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SUMMARY OF CONTENTS 
 
 
 
Hydropower is a versatile renewable source of power generation able to change rapidly 
operating conditions. Hydropower plants may today work over a larger operating range 
than designed for due to the introduction of renewable sources of energy and the 
deregulation of the electricity market. Such operating conditions may involve large 
stresses and losses due to complex unsteady and transient flow phenomena, which have to 
be taken into account under design or refurbishment phase. The use of computational 
fluid dynamics (CFD) in the design and refurbishment process is becoming increasingly 
popular due to its flexibility, detailed flow description and cost-effectiveness comparing 
to model testing used since a century in the development of turbines. However, issues 
have still to be resolved due to the combined flow physics involved in hydropower 
machines such as partly separated flow at curved surfaces, vortices, unsteadiness, swirl 
flow, strong adverse pressure gradients, convoluted geometry as well as numerical 
artefacts. Therefore, experimental data in such complicated systems are required to 
validate numerical simulations and develop more accurate models. 

The first part of this thesis is a numerical investigation of the three-dimensional 
flow of the axial Hölleforsen model spiral casing and distributor, where the influence of 
the penstock on the flow is analysed using different turbulence models and inlet boundary 
conditions. Comparisons with experimental results indicate the importance of the 
penstock to perform accurate simulation in the present case. Therefore, detailed inlet 
boundary conditions are necessary to simulate accurately the spiral casing flows if the 
penstock is not included in the simulation. 

The second part of the thesis focuses on an experimental investigation of an axial 
hydropower turbine model known as Porjus U9. The measurements are part of a project 
aiming to investigate experimentally the flow in different regions of the machine to build 
a data bank in order to validate numerical simulations and study scale-up efficiency 
between model and prototype, since the corresponding prototype is available for similar 
experiments. The investigation was performed at 3 different working points: part load, 
best efficiency point and high load. The inlet flow of the spiral casing as well as some 
sections in the spiral casing and draft tube are investigated with a two components laser 
Doppler anemometer (LDA). To improve the signal quality and measurement accuracy 
refractive index matching optical box was mounted on the circular pipe of the spiral 
casing inlet. LDA result of the mean velocities and corresponding RMS are presented to 
investigate the flow before the runner and at the inlet of the spiral casing, since the flow is 
influenced by the existence of a bend before the inlet. The results of the draft tube 
measurements are also presented. Good quality data are obtained for initial boundary 
conditions at the inlet of the casing and drafttube cone to perform numerical simulations. 
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PAPER ABSTRACTS 
 
 
 
Paper A 
 
Effects of Inlet Boundary Conditions on Spiral Casing Simulation. 
 

The results of numerical simulations of three-dimensional turbulent viscous 
flow through the spiral casing and distributor of the Hölleforsen hydraulic 
turbine (Turbine-99 test case) are presented. Two CAD geometries, with and 
without the penstock, are analyzed in details to determine the effects of the 
upstream geometry, i.e. the inlet boundary conditions to the spiral casing. 
Conservation of mass and momentum equations of the flow are analysed 
using finite volume methods with the commercial software ANSYS 
CFX10.0. Standard k-ε with scalable wall function and SST k-ω based 
turbulence models are applied to study the flow characteristics. Comparisons 
are made between the numerical simulations with and without the penstock 
and available experimental results. The numerical results are found to more 
closely match with the experimental results when the penstock is included in 
the simulation. Therefore, detailed inlet boundary conditions are necessary to 
simulate accurately the spiral casing flows if the penstock is not included in 
the simulation. The numerical simulations also seem to show little sensitivity 
to the turbulence model. 

 
 
Paper B 
 
LDA measurements in a Kaplan spiral casing model. 
 

This paper presents an experimental investigation of a Kaplan spiral casing 
turbine model of 1:3.1 scale of a geometrically similar prototype turbine. The 
prototype is available for similar investigation. The turbine is composed of 6 
runner blades, 20 guide vanes and 18 stay vanes and has a runner diameter of 
0.5 m. The study aims to investigate the inlet flow of the spiral casing as well 
as some sections in the spiral casing. The measurements are part of a project 
aiming to investigate experimentally the flow in different regions of the 
machine to build a data bank in order to validate numerical simulations and 
study scale-up efficiency between model and prototype. 
        A two components laser Doppler anemometry (LDA) apparatus was 
used to measure the velocity profiles at different locations in the turbine. To 
improve the signal quality and measurement accuracy refractive index 
matching optical box was mounted on the circular pipe of the spiral casing 



inlet. Ray tracing technique was used to determine the position of the laser 
beam intersection and fringes spacing by applying law of refraction and 
geometric considerations of the laser beams. 

The investigations were carried out at three different loads, with 
constant runner blade angle: best operating point of the turbine and two off-
design operating points with the presence of a vortex breakdown. The mean 
velocities profiles and corresponding RMS at spiral casing before the guide 
vanes and inlet of the spiral casing are presented for the different loads 
investigated. Good quality data are obtained for initial boundary conditions at 
the inlet of the casing to perform numerical simulations. 

 
 
Paper C 
 
Experimental investigation of a Kaplan model with LDA. 
 

This paper describes the experimental investigation of a Kaplan turbine 
model of the Porjus U9 unit. The study aims to investigate the complex 
unsteady turbulent three-dimensional flow in different regions of the machine 
to build a data bank in order to validate numerical simulations and study 
scale-up efficiency between model and prototype. A two components LDA 
apparatus was used to measure the velocity profiles at different locations in 
the turbine in coincidence mode. An encoder pulse was used to resolve the 
measurements angularly. The investigation was carried out at three different 
loads: best operating point and two off-design operating points (left and right 
side of the propeller curve). Vortex breakdown was present at both off-design 
points at the inlet of the draft tube, in the cone. The axial and tangential mean 
velocity profiles and corresponding RMS at the draft tube cone are presented 
for the different loads investigated. 
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ABSTRACT 
The results of numerical simulations of three-

dimensional turbulent viscous flow through the spiral 
casing and distributor of the Hölleforsen hydraulic 
turbine (Turbine-99 test case) are presented. Two 
CAD geometries, with and without the penstock, are 
analyzed in details to determine the effects of the 
upstream geometry, i.e. the inlet boundary conditions 
to the spiral casing. Conservation of mass and mo-
mentum equations of the flow are analysed using 
finite volume methods with the commercial software 
ANSYS CFX10.0. Standard k-  with scalable wall 
function and SST k-  based turbulence models are 
applied to study the flow characteristics. Comparisons 
are made between the numerical simulations with 
and without the penstock and available experimental 
results. The numerical results are found to more 
closely match with the experimental results when 
the penstock is included in the simulation. Therefore, 
detailed inlet boundary conditions are necessary to 
simulate accurately the spiral casing flows if the 
penstock is not included in the simulation. The nu-
merical simulations also seem to show little sensitivity 
to the turbulence model. 

KEYWORDS
Initial boundary condition, spiral casing, turbulence 
model, penstock.  

1. INTRODUCTION 
The flow in hydropower turbines is very complex 

with several flow phenomena appearing simultane-
ously such as: three dimensionality, unsteadiness, 
separation, swirling flow and turbulence. Due to these 
circumstances it is highly challenging for computa-

tional fluid dynamics (CFD). CFD involves the so-
lution of the governing equations for fluid flow at 
thousands of discrete points on a computational grid 
in the flow domain. When appropriately validated, 
a CFD analysis allows engineers to determine the 
magnitude, direction and speed of flow at any point 
in the flow domain. Unlike a physical model, the 
geometry of the CFD model can be changed on the 
computer and re-analyzed to explore different options 
in the project design and in the operational conditions 
to solve problems involving fluid flow. To predict 
turbulent flow in complex geometries with computer 
simulation instead of model experiments can signifi-
cantly reduce the cost of the project and enhance  
a profound knowledge of the flow problem. Much 
attention has been directed to runner and draft tube 
simulations, while the spiral casing has received minor 
attention since the losses are minor compared to the 
runner losses. 

The flow in the water intake and the penstock de-
livers the flow entering the spiral casing, see Fig.1a 
of the Hölleforsen model. Spiral casing is a major 
component of reaction turbines. The function of the 
Spiral casing is to distribute the water as evenly as 
possible to the stay and guide vanes and then to the 
turbine runner. The understanding of the water pas-
sage through the spiral casing to stay vanes is very 
important in diminishing the losses of the flow and 
insures a symmetrical flow to the runner. Also the 
design of the casing must meet the requirement of 
the turbine performance in order to attain better over-
all economic benefit of hydroelectric power plants 
and to withstand the bursting pressure of maximum 
headwater plus water hammer. 

The water intake and penstock being upstream of 
the spiral casing, they are responsible for the flow 
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profile entering the spiral casing. Questions are raised 
about the inlet boundary conditions at the entrance 
of the spiral casing due to the presence sometimes of 
an elbow just upstream; see Fig.1a. However, most 
simulations of the spiral casing are generally per-
formed without the water intake and the penstock. 
For example Carlos Eduardo [12] performed simula-
tion of the Hölleforsen model casing without the water 
intake and the penstock. The correlation between the 
simulation and the experimental result available were 
not optimum.  

The present work focuses on simulations of the 
flow through spiral casing and the distributor (guide 
vanes and stay vanes) and intends to study the effect 
of upstream boundary conditions on spiral simulation. 
The effects of upstream geometry and turbulence 
model are investigated in details. The Hölleforsen 
test case used for Turbine-99 (www.turbine-99.org) 
is used, since an extensive set of experimental data 
are available in the spiral casing to validate the simu-
lations. The objective is to get boundary conditions 
for subsequent simulations including the runner and 
ultimately the entire system.  

The current paper is structured as follows. Sec-
tion 2 presents the test case, the geometry, grid, the 
boundary conditions, the turbulent models used and 
the experimental results available. In Section 3 the 
numerical results are presented with detail comparison 
and analysis of the deviations with the experiments. 
Section 4 presents the conclusions of this study.  

2. TEST CASE
The full scale unit of the hydropower plant 

Hölleforsen is situated on the river Indalsälven in 
Sweden. It consists of three Kaplan turbines units 
with a total installed capacity of 50 MW at the op-
erational head of 27 m , with a runner diameter of 
5.5 m each and a discharge capacity of 230 m3/s per 
turbine.

The Hölleforsen hydropower plant Kaplan tur-
bine model is known as the Turbine-99 test case. An 
extensive set of experimental data in the spiral casing 
and the draft tube are available. Numerical Simula-
tions are therefore performed on the model. It is a 
1:11 scale of the prototype turbine with a runner 
diameter of 500 mm and a runner speed of 595 rpm. 
The operational condition close to the best efficiency 
for the scheme at the operational head of 4.5 m, at 
60% load is chosen. For this operational condition 
the volume flow rate is 0.522 m3/s.

2.1. Geometry and grid
The geometry of the model is presented in Fig.1. 

Two geometries are available: one with and one 
without the water intake and the penstock. The stator 

has 24 guide vanes and 10 stay vanes. All the guide 
vanes are identical and have a symmetrical outline. 
In contrast, the stay vanes have unlike profile, see 
Fig. 2. Marks #1 and #2 show stay vanes with iden-
tical profile between each other and the rest of stay 
vanes have identical profile. 

(a)

 (b) 

(c)

(d)
Figure 1: CAD model of the penstock, spiral casing 
and distributor of the Hölleforsen turbine (a, c, d) 

with the penstock (b) without the penstock  
(N.B. all the dimensions are in meters). 
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Figure 2: Stay vanes and guide vanes of the spiral 
casing. For the stay vanes, #1 marks those with 
deviant shapes and #2 marks those positioned in 

deviant angles. 

The computational grid consists of unstructured 
hexahedral elements created in ICEM CFD. The grid 
generation tool is based on a global block topology 
and generates 3D multi-block structured or unstruc-
tured hexahedral volume grids. The block topology 
model is generated directly on the fundamental CAD 
geometry. Two high density hexahedral grids with 
approximate first node wall distances of y+ = 50 and 
y+ = 1 were generated for each numerical simulations 
of the computational domain with and without the 
penstock, see Table 1. Gride A and B were used for 
the k-  model, where grids C and D are used with 
the SST model. The grid from the inlet spiral casing 
to the outlet is identical on both cases. The grids have 
a good quality. Some high y+ values are obtained on 
the most top part of the spiral casing. This is due to 
the presence of pinched elements in this region, which 
produce inadequate values. Pinch elements are hexa-
hedral blocks with one collapse surface or two col-
lapse edges. They do not have any influence on the 
results. Maximum and average y+ values as well as 
minimum face angle and number of nodes for the 
different grids are presented in Table 1. 

Table 1. Characteristics of the grids used. 

 No. of Node Max. y+ Ave. y+ Min. angle
A 7,800,768 611.3 25.7 14 º 
B 7,499,284 339 24.9 11.8 º 
C 13,801,522 336 1.63 23º 
D 13,356,377 467.7 2.27 11.1º 

Note  A: With the penstock: y+ = 50 
 B: Without the penstock: y+ = 50 
 C: With the penstock: y+ = 1 
 D: Without the penstock: y+ = 1 

2.2. Boundary condition

The number and type of boundary conditions must 
accord with the governing equations of the flow. 
Different boundary conditions may cause quite dif-
ferent simulation results. Improper sets of boundary 
conditions may introduce non-realistic results or 
convergence problems. So orchestrating the bound-
ary conditions for different problems is very essen-
tial. Mean time, different variables in the environ-
ment may have different boundary conditions ac-
cording to certain physical problems. Therefore, it is 
important to set boundary conditions that accurately 
reflect the real situation to allow you to obtain accu-
rate results.

Inlet boundary condition can be set in a number 
of ways depending on how we want to specify the 
conditions and what particular physical models we 
are using for the simulation. In the current research 
work the boundary mass flow rate is specified along 
with the flow direction. The mass flow rate which 
moves from the supply reservoir towards the intake 
of the penstock is equivalent to the initial boundary 
condition, which is specified currently as inlet flow 
rate 0.522 m3/s. The wall is the most common bound-
ary, encountered in confined fluid flow problems. The 
velocity of the fluid at the wall boundary is set to zero, 
no slip boundary condition. The outlet boundary 
condition can be used where it is known that flow is 
directed out of the domain. In our case the relative 
static pressure over the outlet boundary is specified. 
For all other transport equations the outlet value of 
the variables is part of the solution. 

2.3. Turbulence modeling

Two different types of RANS models, standard 
k-  with scalable wall function and SST k-  Based 
turbulence model are applied to study the flow char-
acteristics. Turbulence models are based on hypothe-
ses about turbulent processes and require empirical 
input in the form of constants or functions. The most 
successful computational models for practical engi-
neering purposes are those relating two or more trans-
port equations, because they acquire two quantities 
to characterize the length and time scales of turbu-
lent processes.  

The standard k-  model with scalable near wall 
function is the first model utilized for the different 
calculations. As a two equation model, it uses an 
eddy viscosity hypothesis for the Reynolds stresses, 
which assumes that the turbulent stresses are pro-
portional to the mean velocity gradient and relate 
them linearly. 
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The model closure coefficients for the calcula-
tion in the present work are: C  = 0.09, k  = 1.00, 

 = 1.30, 1C  = 1.44 and 2C  = 1.92. 
Shear stress transport model (SST) is the second 

turbulent model utilized. It is an eddy-viscosity 
model, which combines the k-  model in the inner 
boundary layer and k-  model in the outer region. It 
limits the shear stress in adverse pressure gradient 
regions. The transport equations for the turbulent 
quantities after some mathematical manipulations 
take the form: 
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where  is the dissipation per unit turbulence kinetic 
energy (  ~ /k) and the eddy viscosity defined as: 
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where F1 and F2 are a blending function and S is an 
invariant measure of the strain rate such as: 
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where y is the distance to the nearest wall and is
the kinematic viscosity and: 

10

2

10*0.1,12max kCDkw (10)

The model constants used for the calculation are: 
'  = 0.09, 1  = 0.556, 2  = 0.44,  = 0.075,  

1k  = 1.176, 2k  =  1, 1  = 2 and 2  = 1.168 

2.4. Experimental result
The experimental data used for evaluation of the 

computation in this work are provided by Håkan 
Nilsson, Chalmers University of Technology Swe-
den. The measurements are included in his PhD 
thesis [5], in which all details of the experimental 
set up, the LDA technique and how the measure-
ments were performed can be found. However for 
the expediency of comparison we tried to include a 
summary of the basic points and results. 

Existing experimental data were measured using 
the laser Doppler anemometer (LDA) technique along 
a measurement plane at the spiral casing section. 
The LDA technique uses the Doppler shift effect 
of reflected light from particles to determine the 
instantaneous velocity in a single point. The result-
ing Doppler frequency is proportional to the meas-
ured velocity. 

The location of the measurements from a top view 
of the spiral casing and the vertical view of the 
direction of the measurement grid is shown in Fig. 3. 
Different regions in the plane were investigated, see 
Fig. 4. At measurement 1 the velocity normal to the 
measurement plane and the vertical velocity compo-
nent (which are tangential and axial velocity com-
ponents), at measurement 2 the tangential velocity 
components and the velocity component along the 
measurement plane (which is the radial velocity 
components) and at measurement 3 the tangential 
and axial velocity components were measured. 
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Figure 3. Location of measurements from the top 
view of the spiral casing and the corresponding 

measurement plane. 

Figure 4. Schematic location of the  
Measurements [5] 

3. RESULTS  
ANSYS CFX10.0, state of the art commercial 

software is used to perform the RANS simulations 
in this study. It is based on the finite volume method 
and has a coupled unstructured solver. To solve the 
numerical equations, the advection scheme high reso-
lution is used. High resolution advection scheme mean 
Blend factor values vary throughout the domain based 
on the local solution field in order to implement a 
boundedness criterion. For accuracy Blend factor 
will be close to 1.0 in flow regions with low variable 
gradients and 0 in areas where the gradients change 
sharply to prevent over and under estimation and 
maintain robustness. Setting Blend factor of 0 and 
1.0 for the advection scheme is equivalent to using 
the first order advection scheme and second order 
differencing for the advection terms, correspond-
ingly [11]. The simulation process started with steady 
state calculation of the flow. Convergence is achieved 
for both turbulent models with and without the pen-
stock, by this we mean that the solution of the dis-
cretized equations tends to the exact solution as the 

grid spacing and control volume size is reduced to 
zero and all the RMS residuals of the momentum, 
mass and the turbulent equations are drop down 
below the targeted level. 

In order to validate our methodology and to as-
sess the accuracy of the numerical results compari-
sons with the available experimental data are per-
formed, which is important to see that the numerical 
results are qualitatively and quantitatively correct 
before they are further used. 

The first comparison is conducted at measure-
ment 1, in the distributor and parts of the spiral casing, 
see Fig. 4. There, the tangential velocity component 
increases toward the runner vanes, see Fig. 5, and 
the axial velocity component increases at the bend 
before the leading edge of the stay vanes and decreases 
toward the trailing edge of the guide vanes, see Fig. 6. 
In both figures, the velocity components are compared 
with the experimental data and the results obtained 
from the CFD simulations achieved using both tur-
bulent models with and without the penstock.  

From Figure 5, the tangential velocity from the 
numerical simulations of both turbulent models 
without the penstock is similar. However, they devi-
ate considerably from the experimental values. The 
simulations results with penstock of both turbulent 
models have a tiny variation between each other. 
They agree quite well with the experiment, the velocity 
is overestimated before passing the stay vane and 
underestimated after the passage. The importance of 
the penstock in the simulation is pointed out. 

(a)

(b)                                    (c) 

(d)                                     (e) 
Figure 5. Tangential velocity contour plot at 

 measurement 1 in m/s (a) experiments (b) and (c) 
are from the SST turbulent model with and without 
the penstock (d) and (e) are from the k-  turbulent 
model with and without the penstock, respectively. 
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The axial velocity results from the numerical 
simulation have all a similar shape independently of 
the case, see Fig. 6. The SST turbulent model with 
penstock has a good ballpark figure with the experi-
ment, while the three other cases have a similar shape 
with an underestimation of the maximum velocity 
region.

(a)

(b)                                 (c) 

(d)                                 (e) 
Figure 6. Axial velocity contour plot at measurement 
1 in m/s (a) experiments (b) and (c) are from the SST 

turbulent model with and without the penstock (d) 
and (e) are from the k-  turbulent model with and 

without the penstock, respectively 

The second comparison is carried out at meas-
urement 2, at the entrance of the distributor, see Fig. 
4. In this section the tangential velocity components 
is examined, see Fig. 7. There, the tangential veloc-
ity component increases towards the entrance of the 
stay vanes and decreases towards the outer vertical 
wall of the scroll casing. 

The result obtained from the k-  turbulent model 
with penstock has the best similarity with the experi-
ment at the bottom part of the measuring section. 
However, the SST turbulent model with penstock 
shows a better agreement with the experiment weigh-
ing against to the other. The outputs from the numeri-
cal simulation of both turbulent models without pen-
stock are similar and indicate inverse correlation, see 
Fig. 7. 

The third comparison is performed for measure-
ment 3, an extension of measurement 1 near the outer 
wall of the spiral casing, see Fig. 4. In this section, 
the tangential velocity component increases towards 
the centre of the runner and decreases around the 
outer most vertical wall of the spiral casing, see 

Figure 8. The axial velocity has lower values near 
the upper wall of the casing and has a highest value 
at the outer vertical wall towards the lower part of 
the scroll casing, see Fig. 9. 

(a)

          
(b)                         (c) 

          
(d)                         (e) 

Figure 7: Tangential velocity contour plot at  
measurement 2 in m/s (a) experiments (b) and (c) 

are from the SST turbulent model with and without 
the penstock (d) and (e) are from the k-  turbulent 
model with and without the penstock, respectively.

The tangential velocity has a similar shape for all 
cases. Similarly to the other measurement sections, 
the numerical simulations with penstock present the 
best agreement with the experiments, see Fig. 8.  
A slightly better agreement is obtained with SST.  

In Figure 9, the correct shape is not captured by 
any cases. However, dissimilarity at the right bottom 
corner with the experiments is found without penstock 
not obtained with penstock. It should not be forget 
that we are looking at small velocity variation. 

The accuracy of CFD simulations depends strongly 
on the details of the turbulence model formulation 
and the corresponding boundary conditions. One 
would expect that the selection of suitable turbu-
lence model for the simulations might not be that 
difficult, but here the authors would like to address 
that it is challenging. Generally the selection of tur-
bulent model for a certain application depends on 
the underlying flow regimes and the level of accu-
racy required. According to the present results, the  
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(a)

              
(b)                           (c) 

            

(d)                           (e) 
Figure 8: Tangential velocity contour plot at  

measurement 3 in m/s (a) experiments (b) and (c) 
are from the SST turbulent model with and without 
the penstock (d) and (e) are from the k-  turbulent 
model with and without the penstock, respectively. 

(a)

              
(b)                           (c) 

              
(d)                            (e) 

Figure 9: Axial velocity contour plot at  
measurement 3 in m/s (a) experimental (b) and (c) 
are from the SST turbulent model with and without 
the penstock (d) and (e) are from the k-  turbulent 
model with and without the penstock, respectively. 

numerical simulations of the spiral casing are nearly 
insensitive to the turbulence model chosen, indicating 
a nearly in viscous flow. However, the SST model 
presents more accurate results. The correctness of 
the inlet boundary conditions has a more striking 
influence on the results. An analysis of the outlet 
boundary condition should also be conducted. 

4. CONCLUSION
Numerical simulations of three-dimensional flow 

of the Hölleforsen spiral casing and distributor with 
and without penstock have been performed with 
finite volume method and two turbulence models: 
k- and SST. Comparisons with available experi-
mental results indicate clearly the importance of the 
penstock to perform accurate simulation. Therefore, 
detailed inlet boundary conditions are necessary to 
simulate accurately the spiral casing flows if the 
penstock is not included in the simulation. 

The results found from the numerical simulation 
show that the turbulent models SST and the k-  give 
similar result. However, the SST model performed 
slightly better.  
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ABSTRACT ABSTRACT 
                                        

 This paper presents an experimental investigation of a Kaplan spiral casing turbine 
model of 1:3.1 scale of a geometrically similar prototype turbine. The prototype is avail-
able for similar investigation. The turbine is composed of 6 runner blades, 20 guide vanes 
and 18 stay vanes and has a runner diameter of 0.5 m. The study aims to investigate the 
inlet flow of the spiral casing as well as some sections in the spiral casing. The measure-
ments are part of a project aiming to investigate experimentally the flow in different re-
gions of the machine to build a data bank in order to validate numerical simulations and 
study scale-up efficiency between model and prototype. 

 This paper presents an experimental investigation of a Kaplan spiral casing turbine 
model of 1:3.1 scale of a geometrically similar prototype turbine. The prototype is avail-
able for similar investigation. The turbine is composed of 6 runner blades, 20 guide vanes 
and 18 stay vanes and has a runner diameter of 0.5 m. The study aims to investigate the 
inlet flow of the spiral casing as well as some sections in the spiral casing. The measure-
ments are part of a project aiming to investigate experimentally the flow in different re-
gions of the machine to build a data bank in order to validate numerical simulations and 
study scale-up efficiency between model and prototype. 
        A two components laser Doppler anemometry (LDA) apparatus was used to measure 
the velocity profiles at different locations in the turbine. To improve the signal quality 
and measurement accuracy refractive index matching optical box was mounted on the 
circular pipe of the spiral casing inlet. Ray tracing technique was used to determine the 
position of the laser beam intersection and fringes spacing by applying law of refraction 
and geometric considerations of the laser beams. 

        A two components laser Doppler anemometry (LDA) apparatus was used to measure 
the velocity profiles at different locations in the turbine. To improve the signal quality 
and measurement accuracy refractive index matching optical box was mounted on the 
circular pipe of the spiral casing inlet. Ray tracing technique was used to determine the 
position of the laser beam intersection and fringes spacing by applying law of refraction 
and geometric considerations of the laser beams. 

The investigation was carried out at three different loads, with constant runner blade 
angle: best operating point of the turbine and two off-design operating points with the 
presence of a vortex breakdown. The mean velocities profiles and corresponding RMS at 
spiral casing before the guide vanes and inlet of the spiral casing are presented for the 
different loads investigated. Good quality data are obtained for initial boundary condi-
tions at the inlet of the casing to perform numerical simulations. 

The investigation was carried out at three different loads, with constant runner blade 
angle: best operating point of the turbine and two off-design operating points with the 
presence of a vortex breakdown. The mean velocities profiles and corresponding RMS at 
spiral casing before the guide vanes and inlet of the spiral casing are presented for the 
different loads investigated. Good quality data are obtained for initial boundary condi-
tions at the inlet of the casing to perform numerical simulations. 
  
NOMENCLATURE NOMENCLATURE 
  

Df  = Doppler frequency [Hz]  = Doppler frequency [Hz] 
L  = Distance from the inner side of the 

box to the pipe centre [m] 
 = Distance from the inner side of the 

box to the pipe centre [m] 
an , , and = Refractive index of air, 

glass, water and Plexiglas, respec-
tively [-] 

, , and = Refractive index of air, 
glass, water and Plexiglas, respec-
tively [-] 

gn wn pn

iR  = Inner radius of the circular pipe[m]  = Inner radius of the circular pipe[m] 
oR  = Outer radius of the circular pipe 

[m] 
 = Outer radius of the circular pipe 

[m] 

fr  = Position of beams intersection with 
refraction [m] 

 = Position of beams intersection with 
refraction [m] 

ar  = Position of beams intersection 
without refraction [m] 

 = Position of beams intersection 
without refraction [m] 

*

Df
L

an gn wn pn

iR

oR

fr

ar

*r  = Rr = Normalized radius with the 
inlet of pipe radius R [-] 

pt  = -  = Thickness of the circular 
pipe [m] 

oR iR

gt  = Thickness of the glass [m]  
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t  = = Distance between pipe 
outer radius and box inner surface 
[m] 

oRL

U  =  Axial velocity [m/s] 
rU  = Radial velocity [m/s] 

U   =  Tangencial velocity [m/s] 
*U  = TVU = Normalized mean axial 

velocity [-] 
*

rU  = Tr VU = Normalized mean radial 
velocity [-] 

*U  = TVU = Normalized mean tangen-
tial velocity [-] 

T
* Vuu , Tr

*
r Vuu , T* Vuu  and 

T* Vvv  Normalized RMS [-] 
V   = Transversal velocity [m/s] 

LDAV = Uncorrected fluid velocity [m/s] 
CfV  = Corrected fluid velocity [m/s] 

TV  = 2RQ = Bulk velocity, flow rate 
per area of the inlet pipe [m/s] 

*V  = TVV = Normalized mean transver-
sal velocity [-] 

W   = Vertical velocity [m/s] 
*W = TVW = Normalized mean vertical 

velocity [-] 
 = Refracted laser beam position dur-

ing tangential velocity measure-
ment [m] 

x  = Fringes spacing  
i  = Half angle between the laser beams 

[rad] 
 = Half angle of refracted laser beams 

[rad] 
and,,  = Angle between the refracted 

laser beam and the normal line 
[rad]     

  = Wavelength [m] 

INTRODUCTION

Hydropower is a versatile renewable source of power generation able to change rapidly 
operating conditions. Hydropower plants may today work over a larger operating range 
than designed for due to the introduction of renewable sources of energy and the deregu-
lation of the electricity market. Such operating conditions may involve unacceptable large 
stresses on the system and losses due to complex unsteady flow phenomena. The use of 
computational fluid dynamics (CFD) in the design and refurbishment process is becom-
ing increasingly popular due to its flexibility, detailed flow description and cost-
effectiveness comparing to model testing, usually used in the development of turbines. 
However, issues have still to be resolved due to the combined flow physics involved in 
hydropower machines such as the presence of partly separated flow at curved surfaces, 
vortices, unsteady phenomena, swirl flow, strong pressure gradients, convoluted geome-
try as well as numerical artefacts. Therefore, experimental data in such complicated sys-
tems are required to validate numerical simulations and develop more accurate models. 

Several groups have investigated turbines models with advanced measuring tech-
niques in order to validate numerical simulations. The research group at École Polytech-
nique Fédérale de Lausanne (Switzerland) and Norwegian University of Science and 
Technology (Norway), both on a Francis type of turbine, and Laval University (Canada), 
on a propeller type of turbine, carried out a number of experimental investigations, see 
Ciocan et al. (2007), Vekve (2002) and  Gagnon et al. (2008), respectively. Luleå Univer-
sity of Technology and Vattenfall Research and Development (Sweden) performed also 
extensive experimental studies on a Kaplan model. The available data bank has served as 
a benchmark to validate the ability of CFD to predict the flow features and engineering 
quantities of a draft tube model at three consecutive Turbine-99 workshops (1999, 2001 
and 2005), see Andersson (2009). The research group is now focusing on the Porjus U9 
model since the corresponding full scale machine is available for similar measurements. 
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Furthermore, the design of U9 is modern. It is composed of 6 runner blades, 20 guide 
vanes and 18 stay vanes and has a runner diameter of 1.55 m. The draft tube does not 
have any sharp heel as the Turbine-99 test case. The model is of 1:3.1 scale of the geo-
metrically similar prototype turbine.  

The objectives of U9 model project are to study the phenomenon of a complex un-
steady three-dimensional flow caused by its rotor-stator interaction, build a data bank in 
order to validate numerical simulations and future scale-up studies. The investigation was 
initially carried out at three different loads: at best operating point and two off-design 
operating points (left and right side of the propeller curve) with the presence of a vortex 
breakdown. Three locations were selected for laser Doppler anemometry measurements: 
inlet of the spiral casing, in the spiral casing before guide vanes and draft tube cone. 
Measurements at the inlet spiral casing are essential to obtain the necessary boundary 
conditions to perform numerical simulations, since a bend is present upstream. Inade-
quate inlet boundary condition is expected to influence the results, see e.g. Mulu and 
Cervantes (2007). Application of the LDA technique did not present any specific prob-
lems since most of the windows are plane except in the spiral casing inlet which is circu-
lar. However it is essential to make sure that the optical axis intersects the plane wall at 
right angle to avoid any optical aberration; for instance the effect of astigmatism, which is 
associated with the off-axis alignment of LDA probe (Zhang and Eisele 1995, 1996).  
        Flow measurements in a circular pipe with LDA technique experience difficulties 
from the laser beam refraction at the pipe surfaces. This is due to the surface curvatures, 
both inside and outside, of the pipe and the differing refractive indices of the media. This 
leads to unwanted displacement, rotation, and misalignment of the laser beams resulting 
in loss of the Doppler signal. However, the signal quality can be considerably improved 
by matching the refractive index of the fluid to that of the pipe. Eventually with ray trac-
ing technique a correction factor for the position and velocity magnitude can be made 
with some geometrical consideration and Snell’s law. Previous, researchers tried to over-
come this problem with different methods. For instance, Boadway and Karahan (1981) 
and Bicen (1982), derived a correction factor to adjust the location of the measuring vol-
ume and the velocity by ray tracing. The scope of their work was limited to circular pipes 
in air and they assumed small angle approximation. Durst et al. (1988) used a container 
with flat walls around the pipe filled with a quiescent matching fluid. The working media 
had also the same refractive index. Gardavsky and Hrbek (1989) conducted their research 
work by placing a circular pipe in a rectangular optical box. They derived a series of 
equations with ray tracing method to determine the position of the laser beam intersection 
and the fringes spacing, without small angle approximation. Recently, Zhang (2004) has 
also tried to improve the optical performance by making the outside of the pipe plane 
without refractive index matching. He performed a comprehensive analysis of ray tracing 
with small-angle approximation and presented a detailed operating guideline with respect 
to the shift of the measurement volume, their optical properties and the beam waist dislo-
cation.
        The current research was performed by placing the circular pipe in a square optical 
box filled with a refractive index matching liquid: water. Ray tracing calculations were 
also performed to correct the position of the measuring volume and velocity using the 
above mentioned literature. 
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This paper focus on the mean results of the spiral casing inlet and in the spiral casing 
before the guide vanes measurements. The draft tube cone mean measurements results 
were reported previously, see Mulu and Cervantes (2009).  

EXPERIMENTAL SET UP AND TECHNIQUES  

        The full scale unit of the hydropower plant investigated is situated on the Luleå 
River in the north of Sweden. The present measurements were performed on the homolo-
gous model with a runner diameter D = 0.5 m. The turbine model is mounted in the test 
rig between high-pressure and low-pressure tanks, see Figure 1. The water level is con-
trolled by increasing the absolute pressure in the low-pressure tank to avoid cavitation. 
The measurements are carried out in a closed loop system. For further description of the 
power plant and the test rig, see Mulu and Cervantes (2009). 

Figure 1: Test rig with U9 Kaplan turbine model 

The investigation have been carried out at three different loads, with constant runner 
blade angle: at best operating point of the turbine (BEP) and two off-design operating 
points (left and right side of the propeller curve).The operational net head H = 7.5 m and 
a runner speed N = 696.3 rpm were used through out the measurements period. The guide 
vane angle was 20, 26 and 32o for the chosen operational points left, BEP and right, re-
spectively. The corresponding volume flow rate of the three working conditions are 0.62, 
0.71 and 0.76 m3/s, see Mulu and Cervantes (2009). 

Measurement Technique: 

        A two component LDA with an 85 mm optical fibre probe from Dantec was used. 
The probe uses a backscatter configuration with an upper-lower beam arrangement to 
measure the velocity components. The basic configuration of the system consists of con-
tinuous wave of 20 W Argon-Ion laser, transmitting optics, photodetector and signal 
processor. To resolve the directional ambiguity a Bragg-cell with a frequency shifting 
capacity of 40 MHz is used to create the second shifted incident beam of each pair. Two 
different front lenses of 800 mm and 600 mm focal length were used with respect to the 
location of the measurement. For 600 mm focal length lens the resulting measuring vol-
ume size, based on the e-2 Gaussian intensity cut-off point, was estimated to be 2.229 

1. High pressure tank 
2. Low pressure tank 
3. Spiral casing 
4. Optical correction box 
5. Draft tube cone 
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0.140 mm (length and diameter) and 2.426  0.147 mm for both laser beams. Likewise 
for 800 mm focal length the estimated control volume size was 4.310  0.196 mm and 
4.088  0.186 mm.  

The signal analyzer was of the type BSA 57N21 and 35 made by Dantec’s. BSA 
Flow software with burst mode of spectrum analysis method was used for the data acqui-
sition. The total sampling time was set to 300 s for each measurement point. This corre-
sponds to 20,000 - 300,000 bursts at each measuring point and is function of the location 
of the measuring point. The seeding particles used in the investigation are made of Poly-
amide powder with an average diameter of 5 µm. 

Locations of Measurements: 

        In order to obtain boundary conditions to perform numerical simulations and vali-
date the numerical results before the runner, measurements were made at spiral casing 
inlet and in the spiral casing before the guide/stay vanes.  
        The inlet of the turbine model spiral casing is a circular pipe with inner radius of 316 
mm. A Plexiglas pipe 290 mm long is mounted between the inlet of the spiral casing and 
the penstock for optical access, see Figure 2. LDA measurements in circular pipe are 
challenging due to the surface curvatures. The consequences of these curvatures are a 
lower signals quality as well as a different measurement volume due to the laser beam 
refraction at the surfaces. Experience shows that without refractive index matching and/or 
placing of an optical box outside the pipe the available velocity signal quality and thus 
the signal rate could be achieved only within a depth of about a third of the pipe diameter. 
However, if the pipe is placed in an optical box or the outside of the pipe is made plane, 
high quality velocity signals could be obtained even at a depth of about two-thirds of the 
pipe diameter. Performing coincident velocity measurements using four laser beams was 
inconvenient, as the four beams do not intersect at a single point in the flow due to the 
optical aberration. Thus, measurements of the velocities components were not carried out 
in coincidence mode. To obtain the full velocity profile across the pipe, measurements 
were performed from both sides of the pipe. Table 1 presents the location of the profiles 
measured; Py_3 and Pz_1 are the profiles through the y and z-axis of the circular section, 
respectively. 
         In the current study a square optical box is placed around the circular pipe filled 
with index matching liquid to improve the optical performances. Glass windows are 
mounted on two sides of the box in order to have a homogenous texture, see Figure 2. To 
determine the appropriate liquid to fill the box, experiments on a channel flow with a 
diameter of 100 mm were made. Three different type of liquid were investigated, water (n 
= 1.33), paraffin oil (1.46) and 80% of sugar water solution (1.49), see Robin Wood. Wa-
ter and paraffin gave almost the same signal quality but with paraffin the signal was 
slightly better. The sugar water solution gave the worst result because of the thin film 
created by the dissolve sugar at the surface of the pipe and box. For small scale at labora-
tory level paraffin may be preferable however in large scale like the current investigation 
water might be the best choice, since easier to manage.
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Table 1: Location of profiles in the circular section. 
Profiles Py_1 Py_2 Py_3 Py_4 Py_5 Pz_1

y (mm) - - - - - 0
z (mm) 100 50 0 -50 -100 -

Glass windows 

z

U V

y

Optical boxPlexiglas pipe

Index matching liquid  

W

Py_2

Py_1

Py_4Py_5

Pz_1

Py_3

.

Figure 2:  Inlet section of the spiral casing: the square glass box is filled with refractive 
index matching liquid, water. 

z

Window 

Runner cone 

Section A-A 

Central axis y

x

A

A
SI

SII

Guide vanes 

y

x

Stay vanes 

Figure 3: Location of the windows on the spiral casing and the measurement axis z at the 
section A-A. 
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        In the spiral casing, two Plexiglas windows are installed on the lower side at the 
angular position -56.25o (SI) and -236.25o (SII) to perform the LDA measurements, see 
Figure 3. The position of the windows from the central axis of the guide vane to the bot-
tom of the spiral casing is 294.7 and 197.1 mm, respectively. The windows are also 
placed at the centre of the casing 224.52 mm (SI) and 74.01 mm (SII) away from the stay 
vanes. Here the LDA measurements are straightforward since the windows are plane. 

DATA EVALUATION 

        The total uncertainty in a measurement can be found by combining random (preci-
sion) and systematic (biases) errors. Most of the bias errors are small compare to the pre-
cision errors and are thus neglected. The bias errors which can be of the same order of 
magnitude as the precision errors are velocity bias and system noise. This two biases and 
precision errors are considered; see Mulu and Cervantes (2009). 
         In LDA system the fluid velocity is directly determined from the fringes spacing of 
the measurement volume and the Doppler frequency of the scattered light from the parti-
cles passing through the measurement volume. The fringes spacing can be calculated 
from the wavelength of the laser beams and their half angle, if the spacing is assumed to 
be uniform. A necessary condition for accurate LDA measurements is that the incident 
laser beams crossing position must coincide with their beam waists. If this condition is 
not satisfied fringes distortion in the measurement volume may occur and thus the maxi-
mum intensity of the laser beams will not be at the measuring volume, resulting in a poor 
signal-to noise ratio and non-uniform fringes spacing. This situation might occur when 
the incident beams travels through different optical media of different refractive indices 
and the media interfaces are curved surfaces, for instance in pipe flow. Therefore, the 
difference in refractive indices and the curved surface nature affects the half angle and the 
intersection point of the beams. Owing to that, LDA measurement in circular pipe needs 
correction for the fluid velocity and the position of the beams intersection.  
        In the current work, when the measurements are performed along x, y and z axis the 
velocity components are refers as the axial, transversal and vertical components or tan-
gential, radial and vertical components. 
        The formula necessary for determination of velocities and beams intersection posi-
tion for the measurements performed at the inlet of the spiral casing are presented in ap-
pendix.

RESULTS AND DISCUSSION 

        For three different operating conditions, the LDA results of the mean velocities and 
RMS are presented to investigate the flow before the runner and at the inlet of the spiral 
casing, since the flow is influenced by the existence of a bend before the inlet. The meas-
urements carried out at the inlet pipe are corrected for exact location of the laser beams 
intersection and the velocity according to formula presented in appendix. The location of 
the measurement volume error arising from the pipe surface curvature lies in the range of 
0.02-0.7%. The difference between the incoming ray incident half angle  and the half 
angle of refracted laser beams  is less than 0.7%. The bias in the velocity magnitude, 
due to the refraction of laser beams at curved interfaces, is considerably low, which is due 

i
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to the very large inlet pipe diameter comparing to the spacing and diameter of the laser 
beams. 
        The spiral casing velocities and RMS are normalized by the bulk velocity VT ob-
tained from the flow rate and area of the inlet pipe. In spiral casing at section SI and SII
the positive direction for the axial velocity and radial velocity are defined similarly to the 
stream flow direction and towards to the centre of the spiral casing, respectively.  
        The results at the different sections from all guide vanes opening show similar ve-
locity profiles with a different magnitude. The velocity profiles at each section for all 
guide vane opening collapse to a single profile after normalization with the bulk velocity. 
This indicates that draft tube does not influence the high pressure flow despite strong 
unsteady flow phenomena at off design. Therefore, only the result from  = 26o is pre-
sented.
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Figure 4: Normalized mean axial velocities and corresponding RMS in the inlet of the 
spiral casing at three measurement locations. 

Normalized mean axial velocities and corresponding RMS in the inlet of the spiral casing 
at three measurement locations are presented in Figure 4. Flow rate determined from an 
integration of the measured mean velocity profile is within ± 4% compared to the flow 
rate determined with the test rig flowmeter (± 0.25%). The maximum mean axial velocity 
is observed at the bottom region of the inlet pipe. The presence of the bend in the pen-
stock is pointed out. The velocity is decreasing towards the upper part of the pipe. At 
central region between r* = -0.25 to 0.25 the velocity decreases when moving upward 
while maximum velocity regions are spotted at r* = ± (0.5 to 0.85). This M-shaped char-
acter in the velocity distribution is due to the pair of counterrotating Dean vortices, which 
is know in a circular bend flow. Since, the axial velocity distribution is not uniform in the 
plane due to lower velocity close to the upper wall, fluid particles with higher velocity are 
forced to move to the outer side, and those with lower velocity to the centre. This is due 
to the curvature which causes a positive gradient of the centrifugal force from the centre 
to the outer wall. This force and the presence of a boundary layer at the wall due to the 
fluid adhesion to the wall combined are responsible for this kind of flow behaviour. The 
fluctuating quantity shows inverse trend compare with the mean velocity, when the mean 
velocity increases the RMS decreases. 
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Normalized mean axial and transversal velocities and corresponding RMS at measure-
ment location Pz_1 at the inlet are presented in Figure 5. The average axial velocities 
measured at Pz_1 measurement location also confirm that the velocity is increasing to-
wards the bottom region of the pipe. The square points shown on the top two plots of 
Figure 5 are the corresponding axial velocities and RMS measured at Py_3, Py_4 and Py_5,
respectively, indicating a good repeatability of the measurements. The transversal veloc-
ity profile indicates the presence of a secondary flow. The fluctuation quantity is larger 
than the transversal velocity.
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Figure 5: Normalized mean axial and transversal velocities and corresponding RMS at 
measurement location Pz_1 at the inlet. 

 Normalized mean tangential and radial velocities and corresponding RMS at spiral 
casing measuring location SI and SII for guide vane opening  = 26o are presented in 
Figure 6. At section SI the mean tangential velocity has a larger magnitude at the bottom 
region of the casing and increases toward the middle height of the guide vanes. At section 
SII, the maximum velocity region is observed between the central level of the guide vanes 
and the upper level of the leading edge of the stay/guide vanes. Above the centre of the 
guide vanes the velocity at location SI and SII tend to have similar magnitude. The meas-
ured RMS at location SI is slightly higher than at location SII, which indicates that the 
flow is more turbulent when it inters the spiral casing due to the bend upstream.  
 The radial velocity measured at location SI shows the presence of a re-circulation 
region below the leading edge of the stay/guide vanes. The secondary flow is not ob-
served at location SII, the radial velocity is nearly zero in this region. Starting from z* = -
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0.41 the radial velocity has a similar magnitude at both locations, indicating an axis-
symmetric flow entering the distributor. Determination of the flow rate per unit length 
from an integration of the measured mean radial velocity profile between the lower edge 
and the centre of the guide vanes for both sections, gives 0.0010 and 0.0011 m2/s at sec-
tion SI and SII, respectively. The RMS results are similar at both locations. The magnitude 
of the RMS is similar for both radial velocities. 
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Figure 6: Normalized mean tangential and radial velocities and corresponding RMS at 
spiral casing measuring location SI and SII for guide vanes opening  = 26o. The results 
from  = 20 and 32o are similar. From left to right, the bold lines represent the bottom 
wall of the spiral casing at SI and SII, the lower level of leading edge of the stay/guide 
vanes, the centre of the guide vanes and the upper level of leading edge of the stay vanes, 
respectively.

CONCLUSION 

The flow in a Kaplan spiral has been investigated with laser Doppler anemometry at 3 
different working points: part load, BEP and high load. The inlet pipe was placed within a 
transparent box filled with a fluid of the same index of refraction as the fluid within the 
pipe to improvement the optical distortions. The fringes spacing and location of the meas-
urement volume are corrected by ray tracing technique. The diameter of the inlet pipe is 
very large comparing to the spacing and diameter of the beams, therefore the results 
shows that the correction for the velocity magnitude and location is very small. 
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        The mean values of the axial, transversal and radial velocity components are similar 
independently of the working point when made dimensionless with the bulk velocity. The 
bend upstream the spiral influences strongly the flow. Maximum velocities are observed 
at the bottom of the inlet pipe and spiral. Nonetheless, an axis-symmetric flow is found to 
be delivered to the distributor. 
        To capture eventual effect of the runner blades in the upstream flow, the velocity 
field needs to be analyzed angularly in the spiral casing before the stay/guide vanes.   
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APPENDIX A 

Axial Velocity Measurements at the Inlet of Spiral  

Generally to obtain the best available optical condition for axial velocities measurements: 
the optical axis should pass through the circular pipe axis and intersect the plane at right 
angle to avoid any optical aberration. Thus, the refraction of the laser beams lies down in 
a plane parallel to the pipe axis, see Figure 7. In this case the half angle between the inci-
dents beams remains unchanged. Therefore, the fluid velocity and the position of the 
beams intersection are directly calculated from Eq. 1 and 2, respectively. 
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Measurements were also performed at 317.0Rb i  and 158.0Rb i , where b is the 
deviation from the pipe axis. Adequate signal rates were obtained at these measurement 
positions. For moderate deviations, 5.0Rb i  and an identical fluid on either side of the 
circular pipe, no needs for correction of beams intersection position and fluid velocity are 
necessary; see Zhang (2004) and Bicen (1982). 
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Figure 7: Ray tracing for axial velocity measurements, one beam is considered due to 
symmetry. 

Vertical and Transversal Velocity Measurements at the Inlet of Spiral   

For measurements of the vertical and transversal velocities, the optical axis was aligned 
to pass through the pipe axis, i.e., the optical plane (the plane containing both beams) is 
orthogonal to the pipe axis, see Figure 8. Due to the laser beam refractions on the circular 
surface of the pipe the accuracy of these velocities measurement should be cautiously 
examined. The main reason is that the half angle and thus the measurement volume prop-
erty depend on the local position of the laser beams intersection point. Indeed, this de-
pendency leads to biased estimation of the flow velocity. Ray tracing calculations are 
necessary to correct the values. The equations are derived by applying law of refraction 
and geometric considerations of the laser beams. The procedure of the ray tracing equa-
tions and derivations are described by Gardavsky and Hrbek (1989). 
        The exact position of the measurement volume after beam refraction can be deter-
mined by Eq. 3 or from Gardavsky and Hrbek (1989) by Eq. 14. 

sin
R

 sin
i                                                                             (3) 

From the refracted laser beams the fringes spacing of the control volume can be calcu-
lated by Eq. 4, and thus the transversal velocity can be corrected by Eq. 5, the upper sign 
hold when 1  and the lower hold when 1 .
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Figure 8: Ray tracing for measurements of the vertical and transversal velocities compo-
nents, owing to the symmetry between two laser beams, only one beam is considered. 

The value of d can be determined experimentally or analytically from ray tracing. To 
calculate the values analytically consider the bottom figure of Figure 8. From the slope of 
the first ray  and the equation of the circle at the intersection point1m ZY , , two equa-
tions can be derived as a function of d: 

LY
dZm1       ,                                                               (6) 222

oRYZ

1m
Rs1msmsmY 2

2222

1

o111                                                   (7) 
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sYmZ 1                                                                            (8) 

The angle  can be obtained using Snell’s law from the known incoming ray incident 
angle i

i
w

a sinn
nsin 1

tanm1

dLms 1

Similarly, from the second slope  and the equation of the circle at the intersection 
point , two additional equations are obtained: 
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The slope  is obtained from 2m  and :

tanm 12

Using Snell’s Law,  is obtained: 

1
p

w sinn
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The first d value can be determined when 0'z  and iR'y , corresponding to the reference 
point when the rays lie on the inner wall. Then, one can determined consecutive values of 
d as a function of the first value as the probe is moved toward the pipe centre.  

0Rm
ZY i

2
                                                 (11) 

A similar procedure is applied to correct the vertical velocity for 0.5iRb , where the 
optical axis remains parallel with the pipe axis. If measurements are conducted beyond 
this limit the above approach for the vertical velocity correction is not be longer true, 
because the optical axis losses its parallelity with the pipe axis introducing some inclina-
tion angle in the control volume. 
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ABSTRACT

This paper describes the experimental investigation of a Kaplan turbine
model of the Porjus U9 unit. The study aims to investigate the complex unsteady
turbulent three-dimensional flow in different regions of the machine to build a data
bank in order to validate numerical simulations and study scale-up efficiency
between model and prototype. A two components LDA apparatus was used to
measure the velocity profiles at different locations in the turbine in coincidence
mode. An encoder pulse was used to resolve the measurements angularly. The
investigation was carried out at three different loads: best operating point and two
off-design operating points (left and right side of the propeller curve). Vortex
breakdown was present at both off-design points at the inlet of the draft tube, in the
cone. The axial and tangential mean velocity profiles and corresponding RMS at the
draft tube cone are presented for the different loads investigated.

NOMENCLATURE

2RQVT π= Bulk velocity, flow rate per area of the runner

TVUU =* Normalized mean axial velocity

TVVV =* Normalized mean tangential velocity

TVuu =* , TVvv =* Normalized RMS

Rrr =* Normalized radius with the runner radius R

INTRODUCTION

In the current project three locations were selected to investigate the flow in a Kaplan
turbine with the help of laser Doppler anemometry (LDA) technique. In order to
obtain boundary conditions to perform numerical simulations and study the flow
before the runner, measurements were made at spiral casing inlet and in the spiral
casing before the guide vanes. The third location is the draft tube. Previous studies
have shown that the flow in a draft tube is complex due to swirling, partly separated
flow at curved surfaces, flowing against an opposing pressure gradient and the
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geometry; see e.g. Vekve (2002) and Andersson (2008). The measurements were
performed in the draft tube cone at four different angular positions at the best
efficiency point (BEP) and two off-design points with the presence of a vortex rope.
This paper focuses on the mean results of the draft tube measurements. 

TEST RIG AND MEASUREMENT METHOD

The full scale unit of the hydropower plant Porjus U9 is situated on the Luleå River
in the north of Sweden. The machine is composed of 6 runner blades, 20 guide vanes
and 18 stay vanes and has a runner diameter of 1.55 m. The operational head is 55 m
with a discharge capacity of 20 m3/s for a maximum power of 10 MW. The present
measurements were performed on the homologous model in 1:3.1 scale of the
prototype turbine with a runner diameter D = 0.5 m.

Test rig

The test rig is located at the Hydraulic Machinery Laboratory of Vattenfall Research
and Development in Älvkarleby. It has been also well described by Marcinkiewicz
and Svensson (1994). The archetypical uncertainty in the flow rate measurement and
in the total hydraulic efficiency is ± 0.13% and ± 0.20%, respectively. The water level
was controlled by increasing the absolute pressure in the low-pressure tank to avoid
cavitation. The measurements were carried out in a closed loop system.

Operation conditions

The measurements have been carried out at three different loads: at best operating
point of the turbine and two off-design operating points (left and right side of the
propeller curve).The operational net head H = 7.5 m, a runner blade angle β = 0.8o

and a runner speed N = 696.3 rpm (unit runner speed, HDN = 127.1) were used
through out the entire period of measurements. The working guide vane angle and the
volume flow rate of the three working conditions are summarized in Table 1.

Table l. Operational condition parameters.
Operating point Left BEP Right
Guide vane angle, α (degree) 20 26 32
Volume flow rate, Q (m3/s) 0.62 0.71 0.76

Unit flow rate, HDQ 2 [-] 0.89 1.03 1.11

Efficiency, η- ηBEP (%) -5.2 0.0 -1.0

Measurement method

The measurements presented were made with LDA technique. The system
used is a two component set-up from Dantec with an 85 mm optical fibre probe and a
front lens of 600 mm focal length. The basic configuration of the system consists of
continuous wave of 20 W Argon-ion laser, transmitting optics including a beam
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splitter Bragg-cell, photodetector and signal processor. To resolve the directional
ambiguity two of the incoming beams were shifted by 40MHz. The resulting
measuring volume size, based on the e-2 Gaussian intensity cut-off point, was
estimated to be ≈ 2.229 x 0.140 mm (length and diameter) for the axial velocity
component and 2.426 x 0.147 mm for the tangential velocity component. Polyamide
particles with a mean diameter of 5 μm were used for seeding. The technique uses a
backscatter configuration with an upper-lower beam arrangement to measure the
velocity components corresponding to the particles pass through the control volume.

The signal analyzer was of the type BSA 57N21 and 35 made by Dantec’s.
BSA Flow software with burst mode of spectrum analysis method was used for the
data acquisition. The probe was fixed on a three axis traverse system, which was
controlled by the software with a possible smallest step of 0.01 mm. The total
sampling time was set to be 300 s for each measurement point. This corresponds to
20,000 - 300,000 bursts at each measuring points, function of the location of the
measuring point.

The measurements were performed at 4 different windows with angular
positions (AP) of 0o, 90o, 180o and 270o, see Figure 1. The radii of the upper and
lower circles of the cone are 252.1 mm and 322.58 mm, respectively. The cone angle
is 6.1o. Three velocity profiles at section (S) I, II and III were measured for each
angular positions and working points. Radial profile I is located below the runner
cone in the upper part of the draft tube cone, 334.3 mm below the runner hub centre,
for all angular positions. Profile II and III were located in the middle and close to the
end of the draft tube cone, respectively. Table 2 presented the exact location of the
three profiles for all windows, with a reference datum of runner hub centre.

Table 2. Location of profile I, II and III from the runner hub centre.
Location (mm)Profiles

a (0o) b(90o) c (180o) d (270o)
I 334.3 334.3 334.3 334.3
II 492.6 492.6 492.6 492.6
III 716.2 691.3 691.3 716.2

Figure 1. Windows location at the draft tube cone: a is at 0o, b at 90o, c at 180o and d
at 270o. I, II and III are the sections where velocity profiles were measured in each
window perpendicular to the draft tube cone wall.
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DATA EVALUATION

The total uncertainty in a measurement can be found by combining random
(precision) and systematic (biases) errors. Biased errors include errors from laser
beam geometry, signal processor bias, seeding bias, calibration uncertainty, probe
alignment bias, angular bias, fringe bias, gradient broadening bias, velocity bias and
system noise; see Albrecht et al.(2003). Most of the bias errors are very small
compare to the precision errors and are thus neglected. The bias errors which can be
of the same order of magnitude as the precision errors are velocity bias and system
noise. This two biases and precision errors are considered in this paper.

In a uniformly seeded fluid, velocity bias error may occur in LDA
measurements when particles with a large velocity travel through the measuring
volume more frequently than particles moving with a small velocity. Taking an
arithmetic average of these random measurements over a given period of time will
therefore result in an overestimated mean velocity; this error was first acknowledged
by McLaughlin and Tiederman (1973). The estimated velocity variance may also be
biased. To determine statistical moments for each measurement point, velocity and
residence time of each particle that pass through the control volume were recorded.
To avoid velocity bias, weighting method based on the residence time (g) of signal
bursts, which is inversely proportional to the modulus of the velocity vector was
used. Thus, the time averaged mean velocity component and the RMS are obtained
from Eq. 1 and 2, respectively.
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Where, jiu , is the j:th particle velocity determined from the corresponding Doppler

frequency and jg the corresponding residence time. n is the total number of samples

contributing to the value.
Special care was taken in terms of instrumentation and measurement

procedures in order to keep noise as low as possible. However, vibration of the test
rig induces a small amount of movement of the wall at the measuring sections
orthogonal to the probe. The system noise was estimated by a velocity measurement
on the surfaces of the test section. The measured noise contribution to the velocities
was subtracted from the velocities data.

The precision errors in LDA measurements are data processing errors which
result from averaging a finite number of data samples at each measurement point.
Currently, this error is estimated by a repeatability test. Owing to turbulence, the
velocity being measured does not remain constant during the sampling period. Thus
the estimated precision error (P) of the mean values, at the probability of 95%
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confidence interval, is calculated by stP ⋅= , where t is the coefficient of student t-
distribution with the corresponding degrees of freedom and s is standard deviation of
the sample data (Coleman and Steele, 1999).

A great care has been paid to eliminate the error arising from the operational
mode of the test rig during measurements and at different operating days. However,
the overall estimated error of the operational parameters lies between 0.1 - 0.35%
throughout the entire measurement period.

RESULTS

The LDA result of the mean velocities and RMS are presented to investigate the flow
symmetry below the runner and the flow development in the draft tube cone for the
different operating conditions. The velocities and RMS are normalized by the bulk
velocity VT obtained from the flow rate and area of the runner. The positive direction
for the axial velocity and tangential velocity are defined vertically downward through
the draft tube cone and in the clockwise direction viewed from the top of runner,
respectively.
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Figure 2. Normalized mean axial and tangential velocities and corresponding RMS at
section I for α = 26o at 4 angular positions (AP). The bold dash dot-lines represent the
lower and upper edges of the runner hub cone and the position of the draft tube cone
wall, from left to right.
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For all angular positions the mean axial velocity profile at section I has a minimum
and maximum below the runner cone. The minimum is in the center while the
maximum axial velocity is observed around r* = 0.15, see the left plot in Figure 2(a).

The tangential velocity is decreasing linearly from the draft tube cone wall up
to r* = 0.4, like a solid body, indicating a well functioning runner. From r* = 0.4 to
nearly the center of the cone the velocity is increasing steadily such as V* = k/r*
where k is constant, indicating a free vortex. Then, the velocity starts to decrease
again towards the centre like a forced vortex, see the left plot in Figure 2 (b), like a
Rankine vortex.

The RMS values have similar behavior with differences in magnitude. They
decrease gradually from the wall up to r* = 0.4 and increase towards the center due to
the runner cone rotation, see the right plot in Figure 2 (a, b).

Theoretically, the values should be identical at r* = 0 for each variable.
However, possible misalignment in the LDA probe or the windows may create
variations in the control volume position and therefore in the values.

The results show a symmetric flow. The flow symmetry also hold true for off-
design points, which velocity profiles are presented in Figure 3.
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(c) Normalized mean axial and tangential velocities and RMS at S III

Figure 3. Normalized velocities and corresponding RMS at angular position d for
different guide vane angles (α) and sections (S).

The shape and development of the mean velocities for BEP and overload (highest
guide vane angle) at S I, II, and III are similar with a different magnitude, see Figure
3 (a, b, c). The magnitudes of the axial velocity are almost equal close to the draft
tube cone wall. However, a significant amount of variation appears towards the
centre of the runner. For α = 20o, the axial velocity in the region r* = 0 – 0.6 has a
low magnitude. This low magnitude region propagates towards the wall downstream
as seen in S II and III. The high velocity region has a nearly constant velocity
independently of the section, indicating a low pressure recovery, i.e., the draft tube is
not working properly.

For all operating points and sections the mean tangential velocity increases
close to the wall, while the mean axial velocity drop off relatively. For α = 20o, the
mean tangential velocity decreases towards the centre and behaves like a Rankine
vortex. It gets weaker from S I to III, the vortex rope spreads out from the centre. For
α = 26o, the solid body rotation from the wall near the middle of the draft tube cone is
not altered by the area variation. The Rankine vortex in the region r* = 0 – 0.5
decreases in amplitude. For α = 32o, a contra rotating flow is observed at S I for r* =
0.08 – 0.62, at S II for r* = 0.2 – 0.73 and at S III for r* = 0.3 – 0.8, see Figure 3 (a,
b, c).

The RMS for α = 26o and 32o at all sections have similar pattern from the
centre to the wall. For α = 20o, the effect of the vortex rope for r* = 0.06 – 0.8 is very
high below the runner hub cone and decreases downstream to the draft tube elbow
with increment in value towards the wall, see Figure 3 (a, b, c). For the partial load
operation the tangential velocity contribution to the RMS is higher than the axial
velocity contribution, this is due to the pulsation of the rope, see Figure 3. The RMS
values are high at S I close to the runner centre and decrease towards S III which is
due to the additional fluctuations of the vortex rope. This effect also propagates in the
radial direction to the wall from S I to III where the velocity increases, see Figure 3
(a, b, c). The radius of the vortex rope increases downstream.
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CONCLUSION

A Kaplan model has been investigated with laser Doppler technology at 3 different
working points. The mean values of the axial and tangential velocity are presented as
well as the corresponding RMS values.

The results are similar at BEP and overload, when α = 26 and 32o. The
tangential velocity can be decomposed on a forced vortex and a Rankine vortex. The
RMS values are important near the runner cone due certainly to its rotation. For the
partial load operation the effect of the pulsating frequency of the vortex is significant
on the RMS and mean values. A low velocity region is identified below the runner
cone.

To investigate the vortex breakdown in detail regarding the forced and free
vortex regions, its periodic phenomena and the effect of the blade wakes, a detailed
phase resolved analysis will be made.
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