-number dependence

10% < Re < « * Turbulent, slight Reynolds-number dependence

In general, turbulent flow occurs at high Reynolds number. Turbulence of-
ten originates as an instability of laminar flow when the Reynolds number
becomes too large. These instabilities are related to the interaction of vis-
cous terms and non-linear inertia terms in the governing Navier-Stokes
equations [24]. The transition from laminar to turbulent flow is well a doc-
umented phenomena, but as mentioned above in some cases the flow might
be subjected to a reverse transition or a so-called relaminarization of the
turbulent flow. And the most important feature to bear in mind when re-
garding a relaminarization, is that even if the Reynolds number is lower
than the critical value, a relaminarization is not obvious. Accordingly, a
calculation of the Reynolds number is not satisfactory in order to establish
whether the flow is turbulent or laminar. Thus a further investigating of
the flow conditions must be performed [25].

The Reynolds number of the flow in the guide vane channel is calculated
according to equation 4.6, where the characteristic length, L, is defined as
the outlet diameter of the guide vane. And the velocity at the outlet is de-
fined as the characteristic velocity. Also, the velocity at the outlet of the

guide vane is known prior to the numerical computation. Based on this the

value of the Reynolds number reads approximately 2 - 108, corresponding
to a turbulent flow in the guide vane channel. However, in this particular
case, the clearance gap and the guide vane channel have to be considered
separately when the Reynolds number is calculated. The reason for this is
that the flow situation in the guide vane channel does not in any way rep-
resent the flow condition in the clearance gap. The outlet diameter of the
guide vane does not represent a characteristic length of the narrow clear-
ance gap, nor does the velocity at the outlet of the guide vane represent the
velocity in the clearance gap. Accordingly, the calculated Reynolds number
for the guide vane channel does not apply for the clearance gap.

The characteristic length of the clearance gap domain is the height of the
narrow gap. Furthermore, the characteristic velocity is defined as the av-
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erage velocity at the outlet of each individual clearance gap. However, as
opposed to the velocity at the outlet of the guide vane, the velocity at the
outlet of the clearance gap is not known prior to the numerical computa-
tion. Thus the 1 mm clearance gap model was computed with both a lami-
nar and a turbulent solver in order to establish knowledge of the velocity

at the immediate outlet of the clearance gapz. And the results from both
the solvers reported velocity corresponding to a turbulent flow. Subse-
quently, each model was computed with a turbulence solver. The charac-
teristic parameters based on the results from the turbulence modelling
and the Reynolds numbers associated with each clearance gap are summa-

rized in table 4-1.

Clearance gap [m] || VIm/s] || L[m] || Re[-]
0,00025 12 0,00025 | 3000

0,001 22 0,001 22000

0,002 30 0,002 60000

0,004 10 0,004 | 160000

Table 4-1. Reynolds number in the different clearance gaps.

Based on the data in table 4-1, one can conclude that also the flow in each
clearance gap clearly corresponds to a turbulent flow. Thus a further inves-
tigation of the flow condition is not necessary. And as can be seen from
table 4-1, the Reynolds number increase rapidly with increasing clearance

gap.

Turbulent flow is characterized by a fluctuating velocity profile. These
fluctuation mix quantities such as momentum, energy and species concen-
tration, resulting in a fluctuation of the listed quantities as well. Since
these fluctuations can be of small scale and high frequency, they are overly
expensive to compute directly in practical engineering calculations. In-
stead, the instantaneous governing equations can be manipulated, for in-
stance time-averaged, resulting in a modified set of governing equations

2. For a given gap the velocity is the determinant factor whether the flow in the
clearance gap is laminar or turbulent. Hence have chosen to base the calculation of
the Reynolds number on the downstream part of the guide vane shaft, since the cross
flow and thus the lowest velocity are confined to this region.
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that are computational less expensive to solve. However, these modified
equations contain additional unknown variables, and additional turbu-
lence models are needed in order to solve these variables in terms of known
quantities.

Since both the flow in the guide vane channel and in the narrow clearance
gap between the head cover and guide vane facing plate is turbulent, one
can employ a turbulence model to compute the flow pattern in the entire
guide vane cascade. The commercial Fluent code offers five different tur-
bulence models:

-Spalart-Allmaras
-k-epsilon
-k-omega
-Reynolds stress

-Large eddy simulation

The final choice of turbulence solver depends on details concerning the
flow conditions, the level of accuracy required, the available computational
resources and the amount of time available for the given problem. The the-
ory and application of the different solvers is well documented, but is only
partially presented in this thesis.

The standard k-¢ model is the simplest complete model of turbulence, in
which a solution of two independent equations is used to calculate the
additional turbulence term of the modified governing equations. And in
this case the additional transport equations calculate respectively the tur-
bulent kinetic energy, k and the turbulence dissipation rate, «.

The Spalart-Allmaras model was originally designed specifically for aero-
space applications involving wall-bounded flows. Also, this model has
shown to give good results for boundary layers subjected to adverse pres-
sure gradients [20]. Thus in this particular case the Spalart-Allmaras
model is chosen to calculate the flow in the guide vanes, since the guide
vanes exhibit a wing profile. The flow in the guide vane is obviously also a
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wall-bounded flow. The Spalart-Allmaras is a relatively simple model, and
as opposed to the k-¢ model, this model only involves solving one additional
equation to calculate the additional turbulence term of the modified gov-

erning equations. However, in order for the given turbulence solver to re-

tain acceptable result some turbulence parameters are required as input.

4.1.2 Determining turbulence parameters

When turbulent flow enters the computational domain, or at a far-field
boundary, the solver code requires boundary values for the turbulent ki-
netic energy, k, and the turbulence dissipation rate, £. There are four
methods available for specifying the turbulence parameters [20]:

- Set k and ¢ explicitly

- Set the turbulence intensity and turbulence length scale
- Set the turbulence intensity and hydraulic diameter

- Set the turbulence intensity and viscosity ratio

In this particular case the turbulence intensity and hydraulic diameter is
specified, from which the turbulent kinetic energy and the turbulent dissi-
pation rate are calculated. The turbulence intensity was set to 3% and the
hydraulic diameter was defined as the height of the individual clearance

gaps.

4.2 Remarks

In any numerical calculation it will be of great importance to compare the
results with analogous measurements of the corresponding model or pro-
totype, in order to validate the numerical approach. And since there have
been no measurements of the leakage flow in the given guide vane, it is dif-
ficult to know if the right solver and solver setup is made. Even so, the
chosen solver and parameters are based upon previous experience and are
believed to give a proper indication of the leakage flow in the clearance
gap. One should also keep in mind that the main objective is to establish
the sensitivity of the leakage flow against the extent of the clearance gap.
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5Results from the numerical
modelling of the leakage flow

This chapter presents the results from a numerical computation of the
leakage flow in the guide vanes with a nominal head of 525 m, flow of 65

m®/s and a power output corresponding to 315 MW. The main objective is
to illustrate how sensitive the leakage flow is to the extent of the clearance
gap between the head cover and guide vanes facing plate. Consequently,
the guide vanes have been modelled with four different clearance gaps cor-
responding to 0.25 mm, 1 mm, 2 mm and 4 mm. However, the results from
the FEM analysis only reported a translation, due to the water pressure
alone, between 0.045-0.55 mm at the inner radius. But due to the severe
interaction between erosion and vortex flow, the modelling of a 2 mm and
a 4 mm clearance gap are justified. In fact, in salt laden water circular
grooves of about 10-12 mm deep and 30-65 mm wide have been detected
[26]. One should also keep in mind the additional clearance due to the re-
quired dry clearance and finish tolerance, which lies between 0,05 - 0,1 mm
depending on the unit size [27].

In addition, a validation of the results is completed with respect to the
mesh generation and the solver code. Also, an analytical interpretation of
the flow in the clearance gap has been carried out and compared to the nu-
merical results.
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5.1 Results

The influence from the leakage flow on the main flow and the natural
course of the cross flow in the clearance gap is thoroughly examined in the
following sub-chapters. Subsequently, the flow condition in the different
sized clearance gaps are compared to underline the gravity of large or in-
creasing clearance gaps.

b5.1.1 The characteristic of the leakage flow

In figure 5—1 a vector plot of the magnitude velocity at the vicinity of the
head cover is shown. Three distinct regions are marked with red circles.
The flow pattern in these regions exhibits special features, which are
found imperative in order to understand the substantial loss in efficiency
due to the secondary flow.

Figure 5-1: Vector plot of the magnitude velocity in the clearance gap of 1
mm.
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In the encircled regions close to the shaft at respectively pressure side and
suction side, a vortex flow is detected. While the encircled region at the
suction side of the trailing edge shows a substantial impact on the main
flow from the cross flow. Also, as can be seen from figure 5-1, the cross flow
does not appear until the flow approaches the guide vane shaft. And from
the mid-chord to the trailing edge of the guide vane the leakage flow in-
creases. To enlighten this relation a static pressure contour of the flow in
the middle of the guide vane is shown in figure 5-2. According to this plot,
the pressure decreases with an uniform gradient along the surfaces. How-
ever, the pressure drop at the suction side is larger compared to the pres-
sure drop at the pressure side. Thus the pressure difference between
pressure side and suction side increases with decreasing radius. Hence at
the leading edge the pressure difference is to low to give an evident cross
flow, and the flow is rather heading in the radial direction. But as the flow
approaches the guide vane shaft the pressure difference has obtained such
a large value that a cross flow is inevitable. This relation is also supported
by the measurements performed by Xin Chen [28], where measurements
indicated no leakage near the leading edge of the guide vane, however an
increasing leakage from mid-chord to the trailing edge was seen readily.

Figure 5-2: Static pressure contour in the middle of the guide vane chan-
nel.
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However, in order to get a proper visual feel of the flow conditions in the
clearance gap, the distinct regions in figure 5—1 are magnified and closely
examined.

The guide vane shaft acts as an obstacle to the flow in the clearance gap
and blocks the flow at the mid-chord of the guide vane. Thus the velocity
close to the shaft is heavily reduced, as indicated in figure 5-3. However,
the leakage flows alongside the circular shaft, giving rise to a swirl flow in
the region where the leakage from the right and left side of the shaft meets,
as illustrated at the right in figure 5-3. In addition, a swirl flow at the up-
per right side of the shaft is also detected as shown at the left in figure 5—
3. In this region the cross flow interacts with the radial flow in the clear-
ance gap, giving rise to a swirl flow.

As mentioned earlier, any swirl flow induces erosion in sand laden water,
and should be avoided. But in this case the swirl flow is inevitably as long
as the leakage flow is maintained.

M

Figure 5-3: Guide vane shaft at the suction side and pressure side.

As the flow leaves the clearance gap on the suction side, it forms about 90
degree angle with the direction of the main flow. But at a certain distance
from the suction side, the cross flow is not able to maintain its features and
the properties of the main flow is attained, as shown in figure 5-4. Any-
way, the disturbance of the main flow at the trailing edge on the suction
side causes a non-uniform velocity profile at the inlet of the runner vane.
And as shown figure 5-4, the disturbance is quite substantial, where a
large part of the main flow in the outlet region is influenced. The worsened
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flow pattern also propagates through the runner channel and further re-
duces the efficiency. Thus compared to the suction side the influence on the
pressure side is not as significant, which is supported by H.Brekke et. al

[29].
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Figure 5—4: Cross flow at the suction side of the trailing edge, 1 mm.

To emphasize the extent of the influence on the main flow, velocity plots at
varies distance from the head cover are shown in figure 5-5 and figure 5-6.
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Figure 5-5: Vector plot of the magnitude velocity in the middle of the 1
mm clearance gap.
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In figure 5-5 a plot of the magnitude velocity vectors in the middle of the
1 mm clearance gap is shown. The main flow at the suction side is clearly
influenced by the cross flow at this distance from the head cover. And even
at a distance 2.5 mm from the head cover, the main flow experience a sig-
nificant influence from the cross flow, as shown in figure 5-6. In addition,
the vortex flow detected at the pressure side in figure 53 is also present.

Figure 5—6: Flow pattern 2.5 mm from the head cover, 1 mm clearance
gap.

The flow in the mid-span of the guide vane, on the other hand, is clearly
not effected by the leakage flow in the guide vanes. Neither swirl flow nor
disturbance of the flow at the outlet of the suction side is detected in figure
5-7, which illustrates the flow in the middle of the guide vane channel.
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Figure 5-7: Flow condition in the middle of the guide vane channel, 1 mm
gap.

5.1.2 Comparison of the flow in the different clearance gaps

As mentioned in the preface of this chapter, a comparison of the cross flow
at the different clearance gaps is performed to enlighten the severity of
large openings between the covers and the guide vane facing plates. Also,
this comparison substantiates the presence of a potential efficiency in-
crease by keeping the height of the gaps as small as possible.

In figure 5-8 a vector plot of the magnitude velocity in the 0.25 mm clear-
ance gap is shown. The cross flow attains the same tendency in this gap as
in the gap of 1 mm. However, since the velocity in the smallest gap is com-
paratively low, the cross flow almost immediately attains the feature of the
main flow as it leaves the clearance gap. Hence the flow on the suction side
of the trailing edge is barely influenced by the cross flow. In figure 5-9 a
similar velocity plot is shown for the 4 mm clearance gap. And as opposed
to the cross flow in the 0.25 mm clearance gap, the cross flow in the 4 mm
clearance gap disturbs a rather substantial part of the main flow at the
suction side. And along with the increased velocity, the vortex flow is
heavily enhanced as the clearance gap is increased to 4 mm.
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Figure 5—8: Vector plot of the magnitude velocity in the 0.25 mm clear-
ance gap.
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Figure 5-9: Vector plot of the magnitude velocity in the 4 mm clearance
gap.

Also, a vector plot of the magnitude velocity at a distance 2.5 mm from the
head cover of the 0.25 mm model is shown in figure 5-10.
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In this region the disturbance on the main flow at the suction side is min-
imal. And just a weak vortex flow at the pressure side is detected.

—
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S

Figure 5-10: Flow condition 2.5 mm from the head cover, 0.25 mm clear-
ance.

And for the purpose of comparison, a similar plot of the 4 mm model is giv-
en in figure 5-11.

Figure 5-11: Flow condition 5 mm from the head cover, 4 mm clearance.

However, in this case the distance from the head cover is increased to 5
mm. And a noticeable influence on the main flow at the trailing edge is still
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detected at this distance. Also, a weak vortex flow at the pressure side is
observed.

The different flow conditions in the 0.25 and 4 mm clearance gap are quite
evident. And in addition to the higher velocities in the 4 mm clearance gap,
the disturbance on the main flow is quite worsened in the case of a 4 mm
clearance gap.

However, to better visualize the different flow conditions in the various
clearance gaps, three particles have been dropped at different radii in the
middle of each clearance gap. And in figure 5-12 and figure 5-13 the par-
ticle paths coloured by velocity magnitude are illustrated

The particle traces in the 0.25 mm clearance gap also show that the main
flow in the guide vane channel is little influenced by the cross flow. The
particles almost perfectly follow the direction of the guide vane as they
leave the clearance gap. But as the height of the clearance gap increases a
significant disturbance of the main flow at the suction side is detected. The
particle trajectories in figure 5-12 and figure 5-13 show that the path
length, in which the velocity makes an almost 90 degree angle with the
direction of the main flow, increases significantly with increasing gap
height. Thus a larger part of the main flow is disturbed by the cross flow.

As the leakage flows towards the suction side, the velocity decreases due
to the increased viscosity. However, a further investigation of the velocity
in the clearance gaps has been performed as the magnitude velocity of the
particle drop at the largest radius is plotted against the elapsed time in
figure 5-14 and figure 5-15.

The particles attain the lowest velocity at the immediate outlet of the
clearance gap, according to the increased viscous effect at the outlet. But
as the particles enter the main flow in the guide vane channel, the velocity
increases in accordance with the flow condition in the guide vane channel.
However, the velocity plot of the particle drop in the 0.25 mm clearance
gap shows a significant drop in velocity approximately 0.015 seconds after
the particle has been dropped. But this can be explained by regarding
figure 5—12 and noticing that at a certain radius the particle approaches a
zone, which is influenced by the cross flow. Thus the particle velocity in
this region decreases according to the cross flow velocity.
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Figure 5-12: Particle traces coloured by velocity magnitude in respec-
tively 0.25 mm and 1 mm clearance gap.

2 mm

Figure 5-13: Particle traces coloured by velocity magnitude in respec-
tively 2 mm and 4 mm clearance gap.

Furthermore, the velocity plots show that the magnitude velocity increas-
es significantly as the height of the clearance gap increases. The velocity
at the outlet of the smallest clearance gap is approximately 12 m/s, where-
as the velocity in the largest gap amounts to approximately 32 m/s. Thus
the pressure distribution on the suction side decreases with increasing
clearance gap. This phenomenon is also supported by Moore et. al [31],



88 Results from the numerical modelling of the leakage flow

where a test rig consisting of five blades and a pair of adjustable end pieces
were used to investigate the leakage flow at different clearance gaps. How-
ever, pressure measurements showed that the pressure distribution on the
suction side of the blade with clearance was lower than the pressure on the
suction side without clearance. Also Storer et. al [32] detected a similar
tendency as experimental measurements in a linear cascade with tip clear-
ance reported a substantial reduction of the static pressure near the tip on
the suction side.
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Figure 5—-14: Velocity distribution in the 0.25 mm clearance gap on the
left and 1 mm on the right.
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Figure 5—-15: Velocity distribution in the 2 mm clearance gap on the left
and 4 mm clearance gap on the right.
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Thus far, the velocity in the clearance gap and in the guide vane channel
has been investigated to substantiate the loss related to the disturbance of
the main flow. The actual value of the loss related to the disturbance of the
main flow is difficult to calculate and has not been estimated in this thesis.
However, the loss related to the actual loss of water is quite simple to cal-
culate. The power which can be utilized by a given flow and net head is cal-
culated according to the following equation:

P = pgQOH (5.1)

Correspondingly, the loss in efficiency due to the loss of water can be ex-
pressed in terms of the nominal flow rate through the guide vane cascade
and the actual loss of water:

_ QLeak

JLeak 0 (5.2)
Nom

This term is also recognized as the relative leakage flow, and is plotted
against the height of the clearance gap in figure 5-16. The leakage tends
towards a linear behaviour with respect to the size of the clearance gap. As
shown in figure 5-16, the amount of lost water is not substantial compared
to the total flow through the turbine. Thus the loss related to the distur-
bance of the main flow must have a greater impact on the efficiency.
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Figure 5-16: Relative leakage flow plotted against the size of the clear-
ance gap.

5.2 Validation

In any numerical computation it is imperative to validate the results in or-
der to establish trustworthy results. And especially flow computations in-
volving large gradients are vital to evaluate. Consequently, the mesh
resolution and the chosen solver is further examined in the following sub-
chapters. In addition, an analytical interpretation of the flow condition in
the clearance gap is included to further investigate the validity of the nu-
merical computation.

5.2.1 Convergence

The first 100 iterations were carried out with the first order upwind dis-

cretization scheme!. However, for flows with large gradients first order up-
wind discretization scheme should be avoided due to excessive smoothing
of the results [30]. Thus the remaining part of the iteration process was
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conducted by means of the second order upwind discretization scheme.
And the convergence of the solutions was monitored by looking at residuals
of mass flow and velocity. In addition, the mass flow balance was also mon-
itored.

522 Mesh

The flow in the clearance gap is highly turbulent according to the calculat-
ed value of the Reynolds number. Accordingly, the computational domain
should be properly resolved to account for the pressure and velocity gradi-
ents. However, the mesh size can not be smaller than the geometric toler-
ance, and ordinary this is not a problem. But since the height of the
clearance gap is quite small the geometric tolerance plays a dominant role
in restriction of the mesh resolution in the clearance gap, especially the
0.25 mm clearance gap [33]. Hence it is difficult to make a proper mesh res-
olution of the near-wall region. However, the Spalart-Allmaras model has
been implemented to use wall functions when the mesh resolution is not
sufficiently fine in the near-wall area. Thus the Spalart-Allmaras is a good
choice for relatively crude simulations on coarse mesh where accurate tur-
bulent flow computations in the near-wall region are not critical.

Anyway, the final choice of mesh resolution in the clearance gap is validat-
ed by comparing the final results with an additional computation of each
model, where a finer mesh resolution has been employed. In this case the
mesh in the clearance gap was doubled compared to the initial mesh reso-
lution. Fortunately, the differences in result were less than 1%, and the
flow pattern was identical. Thus the original mesh resolution was accept-
able. Still, the results presented in this thesis is retrieved from the latest
grid resolution.

5.2.3 Solver

Initially, the Spalart-Allmaras was chosen to compute the flow in the guide
vane. But to validate this choice of solver, the standard k-€ solver was em-
ployed for the model corresponding to the 1 mm clearance gap. Similar to
the previous particle injections, three particles were also dropped in the

model, in which the k-¢ solver was used. The result is presented in figure

1. Fluent may experience some problems with obtaining a converged solution if the
iteration is initiated with a second order discretization scheme.
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5—17, where both the results from the Spalart-Allmaras and the k-€ solver
are shown for the purpose of comparison. The particle trajectories in the
two different models exhibit quite similar tendency. However, to better
point out any differences in result, the magnitude velocity is plotted
against the elapsed time in figure 5-18 and figure 5-19.

Figure 5—-17: Particle traces coloured by velocity magnitude. Spalart-All-
maras on the left and k-&€ model on the right.
In accordance with figure 517, the particle trajectories, calculated by both

the solvers, exhibit quite similar tendency. However, the Spalart-Allmaras
arrives at a somewhat higher absolute value of the magnitude velocity

than the k-€ solver, corresponding to a 10% higher value.
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Figure 5-18: Development of the magnitude velocity of the first particle
drop, close to the guide vane shaft.
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Figure 5-19: Development of the magnitude velocity of the second parti-
cle drop.
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Figure 5-20: Development of the magnitude velocity of the third particle
drop, close to the outlet of the guide vane.

5.3  Analytical interpretation

The flow in the clearance gap is quite complicated due to the smallness of
the gap, when considering the boundary layer and the substantial viscous
effect. The importance of validating the chosen mesh resolution is obvious,
but it will also be valuable to relate the flow condition to simplified analo-
gous flow models, which are based on differentiating the continuity, mo-
mentum and energy equation.

5.3.1 Flow between two fixed plates

In this case the secondary flow between the head cover and the guide vane
facing plate is compared to the well documented Couette flow between two
fixed plates. The Couette flow can be explained by considering the viscous
flow between two parallel plates a distance 2h apart, as illustrated in fig-
ure 5—21. The plates are fixed and assumed to have an almost infinite
length and with, so that the flow is essentially axial and fully developed
[16]. In this case the flow is induced by the pressure gradient in the x-di-
rection, analogous to the pressure gradient from pressure side to suction
side in the guide vane channel.
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Figure 5-21: Incompressible viscous flow between two fixed plates.

Since the flow is considered to be axial, the velocity component in the x-di-
rection differs from zero while the velocity components v and w in respec-
tively y- and z-direction equals zero. Also, this flow model is regarded as a
two-dimensional problem, thus 8/6z = 0. And by relating these assumptions
to the continuity equation we get the following relation:

A-V=ai‘+ai’+alv=0:a—”=0 (5.3)
ox 0y oz ox

Since the derivative of the remaining velocity component with respect to x
equals zero, the velocity can only be a function of y, thus u = u(y). In order
to relate the pressure to the velocity, the Navier-Stokes momentum equa-
tion is employed:

7 -> >2
p%l;/ = pg—Vp+p.V V (5.4)

Since this flow condition is regarded as a two-dimensional problem, the z-
component of the Navier-Stokes momentum equation is omitted. The x-
component of this equation, however, leads to the following expression:
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2 2
p(uﬁ_“ﬂ@—”) _ _6_p+pgx+u(5_u+5_uJ (5.5)
2 2
ox~ 0Oy

And since the gravity is neglected the final expression is given as:

2
du _ op (5.6)

dy ox

[\

The only term left in the y-momentum equation, when gravity is neglected,
is:

op _ 0 (5.7)

According to equation 5.7 the pressure is only a function of x, thus p = p(x).
Based on this, equation 5.6 can be rewritten as:

2
},td—bzl =40 _ onsi<0 (5.8
dy dx

In equation 5.8 dp/dx is said to be constant according to the theory of sep-
aration of variables: If two quantities are equal, where each quantity is a
function of two different variable, respectively x and y, then they must
both equal the same constant. Otherwise they would not be independent of
each other [12]. Also, the constant is said to be negative, because the pres-
sure must decrease in the flow direction in order to drive the flow against
the resisting wall shear stress.

The solution to equation 5.8 is found by double integration and applying
the no-slip condition at each wall to calculate the integration constants,
and the final expression is then given by equation 5.9.
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2 2
_ dp-h| .y
u e 2M(1 hzj (5.9)

The flow forms a Poiseuille parabola of constant negative curvature, where
the maximum velocity occurs at the center line y = 0:

_ dp-h’

Umax 7dx 2u

(5.10)

The wall shear stress is found according to the definition of a newtonian
fluid [16]:

= (ou + 8—") (5.11)

Ywall = Yy, wall ~ (6)/ O

y=+h

And by employing this definition to the derived expression of the velocity
profile between the two fixed plates, the following relation is deduced:

wdpy, _ 2Hmax

wall = *© dx 7 (5.12)

T

In this particular case, the wall shear stress in the clearance gap is calcu-
lated according to equation 5.12, and compared to the shear stress ob-
tained from the numerical result.

Since the corresponding length and with of the clearance gap is far from
infinite, the assumption of a pure axial flow fails. However, if the theory
from the Couette flow modelling is employed at the outlet of the clearance
gap, where the flow has been able to develop, the error due to the false as-
sumption will be reduced to a minimum. This is because the flow at the
outlet is closest to a fully developed flow. Although the result from the Cou-
ette flow calculation is a rough estimate, it will give an indication of the
validity of the numerical results.
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5.3.2 Shear stress in the clearance gap

Consider two paths in the middle of the clearance gap from the pressure
side to the suction side near the trailing edge, as illustrated in figure 5-22.

X

Figure 5—22: Sketch of a head cover illustrating the region where the
shear stress is considered.

According to the second term in equation 5.12, the pressure gradient in the
flow direction is to be calculated to estimate the shear stress in the clear-
ance gap. Subsequently, the static pressure at path one and two in figure

5-22 is plotted against the y-coordinate? in figure 5-23. The static pres-
sure tends towards a linear behavior with respect to the y-coordinate. Thus
the pressure gradient is simply found as the value of Ap/Ay. And then the
estimated value of the shear stress at path 1 and path 2 respectively reads
1250 Pa and 1420 Pa.

However, the third term in equation 5.12 suggests a different approach to
calculate the shear stress, with respect to the velocity. The results from
this calculation are plotted against the y-coordinate at the left in figure 5—
24. Furthermore, the shear stress from the numerical computation is
retrieved along the similar paths at the wall, and plotted at the right in

2. The x-coordinate in equation 5.3 corresponds to the y-coordinate in the numerical
modelling. And the y-coordinate in equation 5.3 corresponds to the z-coordinate in
the numerical modelling. Thus the z-coordinate in equation 5.3 corresponds to the x-
coordinate in the numerical modelling.
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figure 5—24. The numerical value of the shear stress is quite larger than
both the analytical calculation.
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Figure 5-23: Static pressure distribution in the clearance gap.

The first analytical computation estimates a constant value of the shear
stress, because the pressure gradient and the height of the clearance gap
1s a constant. The numerical results, on the other hand, reports a decreas-
ing shear stress as the flow approaches the suction side. The absolute val-
ue of the shear stress obtained from the second term in equation 5.12
agrees more with the numerical result, than the results obtained from the
third term in equation 5.12. This can be explained by remembering that
the derivation of the third term is based on a second assumption, in which
the velocity is assumed to attain the highest value in the middle of the
clearance gap. However, the last computation of the shear stress exhibits
a similar trend as the shear stress obtained from the numerical result.
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Figure 5—24: Calculated shear stress at the left and the shear stress
obtained from the numerical calculation at the right.

And for the purpose of comparison, the ratio between the numerical value
and the second analytical calculation is plotted against the y-coordinate in
figure 5—25. And as was assumed, the difference between the numerical re-
sult and the analytical calculation attains the lowest value at the outlet of
the clearance gap, where the flow has been able to develop the most.

The ratio at the outlet is still quite considerable. However, the smallness
of the height of the clearance gap combined with the large velocity pro-
vokes a quite complicated flow situation. The smallness of the clearance
gap might also cause an interaction between the viscous boundary layer at
respectively the guide vane facing plate and at the head cover [34]. Thus a
further investigation of the velocity in the clearance gap is performed to
emphasize the validity of the analytical interpretation of the flow in the
narrow clearance gap. Accordingly, the velocity in respectively x-, y- and z-
direction is plotted against the y-coordinate, to compare the values with
the assumptions made when the analytical model is developed.
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Figure 5-25: The ratio between the numerical shear stress and the sec-
ond analytical calculation.
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Figure 5-26: The x-velocity at respectively path 1 and path 2.
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Figure 5-28: The z-velocity at respectively path 1 and path 2.

According to the analytical model the velocity in the x- and z-direction
should equal zero. Also, the velocity in the y-direction is assumed to be a
constant with respect to y. In the first plot, nearest to the guide vane shaft,
the x-velocity varies between approximately 9-10 m/s with respect to the y-
coordinate. In the second plot, however, the x-velocity only varies between
roughly 4-2 m/s. Still, the x-velocity in neither of the two plots are zero.
However, the velocity in the z-direction in both the plots is approximately
zero, as shown in figure 5—28. Furthermore, the plot in figure 5—27 clearly
shows that the y-velocity does not equal a constant. Instead, the velocity in



5.4 Concluding remarks 103

plot 1 and plot 2 respectively differs between 50-40 m/s and 60-50 m/s.
Also, the velocity at the inlet of the clearance gap varies with the radius,
as can be seen by comparing the velocity at the two different plots in figure
5-26 through figure 5—28. Hence the flow in the clearance is a complete 3-
D problem.

Finally, by considering the vector plot of the magnitude velocity, in for
instance figure 5—4, one can see that the velocity in the clearance gap devi-
ates from the vertical direction, represented by the y-axis. Hence the flow
direction is not represented by the y-coordinate, as was assumed when the
analytical calculation was performed. However, since the velocity compo-
nents in the x- and z-direction are comparably small, the assumption of a
pure vertical flow is employed to simplify the problem. Otherwise, a new
coordinate system based on the actual flow direction had to be made.

Thus the assumptions in which the analytical model is based on is only
partially fulfilled in the clearance gap. Accordingly, one can not expect the
analytical calculation of the shear stress to agree with the numerical com-
putation.

However, the plot in figure 5-25 clearly indicates an increasing consist-
ence as the flow approaches the suction side. This implies that the flow is
closer to a fully developed state at the suction side, and the analytical
interpretation of the flow on the suction side predicts a more accurate
value of the shear stress. Still, as mentioned above, the difference between
the numerical shear stress and the analytical shear stress at the suction
side is quite large. But by regarding the substantial differences between
the flow in the clearance gap and the flow between two fixed plates, this
large ratio can be justified.

5.4 Concluding remarks

Primarily, it should be mentioned that since the four individual clearance
gaps are constant in each model, the actual increasing clearance gap
towards decreasing radius is not accounted for. This modelling approach is
chosen for the purpose of simplification.
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The results from the numerical computation indicate a strong influence
from the leakage on the main flow in the guide vane channel. The results
also show a quite worsened flow situation as the clearance gap increases.

And in cases of heavy deterioration due to sand particles in the flow, the
clearance gap between the guide vane and the head covers increases rap-
idly due to a substantial interaction between the vortex flow and the sand
particles. This relation makes it imperative to reduce the initial clearance
gap to an absolute minimum in order to avoid a constantly increasing
clearance gap. And in order to achieve this, a careful choice of material and
head cover design has to be made to keep the deformation on a minimum.
Accordingly, it will be vital to develop a numerical tool, which predicts the
head covers deformation within a certain order of accuracy.



6 Conclusions

The different losses developed in a high head Francis turbine are pre-
sented in this thesis in order to put the loss in the guide vanes in perspec-
tive. This analysis showed that the leakage loss contributed to a rather
substantial part of the total loss developed in a high head Francis turbine.
The covers deflection is the primary cause of the leakage flow in the guide
vane. And in the presented work a numerical modelling of the head covers
deflection is performed in both a 3-D and a 2-D view. The main purpose of
the additional 2-D analysis was to develop a simplified and less time-
demanding numerical approach. Despite the substantial simplification
considering the analysis of the 2-D models, the results from the 2-D anal-
ysis show good agreement with the 3-D results. Thus a 2-D modelling of
the head covers deflection may be employed to obtain reliable results in
predicting the head covers deflection.

The results from the finite element analysis reported a decreasing deflec-
tion with increasing unit size, according to the design philosophy. Also, a
further examination of the deflection parameter indicates that the angle of
deflection does not describe the actual size of the clearance gap. And this
relation made the basis of a further investigation of the absolute transla-
tion. And as was expected, a further investigation of the absolute transla-
tion showed an increasing translation with increasing unit size. And since
the absolute translation describes the actual extent of the clearance gap,
the leakage flow is expected to increase with increasing unit size, which is
in conflict with the current design philosophy.
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Results from efficiency measurements with different clearance gaps and
also efficiency measurements of eroded and repaired turbines are included
to underline the severity of the clearance gap between the covers and the
guide vanes facing plate. These measurements show a clear drop in effi-
ciency as the clearance gap increases.

Also, a numerical calculation of the flow in the guide vanes is presented in
this thesis to visualize the effect from the clearance gap. The main objec-
tive was to illustrate how sensitive the leakage flow is to the extent of the
clearance gap between the head cover and guide vanes facing plate. Con-
sequently, the flow in the guide vanes has been computed with four differ-
ent clearance gaps, respectively 0.25 mm, 1 mm, 2 mm and 4 mm. The
result from this calculation showed that in the case of a 0,25 mm clearance
gap, the main flow is barely influenced from the leakage flow. But as the
clearance gap is increased the influence on the main flow is clearly
enhanced, underlining the importance of keeping the covers deflection on
an absolute minimum.



7 Further work

Completing this thesis, a few suggestions regarding future work are in-
cluded. The main focus is placed on validating both the numerical calcula-
tion of the head covers deformation and the numerical calculation of the
leakage flow in the guide vanes.

Obviously, it will be of great importance to conduct measurements of the
head covers deformation when the power plant is operating. Only based on
such measurements a proper and thorough evaluation of the numerical
approach is achieved. As the accuracy of the numerical tool is revealed, the
tool can be included at the design stage to give an accurate prediction of
the head covers deformation.

In addition, it will be of great significance to conduct measurements of the
pressure acting on the head cover as the turbine is operating. By doing
this, proper knowledge of the pressure distribution is gained. Thus based
on such measurements a more accurate pressure distribution may be
implemented in the numerical model.

Regarding the leakage flow in the guide vanes, it will be of great interest
to carry out measurements of the leakage flow with the purpose of compar-
ing the result with a numerical calculation. Based on these measurements,
an accurate numerical approach may be established, involving the right
choice of solver and model constants.

The flow in the clearance gap is quite complicated due to the high velocities
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and the smallness of the height of the gap. These special features of the
clearance gap make it difficult to predict the influence from the boundary
layer. Thus a more extensive investigation of flow in narrow gaps should
be carried out to better visualize the flow in the guide vanes.

The primary conclusion of this thesis is to keep the deformation of the
covers as small as possible, by designing the covers with an adequate stiff-
ness and also achieve a proper prestressing of the covers. However, since
the pressure difference between pressure side and suction is said to be the
driving force for the cross flow in the guide vanes, a further research on
how to reduce this driving force will also be of great interest.

Finally, analysis of the flow in the guide vanes at different loads should
also be performed to establish the flow conditions at various loads. This is
especially important because it is more and more common to produce elec-
tricity at various load operation. Consequently, it is vital to emphasize the
loss at different part loads.
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ANALYSIS OF THE LEAKAGE FLOW AND WEAR IN GUIDE VANES

Selvi Eide Ph.D. Student at the Norwegian University of Science and Technology, Trondheim, Norway
Ole G. Dahlhaug  Associate Professor at the Norwegian Institute of Science and Technology

ABSTRACT

The losses due to the secondary leakage flow in the guide vanes of Francis turbines represents a relative large
part of the total loss of the turbine efficiency. This leakage flow arises due to the head covers deflection, which
increases the gap between the guide vanes and the head cover, when it is pressurized.

A 2-D simulation of a pressurized head cover will be introduced in this paper. The simulation, based on finite
element method, is performed in the software program Algor. This simulation gives the stress distribution and
the displacement of the pressurized head cover. The displacement results obtained from the simulation will be
used to calculate the deflection of the head cover. Since the calculation time and the preliminary work are highly
reduced it is preferable to run a 2-D simulation instead of a 3-D simulation. Furthermore the validity of the 2-
D simulation will be analyzed when compared to a complete 3-D simulation.

In order to establish the influence from the clearance gaps on the turbine efficiency, previous measurements of
the efficiency at different clearance gaps will be presented in this paper.

Since the clearance is also influenced by the wear of the guide vanes, previous measurements of the turbine ef-
ficiency on sand eroded and repaired turbines are presented. These measurements show the importance of re-
ducing the possibilities of wear from a design point of view and also the importance of repairing any raised
erosion.

RESUME

Les pertes de fuite dues a I'écoulement secondaire dans le disributeur des turbines de Francis représentent une
grande partie relative a toute les pertes de la turbine. Cet écoulement surgit en raison di a la déflexion du
fond superieur, qui augmente l'espace entre les aubes directrice et la flasque superiur, le moment ou il est pres-
surisé.

Un 2-D simulation d'un fond superieur pressurisée sera présenté en cet article. La simulation, basée sur la méth-
ode d'élément fini, est effectuée avec le logiciel Algor. Cette simulation donne la distribution des efforts
supportés et le déplacement du fond superieur pressurisée.

Les résultats de déplacement obtenus a partir de la simulation seront employés pour calculer la déflexion du
fond superieur. Depuis le temps de calcul, et le travail préliminaire sont fortement réduits, il est préférable
de courir un 2-D simulation au lieu d'un 3-D simulation. En outre la validité du 2-D simulation sera analysée
quand comparé a un 3-D simulation complet.

Afin d'établir 'influence des lacunes de dégagement sur le rendement de la turbine, des mesures précédentes de
l'efficacité a différentes espace de dégagement seront présentées en cet article. Puisque cet espace de dégage-
ment est également influencé par l'usure du distributeur, des mesures précédentes de 'efficacité de turbine sur



la turbine érodée de sable sont présentées. Ces mesures montrent I'importance de réduire les possibilités d'usure
d'un point de vue de conception et également I'importance de réparer n'importe quelle érosion manifesté.

NOMENCLATURE
Term Symbol Definition
Deflection Z [m]
Angel of deflection @ [rad]
Height of the runner B [m]
Absolute velocity C [m/s]
Angular velocity o [rad/s]
Flow rate Q [m’/s]
Diameter d [m]
Diameter of the shaft D [m]
Area of the crossectional area A [m7]
Radius r [m]
Absolute tangential velocity ¢y [m/s]
Absolute meridional velocity Cm [M/s]
Gravitational constant g [m/s7]

INTRODUCTION

The demand of energy and power is constantly increasing, and this makes it important to exploit the already
existing hydropower installation to the fullest extent. To achieve this one have to emphasize the losses connect-
ed with the operation of the turbine and make use of technology which reduce the losses. In addition to friction
and impact loss the leakage flow in the guide vanes is a part of the main losses developed in the turbine. As
shown in figure 3 the efficiency is highly depending on the clearance gap, and this relation makes it vital to iden-
tify the extent of the clearance gap. It is on the basis of this knowledge one can decide how to do the proper
repairs.

The main objective of this work is to validate the numerical 2-D simulation as a tool to predict the deflection of
the head cover. A cross section of a Francis turbine and the location of the head cover is shown in figure 1. It
should also be mentioned that the head cover in figure 1 is made of ribs, and is not solid as the head cover in
this paper. As shown in figure 3 the mentioned leakage flow will be significant with a proven drop in efficiency.
The secondary leakage flow does not only reduce the efficiency because of lost water, it also disturbs the main
flow in the runner. This is because it flows across the main flow from the pressure side to the suction side and
creates a swirl flow. In figure 2 the flow pattern of the leakage is illustrated.

The leakage is governed by the extension of the gap between the guide vanes and the head cover, and the avail-
able net head. When the head and bottom covers and the guide vanes are designed it is originally made with a

certain clearance gap to prohibit grinding. But when the turbine is pressurized the originally gap, and hence the
leakage flow, increases. This gap-increase is mainly a function of the net head, but it is also influenced by the

dimensions and the wear of the machinery.

The high head Francis turbines are exposed to serious wear from sand erosion due to the high velocities and
accelerations. The wear of the machinery caused by sand particles in the flow can make an uneven increased
gap surface between the head covers and guide vanes, and further increase the gap.
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Fig. 2 Leakage patterns in the guide vanes Hermod Brekke (Ref. 3).
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Fig. 3 Efficiency test with different clearance gaps Hermod Brekke (Ref. 2).
MODELLING IN ALGOR

As mentioned in the abstract the numerical calculation of the displacement of the head cover is made in Algor.
This numerical program uses the FEM (Finite Element Method) to calculate the stress and displacement of the
given pressurized geometry. When numerical computation is carried out it is adequate to make some simplifi-
cations of the geometry. If these simplifications are done properly a significant gain in calculation time can be
achieved without effecting the result too much. In addition there are some simplifications which are necessary
to perform when a 2-D axe symmetrical simulation of a geometry, which is not axe symmetrical, is executed.
In this particular case the geometry is made with 24 holes where the 24 guide vanes are located. In order to run
a 2-D simulation these holes are neglected and the head cover is completely solid with forces acting on every
nodes.

Because there are no stress gradients involved in this simulation the demand of a fine mesh to get reliable results,
is diminished. Despite this condition, two different meshes are generated, where the second mesh is twice as
fine as the first mesh. The simplified geometry is considered to be axe symmetrical and has a finite thickness of
one radian.

CALCULATION OF THE FORCES ACTING ON THE HEAD COVER

The head cover is divided into three different regions where different formula is used to calculate the values of
the forces acting on the head cover. The net head of this particular turbine is 435 m and the nominal flow is
about 7.7 m3/s and accordingly the power is about 25 MW. From the inlet to the outlet of the guide vanes there



are no rotational parts and the static pressure in every node made by the mesh is calculated according to Bern-
uollis equation:

hg,,.=H S

Static Stagnation

where ¢? = ¢, + ¢,,2 and ¢,, = Q/A = Q/(2nrB)

Furthermore Hgy,gnation 18 the total local pressure, thus Hgagpation IS @ constant according to Bernoulli. From the

inlet of the runner to the radius where the labyrinth sealing begins the following formula, based on Newtons
second law, is used to calculate the pressure distribution on the different nodes:

o -r2)
8¢g

Across the labyrinth seals the pressure distribution is considered to be linear and therefore a function of the ra-
dius. The pressure at the end of the seal is assumed to be equal to the cool water pressure, which is 20 m in this
case.

The calculated forces at every node are implemented in Algor and the 2-D axe symmetrical simulation gave the
displacement results given in figure 4. The displacement at the guide vane shaft (Point 1 and 2 in figure 4) is
obtained from the result and the deflection of the head cover is calculated from the following formula:

zZ,—Z
arctan ¢ = #

RESULTS FROM THE 2-D SIMULATION

In figure 4 both the displaced geometry and the indisposed geometry is shown in order to illustrate how the head
cover deflects. It should be mentioned that the displacement of the geometry in figure 4 is scaled in order to see
how it deflects. Table 1 clearly indicates that there is little to gain by generating a finer mesh. The lower dis-
placement of the coarse meshed geometry is due to the fact that a coarse meshed geometry acts as a stiffer body
when finite element analysis is performed.
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Fig. 4 Displacement contours of the head cover.
Mesh Z, [m] Z, [m] ¢ [radian]
Coarse mesh 1,07E-04 8,49E-05 2,76E-04
Fine mesh 1,12E-04 8,87E-05 2,90E-04

Table 1. Results from the 2-D simulation.

A 3-D simulation has previously been carried out by Geir Holm (Ref. 1) and this gave the deflection results giv-
en in table 2. The difference in the results is relatively large, but it can partly be accounted for due to the different
ways of modelling. The 3-D simulation was carried out with about 15 percent lower pressure distribution, and
also the modelling did not allow for any translation in any direction at the boundary. This assumption does not
correspond to the reality, because there will always be some extent of displacement even at the boundary. To
emphasize how much this incorrect boundary condition effects the results, a 2-D simulation with this assump-
tion is carried out, and as shown in table 3, quite different results were obtained. The displacement is reduced
by a factor of 2 when no translation is permitted at the boundary.

Z, [m] Z, [m] ¢ [radian]
2D 1,12E-04 8,87E-05 2,90E-04
3D 7,84E-05 3,89E-05 4,90E-05

Table 2. 2-D versus 3-D.




Z, [m] Z, [m] ¢ [radian]
Translation in Y-direction 1,12E-04 8,87E-05 2,90E-04
No translation is allowed 5,26E-05 3,62E-05 2,05E-04

Table 3. Different boundary conditions.
WEAR IN THE GUIDE VANES

As mentioned in the introduction the high head Francis turbines experience serious damage from sand erosion
due to the high velocities and accelerations developed in the turbine. The highest absolute velocities and accel-
erations arise in the guide vane cascade outlet and at the pressure side of the runner.
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Fig. 5 Efficiency of sand eroded and repaired turbine Hermod Brekke (Ref. 3)

The sand erosion of the turbine in figure 6 caused an erosion of 2 mm, and both figure 5 and 6 shows that there
is a lot to gain by repairing the sand eroded turbines.

To minimize the degree of erosion smoothest possible acceleration, reduction of the clearance gap between the
guide vanes and the facing plates is recommended in general. In addition a careful choice of the stay vane outlet
angles bringing the guide vane in a neutral position at the normal operation point is an important feature to
achieve. But when the erosion is a fact, installation of guide vane seals in order to prevent the leakage flow will
also reduce the erosion until the turbulence and secondary flow erosion has created a waviness surface between
the seals and the facing plates. Figure 7 shows the gain in efficiency when seals have been mounted in the guide
vanes.
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Fig. 6 Efficiency of a sand eroded and repaired turbine Hermod Brekke (Ref. 3)

Relative Efficiency [-]

o Without sealing strips,

° e clearance 0,15 mm
e o e With sealing strips
100 —
i )
98 —
— o
96 —
94 —
92 —
90 T T T T T T T T T T T |
0.4 0.6 0.8 1 1.2 1.4 1.6

Nominal Flow [-]

Fig. 7 Efficiency measurements with and without seals Hermod Brekke (Ref. 3).

Nevertheless the best preventive step is to use new materials and particular the ceramic materials, or coatings
on the material. As an example the use of a ceramic coating of the guide vanes has been developed for high head
Francis turbines. It should however be emphasized that for a new turbine, because of the small clearance, one
must be careful when coating the facing plates in order to obtain the necessary tolerances and surface finish Her-
mod Brekke (Ref. 4).



CONCLUSION

A 2-D simulation of a pressurized head cover in a Francis turbine has been presented in this paper. It has been
shown how the head cover deflects when it is pressurized, and the importance of calculating and emphasize the
displacement of the head cover is pointed out in figure 5. Furthermore the gain in efficiency by repairing the
gap is shown to be highly noticeable. Based on these conclusions simulations of head cover will be an important
tool in investigating the amount of deflection.

The 2-D simulation gave displacement results at the same order of magnitude as the previous 3-D simulation,

and consequently the 2-D simulation can be a relevant tool in predicting the displacement of a pressurized head
cover. Some improvements of the 2-D geometry can be made if the model is made with a smaller E-modulus at
the region where the holes for the bolts are supposed to be. One will achieve a more correct overall stiffness of
the geometry. All things considered, a 2-D simulation will be a preferable tool in calculating the expected dis-
placement of a head cover already at the design phase. The 2-D simulation is not only preferable due to the sim-
plicity concerning the drawing and meshing of the model, but also because of the fact that the calculating time
is seriously diminished compared to a 3-D simulation.
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ANALYSIS OF THE HEAD COVERS DEFLECTION AND THE LEAK-
AGE FLOW IN THE GUIDE VANES
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Abstract

The losses due to the secondary leakage flow in the guide vanes of Francis turbines represent a relative large
part of the total loss developed in the turbine. This leakage flow arises due to the head covers deflection, which
increases the gap between the guide vanes and the head cover, when it is pressurized.

A 2-D simulation of 20 pressurized head covers will be introduced in this paper. The simulation, based on
finite element method, is performed by use of the software program Algor. This simulation gives the stress dis-
tribution and the displacement of the pressurized head covers. The displacement results obtained from the sim-
ulation will be used to calculate the angle of deflection of the head cover. The validity of the 2-D simulation
will be analyzed when compared to a complete 3-D simulation of the same head covers. A 2-D analysis is pref-
erable compared to a 3-D analysis, because the computer time and the preliminary work are highly reduced.

Since the extent of the clearance gap is highly influenced by the wear of the guide vanes and covers, previous
measurements of the turbine efficiency on sand eroded and repaired turbines are presented. These measure-
ments show the importance of reducing the possibilities of wear from a design point of view and also the
importance of repairing surfaces exposed to wear.

In addition to measurements of sand eroded turbines, efficiency measurements of covers with different clear-
ance gaps are presented. According to both of these results the efficiency is highly influenced by the extent of
the clearance gap, and therefore a numerical computation of the flow in the guide vanes with four different
clearance gaps will be presented in order to emphasise how sensitive the leakage flow is to the extent of clear-
ance gap.

Résumé

Les pertes dues au débit secondaire de fuite dans les aubes directrices de turbine Francis représentent une
grande partie relative a la perte totale développée dans la turbine. Ce débit de fuite surgit a cause de la déflex-
ion du fond supérieur qui augmente l'espace entre les aubes directrices et le fond supérieur, quand il est sous
pression.

Une simulation a 2-D de vingt fonds supérieurs sous pression sera présentée dans cet article. La simulation,
basée sur la méthode des éléments finis, est effectuée au moyen du logiciel "Algor". Cette simulation donne la
distribution des tensions dues au déplacement des fonds supérieurs. Les résultats de déplacement obtenus a
partir de la simulation seront employés pour calculer la déflexion du fond supérieur. La validité de la simula-
tion a 2-D sera analysée et comparé avec une simulation a 3-D appliquée sur le méme fond supérieur. L'analyse
a 2-D est préférable comparée a 'analyse a 3-D, parce que la durée du calcul numérique et le travail prélimi-
naire sont fortement réduits.



Puisque l'ampleur de I'espace de dégagement est fortement influencée par la dégradation des aubes directrices
et du fond supérieur, des mesures préalables de 1'efficacité de turbine sur des turbines érodées de sable sont
présentées. Ces mesures montrent 1'importance de réduire les possibilités d'usage d'un point de vue de concep-
tion et également 1'importance de réparer des surfaces exposées a l'usage.

En plus deux mesures d'efficacité sur des turbines érodées avec différent espace de dégagement sont
présentées. Selon ces deux mesures, l'efficacité de la turbine est fortement influencée par l'ampleur de l'espace
de dégagement, et par conséquent un calcul numérique de 1'écoulement dans les aubes directrices avec quatre
espaces de dégagement différentes sera présenté. Cela pour montrer comment 1'écoulement de fuite est sensi-
ble au degré de I'espace de dégagement.

Introduction

The demand of energy and power is constantly increasing, and this makes it important to extract the most of
the available energy potential of the stored water. To achieve this one have to emphasize the losses connected
with the operation of the turbine and make use of technology which reduces the losses. The water power plants
are initially designed to give a continuous production at best efficiency point. But the last few years there has
been a change in this production pattern. A continuous expansion of electrical cables to neighbor countries is
defining a new marked for the water power industry, where the price of electricity is the most important param-
eter in governing the production pattern. This involves a more fluctuating and demanding production pattern.
The water power plant is now delivering electricity at full load, best efficiency point as well as at part load, all
depending on the electricity price.

As opposed to the Pelton turbine, the Francis turbine is not well suited for variable load operation outside best
efficiency point. Still, the Francis turbine has a higher peak efficiency than the Pelton turbine, but the effi-
ciency curve of a Francis runner is quite steep, causing a large drop in efficiency as the operation is moved just
a few percentage below best efficiency point.

The loss in a Francis turbine constitutes of different flow and friction losses, where the leakage flow between
the covers and the guide vanes represents a rather large part of the main losses. A cross section of a Francis tur-
bine and the location of the head and bottom covers are shown in figure 1. When the head and bottom covers
and the guide vanes are designed it is originally made with a certain dry clearance gap to prohibit grinding. But
when the turbine is pressurized the originally gap, and hence the leakage flow, increases. As illustrated in fig-
ure 2, the leakage flows from the pressure side to the suction side, disturbing the main flow and generating vor-
tex flow, which again increases the degree of erosion.

As shown in figure 3 the efficiency is highly depending on the clearance gap, and this relation makes it vital to
identify the extent of the clearance gap. It is on the basis of this knowledge one can decide how to do the
proper repairs and design of head and bottom covers.

The main objective of this work is to validate the numerical 2-D simulation as a tool to predict the deflection of
the head cover.
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Figure 1. A cross section of a high head Francis turbine.

Figure 2. Leakage flow in the guide vanes. (Ref.1)

In addition to the knowledge of the deflection it is also important to gain knowledge of the gaps influence on
the flow conditions in the turbine. Subsequently a CFD analysis of the flow in a guide vane with four different
clearance gaps is performed to illustrate how sensitive the leakage is to the extent of the clearance gap. The net

head of the chosen turbine is 525 meters and the total flow through the turbine is 64 m/s.

Leakage flow in the guide vanes

The leakage flow in the guide vanes is governed by the extension of the gap between the guide vanes and the

covers and the pressure difference between the pressure side and suction side. When the head and bottom cov-
ers and the guide vanes are designed it is originally made with a certain clearance gap to prohibit grinding. But
when the turbine is pressurized the originally gap, and hence the leakage flow, increases. The extent of the gap
is mainly a function of the net head, but it is also influenced by the dimensions and the wear of the machinery.



Especially high head Francis turbines are exposed to serious wear from sand erosion due to the high velocities
and accelerations. The wear of the machinery caused by sand particles in the flow can make an uneven
increased gap surface between the covers and guide vanes, and further increase the gap. The erosion of the fac-
ing plates underneath the edges of the guide vanes is further enhanced by the vortex lines caused by the leak-
age flow. The reinforced erosion increases the gap between the guide vanes and the covers even more, which
again enhances the vortex flow in the guide vanes.

As mentioned above the leakage flow is highly depending on the pressure difference between the pressure side
and suction side. This pressure difference is mainly a result of the demand of a uniform flow through the guide
vane and runner vane channel in order to exploit the most of the energy potential of the stored water. This
demand makes the pressure difference between suction side and pressure side inevitable. Correspondingly one
has to focus on how to reduce the clearance gap between the guide vane and the covers in order to reduce the
leakage flow.

There have been done some experiments with different clearance gaps on the same head cover to illustrate the
influence on the efficiency (Ref. 2). The results from these experiments are shown in figure 3, and it clearly
illustrates that the leakage flow will be significant with a proven drop in efficiency as the gap increases. In
addition there have been performed experiments with sealing strips between the covers and the guide vane fac-
ing plate to reduce the leakage flow. These results are presented in figure 4, and shows a clear improvement in
the efficiency when sealing strips are used.
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Figure 3. Efficiency test with different clearance gaps (Ref.2)
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Figure 4. Efficiency measurements with and without sealing strips. (Ref.1)

Calculation of the head covers deflection by finite element method

The guide vanes and the runner blades lies between the head and bottom cover, and the main purpose of the
covers are to keep the turbine together. Consequently the covers have to be quiet stiff to minimize any defor-
mation due to the water pressure. As a consequence of this criterion the stiffness of the suggested geometry is
often emphasized by performing a preliminary analytical calculation of the covers deflection.

This analytical calculation neglects the shear and bend deformation of the covers, but when the shear and bend
stresses are accounted for the actual deflection is 1.5-2 times higher than the result from the simplified stress
calculation (Ref. 3). A final numerical calculation is usually carried out by means of a finite element method,
which will be presented below.

It should however be mentioned that the disturbance from the leakage flow reduces the efficiency even more
for high head Francis turbine compared to a low head Francis. This is most likely due to the fact that the height
of the guide vanes in high head turbines is much lower than for a low head turbine. Subsequently the leakage
flow disturbs a larger part of the main flow. The long runner blades in high head Francis turbine also makes the
runner more sensitive to local disturbance. In addition the guide vane opening for a high head Francis turbine
is also smaller than for a low head turbine, making the pressure difference between pressure side and suction
side larger than for a low head turbine. As a consequence of this, the design criteria of the covers for high head
and low head turbines somewhat differs. And as a rule when designing the covers the angle of deflection for
high head Francis turbines should be less than 5-10-4 radians, but for low head Francis turbines it is sufficient
to keep the deflection below 8-10-4 radians (Ref. 4).



General assumptions

Most of the head covers in this paper are made with ribs with a certain thickness, where the number of ribs is
equal to the number of guide vanes. In order to simulate a 2-D geometry with an acceptable value of the stift-
ness corresponding to the actual stiffness of the 3-D geometry, a soft area is introduced in the 2-D model in the
same region where the ribs are supposed to be. In figure 5 the soft area is represented by the grey region and
the solid part of the head cover is marked with black. This soft area is modelled with a somewhat lower E-
module than the rest of the geometry, which is modelled with the E-module of the actual material. The calcula-
tion of the E-module at the soft region is based on how large part of the circumference the ribs occupy at cer-
tain radius, r, corresponding to the centre of mass, indicated by the arrow in figure 5:

X-t

Sopt = m'Ew

E

where X is the number of ribs and t is the thickness of the ribs.

e

Figure 5. A 2-D model of a head cover illustrating the soft area.

Results from the finite element calculation

The main objective is to find a relation between the 3-D results and the 2-D results. Accordingly the ratio
between the deflection results from the 2-D simulation and the 3-D simulation is calculated and presented in
figure 6. With the exception of two points it seems like the ratio roughly lies between 0.9-1.3. In the authors
opinion this is a quiet high order of accuracy, especially when regarding the extensive assumption which is
made when the 2-D simulation is made.
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Figure 6. The ratio between the 2-D and the 3-D results.

It should also be mentioned that among the 20 head covers two of them were solid, and not made with ribs.
The difference between the 2-D and 3-D result in these particular cases was less than 4%, which, not surpris-
ingly, indicates that most of the differences between the 2-D and 3-D results are caused by the simplification
of the stiffness of the 2-D geometry.

Discussion of the efficiency

The Reynolds number of a Francis turbine is described in terms of the outlet diameter, D of the runner and the

velocity, v at the outlet of the runner:

v-D
1%

Re =

where p is the kinematical viscosity of the water.

According to equation 2 the Reynolds number describes the size of the runner. The Reynolds number of the 20
Francis turbines referred to in this paper is calculated, and plotted against the best efficiency. The result is
shown in figure 7 and clearly indicates that the efficiency increases by increasing Reynolds number. Thus the
efficiency increases by increasing unit size. This relation can first of all be explained be regarding the friction
loss in a small and large Francis turbine unit. Because a larger percentage of the flow in a small runner is in
contact with the surface than in a larger runner, the friction loss in percentage is higher in a smaller unit than in
a larger unit.
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Figure 7. The efficiency at full load plotted against the Reynolds number.
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Figure 8. The normalized efficiency plotted against the deflection.

In figure 8 the efficiency at full load is plotted against the angle of deflection. This plot shows a tendency of
increasing angle of deflection as the efficiency decreases. Bearing in mind the relationship between the effi-



ciency and the Reynolds number, this means that the angle of deflection increases as the turbine unit decreases,
which is in accordance with the design criteria of head covers, as mentioned above.

11— +
+

0.98 —

096 —

Normalized efficiency, ¢y oaq

094 —

0.92

0.0004 0.0008 0.0012 0.0016 0.002 0.0024
Stiffness, H/*H

Figure 9. The efficiency plotted against the stiffness of the head cover.

Furthermore the efficiency is also plotted against the stiffness of the head cover, as shown in figure 9. And
since the speed number of most of the regarded units only differs between 0.27-0.33 it is accurate to define the
stiffness of the head cover as the ratio between the height of the head cover, H, and the net head, *H. And this
plot indicates an increased stiffness as the efficiency increases, emphasizing the efficiency's dependence on

the covers stiffness.

It should be mentioned that in figures 6-9 a linear trend line is added to better visualize the behavior of the

retrieved data.
Numerical computation of the flow in guide vanes

As mentioned in the introduction the leakage flow in the guide vane is governed by the extension of the clear-
ance gap and the pressure drop from pressure side to suction side. The pressure drop across the guide vane fac-
ing plate is given by the design of the guide vane and stay vanes. Whereas the clearance gap between the guide
vane and the covers depends on the net head, design of the covers and also the degree of erosion. The flow
through the guide vane channels is highly dependent on the flow conditions at the inlet of the guide vane, mak-
ing it important to gain proper knowledge of the velocity profile at the inlet of the guide vane cascade. Conse-
quently a numerical calculation of the flow in the stay vanes is included, where the flow condition at the outlet
of the stay vane cascade is used as the inlet Condition at the guide vane domain. The software program Fluent
has been employed to compute the flow in the guide vane. The Fluent code offers several turbulence models,
but the turbulence model used was the Spalart-Allmaras model. However, to validate the chosen solver the k-¢
model was also employed. But the differences in results were marginal and therefore the original turbulence



model was retained. Also, to obtain an accurate resolution of the computational domain different mesh resolu-
tions have been generated and solved numerical for comparison.

Discussion of the result

As the flow approaches the guide vane shaft the pressure drop from pressure side to suction side is so large that
a cross flow is inevitably, and the cross flow keeps increasing towards a decreasing radius. Near the leading
edge the pressure drop is to low to give an evident cross flow and the flow is rather heading in the radial direc-
tion, as can be seen in the inlet region of the guide vane. This relation was also detected by Xin Cheng in her
thesis, where measurements showed no leakage flow near the leading edge, but an increasing leakage from
mid-chord to the trailing edge was detected (Ref. 5).

The guide vane shaft acts as an obstacle to the flow in the clearance gap. And close to the shaft the leakage
flows alongside the circular shaft, giving rise to a vortex flow in the region where the leakage from the right
and left side of the shaft meets. In addition a vortex flow at the upper right side of the shaft is also detected in
figure 12. In this region the cross flow interacts with the radial flow in the clearance gap, giving rise to a vortex
flow.

Still, the disturbance on the main flow at the pressure side is not as evident as the influence on the main flow at
the suction side. The disturbance at the trailing edge on the suction side causes a non-uniform velocity profile
at the inlet of the runner vane cascade, as shown in figure 13.

Figure 10. Leakage flow at the head cover facing plate, 4 mm clearance.
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Figure 12. Secondary flow at the pressure side, 4 mm clearance.
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Figure 13. Disturbance from the leakage flow at the trailing edge of the suction side, 4
mm clearance.

Figure 14. The velocity profile 2 cm from the guide vane facing plate, 4 mm clearance.

Even 2 cm from the guide vane facing plate one can see a clear disturbance on the main flow, as illustrated in
figure 14. However, in the middle of the guide vane channel the main flow is not effected by the leakage flow,

as can be seen from figure 15.



Figure 15. The velocity profile in the middle of the guide vane channel, 4 mm clear-
ance.

Since the efficiency is highly depending on the extent of the clearance gap, a numerical calculation of the flow
in guide vanes with four different gaps corresponding to 0.25 mm, 1 mm, 2 mm and 4 mm has been performed.

In figure 17 and 18 the leakage flow in respectively 4 mm and 0.25 mm sized gaps are illustrated. The vortex
flow at the largest gap is fully developed and disturbs a rather large part of the main flow. As opposed to the
vortex flow in the largest gap, the vortex flow in the smallest gap is barely recognizable, and only a small part
of the main flow is influenced by this secondary flow. These results clearly states the importance of keeping
the clearance gap between the guide vanes and the covers as small as possible due to the influence from the
vortex flow.
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Figure 17. Leakage flow at the head cover facing plate with 4 mm clearance gap.

Figure 18. Leakage flow at the head cover with 0.25 mm clearance gap.



Conclusion

A 2-D simulation of the head covers deflection has been proven to be sufficient without a significant loss in
accuracy. First of all this numerical 2-D tool makes it easy to do changes in the already suggested geometry in
order to calculate deflections at different dimensions. Secondly, the demand of computer power is noticeable
reduced by the use of a 2-D model instead of a 3-D model.

Measurements of the efficiency at different clearance gaps show that the efficiency is highly depending on the
extent of the clearance gap. The results from the numerical computation of the leakage flow in guide vanes at
different clearance gaps shows that in addition to the increased leakage flow, the extent of the vortex flow is
enhanced as the clearance gap increases, both resulting in a lower efficiency.

To minimize the leakage flow smallest possible clearance gap is recommended in general to avoid or at least
reduce the vortex flow, which enhances sand erosion. But when the erosion is a fact, installation of guide vane
seals in order to prevent the leakage flow will reduce the erosion until the turbulence and secondary flow ero-
sion has created a waviness surface between the seals and the facing plates. Such waviness surface may cause
dangerous galling between the seals and the facing plates and therefore cause a reduction of the reliability of
the turbine.

The conclusion is to keep the deflection at a minimum level to avoid vortex flow, which enhances erosion in

sand laden water. Development of new stronger materials and in particular new ceramic materials, which can
be used as coating on the facing plates will be crucial in reducing the leakage flow in the guide vanes.
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