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ABSTRACT 
Measurements of the axial, radial and tangential 

velocities at the inlet and downstream the cone of 
the Turbine-99 draft tube test case with wedge Pitot 
tubes are presented. The measurements were princi-
pally performed to evaluate the radial velocity: an 
unknown parameter of the Turbine-99 test case. 

The results show an acceptable agreement with 
previous measurements for the yaw angle and axial 
and tangential velocities. The radial velocity is found 
to have very small amplitude at the inlet of the draft 
tube. The measurements downstream the cone indi-
cates a larger tangential velocity while the radial 
velocity has a larger amplitude that at the inlet,. 
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INTRODUCTION 
The Turbine-99 workshops (T-99) have been ar-

ranged to assess the capability of computational fluid 
dynamic (CFD) for calculations of flows in hydro-
power systems. Three workshops have been organ-
ized; cf. Gebart [1], Engström [2] and Cervantes [3]. 
In the workshops, the flow in a sharp heel draft tube 
is proposed to the participants with a set of experi-
mental boundary conditions, see Fig. 1. The draft 
tube was chosen since most hydropower plants in 
Sweden are low heads. Losses in the draft tube can 
be up to 50% of the total losses in low head machine 
and therefore has a large improvement potential. 

Inlet boundary conditions were determined by 
Andersson [4] with the help of two components laser 
Doppler anemometry (LDA) along a radial line at 
cross-section CsIa, i.e. the axial and the tangential 

 

 
Figure 1. Draft tube model used for the Turbine-99 workshops, Engström [2]. 

component were determined. It was assumed that 
the velocity components and turbulent quantities were 
not functions of the azimuthal position, i.e. they were 

axis-symmetric. Since the experimental set of data is 
not complete; assumptions were made for the radial 
velocity (V) and the turbulent quantities. At the first 
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workshop, the unknown turbulent quantities were 
assumed as follow:  uv vw uw= =  and 2 2v w= , while 
the radial velocity was a free parameter. The radial 
velocity shown to be an important parameter since it 
influences the separation point on the cone. Page and 
Giroux [1] performed calculations both with zero and 
non-zero radial velocity using the results of a separate 
Kaplan runner simulation. The simulations produced 
a lower pressure recovery with zero radial velocity. 
Later on, they presented numerical results based on 
the Turbine-99 case with a more detailed investiga-
tion of the influence of the turbulence length scale 
and the radial velocity on the pressure recovery [5]. 
These calculations show clearly that the flow sepa-
rates earlier on the runner cone with a zero radial 
velocity at the inlet of the draft tube. In fact, simple 
geometrical considerations show that the volume of 
fluid transported toward the cone is more than twice 
the volume of fluid transported toward the wall. Sepa-
ration occurs if such a volume of fluid is not trans-
ported toward the cone and the wall. Furthermore, 
many parameters work against the transfer of momen-
tum toward the cone. The angle of the cone is impor-
tant at the inlet, around 13 degrees and increases 
downstream with 1 degree per centimetre, i.e. nearly 
33 degrees at the end of the cone. The tangential veloc-
ity creates a centrifugal force, which pulls the fluid to-
wards the wall. Therefore, a radial velocity is necessary 
to avoid a premature separation on the runner cone. 

For the second workshop, the flow was assumed 
attached to the runner cone and the draft tube wall at 
the inlet CsIa, cf. Fig. 2. Simulation of the T-99 runner 
performed by Nilsson [6] agreed well with this assump-
tion, cf. Fig. 2. For his computation, Nilsson located 
the outlet after the end of the axis-symmetric diffuser 
before the draft tube bend, with a short cylindrical 
section added to reduce outlet effects. His results 
show deviations from the experimental axial and 
tangential velocities used as inlet boundary conditions 
for the workshop. At the outlet of the computed region, 
CsIb, the results from Nilsson present a discrepancy 
with the experimental results of the axial and tangential 
velocities. Good agreement with pressure recovery is 
however obtained at the beginning of the computed 
area. A lower pressure recovery is obtained toward 
the end of the computed area, which may be partially 
explained by an under estimation of the radial velocity. 

Cervantes and Gustavsson [7] developed a method 
to determine the radial velocity in swirling flow. The 
approach to evaluate the radial velocity from experi-
mental values of the axial and tangential velocity 
components is based on the coupling between the 
Squire-Long equation and the considered domain. This 

coupling is made possible by the consistency of the 
Bernoulli function on streamlines for non-viscous 
flows, which induces the presence of boundary con-
ditions in the equation itself. Their results are uncer-
tain since the method relies on accurate inlet axial 
and tangential as well as outlet axial velocity profiles. 
In T-99 some data are not available at CsIb for the 
axial velocity. Therefore, their results are function of 
the assumption made for the missing data, cf. case 1, 
case 2 and case 3 in Fig. 2.  

 
Figure 2. Radial velocity at the inlet of the draft 

tube, from Cervantes and Gustavsson [7]. 

Knowledge of the inlet radial velocity is impor-
tance to perform accurate simulation of the draft tube. 
An experimental investigation at the inlet of the 
draft tube at CsIa is therefore of interest. The ex-
periments may be performed with particle image 
velocitmetry (PIV), 2 or 3 components LDA and  
5 holes Pitot tube. The present paper present meas-
urements of the radial velocity performed on the 
T-99 draft tube at Vattenfall Research and Develop-
ment, Sweden, with a five holes Pitot tube. Three 
holes Pitot tube was also used to corroborate the 
results of the five holes Pitot tube. 

The paper is presented conventionally with a 
paragraph on the experimental apparatus and proce-
dure used for the experiments. A presentation of the 
results and a conclusion follows. 

EXPERIMENTAL APPARATUS AND  
PROCEDURE 

The measurements are performed at Vattenfalls 
model test facility at Älvkarleby, Sweden, cf. Fig 3. 
The facility has been presented in previous publica-
tions, e.g. Marcinkiewicz [8]. It has been thoroughly 
renovated during the year 2005. 
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MEASUREMENT SYSTEM AND GEOMETRY 

Transducers (PDCR810) from Druck are used for 
the pressure measurements. Four of the pressure sen-
sors have a measuring range of 0 - 600 mbar, one 
sensor has 0 - 700 mbar and the last two have 0-1 bar. 
A differential pressure sensor with a measuring range -
25 to +25 mbar was used to adjust the yaw angle of 

the probes. All gauges have a combined non-linear 
hysteresis and repeatability error of ±0.1%. The 
pressure sensors were calibrated over the whole 
measuring range with a DPI 605 from Druck. 

An optical pulse gauge is used to measure the 
runner angular position in time. It produces one digital 
pulse per revolution. 

 

 
Figure 3. Schematic drawing of the experimental facility at Älvkarleby.

The Pitot tubes used for the experiments are of 
wedge-type and manufactured by United Sensors 
(www.unitedsensorcorp.com). The three holes Pitot 
tube has a diameter of 6 mm and the three pressure 
holes have an average diameter of 0.6 mm. The three 
holes Pitot tube was extensively tested under unsteady 
conditions, see Lövgren and Cervantes [9]. The five 
holes Pitot tube has a diameter of 9.5 mm. The 50 mm 
long extremity has a diameter of 4.9 mm, otherwise 
the diameter is 9.5 mm. The five pressure holes have 
an average diameter of 0.5 mm  

The hardware used for the acquisition is from 
National Instruments and composed of a PXI chassis 
connected to a PC with a fibre optics 8335 MXI-3 
communication system, a 24-bit card (Ni-4472) with 
eight sampling channels and anti-aliasing filter capable 
of 102.4 kHz each. The sampling frequency of the 
measurements was 1 kHz. 

Throughout the article the angular position zero 
corresponds to the direction of the draft tube, accord-
ing to Fig. 4, i.e. the direction x. Two measurements 
with the three holes Pitot tube were performed at 
CsIa for α=267.5° along the radius. Three meas-
urements were performed with the five holes Pitot 
tube for α=247.5° along the radius: 2 at CsIa and 1 
at CsIb. Section CsIa is in fact 3.5 mm below the 
section CsIa defined for T-99. 

METHODOLOGY 
For the first T-99 workshop, two points on the effi-

ciency curve were chosen. These points were denoted 
T(r) and R(r): T for top and R for right leg on the pro- 

 
Figure 4. Draft tube inlet, top view. 

peller curve and r for reference. During the meas-
urements, a mechanical breakdown occurred which 
caused problems to find these operating points again. 
Therefore two new points were chosen: T(n) and R(n). 
After the renovation of the test rig these points were 
identified according to Fig. 5. T(r) and R(r) are posi-
tioned according to their flow rate in the current pro-
peller curve. Their positions are uncertain since the 
shape of the propeller curve might have changed after 
the breakdown. 

For the present work, all measurements are per-
formed for one operating condition: the top of the 
propeller curve T(n). This is described in Cervantes 
[3]. For this operating point N11=140, Q11=0.98, 
Q=0.522 m3/s, N=595 rpm  
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Figure 5.  Propeller curve and specified working points.

To minimize systematic errors in the measuring 
procedure, each measurement sequence was ran-
domized. Similar measurements were not repeated 
the same day. 

RESULTS 

The different measurements are compared to the 
measurements used for the 3rd Turbine-99 workshop. 
They were done for α=280° along the radius, see 
Cervantes [3]. 

Cross-section Ia 
Figure 6 presents the yaw angle for the different 

measurements performed at section CsIa. Good re-
peatability is obtained. The measurements are simi-
lar except close to the runner cone. The peak close 
to the runner cone may be height depend according 
to Andersson [2]. The following measurements are 
3.5 mm below CsIa used for T-99 III. 

The axial velocity profiles obtained with the Pitot 
tubes deviate substantially from the measurements 
acquired by Andersson while the shape is similar, 
see Fig. 7. The large deviation is due to an underes-
timation of the velocity by Andersson and an over-
estimation of the velocity in the present measure-
ments. The flow rate, obtained with a trapezoidal 
numerical integration of the experimental data, is 
as follow: QT99 = 0.487 m3/s, Q3HP1 = 0.552 m3/s, 
Q3HP2 = 0.533 m3/s, Q5HP1 = 0.539 m3/s and Q5HP2 = 
0.535 m3/s. The error on the flow rate is respectively 
-6.6%, 5.7%, 2.1%, 3.3% and 4.4%.  

Similarly, the tangential velocity has a similar shape 
to the one obtained by Andersson. Better agreement 

is obtained with the 5 holes Pitot tube since the yaw 
angle is lower. Near the shroud, the velocity ampli-
tude is overestimated compared to Andersson. 

The pitch angle and the radial velocity obtained 
with the 5 holes tube are presented in Fig. 8. The pitch 
angle is very small and de facto the amplitude of the 
radial velocity. The slope is nearly similar to the one 
used for Turbine-99 III. The deviation for v 5HP1 
from r varying from 160 to 190 mm is unclear. 

Cross-section Ib 
The yaw angle obtained with the 5 holes Pitot tube 

is represented in Fig. 9. The amplitude is lower in the 
centre while the shape is similar to the measurements 
from Andersson. Close to the shroud, the results are 
comparable. 

The consequences of a lower yaw angle are per-
ceptible in Fig. 10 where the axial and tangential 
velocity measured at section CsIb are presented and 
compared to the measurement from Andersson. The 
axial velocity is nearly identical to Andersson meas-
urements. The flow rate obtained with a trapezoidal 
numerical integration gives: QT99b = 0.552 m3/s and 
Q5HPb = 0.536 m3/s. The error on the flow rate is 5.7% 
and 2.7%, respectively. The main difference is between 
the tangential velocities. A very large discrepancy 
appears away from the walls. 

The pitch angle and the radial velocity are presented 
in Fig. 11. No data are available for comparison. The 
present measurements seem more reliable than the 
one obtained for the radial velocity at CsIa since the 
pitch angle is larger. 
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Figure 6. Yaw angle obtained with the 3 and 5 holes Pitot tubes at CsIa. Comparison with the measurements 

from Andersson used for T-99 III [3]. 

    
Figure 7. Axial velocity obtained with the 3 and 5 holes Pitot tube at CsIa. Comparison with the measurements 

from Andersson used for T-99 III [3]. 

    
Figure 8 – Tangential velocity obtained with the 3 and 5 holes Pitot tube at CsIa. Comparison with the meas-

urements from Andersson used for T-99 III [3]. 
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Figure 9. Pitch angle and radial velocity obtained with the 5 holes Pitot tube at CsIa. Comparison with the 

estimated profile used for T-99 III [3]. 

 
Figure 10. Yaw angle obtained with the 5 holes Pitot tubes at CsIb. Comparison with the measurements from 

Andersson used for T-99 III [3]. 

    
Figure 11. Axial and tangential velocity obtained with the 5 holes Pitot tube at CsIb. Comparison with the 

measurements from Andersson used for T-99 III [3]. 
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Figure 12. Pitch angle and radial velocity obtained with the 5 holes Pitot tube at CsIb.

CONCLUSION 

Axial, tangential and radial velocities were meas-
ured at the inlet (CsIa) and downstream the cone (CsIb) 
of the Turbine-99 draft tube test case. The measure-
ments concur with previous measurements. 

The radial velocity found at the inlet of the draft 
tube has small amplitude, smaller than the one rec-
ommended by the organisers.  

The measurements performed at CsIb show larger 
amplitude than the measurements from Andersson 
for the tangential velocity while the shape is similar. 
The radial velocity is of importance in this region, 
comparison to CFD simulation may be interest. 

NOMENCLATURE 

11
DNN

H
=  unit runner speed [-] 

2

11
QDQ

H
=  unit flow [-] 

D runner diameter [m] 
N rotational speed [rpm] 
Q flow rate [m3/s] 
U axial velocity [m/s] 
V radial velocity [m/s] 
W tangential velocity [m/s] 
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