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ABSTRACT 
The flow properties of the Turbine-99 draft tube 

have been subject of much interest by the research 
community. The first part of the draft tube, i.e. the 
cone, raised many questions about the pressure re-
covery and the time dependence. A complementary 
experimental investigation was therefore performed 
in the model test facility of Vattenfall at Älvkarleby, 
Sweden, to get time resolved wall pressure data.  

Good agreement with the old measurements is 
achieved. However, the positions for the T(n) and 
R(n)-cases are not as expected. The results give a 
detailed map of the pressure behaviour in this part 
of the draft tube and are thus of interest for the vali-
dation of CFD simulations. The pressure amplitude 
at the inlet of the draft tube is 1000 Pa. The results 
also give new information regarding the cases used 
in the Turbine-99 workshops. 
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INTRODUCTION 
A draft tube in a hydropower plant is used to 

convert remaining kinetic energy to pressure energy 
in order to increase the efficiency of the plant. Its 
importance generally increases as the total head of 
the hydro power plant decreases. For efficiency im-
provements in low head plants the draft tube should 
be addressed. In the draft tube the losses are relatively 
large in comparison to the rest of the plant, up to 50 %. 

The Turbine-99 workshops (T-99) have been ar-
ranged to assess the capacity of simulation tools for 

calculations of flows in hydropower systems, cf.  
Gebart [1], Engström [2] and Cervantes [3]. In the 
workshops, the flow in a sharp heel draft tube, see 
Fig. 1, was studied in detail and some areas of inter-
est were identified. One is the pressure recovery in 
the first part of the draft tube, i.e. the cone region. 
The length of this region is 10 % of the total length 
of the draft tube but the corresponding pressure 
recovery is 80 % of the total pressure recovery in 
the draft tube. More experimental data in the cone 
region should increase the understanding of the flow 
and contribute with valuable data for CFD (Compu-
tational Fluid Dynamics) validation. 

Many experiments and simulations have been per-
formed on the T-99 draft tube. Dahlbäck [4] published 
a paper on a redesign of this draft tube. Later experi-
mental work was mainly performed by Andersson [5]. 
Andersson's data is also the base for the different 
T-99 workshops. Since the last measurements, the 
experimental facility was upgraded and a more sta-
ble behaviour achieved. The measurements in this 
paper are performed under the same conditions as 
those used by Andersson, i.e. T(n) and R(n), the 
cases are presented in detail in the result section.  

The performance of a draft tube is generally char-
acterized by the pressure recovery and since a large 
part of the recovery occurs in the cone region more 
detailed knowledge of the pressure development there 
seems highly desirable. Therefore, pressure measure-
ments are performed in this region, both in the axial 
and the circumferential direction. Flush mounted 
pressure sensors are used to get a high time resolu-
tion. The time resolved data are important both for 
comparison with transient simulations and for the 
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understanding of the pressure recovery. The circum-
ferential pressure is necessary to resolve the ques-

tion regarding the symmetry of the inlet boundary 
condition. 

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

 
Figure 2. Schematic drawing of the experimental facility at Älvkarleby.

METHOD 
The measurements are performed at Vattenfalls 

model test facility at Älvkarleby, Sweden, cf. Fig 2. 
The facility has been presented in previous publications, 
e.g. Marcinkiewicz [6], but has been thoroughly 
renovated during the year 2005. 

 
Measurement system and geometry 

An optical pulse gauge is used to measure the 
runner angular position in time. It produces one digi-
tal pulse per revolution. Transducers (PDCR810) 
from Druck are used for the pressure measurements. 
Four of the pressure sensors have a measuring range 
of 0-70 mbar, one sensor has 0-700 mbar and the 
last two have 0-1 bar. 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. 

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

The pressure gauges were mounted at 64 differ-
ent points. This was possible through 20 physical 
measuring positions, which where permutated three 
times causing a total of four positions for the cone, 
i.e. some of the measurements were repeated during 
the permutations. The positioning of the pressure 
gauge mountings along the axial line can be seen in 
Fig. 3. As seen in the figure the two holes (3 and 4) 
through the flange are not flush, due to practical 
reasons. The total number of holes in the axial direc-
tion is eleven. The first cross section of measuring 
points is placed 3.2 mm below cross section Ia (cf. 
Fig 1), hereafter called IaII. The second cross section is 
placed close to Ib. The cross sections have five and 
six physical measuring points. Through the permuta-
tion of the cone a total of sixteen measuring points is 
available at Ib and twelve at IaII. A reference meas-
urement point was placed on the upper centreline of 
the draft tube close to cross section III, according to 
Fig. 1. The position is at L = 0.57, where L is the 
coordinate defined according to Fig. 1. The refer-
ence hole was produced according to the ASME/ 
ANSI standard [7], with a 3 mm hole, causing the 
pressure membrane to be positioned 15 mm from 
the wall surface. The corresponding distance for the 
two holes through the flange is 50 mm. 
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Figure 3. Pressure hole distribution 

 along the axial line. 

Throughout the article the angular position zero 
corresponds to the direction of the draft tube, ac-
cording to Fig. 4. The actual position of the axial 
measuring points at the upper and lower centreline 
have an offset of 2.5°, i.e. upper centre line is at -2.5° 
and the lower centreline at 177.5°. Correspondingly 

the axial line of measuring points was positioned at 
87.5° and 267.5° for the other two cone positions. This 
can be seen in Fig. 5. In the figure the black dots corre-
spond to measuring points. These points are the result-
ing positions from the cone permutations. 

 
Figure 4. Draft tube inlet, top view. 

 
Figure 5. Measuring points on the draft tube. Left figure: a zoomed picture of the cone. Right figure: the 

draft tube. Observe the reference point on the upper centre of the draft tube

Methodology 
To ensure that the pressure gauges were mounted 

flush with the inner surface of the draft tube differ-
ent seal thicknesses were used for each measuring 
position. These thicknesses were determined before 
the cone was installed. For the positions with better 
access a distance washer was used, i.e. hole five to 
eleven according to Fig. 3 and the holes at Ib. At the 
positions where flush mounting is not possible, air 
was removed for every measurement. 

To minimize systematic errors in the measuring 
procedure, the measurement sequence was random-
ized. In practice this means that the sections IaII, Ib, 
upper part of axial line and lower part of axial line 
are measured together, although in random order. 
The order in which measurements are performed for 
the different cone positions is also randomized. 

All measurements are performed for two cases. 
These are described in Cervantes [3] and are denoted 

T(n) and R(n). T stands for 'top' and R for 'right' on 
the propeller curve. The small n stands for 'new'. The 
reason for 'new' data is a breakdown that caused a 
need for a redefinition of the measuring cases. 

During the measurements all points were meas-
ured in groups of six. The following sequence was 
used for the measurements. First the pressures were 
measured for one of the cases, T(n) or R(n), then the 
flow rate was changed and the pressures for the 
other case were collected. Secondly, the flow in the 
model was stopped and a steady water surface was 
produced in the upstream tank; cf. Fig. 2. The corre-
sponding pressures were measured for compensa-
tion of the hydrostatic differences between the indi-
vidual positions. The model was then started and the 
gauges were removed. Thereafter, the zero pressure 
of the gauges was measured and the process restarted. 
A new set of data for six other points could be col-
lected. 
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Data evaluation 
Before the evaluation of the pressure, the hydro-

static pressure is removed from the measured pres-
sures. This is done by removing the mean of the 
value measured with the steady surface, cf. equation 1, 
where i stands for the position (i = 1,2,3...). 

 
measured hydrostatici i iP  = P  - P   (1) 

All pressure values are differential pressures be-
tween the point indicated and the value at cross sec-
tion IV. Although this pressure difference was not 
measured directly, a procedure using the reference 
point in section III is used. The calculations are per-
formed according to equation 2. Data from [5] is used 
to connect the pressures at cross section III and IV. 
In effect, this means that 320 Pa was added to the 
differential pressure IV-III(∆P ) . 

 
meani i ref IV-IIIP  = P  - P  + P∆ ∆   (2) 

For the evaluation of the pressure distribution the 
pressure recovery is used. It is defined according to: 

 wall-outlet wall-inlet
p 2

Ia

Ia

P  - PC  = 
Q

2 A
⎛ ⎞ρ
⎜ ⎟
⎝ ⎠

  (3) 

where IaQ  is the flow at the inlet of the draft tube and 

IaA  the cross sectional area at Ia. 
To evaluate the pressure distribution the optical 

pulse gauge is used to define the zero angle of the 
revolution. Through a linear interpolation the result-
ing accuracy of the angle is increased from ±1.8° to a 
more accurate value, less than ±0.5°. The data is then 
bin averaged with a second order approximation to 
form the value at the centre of each bin; cf. [8]. 72 bins 
over the revolutions are used which gives a point 
every 5°. This method is illustrated in Fig. 6. The black  

 
Figure 6. Example of pressure distribution at section 
IaII with the corresponding standard deviation. The 
measurements are performed with a 6 mm membrane. 

dots correspond to the data samples. One measurement 
is based on 30 200 revolutions. This corresponds to 
approximately 300 000 black dots. In the figure, 
one standard deviation is plotted in every other bin. 

Effect of geometrical size 
The standard gauge used for the measurements 

has a square membrane with an edge length of 6 mm. 
The smaller gauges have a circular membrane with a 
diameter of 2 mm. The gradient and unsteadiness of 
the pressure may affect the pressure data, causing an 
error in the amplitude or the mean value of the pres-
sure data. The measured pressure over a certain area A 
can be calculated as; 
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where P is the pressure, p  is the fluctuating part of the 
pressure and i is the measured position. The pressure 
increases through the draft tube. Equation 4 gives an 
increased mean value for an increase of length in the 
x-direction, when dP/dx > 1. However, in the cone 
the pressure increases nearly linearly. Therefore, small 
effects are obtained due to the geometrical size of the 
membrane in combination with the pressure gradient. 

To analyze the effect on the pressure fluctuation 
of the measurements, a sinus wave with amplitude 
of 1000 and the blade frequency is assumed. The 
integration in the angular direction over the mem-
brane, gives a difference caused by the membrane 
size which is approximately 5 Pa, i.e. well below the 
error in the measurements. Therefore, the effect of 
the geometrical size can be discarded. 

RESULTS 
The accuracy of the measurements is presented, 

followed by the axial and angular behaviour of the 
pressure distribution. The different cases are pre-
sented and compared. 

Repeatability 
With the type of measuring setup used in this case, 

a better accuracy was achieved for the time resolved 
part of the data than for the mean value, which suf-
fers from the drift of the zero-value. However, part of 
this drift is compensated through the method described 
in the data evaluation. The error in the pressure meas-
urements is estimated from two repeated measure-
ments. The pumps are stopped between the measure-
ments, the pressure sensors are shifted and for some 
of the cases the water in the system is emptied. The 
error is calculated with a dynamic pressure at the inlet 
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as reference, i.e. ρ/2(QIa/AIa)2. The error in amplitude 
is ±2.2% and the error in the mean value is ±4.3%, 
corresponding to two standard deviations. 

Studied points 
For the first T-99 workshop, two points on the ef-

ficiency curve were chosen. These points were de-
noted T(r) and R(r), T for top, R for right leg on the 
propeller curve and r for reference. During the 
measurements, 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. 7. T(r) 
and R(r) are positioned according to their flow rate 
in the current propeller curve. Their positions are 
uncertain since the shape of the propeller curve 
might have changed after the breakdown. 

 
Figure 7. Propeller curve and specified working points. 

Axial distribution 
The data measured by Andersson [5] are for the 

T(r)-case. According to Fig. 7 this case corresponds 
approximately to R(n). In Fig. 8, mean values of the 
measured pressures for R(n) at different points along 
the lower centreline are plotted together with the 
data measured by Andersson. A good agreement is 
obtained; the pressure recovery agrees within the 
error. The small differences may be attributed to 
slightly different angular positions and the different 
positions of the two cases on the propeller curve. 

If Fig. 9 and 10 a comparison is made between 
the data measured by Andersson and the data for 
T(n). Figure 9 contains the pressure recovery along 
the upper centreline of the draft tube and Fig. 10 the 
pressure recovery is plotted along the lower centre-
line. In the figure Cp at the end of the draft tube is 
set to unity. It is observed that the T(r) curve starts 
at a lower Cp-value at the first measuring point, thus 
indicating that the overall pressure recovery is larger  

 
Figure 8. Comparison of the mean pressure for the 
R(n)-case against the data from the T(r)-case along 

the lower centreline. 

 
Figure 9. Comparison of the mean values along the 

upper centreline for the T(n)-case. 

 
Figure 10. Comparison of the mean values along the 

lower centreline for the T(n)-case. 

for the T(r)-case than for T(n). This behaviour is of 
interest since the measurements performed by Anders-
son (T(r) and R(r)) show small differences in pressure 
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recovery. Therefore, the function of the draft tube is 
more easily affected by moving to the left leg of the 
propeller curve than to the right. 

The difference in pressure recovery, at IaII, be-
tween T(n) and R(n) is 770 Pa. If this pressure in-
crease is compared to the total head of the setup 
(4.5m) the efficiency improvement is 1.7%. This is 
more than the total efficiency difference between the 
two cases, indicating that the rest of the system per-
forms better for the T(n)-case than for R(n). 

In Fig. 11 the bin averaged data is plotted along 
the lower centreline. The angular position in the 
figure corresponds to the runner position. Along the 
other axis the axial coordinate L is plotted; cf. Fig. 
1. The figure shows the bin averaged pressure over a 
runner revolution and the axial pressure develop-
ment. The pressure fluctuations are large at the inlet 
of the draft tube but the amplitude of the fluctua-
tions dampens fast as the distance to the runner in-
creases. The amplitude is approximately 1000 Pa at 
IaII and below 200 Pa at Ib. At the third and fourth 
measuring points in the axial direction the pressure 
hole damps the signal somewhat. 

 
Figure 11. Pressure along the lower centreline as 

function of the axial and the runner position for T(n). 

 
Figure 12. Spectral analysis of the pressure along 

the lower centreline for the T(n)-case, f* represents 
the runner frequency. 

The frequency content of Fig. 11 is plotted in 
Fig. 12. The main amplitude peak seen in Fig. 12 is 
connected to the runner blade frequency; the number of 
runner blades is five. The amplitude at this frequency 
is dampened rapidly with downstream distance. How-
ever, further downstream the runner frequency and its 
first harmonic dominate the spectrum. This indicates 
the pressure signature of one large rotating structure. 

Angular distribution 
Figure 13 presents the averaged data around sec-

tion IaII. No evident asymmetry can be seen except 
perhaps for the point at 107.5°. At four points, the 
measurements were repeated for two different cone 
positions. From these measurements it is seen that 
the average differs more than the two standard devia-
tions plotted in the figure. The variations are attrib-
uted to geometrical differences, the cone might have 
a slightly different position, the cone shape might be 
slightly elliptic and/or the holes may have small differ-
ences from the production. Even if the tip clearance 
of the runner was measured for every angular setup 
of the cone, it seems that the exact same setup is not 
achieved. Overall, this leads to an error which is ap-
proximately twice the error in mean value, i.e. ±8.6%. 
The point at 107.5° differs noticeably from the other 
values: the reason for this is so far unknown. 

 
Figure 13. Mean pressure values at cross section 

IaII for case T(n); identical symbols correspond to 
the same cone position. 

A debated question in previous T-99 workshops 
was the symmetry of the inlet. If the pressure varia-
tion around the circumference at IaII is considered, 
no obvious asymmetry can be detected. The ampli-
tude is around 1000 Pa which can be compared to 
the dynamic pressure (ρ/2(QIa/AIa)2=6436 Pa) at the 
inlet; this pressure corresponds to Cp = 1. Figure 14 
shows the frequency scatter around the circumfer-
ence. No evident asymmetry can be seen in this data 
or the corresponding pressures. The main frequency 
content is the runner frequency, its first harmonic 
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and the runner blade frequency with the correspond-
ing first harmonic. 

 
Figure 14. Spectral analysis of the pressure at cross 

section IaII for the T(n)-case. 

Comparison with a smaller pressure gauge 
In Fig. 6 and 15 the raw data are plotted together 

with the bin averaged data. The error bars in the 
figures correspond to one standard deviation. The 
standard deviation is calculated for all the data in the 
bin. After every pressure peak a region with large 
disturbances arises; this area corresponds to the 
blade wakes. The pressure gradient in the specific 
bin affects the standard deviation. The standard de-
viation in this area is twice the normal value.  

 
Figure 15. Angular pressure distribution  

at a typical point at IaII with the corresponding 
standard deviation. A pressure gauge with a small 

membrane (2 mm) is used. 

In Fig. 15 measurements with a smaller gauge 
membrane are presented at the same position as in 
Fig. 6. The same sampling frequency is used for the 
measurements. There is a shift in the mean value 
which might be explained by the behaviour of the 
small gauge, which seems to have a drift in the mean 
value. The difference in amplitude of the blade wake 
disturbance is also noticeable. The blade wake is a 

fluid dynamical phenomenon that passes the pres-
sure membrane in the swirl direction (negative α). 
The fact that the larger membrane does not resolve 
the pressure signature indicates that the flow struc-
ture in the blade wakes is thin with highly unsteady 
pressure fluctuations. Of importance is that the am-
plitude of the blade wake pressure is larger than the 
amplitude of the main oscillation. Unfortunately, the 
frequency of the blade wakes is the same as the runner 
blade frequency. Therefore, their amplitude can not 
be separated in the frequency analysis. 

Rotating vortex rope 
A difference between T(n) and R(n) can be seen in 

figure 16, where the frequency content at the meas-
uring point farthest from the runner (point 11), along 
the lower centreline, is plotted for both cases. The 
difference is the amplitude at low frequencies, i.e. 
below 5 Hz. A rotating vortex rope (RVR) is normally 
seen in the low frequency end. The RVR appears on 
the left leg of the efficiency curve for a Francis run-
ner, c.f. Vekve [9]. The same behaviour is expected 
for a Kaplan runner. As can be seen in Fig. 7, the 
T(n)-case is close to the left leg. Therefore the exis-
tence of the RVR would be possible. In the experi-
mental facility the phenomenon appeared, although 
not consistently. 

 
Figure 16. Frequency content at the lowest measur-

ing point along the lower centreline. 

DISCUSSION 
Until now it has been thought that the T-cases 

were positioned at the top of the propeller curve and 
the R-cases on the right leg of the curve. However, it 
has been shown here that this is not the case. As it 
seems one should from now on consider the T(n)-
case as a left leg case and the R(n)-case as a top 
case. A factor supporting this argument is that the 
agreement between the T(r) and R(n) wall pressures 
is better than between T(r) and T(n). 
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The pressure data gave a lower pressure recovery 
for the left leg case than for the top or right leg. 
Dahlbäck [4] performed experiments on this draft 
tube and improved its shape. His results gave an 
improvement of the total efficiency on the top and 
right of the propeller curve. These results indicate 
that, if the overall function of the draft tube is im-
proved, mainly the top and right leg regions are 
affected. However, since a lower pressure recovery 
is achieved for the left leg region, some new flow 
phenomenon seems to appear in this region that 
strongly deteriorates the function of the draft tube. 

The symmetry assumption used to derive bound-
ary conditions for the Turbine-99 workshops were 
subject of some discussion. However, most of the 
data indicate that this assumption is correct at least 
within the accuracy of the measurements. If an asym-
metry exists it is a local phenomenon. 

As mentioned earlier the differences between the 
third and fourth hole in the axial direction caused 
some deviation in the results, since the length of 
tubing dampens the values. This fact can also be 
seen in Fig. 12, where the amplitude of the runner 
blade frequency at the fifth position is larger than 
the corresponding amplitude of the fourth position. 

In Fig. 16, the low frequency region differs between 
the two cases. If the T(n)-case is studied in more 
detail an amplitude peak can be seen at 1.75 Hz. The 
often quoted result that the RVR frequency equals 
(0.2 - 0.3)f* where f*=9.93 Hz$, cannot be detected 
here, cf. Krishna [10]. However, this assumption is 
normally coupled to Francis turbines. 

 
Figure 17. Rotating vortex rope below the runner 

for the T(n)-case. 

Figure 17 is a photography taken during the ex-
periments. As can be seen a typical RVR can be identi-
fied. Air has been injected into the model asymmet-

rically, which might have provoked the existence 
of a RVR. Normally, the rope was unstable and not 
always easy to identify. Therefore, the existence of a 
naturally occurring RVR cannot be guaranteed. 
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