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ABSTRACT 
The Turbine-99 test case, a Kaplan draft tube, has been studied extensively both 

experimentally and numerically. To further complete the experimental data of this test case, 
phase resolved velocity profiles in the draft tube cone are presented in this paper. 

The phase resolved velocity profiles have been measured with a 2-component LDA 
equipment measuring both the tangential and the axial velocity components of the flow. The 
measurements were synchronised with a pulse from the runner shaft that gives the angular 
position/phase of each velocity measurement. 

The result shows a clear impact of the runner blade wakes on the flow distribution in the 
draft tube cone. Further down in the cone the blade wakes are still visible, even if noticeable 
weaker, and they have increased their extent in the tangential direction.  
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NOMENCLATURE 
r* =r/Rcs Normalised radius. (Normalised with the outer radius of the cross-

section RCS) 
U* =U/Ubulk Normalised phase resolved axial velocity. (Normalised with the 

axial mean velocity of the cross section) 
V* =V/Ubulk Normalised phase resolved tangential velocity 
u’ =urms/Ubulk Axial turbulence intensity, i.e. normalised axial phase resolved 

RMS-value.  
v’ =vrms/Ubulk Tangential turbulence intensity, i.e. normalised tangential phase 

resolved RMS-value.  

INTRODUCTION 

Hydropower in Sweden, as in most of Europe, is undergoing a large refurbishment 
programme with up-grades of existing power plants. New equipments such as runner and 
guide vanes have to be fitted to existing designs. Since the majority of the turbines in Sweden 
have low head, the function and design of draft tube, a diffuser found immediately after the 
runner, is very important to get high performances and sustainable constructions. 

The purpose of the draft tube is to recover the dynamic energy leaving the runner into 
pressure to increase the effective head. Hence the importance of draft tube increases inversely 
to the head of the turbine since the discharge/head ratio is increasing. A strong adverse 
pressure gradient combined with a turbulent unsteady swirling flow in a complex geometry 
with separation regions makes the flow highly complex and de facto a challenge for 
improvements despite the advance of numerical and experimental tools. 

The research group at the Laboratory of Hydraulic Machines at École Polytechnique 
Féderale de Lausanne has through the FLINDT (FLow INvestigation in Draft Tubes) project 
been a precursor in the use of advanced experimental tools for the characterisation of the flow 
in a Francis draft tube; see e.g. Arpe [1]. Phase resolved measurements in a Francis turbine 
resolving the vortex rope at part load has been presented by Vekve [7]. 

In the same way, extensive experimental studies of a Kaplan model draft tube, the 
Turbine-99 test case, have been carried out [2]. The data bank has served as a bench mark test 
for CFD-simulations of draft tubes. Inlet and reference data is available both through the 
Qnet-CFD knowledge base [3] and through the proceedings of the three Turbine-99 
workshops [4, 5, 6] held in 1999, 2001 and 2005; see also www.turbine-99.org for the draft 
tube geometry, meshes, boundary conditions and proceedings.  

The results showed that most of the pressure recovery, nearly 80 %, takes place in the 
first part of the draft tube, the cone. Moreover the experiments showed that the flow in the 
cone is very sensitive and therefore should be studied closer. Lövgren et al. performed phase 
resolved pressure measurements [8]. To get further inside of the flow in this part of the draft 
tube and make the data bank useful for future time-dependant simulations, phase resolved 
velocity measurements were carried out at different sections with a 2-components laser 
Doppler anemometry (LDA). The first section is the inlet section of the Turbine-99 test case 
just below the runner blades. The second section is located near the end of the runner cone 
and the final section can be found further down stream in the draft tube cone before the elbow. 

The measurements are expected to complete the Turbine-99 test case and allow the 
numerical community to carry on with more detailed analysis of the Kaplan draft tube flow, 
especially through unsteady simulation using RANS and LES models. The present work 
presents the material and methodology used to perform the experiment. A presentation of the 
axial and tangential velocities as well as turbulence intensities follows. The measurements 
have been performed near best efficiency of a propeller curve of the runner.  
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METHODOLOGY 
At the Vattenfall Turbine test stand, testing of hydro turbines is carried out in a closed 

water circuit. The test rig has been described in Marcinkiewicz and Svensson [9]. The set-up 
allows for accurate efficiency measurements. The global measurements for flow rate, head, 
and efficiency were performed according to the IEC 60193 International Standard [10]. 
Typical uncertainty in the flow rate measurement is ± 0.13 % and the total uncertainty in 
hydraulic efficiency ± 0.20 %. The rig has previously been used for the evaluation of draft 
tubes and the accuracy has been sufficient to detect economically motivated redesigns of these 
draft tubes [11]. 

Test object and measurements 
The Turbine-99 draft tube model consists of a 1:11 scale copy of the Hölleforsen power 

station, Sweden. The Kaplan runner in the model has a diameter (D) of 500 mm. The 
installation year of the power plant was 1949, the head is 24 m, and the runner diameter is 5.5 
m. Maximum power output is 50 MW and the flow capacity is 230 m3/s. 

In Figure 1, a layout of the model is presented. The model in this study represents the 
power station from intake to a tunnel section 20 m downstream the draft tube outlet in full 
scale. The model is pressurised by increasing the absolute pressure in the downstream tank, 
i.e. simulating a higher downstream water level, to avoid cavitation. The draft tube has a 
sharp-heeled elbow and a low construction, i.e. the ratio between the height of draft tube and 
the runner diameter is low, compared with modern designs. The most downstream part of the 
outlet diffuser, starting when the outlet diffuser increases its diffuser angle, is the connection 
between the draft tube and discharge tunnel, see Figure 1. 

 
Figure 1.  Test rig with a layout of the model between the high and low head tanks. 

 
The presented LDA measurements have been performed for three radial profiles situated 

at cross-sections (Cs) Ia, Ib and Ic. Figure 2 gives an overview of the cross-sections and the 
location of the radial profiles. Cs Ia is located just below the runner blades in the lower part of 
the runner chamber, 137 mm below the runner hub centre. Cs Ib is located near the end of the 
runner cone and Cs Ic in the middle of the draft tube cone. Cs Ia is measured along a 
horizontal line and Cs Ib and Cs Ic along a line perpendicular to the draft tube wall. The exact 
locations of the profiles at Cs Ia, Cs Ib and Cs Ic are presented in Table 1. 

 
Figure 2. Location of cross-section Ia, Ib and Ic. The presented velocity components are perpendicular to 

the measured profiles as indicated in the figure by the small arrows. 
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Table 1.  Location of the measured profiles at section Ia, Ib and Ic. 

Profile Height (z)  

[ mm ] 
Angle (αααα) 

[ °°°° ] 

Ia(1) 0.0 -10 
Ib -147.0 -80 
Ic -243.3 -80 

 
LDA is a well established technique that is suitable to make non-intrusive time resolved 

measurements of well-defined velocity components [12]. For these measurements a 
commercial 2 components fibre optic system from TSI was used. The measurement volume 
formed had a length of 1.30 mm and a diameter of 0.09 mm. 

A Rotating Machinery Resolver (RMR) from TSI was used to obtain the angular position 
of the shaft. This equipment takes a square wave pulse generated from an optical sensor at 
each revolution of the shaft. The RMR transforms this square pulse into a triangular pulse 
train with the width of a period. Hence the value of this new signal is proportional to the angle 
or phase of a period. When the signal cannot lock at a frequency within the specification 
(±1.6°) an offset is added to this value, which enables these samples to be excluded from the 
evaluation. The signal from the triangular pulse train is sampled simultaneously as an external 
signal every time a velocity measurement is performed. Velocities measured at different 
angles of a rotation can be sorted and treated independently of each other with this 
technology. 

Evaluation of the velocity measurements 
Phase resolved measurements include information on where in the cycle, in this case the 

angle of the runner shaft, each velocity measurement has been collected. To evaluate the data 
as a function of the shaft angle the measurements are divided into a number of compartments. 
Therefore single measurements affect the mean and RMS value of that compartment more 
than a single measurement affects the total mean value of all compartments. This implies that 
single outliers have a more severe effect. These outliers can either be spurious data caused by 
artefacts in the measurement system or less frequent physical phenomena lacking sufficient 
data to be resolved. Therefore, a histogram clipping method is used to remove outliers, see 
e.g. Lepicovsky [13]. In Figure 3, the raw data from the measurements at r*=0.92 is plotted. 
The plusses are data that will be sorted out by this method, while crosses will be kept for the 
evaluation. On the positive side this method is easy to implement and it finds the outliers, on 
the negative side it removes some values that might be physically relevant. 

 
Figure 3.  Raw data scatter plots for the tangential velocity components at r*=0.92 for one blade passage 

to the left and a detailed section to the right. Data points marked with (+) will be sorted out by the 

histogram clipping method, while data points marked with (x) will be kept for the evaluation. 

Individual velocity realisations are divided into compartments Ai, where measurements 
are taken for an angular position of the runner between ϕ-∆ϕ/2 and ϕ+∆ϕ/2. ∆ϕ is the angular 
resolution of the measurements. For each compartment mean and RMS-values are evaluated 
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for both the axial and tangential velocity components. The evaluation method used is a 
gradient compensation method described by Glas et al [14], which gives a correct mean value 
even with relatively large angular resolutions, i.e. the method allows for gradients through the 
compartment, in this case gradients of the first and second order. The main benefit is the 
evaluation of the RMS value. The ordinary RMS value without gradient compensation would 
include both the phase resolved RMS value together with the phase dependent variation over 
the compartment and would thus be overestimated in the presence of any gradient in the 
velocity component. Furthermore, the gradient compensation method compensates for 
velocity bias since the result is independent of the data intensity across the compartment and 
the estimated value in the centre of the compartment is closest to the ‘true’ value. 

The phase resolved measurements are presented as contour plots (e.g. Figure 5) where a 
constant angle corresponds to a phase of the runner revolution, i.e. the distribution along a 
constant angle shows the radial velocity distribution at the measured profile at a given 
time/phase during a runner revolution. The phase angle is defined counter clockwise, i.e. 
something happens at a radius to the lower right will happen before something at the same 
radius at the upper left. 

 

RESULTS 
The measurements are performed close to the top of a propeller curve at 60 % load of the 

runner. An overview of the results from cross section Ia to Ic is presented. Differences and 
evolutions of the flow profiles are described. All data presented are normalised with the axial 
mean velocity of the cross section where the measurements were performed. 

 

Section Ia (1) 

 
Figure 4.  Normalised mean axial and tangential velocity components (left) and turbulence intensities 

(right) at profile Ia. The figure to the left also shows the variation (RMS) in the mean values. 

The mean velocity profiles of the axial velocity at section Ia have a maximum close to 
r*=0.8, see Figure 4. The velocity decreases towards the runner chamber and runner cone. 
Close to the chamber wall there is a slight increase in the velocity profile that possibly 
indicates some residue from leakage between the runner blade and the chamber. The 
tangential velocity at cross section Ia is increasing with the radius similar to a solid body 
rotation. There is a slight fluctuation around r*=0.8, i.e. close to the maximum axial velocity 
from the almost linear increase. 

The variation (RMS) of the phase resolved mean values, left graph in Figure 4, are quite 
high, 10 to 20 % of the mean axial component. The corresponding phase resolved RMS 
values, right graph in Figure 4, are around 5-6 percent in the centre of the profile and increase 
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both towards the runner chamber and the runner cone due to the influence of the walls and 
possible leakage effects.  

 

 
Figure 5.  Phase resolved axial and tangential normalised velocity components and remaining phase 

resolved turbulence intensity at cross section Ia. The phase of the maximum tangential velocity is marked 

with a solid black line 

Figure 5 shows the phase averaged results at Cs Ia for both the axial and the tangential 
velocity components and the turbulence intensity. A pattern that repeats every 72° of one 
revolution representing a runner blade passage is obtained in the analysis. The figures show a 
section covering slightly more than one blade passage. The axial component has a clear 
maximum close r*=0.8, the peak is present a couple of degrees after the blade wakes. The 
blade wakes are distinguishable in the axial velocity component as regions with lower axial 
velocities caused by the loss of momentum due to friction against the blades. The blade wakes 
are even more apparent in the tangential component, which becomes about twice as large as in 
between the blade wakes. The maximum tangential velocity component is marked with a solid 
black line. In addition, two regions with high tangential velocities are identified, certainly 
causing the slight bump seen in the mean velocity profiles. The phase resolved RMS value is 
low in between the blade wakes indicating a nearly inviscous flow, while a significant 
increase can be seen at the blade wakes. This increase can be a combination of non-resolved 
vortices that leaves the runner and increased turbulence levels caused by the sharp velocity 
gradients. The maximum values of the kinetic energy come slightly behind the maximum in 
the tangential velocity component. 
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Section Ib 

 
Figure 6.  Normalised mean axial and tangential velocity components (left) and turbulence intensities 

(right) at profile Ib. The figure to the left also shows the variation (RMS) in the mean values. 

At cross section Ib the main behaviour of the mean profiles is similar to this at Cs Ia, see 
Figure 6. However, the maximum close to r* = 0.80 has been pronounced and a more 
developed boundary has evolved along the draft tube wall. In this region where the axial 
velocity is decreasing, there is a more distinct increase in the tangential velocity component 
than in Cs Ia. In the interior (r*=0-0.25), there is a wake region after the runner cone. The 
variation in the mean values shows that the periodic contribution still is strong in the outer 
region (r* > 0.6) but much weaker compared to Cs Ia. The profile is more evenly distributed 
compared to Cs Ia that had distinct peaks close to the wall and near r* = 0.8. In the interior 
(r*=0-0.25) the turbulence intensity is relatively strong and there is almost no trace of the 
periodic energy, which means that this fluctuation is dominated by one or more other 
frequencies than the runner frequency. 
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Figure 7.  Phase resolved axial and tangential normalised velocity components and remaining phase 

resolved turbulence intensity at cross section Ib. For the axial component the lowest velocities are omitted 

for a better comparison with the other profiles. The maximum tangential velocity is marked with a solid 

black line 

At cross section Ib, there is still a small imprint of the blade wake in the axial component 
distinguishable but weak, making it difficult to guess its origin. The main uneven distribution 
between the blades is still clearly visible in Figure 7. 

The residues from the blade wakes are still clearly visible in the tangential velocity 
component. Compared to Cs Ia this region is less radial due to the tangential profile that does 
not fulfil a solid body rotation at section Ia. The outer region that moves faster will be 
stretched away from the inner part that moves slower. Since the blade wakes have a higher 
angular momentum than the main flow the wakes are pushed outwards compared to the main 
flow. Therefore the main region is located at a larger radius and is wider in the tangential 
direction. 

The trend for the turbulence intensity is similar to that of the tangential velocity. As 
indicated at Cs Ia but clearer at this section, the maximum tangential velocity is located at a 
lower angle for the same radius than the maximum RMS value. Now the periodic variation, 
i.e. the variation in the mean values, is less than the turbulence intensity along most of the 
radius. In the interior (r*=0-0.25) below the runner there is a large amount of energy that is 
not resolved by the runner period. 

 

Section Ic  

 
Figure 8.  Normalised mean axial and tangential velocity components (left) and turbulence intensities 

(right) at profile Ic. The figure to the left also shows the variation (RMS) in the mean values. 
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Figure 9.  Phase resolved axial and tangential normalised velocity components and remaining phase 

resolved turbulence intensity at cross section Ic (the measurements along the profile did not go to the 

centre of the draft tube). The maximum tangential velocity is marked with a solid black line 

At cross section Ic, all impact from the blade wake on the axial component has 
disappeared and no clear dip in the axial velocity can be seen. However the main pattern from 
the runner outlet with one high velocity zone between the blade wakes can still be observed in 
the axial component, see Figure 9. 

The tangential velocity component still present a visible influence of the blade wakes 
with a region with significantly increased tangential velocities. This region is even more 
broadened and compared to the previous sections Ia and Ib.  

The RMS values follow the behaviour of the tangential velocities. Now the periodic 
variation is only a fraction of the phase resolved part of the RMS values. Hence the phase 
resolved variation in the mean values has lost most of its importance compared to the phase 
resolved RMS values. 

 

SUMMARY AND FINAL CONSIDERATIONS 

The evaluation of the phase resolved velocities shows that relatively small disturbances 
in mean velocity profiles can reveal distinct flow features, in this case blade wakes. When 
these blade wakes leave the runner they are well defined and relatively thin. The wakes are 
mostly elongated in the radial direction. Further down in the draft tube cone the wakes will be 
stretched in the tangential direction and have moved outwards. 

The comparison of the phase resolved RMS value and the periodic variation of the mean 
values shows that the periodic energy dominates at the inlet. Further down in the draft tube 
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cone the periodic part loses its importance and at section Ic this variation is a fraction of the 
RMS values. 

Since the blade wakes move faster than the main flow, the wakes will push into the main 
flow. This means that the front of the wake will be rather steep compared to the back that will 
drop more slowly and this is why there will be an unstable area with higher RMS-values 
behind the wake. This region and the distance from the peak in tangential velocity and the 
peak in kinetic energy grow from section Ia to Ic.  

The time resolved data shows a projection of the blade wakes and the distribution 
between the blades but since the measurements are conducted at one profile nothing can be 
said about the influence of the guide vanes etc. To obtain information on the geometric shape 
and variation of the blade vortices at different angles a field/plane measurement technique 
such as PIV could be adopted. 
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