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ABSTRACT 

Cracks on the pier of large draft tubes have occurred causing stand-still and repair of two 
large twin stations Porjus G11 and G12. In order to understand the mechanism behind the 
formation of the cracks, a research programme was initiated at Vattenfall. Measurements were 
performed on a prototype as well structural analysis (FEM). In order to corroborate some 
findings, get detailed information of the load on the pier and identify critical operating 
conditions, model tests were performed at the Hydraulic Machinery Laboratory of Vattenfall 
Research and Development, Älvkarleby, Sweden. An adjustable draft tube pier with several 
pressure holes was used to estimate the load acting on the pier. 

The tests did not indicate any operating point that would cause direct braking, but 
possible fatigue problems. At part load the pressure was considerably higher on one side of 
the pier. The pressure difference decreases with increased flow, and change high-pressure side 
at full load. Efficiency measurements and visualization did not show any impact of the angle 
bars installed in the year 2000 to strength the structure. 
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INTRODUCTION 

Draft tubes are found in hydraulic machines immediately after the runner. Elbow draft 
tubes are commonly used since they require less excavation. They are composed of a cone, an 
elbow and a straight diffuser, see e.g. figure 1. For large machines the width of the straight 
diffuser is so large that a pier is necessary to support the roof. Piers are usually necessary for 
draft tube outlet width larger than 10 to 12 m. 

The function of a draft tube is to transform kinetic energy into pressure and thus allows a 
lower pressure at the runner outlet, i.e. more energy can be transferred by the runner. Draft 
tubes are therefore an important element of low head machines. The flow is very complex 
since it is simultaneously turbulent, swirling, unsteady and separating. The complexity of the 
flow makes it challenging for the numerical community despite the strong development of 
computer capacity and turbulence models. Model test are in most cases a necessary step to 
implement modifications on a prototype. 
 

 
Figure 1 – Porjus G11/G12 elbow draft tube with pier. 

Vattenfall, a Swedish energy producer, has a large park of hydraulic machines with 50 
stations larger than 10 MW. Nearly 70% of the units are composed of low head machines with 
a head lower than 50 m where draft tubes are highly important. Draft tubes with piers are 
found at 13 hydropower units. Major fatigue problems connected to the draft tube pier have 

been experienced in two twin stations: Porjus G11 and G12 ( 257411 .H/DNN ppp =⋅= , 

Dp=6.9 m, Hp=59.5 m (54-60.5 m), Np=83 rpm). Both machines are of Francis type with a 
nominal power of 240 MW. The units were taken into operation in 1975 and 1980, 
respectively. The draft tube of these machines has a pier divided in two sections and an empty 
space between the draft tube ceiling and the rock tunnel above is present, which is filled with 
water during operation, see figure 1. The first observation connected to the problem was made 
in 1997 at Porjus G12. Jarring sounds caused an inspection of the draft tube where large 
cracks were found at the first part of the pier. To remedy the problem, concrete was injected 
in the cracks and a support wall was constructed as an extension of the pier up to the rock. 
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The cracks were re-observed and repaired in 2000, where angle bars were mounted at the top 
and the bottom of the pier. More details can be found in Dahlbäck [4]. Cracks at unit G11 
were observed for the first time in 2002. The reparation was similar to unit G12, but the angle 
bars were exchanged with a solid cast structure. The reparations were time consuming and de 
facto generated a production loss. 

In order to understand the mechanism behind the formation of the cracks and develop an 
effective counter measure to avoid further problems at Porjus G11 / G12 and possibly avoid 
problems at other units with similar structure a research programme was initiated at 
Vattenfall. Measurements were performed in June 2001 at Porjus G11 and in October 2001 at 
G12. Before the measurements at G12, a repair was made with strengthening reinforcement 
and angle bars. The purpose of the measurements was to investigate the load conditions, and 
to determine the function of the construction at different discharges. The samples performed 
were stress on the wall, movements at the pier, pressure and flow distribution in the draft tube. 
Structural calculations (FEM) of Porjus G11 were also performed during 2005. The 
conclusion from the field measurements and FEM calculations was that the most critical 
operation occurred during filling and emptying the station for maintenance, with the empty 
compartment above the draft tube ceiling playing a crucial role. 

Draft tubes with a pier have been investigated in details by the group at the Laboratory of 
Hydraulic Machines, École Polytechnique Fédérale de Lausanne, both numerically and, 
experimentally, see Mauri [1] and Arpe [2] respectively.  The flow is found to be distributed 
between the two channels of the draft tube. The distribution is function of the operating point. 
Such type of distribution creates of course a pressure difference between both channels and de 
facto a force on the pier. This force may fluctuate which a frequency related to the runner 
frequency fr. The frequencies of importance are the vortex rope frequency (~0.3·fr), the runner 
frequency (fr) and the blade frequency (Nb·fr). 

In order to corroborate previous findings, get detailed information of the dynamic load on 
the pier and identify critical operating conditions, model tests were performed at the 
Hydraulic Machinery Laboratory of Vattenfall Research and Development, Älvkarleby, 
Sweden. An adjustable draft tube pier with 101 pressure holes was used to estimate the load 
acting on the pier. The present work presents the main results of the model test as well as a 
comparison with the prototype tests.  
 
 

MATERIAL AND METHODS 

The measurements are performed at Vattenfall’s model test facility at Älvkarleby, 
Sweden, cf. figure 2. The facility has been presented in previous publications, e.g. 
Marcinkiewicz et al [3]. It has been thoroughly renovated during the year 2005. 

The test rig was constructed for testing of Kaplan, bulb, and Francis turbines. The 
maximum runner diameter for Kaplan and bulb turbines is 500 mm and for Francis runners 
350 mm. The maximum flow rate is 1.8 m3/s at a pressure of 20 m head. In series operation 
the maximum flow rate is 0.9 m3/s at a pressure of 40 m head. The brake power is 140 kW for 
speeds between 600 and 2 500 rpm. The maximum speed is 2 800 rpm. 
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Figure 2 – Schematic drawing of the experimental test facility at Älvkarleby. 

 
Turbine model 

The Francis runner of G11 and G12, originally constructed by NOHAB and now GE 
Hydro, is a common type of runner in Swedish hydropower stations. Tests have previously 
been made by Vattenfall Research and Development AB (VRD) on a model of Messaure with 
the same runner. In this project all model parts, except the draft tube, are taken from the 
Messaure assembly. A model of the Porjus draft tube with the pier, as it was before the 
reparations, was manufactured in scale 19.9. 

The model Francis runner has a diameter Dm=0.350 m. The runner has 16 blades and the 

nominal unit speed of Porjus G11 and G12 is 257411 .H/DNN ppp =⋅= . The model draft 

tube (see Figure 2) is 3.47 m long and 1.04 m high and includes the draft tube cone, elbow, 
outlet diffuser with the pier and the draft tube extension that connects to the tunnel. The outlet 
diffuser is 0.86 m wide and 0.23 m high at the inlet. It has an opening of 10° and 1.33 m 
downstream there is a tunnel opening in the draft tube ceiling. The pier is 60 mm wide and 
1.48 m long. 

Figures 3 and 4 present a schematic of the pier with the different pressure holes. The pier 
is divided in 5 sections with rows of pressure sensors, see table 1 for a summary. Each point is 
coded function of the pier side (L or R), section number (0 to 4), row number (1 to 4) and 
position (1-9); e.g. point L113 is the point situated on the left of the pier in the flow direction 
in section 1 (nose pier), row 1 (near the bottom) in position 3 (45° from the pier centre). 
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Figure 3 – Schematic of the adjustable draft tube pier and pressure holes. Right schematic, A: with angle bars 

between roof/pier and bottom/pier and B: without angle bars, original set-up. The reference axis on each side of 
the pier has its reference (0 mm) at the points situated at ±90° at the front pier, see figure 4. 

 

 
Figure 4 – Schematic of the pier front. 0° is in the middle (centre line); the pressure holes are 

positioned every 15° up to 90°. The left side (L) corresponds to negative angles (-) and the right 
side (R) to positive (+).  

 
 

Table 1 – Pressure holes on the pier 

Section Number of rows Number of pressure holes 

0 3 3 

1 3 54 

2 3 6 

3 3 6 

4 4 32 
 
 
Measuring system 

Two independent measurement systems were used during the tests: the standard turbine 
measuring system of the test rig, which samples all necessary parameters connected to the 
performance of the model and a 96-channel system for the pressure measurements at the pier.  

The 96-channel system consists of differential pressure transducers MOTOROLA / 
MPX2010, range ±10 kPa. These transducers were mounted in racks of 16 transducers with 
an automatic de-air system made of magnetic vents. All transducers were connected to the 
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down stream tank as a common reference. The use of tubing between the draft tube pier and 
the transducer did not allow the resolution of high frequency fluctuations. The possible drift 
of the transducers was relatively high ±11 % of the full scale reading, according to the 
Motorola specification. Therefore all measurements were presided by an offset measurement 
at stand still. The deviation from linearity was found by calibration to be ±2% of the measured 
value, which was sufficient for this application. 

The pressure transducers are connected to a 96-channel measuring system. The PC that 
acquires the data also has an I/O card that can control the magnetic vents. The measurement 
system samples at 10 Hz and the measurements are stored as time series for further analysis.  

 

 

Tests 

The tests were performed with an absolute pressure of 1 300 mbar and 90 % water level 
in the down stream tank to ensure non-cavitating conditions. Both main pumps were used to 
create the required test head and the speed of the main pumps was controlled to keep the test 
head constant for all tests. Most of the tests were performed at a model test head of 10 and 20 
m.  

Measurements were made at wicket gate opening α=6-34°. The maximum load is limited 
to slightly more than α=26°. According to the model test, the best efficiency point is located 
around α=22°, see figure 5.  

Potassium permanganate was injected into the draft tube ahead of the pier through the 
centre points in the front of the pier and through the sockets on the sidewall in the middle of 
the draft tube. The visualization was filmed with a digital video camera and digital photos 
were taken. 
 

 
Figure 5 – Relative efficiency curves function of the guide vane angle. 

 



24th Symposium on Hydraulic Machinery and Systems  

7 

RESULTS 
 
Effect of angle bars 

Efficiency measurements were performed with and without angle bars. Except for test 
point Q11≈0.87, the differences in efficiency with and without the angle bars are smaller than 
the accepted error limit according to IEC 60193, i.e. below ±0.1%. In that particular point 
(Q11≈0.87), the measured efficiency was about 0.3 % lower with angle bars. The reason is for 
the moment unclear. 

 
Pressure distribution on the pier 

The pressure at the front of the pier is presented in figure 6 for 3 different guide vanes 
angles: α=15, 22 and 25°. The pressure is larger on the left side of the pier with large 
variations independently of the operating conditions, while the pressure is nearly constant on 
the right side. The largest pressure difference, about 1500 Pa, is obtained at best efficiency, 
i.e. α=22°. At the other operating conditions the pressure difference is around 500-750 Pa.  

Figure 7 presents the pressure difference between the left and the right side along the 
pier. Similarly to the previous figure, the pressure is larger on the left side. The difference is 
again largest at best efficiency, i.e. α=22°, indicating an uneven distribution of the flow 
between both channels. The pressure difference is nearly insensitive to the measurements 
height and only function of the position from the pier. 

Measurements for higher guide vanes opening were also performed but are not presented. 
At α=32 and 34°, the high pressure side is shifted from the left to right. The pressure 
difference is however not as large as for the presented openings at lower discharge. 
 

 
Figure 6 - Pressure at the pier front for α=15, 22 and 25° (N11=74, HN=20 m), r stands for row. 

 

 
Figure 7 - Pressure difference between the left and the right side of the pier for α=15, 22 

and 25° (N11=74, HN=20 m), r stands for row. 
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The pressure measurements on the pier indicate a significant difference of pressure 
between the left and right sides creating thus a force on the pier. The region of major pressure 
difference between both channels is found from the front of the pier and 200 mm down. The 
difference of pressure is attributed, as previously mentioned, to an uneven distribution of the 
flow between both channels, common in such draft tube. Pitot tube measurements at α=28° 
indicates that 70% of the flow goes through the right side of the pier. Flow visualization 
corroborates the above results. At low discharges, the flow is nearly inexistent and some times 
has an opposite direction at the right side of the pier.  
 
Comparison to prototype measurements 

Flow measurements were previously performed on the prototypes G11 and G12 with the 
help of Acusonic flow measurement systems. The results are presented together with the 
result obtained on the model, see figure 8, and corroborate differential pressure measurments 
between both channels, see figure 9. The results confirm these on the model, i.e. an uneven 
flow is created in the draft tube diffuser between both channels. As much as 80% of the total 
flow rate can go through one channel creating thus a large pressure difference between both 
channels. 

 
Figure 8 – Relative flow rate through the right side of the pier, prototype and model measurements. 

 
Figure 9 – Pressure difference between the left and right side of the pier measured on the roof of the draft tube. 
∆P1 and ∆P2 are measured from pressure taps in the middle of each channel along the pier at 190 and 620 mm, 
respectively. ∆P is measured from pressure taps situated ¼ channel width from the pier along the pier at 20 mm 

(model scale). 
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Prototype consideration 

The difference of pressure in the critical region, from the front pier and 200 mm down, is 
about 500-1000 Pa on the model. Such result scale-up to the prototype signifies a force of 
1500-3000 N/m2. Such force is too small to jeopardize the structural integrity of the pier. 
However, the measurements were not time resolve and significant pulsations may occur, 
increasing thus the maximum force acting on the pier and more important causing eventual 
fatigue problems in the long term. 

Pressure pulsations in a Francis draft tube with pier was investigated by Arpe [2]. His 
results pointed out the presence of high energy pressure fluctuations in the channels which 
vary in intensity function of the operating condition in the channels. The pulsations have a 
large band around 0.26·fr. They originate from the elbow and seem to be a superposition of 
phenomena. The largest fluctuations appear in the region of high mean pressure difference 
identified in the present model measurements, i.e. from the front pier and a bit down.  
 

 

CONCLUSION 

Pressure measurements on a draft tube model pier have been performed. The results 
indicate a significant difference of pressure between both channels due to an uneven flow. At 
part load the pressure was considerably higher on one side of the pier. The pressure difference 
decreases with increased flow, and change high-pressure side at full load. The results are 
corroborated by flow visualization on the model and prototype flow measurements.  

The tests do however not indicate any operating point that would cause direct braking, 
but possible fatigue problems.  
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