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ABSTRACT 
This research project was originally part of a package (Turbine-99 Draft 

Tube) that had a mutual goal, to improve the understanding of draft tube flow and 
establish Best Practise Guidelines for simulation of draft tube flow. 

The draft tube is situated after the runner in a Hydropower turbine to recover 
as much of the remaining head and kinetic energy as possible before the water leaves 
the runner. The case is fully turbulent, and because of the adverse pressure gradient 
with risk for separation, periodic inlet conditions from the runner with different 
degrees of swirl causes the draft tube flow to be difficult to predict. Therefore, 
unambiguous design criterions are lacking, and the slightly contradicting 
recommendations indicate that the standard rules give conservative, rather than 
optimal, designs. This thesis gives some background on draft-tube flows in general 
and discusses the parameters and flow conditions relevant to the Turbine-99 draft 
tube in some detail.  

The main goal of the thesis is to provide extensive experimental data on a 
well-defined sharp-heel draft-tube flow. The data bank has served as validation data 
for the simulation challenge presented by the Turbine-99 workshops in Porjus (June 
1999), Älvkarleby (June 2001) and Porjus (December 2005). 

The experimental data and some numerical results are also available as an 
application challenge in the QNET database (managed by Ercoftac), as a validation 
case for flow simulations. 

The experimental data consists of visualisations, pressure measurements and 
velocity measurements. These methods give a good qualitative picture of the flow 
pattern in the draft tube with quantitative data at selected cross section that can be 
used to validate the flow simulations. The first two workshops focused on mean 
quantities of pressure and velocities; however, phase-resolved measurements have 
been added to add value to the experimental data. 

In addition to the experimental validation case, there is one paper that deals 
with loads on the draft tube, which affect the construction lifetime. Since the 
hydropower stations are expected to have a long total technical lifetime with a 
number of refurbishments, these questions will grow in importance over the next 
decades.
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Chapter 1  
Introduction

1.1 Background to the thesis 

Since most of the Swedish Hydropower resources were developed during the 
1950s and 1960s, a growing need for refurbishment during the following decades is 
anticipated, starting in the 1990s. There is also an increased need for high quality 
methods of refurbishment. Therefore a Swedish program -- Water Turbine 
Technology -- was formed in 1996. The purpose of the program was, among other 
things, to build and preserve the competence within the area by initiating a number of 
research projects. The program has been successful, and in 2005, it became a part of 
Svenskt Vattenkrafts Centrum, SVC (Centre of Swedish Hydro Power). 

This thesis is a part of this effort and the goal is to contribute to the 
understanding of draft tube flow and thereby the development of better tools. 

1.1.1 Principles of a draft tube 

Figure 1. The change in the relationship between dynamic and static 
pressure along a diffuser. The solid line indicates the total pressure that 

decreases slightly due to losses. 

The purpose of hydropower is to convert potential energy into electric 
energy. In a reaction turbine, water leaves the runner with remaining kinetic energy 
and possibly some extra potential energy. To recover as much of this energy as 
possible, the runner outlet is connected to a diffuser: the draft tube. The draft tube 
converts the dynamic pressure (kinetic energy) into a static pressure (see Figure 1). 
Due to losses, not all energy is recovered, which is why the total pressure (the solid 
line) is decreasing through the diffuser in the figure. Since the conditions at the outlet 
determine the level (1) of the static pressure, the pressure level (2) must be reduced 
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at the inlet. Thus, the draft tube creates an extra ‘draft’ after the runner, or more 
correctly, the draft tube enables the utilisation of the available head in the flow.  

In most installations, the runner axis is vertical, so the draft tube has to be 
bent to save space and redirect the flow (see Figure 2). Often it starts as a cylindrical 
diffuser (connected to the runner casing) followed by an elbow. Throughout the 
elbow, the flow is generally contracting. After the elbow, the draft tube ends with a 
diffuser (which is often rectangular in older plants). In Figure 3, the change in area 
(of a cross section) can be seen for the studied sharp heel draft tube. The sharp heel 
gives a characteristic discontinuity peak in the elbow. 

Figure 2. The Turbine-99 draft tube. 
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Figure 3. The area (normalised by the area at the outlet) for the Turbine-99 
draft tube. 

The losses in a draft tube are proportional to the velocity head, 
)()/( gAQ 22
. In Sweden, with high-flow low-head hydro resources, the draft tube is 

a relatively important component in which up to 50% (at high loads) of the losses 
occur. Therefore, the draft tube is a key component where improvements can be 
made. This combined with the fact that the price of electricity is typically higher 
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when higher loads are needed results in high revenue, even when the improvement is 
small at the best efficiency point. 

To recover as much energy as possible in the draft tube, the goal is to 
increase the outlet area as much as possible before large scale separation occurs and 
the best performance is actually considered to take place when there is some 
transitional separation (see Figure 13). The inlet flow conditions (i.e., the outflow 
from the runner) can have more or less swirl depending on the operating condition, 
and this will affect the performance of the draft tube. There are several wake regions: 
after the runner blades, the runner hub and possibly the guide vanes, that all will 
contribute to the energy distribution that enters the draft tube. (GUBIN, 1973) 

The elbow will generally increase any differences in the momentum 
distribution that enters the elbow of the draft tube and introduce secondary flow 
patterns (see SCHLICHTING, 1979). Thus, an already disturbed profile will be even 
more distorted after the elbow. Older draft tubes in particular have less smooth cross 
sections, which can generate disturbances such as corner vortices.  

The complex geometric constraints and complex flow patterns make the draft 
tube a very challenging flow case to predict and understand. 

1.1.2 Earlier work 

One emerging tool was (and still is) Computational Fluid Mechanics, CFD, 
which uses numerical simulations to study the flow. The importance of such 
simulations grows with the increasing computer capacities. At the GAMM-workshop 
(SOTTAS AND RHYMING, 1993) it was concluded that the CFD gave reasonable 
results for the guide vanes and the runner, but the results were quite poor in the draft 
tube. There were also some discussions on the geometry of the draft tube because of 
its rather edgy, non-hydro dynamic design. Previous measurements mostly rely on 
Pitot tube measurements, for the velocities, which cannot resolve turbulence 
quantities needed for the CFD. 

As is often the case with new technologies, there is a great optimism about 
the potential of these new tools. Keck at Sulzer Hydro concluded in IWDC (1998) 
that an entire Hydropower plant could be simulated and predicted with high 
accuracy. Certainly CFD has become an important tool for the industry and CFD has 
matured during recent year and the need for validation of the results has been 
highlighted. 

Studies on older sharp-heel draft tubes and the possibility of improving them 
were performed at the Hydraulic Machinery Laboratory in Älvkarleby. The work 
was focused on total efficiency and pressure recovery measurements and was briefly 
summarised by DAHLBÄCK (1996). The work was successful in finding an efficiency 
improvement that was financially motivated; however, it was found that the 
measurements of the pressure recovery based on wall measurements were not 
sufficient to determine the operation of the draft tube. In Table 1, the resulting 
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increase in pressure recovery, Cpr, of 70% can be compared with the increase in total 
efficiency of the turbine, , of 0.5%. Before the modification, 13 cm of the available 
dynamic head at the outlet of the runner was recovered and this increased to 22 cm 
after the modification of the elbow. Thus, just above 9 cm extra head was recovered. 
This should be compared to the increase in efficiency that corresponds to about 2 cm 
extra head in turbine output. The increase in Cpr is four times as large as the increase 
in .

Table 1. Typical results from the geometrical optimisation of the Hölle 
draft tube at a test head of 4.5 m and a dynamic head into the draft tube. The 

pressure recovery, Cpr, increases 70% with the insert in the elbow, which 
corresponds to 9.1 cm. This should be compared to the efficiency, , that 

increases 0.5%, which corresponds to 2.2 cm. 

Test Conditions 
Test head [m] 4.5 

Dynamic head [m] 0.26 

Before After Increase 
   Relative [%] Absolute [cm] 

Cpr 0.50 0.85 70 9.1 

Total   0.5 2.2 

A sharp heel draft tube, like the Turbine-99 draft tube (Figure 2), represents 
a large group of draft tubes. There are about 20 of this type installed in larger 
(>10 MW) Swedish power stations, and they will be in need of refurbishment in 5 to 
20 years. The old design enables the possibility for efficiency improvements, in the 
range of 0.3-2.3% (GUBIN, 1973). This corresponds to 3-4 TWh/year in electrical 
generation, i.e., about 5% of the total Swedish hydropower production. It could also 
be noted that the refurbishment of a medium sized power station at a 50 MW could 
yield as much power as a new 1 MW wind power station. 

However, to enable the redesign for all draft tubes, a cheap and reliable tool 
is needed. The tool needs to find potential improvements with a high accuracy to 
motivate the correct actions at the prototype. With the introduction of an electricity 
certificate system in Sweden, the motivation to validate improvements has increased 
even more.  
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1.2 Thesis goal and scope 

To get a test case for the draft tube, the Turbine-99 project was initiated to 
the program in Water Turbine Technology. The project consisted of two parts: 
1. An experimental study of the flow in a representative draft tube, performed in the 

Hydraulic Laboratory at Vattenfall Research and Development, Älvkarleby (by 
Urban Andersson). 

2. A computational study of draft tube flow, performed at Luleå University of 
Technology (by John Bergström). 

As described earlier, it was important to choose a technically relevant draft 
tube to get a test case interesting to the industry and to ensure that the encountered 
problems are as relevant as possible. The Hölleforsen draft tube was considered the 
best choice: 

It is a Kaplan turbine where the draft tube is significant for the entire 
plant performance. 
The old design of the draft tube with rather sharp cross sections 
allows for optimisations of the geometry. 
Performance tests had been carried out earlier with different inserts 
to demonstrate the possibility for improvements. This was also 
implemented and validated at the full-scale prototype. 
Even if the increased performance could be verified in the model, the 
improvement of draft tube performance indicated a much larger 
improvement – hence more extensive measurements were called for 
to explain the changes. 
The model existed, which reduced the start-up time and project cost. 

The goal of this thesis is to present the Turbine-99 Draft Tube experiments: 
to provide extensive experimental data on a well-defined draft-tube flow, which can 
serve as a test case for validation of CFD codes for draft tube applications. The thesis 
highlights the most significant experimental results and discusses the concept of 
quality and trust. Finally, the thesis includes one experimental study outside the 
Turbine-99 framework. This study focuses on the loads on a draft tube wall at 
different operating conditions. 

1.3 Related work 

As mentioned earlier, this thesis has been part of a larger project. 
BERGSTRÖM (2000) presented a computational study of the Turbine-99 draft tube, 
and made the first attempt to analyse the errors in draft tube simulations in detail. 

One important part of the project has been to make the data available. This 
has been done by an extensive international collaboration. The main events were 
three Turbine-99 workshops in 1999, 2001 and 2005 (see GEBART et al. 2000; 
ENGSTRÖM et al. 2002; CERVANTES et al. 2005). The two first workshops gave 
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important feedback to the project, and their contributions are described in Chapter 5.
The third workshop took place some time after the final measurements and had little 
impact on the content of this thesis. 

There was a large EU project: QNET – A thematic network for Quality and 
Trust of CFD parallel to this work. One of the targets of this network was to establish 
Best Practise Guidelines for CFD within import fields, e.g., Turbomachinery. 

The work of BERGSTRÖM was followed by a number of works. Both 
ENGSTRÖM (2003) and CERVANTES (2003) looked into draft tube simulations with 
the workshops as the common denominator. ENGSTRÖM used both simpler numerical 
and experimental objects to draw important conclusions on gyroscopic effects in 
diffuser bends and the effect of transient flow on shear stress. CERVANTES focused 
on the importance of transient effects, and in the long run, their influence on the 
model for prototype scaling. 

NILSSON (2002) made significant contributions regarding CFD in 
hydropower, especially focusing on the runner, which contributed to the 
understanding of the inlet conditions of the Turbine-99 draft tube. 

In addition, there are a number of additional works that have been presented 
closely related to the measurements. However, chronologically, they took place some 
time after the measurements, hence their effect on the content in this thesis is 
relatively small; therefore, they are mentioned in the section Conclusions and 
discussion.

1.4 Outline of the thesis 

The next chapter, Hydropower and Hydro turbines in Sweden, gives a brief 
overview of hydropower and hydro turbines. The purpose of this chapter is to present 
some basic facts for a reader who is new to the area and also highlight some special 
conditions regarding the current situation in Sweden that can be of interest for 
international readers. 

Chapter 3 Draft tubes gives a more thorough introduction to the subject of 
draft tubes and also presents current research trends in that area. 

The following chapter describes the experimental methods used to produce 
the data presented in this thesis. 

Finally Chapter 5 Main results and Chapter 6 Conclusions and discussion
summarise the main results from the experiments, with a few comments on the 
workshop results.

In addition to the main thesis, there is an appendix on Quality and Trust that 
gives a brief introduction to QNET and comments on the workshop results. 
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Chapter 2  
Hydropower and Hydro turbines in Sweden 

The main purpose of this chapter is to give the reader a brief introduction to 
hydro turbines and how they affect the draft tubes, for those not involved in 
hydropower or hydro turbines. There are also some comments on the situation in 
Sweden and how this situation affects investments in renewable power. For a more 
complete introduction RAABE (1985) is recommended. 

2.1 General 

Hydropower is a renewable and reliable energy source. The effects on the 
environment are considered small, especially considering emissions that can affect 
the climate. This makes hydropower a very attractive (electric) energy source 
compared to nuclear and fossil power. Hydro relies on the hydrologic cycle, which 
varies from year to year and results in different total production from year to year. 
On the other hand, the operating characteristics of hydro turbines can handle fast 
changes in the demand and thereby preserve the stability of the electric grid, RAABE
(1985).

Today, about 20% of the electricity in the world comes from hydropower. 
The resource is un-evenly distributed, with countries such as Norway, where Hydro 
contributes to 99% of the electricity, to countries that are without any hydro. In most 
of Europe and North America, the expansion can be considered to have reached its 
ceiling, considering what can be exploited from a political, economical and/or 
technical point of view. In the rest of the world, there is still great potential, and large 
investments are being made in Asia and South America (BP 2008). 

Hydropower utilises the head (H, the level difference [m]) of the river. The 
energy density ( gH [J/m³]) becomes quite high for hydropower compared to other 
renewable resources. Thus, the production units can be rather small. Hydro can also 
utilize almost all the available energy, and therefore a hydraulic efficiency well 
above 90% can be obtained. Since the level of the water in the river can be controlled 
by dams, the operating conditions for a Hydro turbine can be kept quite constant and 
therefore obtain high utilisation. 

To produce energy, there must be water flow, i.e., discharge (Q [m³/s]). The 
discharge times the energy density is the total hydraulic power. The simplest hydro 
turbines cut a suitable amount of the river and utilise that fraction of the total flow 
rate in the river. This type of power plant is called a run-of-river power plant and has 
no means of regulating the available head at the site. The amount of discharge can be 
controlled with the use of dams. This was common with old waterwheels and still 
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occurs with small-scale hydro or when special environmental considerations have to 
be made. 

Before electrification, water wheels typically only used a small part of the 
total discharge in the river since the energy had to be used in situ, e.g., for milling. 
With the industrialisation and electrification, large dams control the upper water 
level at the power plant and make it possible to make all water pass through the 
turbines. This enables stable operating conditions with a constant head / energy 
density and is beneficial for the operation of the power plant and is therefore the 
most common solution. Also, the discharge through the power plant is stabilized, 
which provides fewer short time variations; however, these dams typically are not 
reservoirs that can store any significant amount of energy. 

2.2 Overview of a hydropower plant 

Figure 4. An overview of the Messsaure unit -- a typical hydropower plant. 

A hydropower plant converts the potential energy between two water 
surfaces to mechanical or electrical energy. In most large-scale hydroelectric 
schemes, the upper water level is controlled by a dam and the water is lead through 
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the turbine.  In case of a failure in the power plant – water can bypass the turbine 
through spillways located along the dam. 

In Figure 4, a typical hydro plant can be seen. The water enters the penstock, 
comes to the spiral casing, and stay vanes, continues through the wicket gates and the 
runner and finally leaves the turbine via the draft tube and tail race. The mechanical 
energy is transferred to a generator by a vertical axis, and the produced electricity is 
transferred to the power grid. For low heads, the generator can sit on a horizontal 
axis.

The penstock can be several kilometres long depending on site topology, i.e., 
the distance between the upper reservoir and the power plant. 

Figure 5. An overview of the parts in a Kaplan turbine close to the runner 
(KMW, Kristinehamn, Sweden). 

The spiral casing that distributes the flow around the turbine follows the 
penstock. The goal is to cause the flow around the runner to be as symmetric as 
possible.

The stay vanes support the structure between the spiral casing and the guide 
vanes. The opening of the guide vanes can be regulated to obtain the desired 
discharge through the turbine (Figure 5).  

In a reaction turbine, the fluid is re-linked through the runner, and this 
creates a reaction force on the runner that creates a torque on the axis that can be 
used by the generator. 

The draft tube should recover as much of the kinetic energy as possible that 
leaves the runner (see Chapter 3 Draft tubes).
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2.3 Brief history of turbines 

Water seems to have fascinated humankind through the ages, and there are 
historical artefacts from ancient Indian and Mesopotamian civilisations that have 
been interpreted as possible water wheels. However, the first proven water wheels 
are from the Greek and Roman civilisations. The industrious Romans developed 
hydro schemes for flour mills with up to 16 water wheels at Barbegal in the 4th 
century A.D (HODGE 1990). The water wheels are quite intuitive and can be built 
either to utilize higher heads, i.e., the over shoot wheel, or low heads, i.e., the under 
shoot wheel, and continued to be used during medieval times. Water wheels work 
fine when one wants to utilize a limited amount of energy for a mill or similar 
applications. However, the main limitation of a traditional water wheel is its large 
size.

Hydrodynamics were developed in the 18th century by Bernoulli, who 
derived the relation between dynamic and potential energy in fluids. The Hungarian 
scientist Segner demonstrated the use of Bernoulli’s theories by using the reaction 
effect to create a jet turbine (which has its roots in the aeolipile of the 1st-century). 
Euler, who worked in close cooperation with both scientists, was inspired by these 
results and developed the theories further. Basically, these theories explained how 
the head, i.e., potential energy, could be transformed into kinetic energy and also that 
a fluid that has to change its direction, e.g., in a bend, will create a counteracting 
reaction force on the bend. This reaction force could be used to run a turbine wheel. 

Fourneyron developed a centrifugal reaction turbine in 1827 together with 
his professor Burdin. Professor Burdin derived the word turbine from the Latin for 
swirl/vortex since the benefit of reaction turbines is that it uses the swirl component 
to transfer energy to the runner. 

The work of Fourneyron inspired others to develop different types of 
reaction turbines, and in 1848, Francis presented his design that is one of the most 
common turbine designs today (Figure 6). 

Axial turbines were developed in the middle of the 19th century. In 1913, the 
Kaplan turbine (Figure 6) was introduced, which is an axial turbine with adjustable 
runner blades that allows for operation over a large range in flow. 

The water wheel was developed into more sophisticated solutions. Pure 
impulse turbines, in which the available energy is converted into jets (i.e., kinetic 
energy) that hit the buckets of the turbine runner with the Pelton turbine (Figure 6), 
were introduced in 1880 as the main solution for large scale, high head hydro 
turbines.

Cross-flow includes designs such as Banki and Ossberger turbines and uses a 
combination of head and discharge to produce energy. 
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Figure 6. Common turbine types in hydropower (KMW, Kristinehamn, 
Sweden).  

2.4 Types of turbines 

One of the main parameters when choosing a hydro turbine is the energy 
density. The available energy density results in a possible choice of one or two 
turbines types, especially considering large-scale hydropower production. Turbines 
are typically classified by their specific speed. One definition based on the discharge 
is nq:

4/3

2

H
Qnnq , (1) 

where n is the revolution speed of the runner. In this thesis SI-units have been used 
for Q, H.

Figure 7 shows the relationship between the head and the specific speed of 
the most common runners (Figure 6). With high energy densities and low discharge, 
an impulse turbine, such as the Pelton turbine, is the preferable choice. However, 
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since all energy is converted into kinetic energy, the high friction makes this type of 
turbine less suitable for high discharges. Thus, for low to medium energy densities or 
heads, reaction turbines are more suitable. In the medium range, Francis is the best 
adapted turbine, and for the lower head the Kaplan turbine is more suitable. 

According to RAABE (1985), the main choice between Francis and Kaplan 
turbines are decided by considering the following. 

The Kaplan turbine (KT) is sensitive to cavitation, and the upper 
limit is about 70 m. There are a few units with higher heads; 
however, these sites have had an unusual high tail water level, which 
increases the absolute pressure at the runner. 
Francis turbines with high specific speed have a very sharp peak at 
BEP, which results in a relatively narrow operating range, while the 
KT can be operated with high efficiency over a large range. This is 
an advantage to the FT if there are many units needed at the site, and 
the KT is better if the site is suitable for few units. 
FT’s losses drop quite quickly in BEP when the specific speed is 
increased above 115. These FTs are also mechanically weak, which 
means that they are less suitable for elevated heads. 
KTs have more constant efficiency curves for large head variations. 

As RAABE points out, the values stated are subject to change and have probably been 
modified since the edition of his book. In addition to the factors stated above, the FTs 
have lower runaway speeds and axial thrust, which can also be decisive. 

Figure 7. The relationship between specific speed and head for Vattenfall's 
turbines for different turbine types. Limits based RAABE (1985) 

For both Francis and Kaplan turbines, a part of the energy is converted to 
swirl that is evenly distributed around the runner with the help of the spiral casing 
and the wicket gate. The swirl makes the runner rotate in the same direction as the 
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swirl. Since the runner is coupled to a generator that absorbs the energy, the runner 
will rotate slower than the inlet swirl and reduce the swirl component. 

Ideally, at the best efficiency point (BEP), there should be no swirl, i.e., all 
energy should have been absorbed by the runner. At part load for a fixed runner, e.g., 
a Francis turbine, less energy will be absorbed, which leaves a strong swirl after the 
runner. At full load, too much energy will be absorbed, and there will be a counter-
rotating swirl that leaves the runner. 

For a Kaplan turbine with adjustable blades, the region with optimal 
conditions can be extended. Therefore, high efficiency levels can be obtained over a 
larger operating range. Due to the nature of the Kaplan turbine, there will be some 
swirl that leaves the runner, i.e., the tangential component after the runner will 
always have a gradient in the radial direction. It turns out that the best efficiency is 
obtained when this component is close to zero at the hub of the runner and positive at 
the tip of the runner blade.  

Figure 8. Unit speed and unit flow as functions of the specific speed. 
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The unit speed n11

H
nDn11 , (2) 

is increasing with the specific speed and is larger for Kaplan and Bulb turbines 
compared to Francis turbines. Also, the unit flow Q11

HD
QQ

211 , (3) 

increases with the specific speed of the machine, and in this case, the corresponding 
flow is lower for Kaplan and Bulb turbines. As for nq both n11 and Q11 is dependent 
of the units, and in this thesis all units are SI-units except for the speed that is given 
in rpm – revolutions per minute. 

Figure 9. The relative kinetic energy that leaves the runner in Vattenfall's 
turbines.

In Figure 9 the relative kinetic energy (based on the discharge and the runner 
diameter),  

H
g
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H

hkin

2
)4//( 222

, (4) 

can be seen for Vattenfall's turbines. For low heads (< 50 m), the kinetic energy that 
leaves the runner is significant. Thus, the function of the draft tube grows in 
importance with decreasing head.  
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2.5 Situation in Sweden 

The large-scale hydro development started in 1910 at Trollhättan. The 
development took speed in the late 1940s and continued until the late 1970s, with the 
main development during the 1950s and 1960s. 

In Sweden today, 40-45% of the electric power is produced by hydro. This 
corresponds to a total production of 65 TWh/year, with typical variations of 
± 10 TWh/year between dry and wet years. The total installed hydro capacity is 
currently 16 GW (SVENSK ENERGI 2007). 

Table 2. The installed capacity and production in 2007  
(SVENSK ENERGI 2007). 

Capacity 

[GW] 

Production

[TWh] 

EON 2.7 8 

Fortum Generation 3.1 n.a. 

Skellefteå Kraft 0.7 2.6 

Vattenfall 8.0 33 

Other 1.7  

Total 16.2 65 

The early development of Swedish hydropower implies that there is room for 
efficiency and capacity improvements. Deregulation of the electricity market has 
lead to a larger variation in prices both over longer periods, from 15-20 EUR/MWh 
to 30 EUR/MWh, but also with larger fluctuations (www.nordpool.se). This requires 
a range of refurbishment tools, from larger reconstruction of the entire plant to 
smaller jobs that will fit into periods of regular maintenance, to give the best possible 
reinvestments. 

At the beginning of this research project (1996) with low prices, there was a 
need for cheap technical tools that could improve power plants, e.g., by reducing 
losses in the draft tube.

Until at least 2008, with several years of high electricity prices, there are 
large on-going reinvestment programmes within all major Swedish energy producers. 
In most projects, these refurbishments focus on the main components, such as the 
runner of the turbine. The hydraulic losses in draft tubes are often secondary and 
neglected, and in this respect there is still a need to develop tools for this type of 
improvement for further optimisation.  

http://www.nordpool.se
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In Sweden, investments in environmental friendly production are stimulated 
by the electricity certificate system. The electricity certificate system is a market-
based support system to assist the expansion of electricity production in Sweden in 
renewable energy sources, such as new hydropower. In refurbishment projects, the 
increase in production (caused e.g., by an increase in efficiency) is regarded as new 
renewable energy production. The average value of a certificate has been around 
220 SEK/MWh (i.e., ~23 €/MWh) during a five-year period (2003-2007). This 
should be compared to the market price of 350 SEK/MWh (~36 €/MWh). Thus, 30% 
of the value of a production increase can be contributed to certificates and obviously 
plays a crucial role when making a reinvestment decision. From 2003-2006, twice as 
many certificates were rewarded to hydropower compared with wind power 
(HÖGLUND and ÖSTBERG 2007). 

A recent report (HANSSON et al., 2007, in Swedish) shows that the 
investment cost for new Hydropower is the lowest of all available types of electric 
power production. Together with the high electric price, this makes reinvestments in 
hydropower very attractive.  

2.6 Future development 

The four remaining undeveloped large rivers (Torneälv, Piteälv, Kalixälv 
and Vindelälv) are protected from the development of future hydropower plants. In 
addition, there is a ceiling based on a total production of 64 TWh. This leaves little 
room for development of new hydro sites. However the pressures to reduce CO2-
emissions and high electric prices have led to an increased interest in developing 
small-scale hydro. 

The current estimate is that wind power in Sweden will reach 9 TWh by the 
year 2020. However, to reach CO2-emission targets, a new goal of 30 TWh has been 
suggested by Energimyndigheten. More wind power will require more regulated 
power in the rest of the energy system, and it is estimated that there will be a need of 
1.6 GW for the current estimate (of 9 TWh) or 4.8 GW for the new goal (of 30 TWh) 
of wind power production, in which at least 15% of the power must be generated 
from fast hydropower resources. Thus, for the most expansive scenario with 30 TWh, 
wind power would require regulating power corresponding to 30% of the installed 
hydropower capacity (SVENSKA KRAFTNÄT, 2008, in Swedish). 

The increased amount of wind power together with the deregulation of the 
market is anticipated to lead to an increased number of starts and stops for the 
hydropower units. The biggest loads on a unit occur during starts and stops, which 
implies that the unit lifetime will be reduced. However, the risks are generally 
unknown: how much does the load increase and how does it affect the lifetime? 
Today, frequency control often involves a few units; one goal is to make more units 
available for this operation, which would reduce the load on the units. 

Considering large-scale hydropower, there will be a continued need for 
refurbishment to maintain production. In Sweden, which has over 200 units above 
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10 MW, about 5 units per year should be replaced assuming a lifetime of 40 years. 
With these refurbishment projects, there is the possibility of improving the 
performance of the unit and adapting the unit to the current conditions at the site. 

These improvements could involve increasing the hydraulic performance of 
the unit, but also changes that allows for asynchronous operation that allows the unit 
to change the speed to adapt for a change in head. 
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Chapter 3  
Draft tubes 

3.1 Brief history 

Diffusers have a long history, and their use in irrigation to increase the flow 
has been described as early as the first century. In the first book of De Aquae Urbis 
Romae, FRONTIUS mentions that some customers had unlawfully increased the area 
of the outlets to increase their water supply (FRONTIUS, 1913). He concluded that the 
increase in flow was proportional to the outlet area. Unfortunately, the original 
figures stated have probably changed over the years due to mistakes in the copying 
of his work, because they do not add up anymore, and therefore it is impossible to 
estimate the performance of these extensions/modifications.  

The early turbines in the 19th century typically had their runners situated 
some distance above the water surface. The main reason for this was to have 
convenient access to the runners of the turbine. However, this means that part of the 
available head is lost since the water drops the last distance to the lower water level. 
During the 1830-40s a number of engineers suggested connecting the runner to a 
cylindrical pipe that would utilise the entire available head. 

The early turbines had a low specific speed, thus, the recovery of the kinetic 
energy was less important. Furthermore, these early draft tubes were often cylindrical 
and basically served to connect the runner to the tail race. However, with the 
development of turbines with high specific speeds, the outlet losses from the runner 
become increasingly important. Therefore, straight conical draft tubes (Figure 10) 
were introduced, and their performance was studied extensively at the beginning of 
the 20th century. 

Figure 10. Straight conical diffusers. 



Page 20  

With the introduction of the Kaplan turbine, the kinetic losses became even 
more important, which can be seen in Figure 9. Another important limitation of the 
straight diffuser is its size, and as the turbines increase in size, straight diffusers 
cannot grow in height by the same amount. These larger turbines lead to a bent draft 
tube to save space. In addition, since the Kaplan turbine is sensitive to cavitation, the 
runner is positioned as low as possible. 

The first design attempts used potential theory to develop the ideal shape of 
the draft tube. These designs typically resulted in draft tubes with a continuous 
increase in the area cross sections and smooth bends.  

In the 1930s, it was shown that an outlet swirl from the runner could increase 
the pressure recovery of the draft tube. Kaplan designed a very compact draft tube 
for his runners with a large initial opening angle in the draft tube and a corresponding 
contracting compact elbow. 

Therefore, most draft tubes can be divided into two schools: one with 
smoother and longer draft tubes and one with shorter more compact solutions. This 
leads to draft tube design based on generic rules (e.g., MOSONYI, 1956) and the 
practical experience of the manufacturer. The shape and the types of draft tubes 
might vary between different manufacturers due to specific problems that their 
customers might encounter, e.g., limited amount of space. Before 1960, suction tube
was a common name of the draft tube because of the extra suction introduced over 
the runner. 

3.2 Importance and potential 

As Figure 9 shows, the relative kinetic energy that leaves the runner grows 
rapidly when the head decreases. Moreover, for very low heads, the kinetic energy 
can become 80% of the head. Thus, an improvement of 10% of the draft tube 
performance yields 8% improvement for the turbine. Also, the medium Kaplan 
turbine with 20% kinetic energy causes 2% improvement in the turbine efficiency. 

The draft tube loss also increases with the load because the loss grows with 
the square of the discharge. Thus, an improvement of the draft tube will generate 
even more improvement at high loads. 

Economically, draft tube performance is interesting from the plant owners’ 
point of view. When the demand is high and the unit operates at high loads, the 
electric prices are also high, which means that an improvement of the draft tube 
potentially yields more money. 

The Turbine-99 draft tube (Figure 11) represents a large group of draft tubes 
(about 20 were installed in Swedish power stations), which will be in need of 
refurbishment within 10 to 15 years. The old design enables the possibility for 
efficiency improvements, in the range of 0.3-2.3% (GUBIN, 1973) for this type of 
draft tube. The hydropower stations of this type represent 3-4 TWh/year in electrical 
generation, i.e., about 5% of the total Swedish hydropower production. (It could also 
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be noted that the improvement of 2% of a medium sized, 50 MW, hydropower 
station yields as much power as a 1 MW wind power station.) 

Figure 11. The Turbine-99 draft tube. 

The actual draft tube chosen for this study has been improved, and the total 
efficiency improvement was 0.5% at the model scale and slightly higher at full scale 
(DAHLBÄCK, 1996). However, to enable the redesign for all draft tubes, a cheap and 
reliable tool is needed. 

3.3 Design aspects 

Figure 12. Typical design of bent draft tube. 

A typical bent draft tube consists of a circular cone after the discharge ring, a 
bend and an outlet diffuser. Basically, there are two main design parameters: the 
diffuser angle and the total length of the diffuser. However, as can be seen in 
Figure 12, there are many ways to implement this, such as the height of the cone 
before the elbow, the radius of the elbow etc. 
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To improve the mechanical strength of the construction, piers, which also act 
as flow guides, might support the outlet diffuser. These secondary design parameters 
also have to be considered in the design process. 

To recover as much energy in a draft tube as possible, the area increase of 
the draft tube has to be as large as possible; thus, the area ratio (Afr) between the inlet 
(A1) and the outlet (A2) should be maximised within the geometric constraints of the 
power plant. 

To evaluate the performance of the design the pressure recovery (Cpr) or the 
total losses in the draft tube can be analysed.  

The pressure recovery is the ratio between the pressure difference and the 
available kinetic energy. There are several possible ways to define the Cpr, and the 
project used two definitions (Equation 5 and 6): 

Cpr wall, based on the pressure at the wall. This definition was considered to be 
the most accurate parameter that the experiments could measure. However as 
was demonstrated in Table 1 the quantity is not only coupled to the overall 
performance of the draft tube.  
Cpr av, based on the mean pressure at the entire cross section. This definition 
gives a better estimate of the performance of the draft tube. 

Both quantities will overestimate the performance since they are based on 
the average kinetic energy at the inlet of the draft tube. The available energy at the 
inlet (or any other cross section) can be defined as gvh ii 2/2 , where the -
values are kinetic energy correction factors (Equation 8 and 9). A non-uniform axial 
velocity profile and the tangential velocity profile will contribute to the total –
value.

The loss coefficient ( ) will tell the losses in the draft tube normalised with 
the kinetic energy at the inlet. The numerator is an exact calculation of the energy 
difference in and out of the draft tube, i.e., the losses. However, to calculate this 
property exactly one has to know all velocity components and the pressure at the 
entire cross section otherwise assumptions have to be made (Equation 7). 

Another important parameter is the swirl (S), i.e., the relationship between 
the angular momentum and the axial momentum and this is important for the flow 
patterns further down stream in the draft tube (Equation 10). 

These parameters are Design and Assesment Parameters of the case which is 
used to evaluate the design, in the papers and the Turbine-99 workshops they have 
also been called engineering or integral quantities. 

The main limitation when designing a draft tube is that the flow will fail to 
follow, i.e., it separates from the walls of the diffuser if the change in geometry is too 
large. Therefore, different types of flow regimes can be defined for a diffuser, and 
this work was condensed in the work, of KLINE, ABBOT and FOX (1959), who 
defined different flow patterns and gave a relation between the diffuser angle, length 
and optimal performance. 
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Pressure recovery factor 
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was also been used in the evaluation of the results, where Pi:mean are the averaged 
static pressures across section i. 
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Figure 13. Different flow patterns in a straight diffuser. A: No separation,  
B: Transient separation – with the separation region moving in space and time, 

C: Separated flow – with a permanent separation region and  
D: Jet flow –where the flow fails to follow the walls. 

Based on the definition by KLINE (1959) 

In their work, four flow regimes were defined (Figure 13.). First, there is no 
separation and the flow follows the walls. By increasing the angle regions, separation 
moves around and grows, disappears, starts to appear and eventually causes a 
permanent flow separation in the diffuser. Finally, at really large flow angles the 
flow forms a jet that is separated from all the walls. 
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Figure 14. Different flow regions for a straight diffuser as a function of the 
design parameters, the length (L/D) and the opening angle ( /2) to the left and 

the outlet area (Afr) to the right (KLINE, ABBOT and FOX, 1959). 

These flow regions are functions of the main design parameters. Figure 14 
shows the regions as functions of the diffuser length and the opening angle, and one 
can see that an increased opening angle leads to less favourable flow patterns 
concerning the pressure recovery. Also, an increased length leads to more unstable 
flow pattern at a constant angle. To the right in Figure 14 the length is plotted against 
the relative increase in the outlet area and shows that the boundary of the no 
separation region tends to go towards a maximum in Afr with increasing length. 

As mentioned earlier a bent draft tube has a large number of design 
parameters, and additional piers etc. increases the complexity. A first analyse may be 
done by considering a straight conical diffuser, with two design parameters to 
consider: the length (L) and the opening angle ( /2).

The losses (hloss) in a draft tube can be said to be the sum of inlet (hin) and 
outlet losses (hout) and frictions losses (hf):
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where in is the inlet loss coefficient, i.e., the amount of the inlet energy 
g

v
2

2
1

1  that 

is lost. Correspondingly, ex is the outlet loss coefficient. This coefficient is typically 
set to one. In some special cases, the constant can be considered to be lower than 
one, e.g., a long tail race can recover some of the loss if the flow gets more time to 
even out large disturbances. The friction losses are integrated over the length of the 
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draft tube (L), where the loss depends on the local dynamic head and the relationship 
between the friction coefficient ( ) and the local diameter. 

For the straight diffuser the friction losses can be evaluated assuming that the 
changing -value will not affect the integral, but for more complex flow situations, 
this is not as straight forward. However, both GUBIN (1973) and JIANG and YULIN
(1997) give an expression for hf that can be written as: 

)(2
11 2

1

2

2 Ag
Q

A
Kh

fr
ff , (12) 

with the dynamic head expressed by the discharge (Q) and a parameter Kf that is a 
function of the friction coefficient and the half angle /2 (and other design 
parameters). Basically this is the same as the analytic result from the straight 
diffuser: the friction loss is proportional to the difference between the squared 
velocities at the inlet and outlet. For most practical applications, the friction losses 
will be quite small compared with the other two sources; thus, a rough estimate of Kf
will often be sufficient. However, it is important to notice that Kr is strongly 
dependant on the design parameters, and especially when /2 goes to zero (i.e., a 
straight pipe); consequently, as the velocity difference goes to zero, Kf has to go 
towards infinity. Therefore, for a constant Afr, the friction losses will grow in 
importance with an increased length (L/D) of the draft tube, since the diffuser angle 
will decrease. 

Equation 12 shows that increasing Afr, which reduces the outlet loss, reduces 
the total losses. However, as was stated earlier, the increase in Afr can be 
compensated for by the change in  that can become larger and will grow very fast 
when the flow separates. Many reviews on draft tube design, such as JIANG and 
YULIN (1997), neglect the  values at the outlet, which means that the risk for 
separation is neglected in the evaluation.

The inlet losses have been studied in more detail, and the loss coefficient is a 
function of /2

25.1)2/tan(inin K  (13) 
where Kin is a constant that depends on the section shape and the velocity 
distribution. GUBIN states that the relationship has been evaluated for straight 
diffusers, and it is unclear if it has been evaluated for more complex draft tubes. 
JIANG and YULIN define a mean angle /2 that is based on the resulting area 
difference, which they claim should also be valid for bent diffusers, with the addition 
that the bend will cause some additional loss. JIANG and YULIN also state that the 
angle should be larger in the draft tube cone and smaller in the outlet diffuser to get 
as low velocity in the draft tube elbow as possible, thereby reducing the losses.  

Hence the inlet losses depend on the velocity distribution, and can, in a 
general sense, be considered to grow with the non-uniformity of the velocity profile, 
i.e., increasing -values. There are several studies showing that the draft tube 
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performance is very sensitive to the momentum thickness of the boundary layer, and 
the swirl. The fact that in is strongly dependant on the inlet energy distribution 
complicates the draft tube design. 

To make Equation 12 complete, a model for how the outlet energy 
coefficient 2 changes with different designs would be needed. There is data on 
optimal performance of different designs from which 2 could be estimated, and 
there are figures to predict separation in the design that would indicate a large 
increase in 2.

Figure 15. Design tool for draft tubes (HOLMÉN 1999).

These design criteria were condensed in the work of KLINE, ABBOT and FOX
(1959), which gave a relation between the diffuser angle, length and optimal 
performance. These ideas were adapted to draft tube design (see Figure 15) and gave 
more general information on how to perform the design. Figure 15 shows that it is 
possible to start with a rather large diffuser angle, but that the angle has to be reduced 
with the length of the diffuser. The figure also shows that nonstationary separation is 
reached before optimal pressure recovery, see HOLMÉN (1999).

Older draft tubes often have a low ratio between the height of draft tube and 
the runner diameter. This was done to avoid cavitation and/or to limit the depth (in 
the ground/rock) of the construction. They are also short (i.e., a low ratio between the 
total length of the draft tube and runner diameter) to give a greater safety margin in 
terms of flow separation. These compact designs often had sharp elbow and sharp 
corners, which made them simple to build and less space consuming. However, this 
design philosophy did not produce draft tubes, which minimise flow losses. 
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Today, draft tubes have become higher with smoother curvature, and in 
addition they also have a tendency to be made longer. One example of this 
development is given in HOTHERSALL (1988). Since it is preferred to recover as 
much of the head as possible before the elbow, one would expect the diffuser cone to 
be as high as possible, but JIANG and YULIN (1997) conclude that the maximum 
height appears to be Hc+e/D = 3-4 due to the excavation costs. 

With growing computational capacities, this method was developed first 
with a one-dimensional integrated method, and finally, in the 1980s, the first CFD 
computations of draft tubes appeared (e.g., VU and SHYY 1990a+b). 

3.4 Modern work 

During the 1970s and the 1980s, Laser Doppler Velocimetry (LDV) was 
developed. This technique allows the measurement of one or more velocity 
components at a single point. Later, during the 1990s, Particle Image Velocimetry
(PIV) was established, which allows simultaneous velocity measurements in an 
entire plane. 

In the early 1990s, LDV was a well-established technique within hydraulic 
research; for example, DAHLBÄCK et al. (1992) presented measurements in the draft 
tube of a full scale Francis unit.  

CIOCAN and KUENY (1996) presented a comparison of LDV and PIV 
measurements on tip leakage flow (with fixed blades). The maximum acquisition 
frequency for the PIV was 10 Hz, and only a very small area 30x40 mm was studied. 
They concluded that there was agreement, within 4%, in the velocity components. 
Thus, at the beginning of this project, the PIV technique could only resolve low 
frequencies and rather large flow features, and there were also issues concerning the 
accuracy of the method. 

Computational Fluid Dynamics (CFD) did go through a rapid development 
during the 1990s due to the increase in computer capacities. It would be difficult to 
give a complete picture but two trends in the middle of that decade deserve to be 
mentioned. One trend tried to simulate the entire Hydropower plant, thus minimising 
uncertainties in boundary conditions etc. (e.g., IWDC 1998). The other trend 
concluded that it was impossible to perform accurate computations on more than one 
part at a time, therefore simpler models where implemented, e.g., BERGSTRÖM 
(2000) investigated a simplified model to mimic the behaviour of the runner to 
generate boundary conditions for the draft tube. 

An important study was presented by DAHLHAUG (1997), who performed LDV 
measurements of draft tube flow. The study started with an investigation of swirl in a 
straight diffuser. After that, the swirl in a bent diffuser was studied. Finally, the flow 
in a real draft tube was studied. This gives a chain from a simpler case to the fully 
complex case of the draft tube. The simpler cases are interesting for identifying flow 
features that occur in the complex flow case. 
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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 pioneer in the use of advanced experimental tools for 
the characterisation of flow in a Francis draft tube (see e.g. ARPE 2003). Phase-
resolved measurements from this project based on PIV and LDV have been 
presented by ILIESCU et al. (2004). In this work, the effect of the shear distribution on 
mixing was studied and the decay followed Sclichting’s law for an axi-symmetric 
wake. There was some agreement with the theory that states that the wake should 
decay as the inverse of the distance to the blade. However the source of the 
differences was not evaluated. CIOCAN and ILIESCU (2008) studied the behaviour of 
the vortex rope in the draft tube. 

Phase-resolved measurements in a Francis turbine with LDV resolving the 
vortex rope at the part load have been presented by VEKVE (2004) at NTNU. In this 
case, a pressure transducer was used to trigger the measurements with the frequency 
of the vortex rope; thus, the measurements could resolve the motion of the vortex 
rope in the draft tube. The effect of different runner cone geometries on the vortex 
rope was studied. 

Recently, GAGNON et al. (2008) at Laval University presented phase-resolved 
measurements of a propeller turbine. The measurements were performed both with 
LDV and stereoscopic PIV. The results of the two methods were validated against 
each other and showed good agreement. Measurements were performed at a number 
of positions in the draft tube cone and under several operating conditions. One of the 
purposes of the collected data was to use it for validation of CFD simulations. 

3.5 Other aspects 

Identifying possible fatigue problems are very important when choosing 
different refurbishment alternatives. Often a new runner, and possibly guide vanes, is 
fitted into the old waterways. This means that a large part of the structure has to 
survive for more than the lifetime of the runner. Some initial investigation that 
concerns the life length can be found in Paper 6, which deals with the effect of the 
flow on the structure, i.e., the loads on a draft tube pier.  

If the draft tube becomes more critical for the total efficiency of high-speed 
machines, it is actually the stability of the flow in the draft tube that is essential for 
Francis and propeller turbines. At partial load operation in Francis turbines, there is a 
vortex rope that can create pressure pulsations and cause possible damage to the 
turbine. These pulsations can be very strong and a lot of research today is focused on 
understanding the problem with the vortex rope and avoid it, e.g., CIOCAN et al. 
(2007).

Another aspect that is affected by draft tube performance according to 
GUBIN (1973) is cavitation. Cavitation may occur at the runner due to the decreased 
pressure under the runner combined with different triggers. Since cavitation can 
cause severe erosion at exposed surfaces, the phenomenon needs to be avoided, or at 
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least limited. A good review of the mechanisms and behaviour of cavitation, 
complemented with some experiments can be found in GREKULA (2000). 

The position of the runner relative to the down stream surface determines the 
absolute pressure under the runner and is therefore one key parameter that influences 
the degree of cavitation. The lower the runner can be placed, the more the risk and 
consequences of cavitation can be reduced. This can affect the chosen design of the 
draft tube, and especially older units often had a lower height (relative to the runner 
diameter) to reduce the risk for cavitation. 

GUBIN points out that the draft tube can cause a non-uniform velocity 
distribution at the runner, which affects the pressure distribution and therefore causes 
cavitation. Also, improvements on draft tube performance will reduce the pressure at 
the runner and can initiate cavitation. 

3.6 Conclusions on draft tube design 

The overall flow characteristics in the draft tube are quite well known. 
However, in these characteristics lies an inherited sensitivity to the flow conditions 
and draft tube design. Therefore, much of the design criteria available are quite 
general and sometimes contradicting. These rules of thumb many times reflect 
traditional design as much as a true understanding of the flow physics.  

In 2005, the replacement of the old Månsbo hydropower units from the 
1920s with one larger Kaplan turbine began. The potential suppliers suggested a 
number of solutions, and the variation in the draft tube designs stood out with a 
relatively large scatter in design parameters (HENRIKSSON, 2005). When Voith 
Siemens (VS) was developing the new runner for the Liggaforsen refurbishment 
project in 2007, they performed a reference test with a VS standard draft tube, to 
compare losses with the existing design at the power plant. This shows that the draft 
tube design still is an uncertain area where there are few simple solutions. 

Today, more of the design is performed in the suppliers' numerical 
laboratories. This implies that there is an increased need for the supplier to validate 
their results so that these results can be used as the basis for technical specification. It 
also allows potential customer to trust and validate the individual results and 
compare results from different suppliers. 



Page 31  

Chapter 4  
Experimental methods 

4.1 Overview of the experiments 

The main experiments for the Turbine-99 data bank were performed during 
three extensive test-periods at the Hydraulic machinery laboratory in Älvkarleby 
from 1996 to 2001. In addition, measurements were taken on a draft tube pier in 
2005 on another model (see paper 6). This chapter focuses on the methods and the 
procedures for the Turbine-99 test case (even if the general parts are valid for the 
draft tube pier). 

To obtain relevant flow conditions in a draft tube, the tests have to be 
performed in a hydraulic model that is as homologous with the power plant as 
possible. This includes the runner and wicket gate. In this case, the Hölleforsen 
model was appropriate because it included the entire waterway from penstock to 
draft tube extension. 

To characterise the flow three types of measurement were primarily used: 
Visualisations, to get an overview of the flow patterns. 
Wall pressure measurements, to evaluate the performance and 
pressure recovery in the draft tube. Also Pitot tube measurements 
were performed to evaluate the radial pressure gradient at the inlet 
section.
Laser Doppler Velocimetry, to measure the velocity distribution at 
selected cross sections. 

The following sections describe the methods in more detail. 
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4.2 The hydraulic test rig 

Figure 16. The hydraulic test rig at Vattenfall Research and Development. 

The studies on draft tube flow were performed at the hydraulic test rig at 
Vattenfall Research and Development AB in Älvkarleby, Sweden. The test-rig is a 
closed loop test-rig, where different test objects can be mounted between two tanks 
and different heads and discharges can be simulated through the model. 

Water turbines can be studied with a series of routine tests that include 
efficiency measurements, cavitations studies and runaway tests, as well as detailed 
studies of flow conditions with LDV, visualisations, and pressure measurements. 

Performance tests and calibrations of other types of flow system 
components, such as flow meters, pumps and vents, were carried out. 

The test rig (Figure 16) was built in two levels with a reservoir that contains 
330 m3 water and two main pumps (2 260 kW) at the lower level. The pumps deliver 
a flow of 1.8 m3 at 20 m head.  
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The calibration tank that is used to perform in-situ flow calibration is also 
situated at the lower level (at the left side of the figure). The tank volume is 
80 m3 and is used for calibration of the test-rig flow meters in an interval between 0.1 
and 1.8 m3/s and also for additional flow meters mounted in the test section. 

There are basically two test sections, one simpler for simpler or smaller 
equipment, e.g., flow meters and vents (this section has been omitted from Figure 16
for clarity), and the main section that leads to the two tanks at the upper level. 
Between these two tanks, which can be moved in relation to each other, the hydraulic 
machinery is mounted. This can be a Kaplan and Bulb turbine with a diameter up to 
500 mm or a Francis turbine with a diameter up to 350 mm. 

The break power of the dynamometer is 140 kW, and the runner can be 
operated in the range 600 to 2500 rpm. 

To ensure the quality of the entire method, good measurement procedures 
have to be followed. From a technical viewpoint, these are described well in different 
standards, e.g., IEC 60193-1 and ASME PTC 18, which also detail calibration 
procedures that specify how the measurements have to be performed to produce 
reliable data. 

The standard describes how to acquire good measurements in terms of 
efficiency. Therefore, the control system is constructed for single efficiency 
measurements and this affects the accuracy of the settings for an operational mode in 
terms of long term stability for velocities. The test rig has been thoroughly described 
by MARCINKIEWICZ and SVENSSON (1994). The set-up allows for accurate efficiency 
measurements. Typical uncertainty in the flow rate measurement is  0.15%, and the 
total system efficiency uncertainty is  0.20%. 

The in-situ calibration also reveals any non-linearity in the ‘local’ 
measurement range, i.e., the range actually used in the measurement. In most cases, 
this range is less than the total range of the instrument. To discover any hysteresis 
effects, the calibrations are always conducted both with (at least) one increasing 
series of readings and one decreasing series of readings. 

Thus, the setting of operational parameters, e.g., the guide vane opening, has 
to be carefully monitored during the experiments. The main artefact affecting the 
long time performance of the operational mode is the control system, which controls 
the speed of the main pumps and not the test head directly. This arrangement allows 
for a drift in the test head during the test days that needs to be taken into account. 
Over a long-term study like this one, small (untraceable) changes in runner blade 
angles, for example, will also have an effect on the accuracy. 

To avoid the risk of cavitation, the model is pressurised by increasing the 
absolute pressure in the downstream tank, i.e., simulating a higher downstream water 
level. This absolute model pressure fluctuates compared to the outer (atmospheric) 
pressure with 10 hPa. 
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4.2.1 The model 

Most of this thesis is based on the Turbine-99 test case. The test case used 
the hydro turbine model of the Hölleforsen power station. The model was a 
homologous model from the penstock and spiral casing for the draft tube and draft 
tube extension.  

The model turbine studied in the Turbine-99 experiments consists of a 1:11 
scale copy of the power station, and the Kaplan runner in the model has a diameter 
(D) of 500 mm. 

The model in this study represents a power station from intake to a tunnel 
section 20 m downstream from the draft tube outlet (in full scale). The power plant 
was installed in 1949, and the head was initially 27 m; however, due to a new power 
plant downstream, the head decreased to 24 m in the late 1950s. The runner diameter 
is 5.5 m. Maximum power output is 50 MW, and the flow capacity is 230 m3/s. The 
power plant is situated on the Indals River, which is one of the most productive 
Swedish (hydropower) rivers. 

In Figure 17, a layout of the model is presented. 

Figure 17. The test rig, with a layout of the model, between high and low 
head tanks. 

The draft tube has a sharp-heeled elbow, with low construction (i.e., the ratio 
between the height of draft tube and the runner diameter is low), compared with 
more modern designs. The most downstream (i.e., the second) part of the outlet 
diffuser (which starts when the outlet diffuser increases its diffuser angle) 
corresponds to the connection between the draft tube and the discharge tunnel 
(Figure 17). A drawing of the draft tube can be found in Report A1, the height of the 
draft tube is 2.1D (that includes the lower part of the discharge ring) and the inner 
radius is 0.8D, thus, the design is rather shallow. The vertical distance (L2) from the 
runner centreline to the draft tube outlet is 4.4D, and the total length is 4.4D, not 
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counting the draft tube extension that was included in the experiment (see Figure 12 
for defintitions). 

A stable operational mode was chosen, since this would give the best and 
most reliable experimental data. 

4.3 Visualisations 

Several methods of visualisations were performed in the project. 
Visualisations are a good tool to make a quick assessment of the flow. By using 
visualisations, important flow features, such as separation zones and flow 
instabilities can be identified. Typically, a tracer e.g., dye, particles or air is injected 
into the flow, and by using light sources, selected sections/planes can be illuminated 
and the 'streamlines' of the tracers can be seen in the section.  

Visualisations are an invaluable tool for the experimentalist and should 
always be used if possible when studying an unknown object. However, in highly 
turbulent flows, it can be difficult to follow tracers for a longer path. Also, 
complicated models with limited access to both light sheets and camera angles makes 
visualisations difficult to document and present for others. Complex models with 
non-orthogonal surfaces also make the documentation of internal flow phenomena 
quite arbitrary without rigorous calibrations on the field of view. 

This section briefly describes some of the tested methods within this project. 
However, the last method, 'Wall stream lines', was found to be the most effective in 
creating qualitative results that can be used for validation of CFD. 

Laser sheet visualisations 
Fluorescent dye can be released into the model at various positions by 

inserting an injection tube into one of the numerous pressure taps. Slices of the 
resulting plume are visualised by a laser sheet. The laser sheet can be organised in 
two ways: parallel to the plume, which results in a dispersed streamline that follows 
the flow up and down and expands further down in the flow, or perpendicular to the 
plume, which results in a ‘cloud’ that moves around in the laser sheet (Figure 18). 
The resulting sheets are documented with video equipment. 

This yields a quick and qualitative overview of the general flow in the draft 
tube.

A laser sheet is used to visualise the plume. There is an example of the result 
in Paper 1. The two major disadvantages with this simple method are that the time 
resolution of the video camera is too small and that there is uncertainty in the dye 
distribution. These problems could be overcome rather easily if more precise 
information is required. 
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Figure 18. The visualisation equipment. Fluorescent dye is released into the 
model.

Air visualisations 
The vortex rope after the runner was studied with air visualisations. Air was 

injected directly under the runner cone and the vortex structure for different 
operating loads, from a clear vortex rope at part load and a more complex vortex at 
full load could be examined.  

When air is used for visualisations, care has to be taken not to induce flow 
phenomena that are not present. In P lpitel et al., (1996), one can see how an 
increased air flow rate induces a flow pattern that is not present without (and with 
small amounts of) air injection. 

The study was mainly used initially at the beginning of the project to select 
different operating points for the project and a typical result can be seen in Figure 28. 

Wall close streamlines 
The first part of the project focused on visualisations to give a general 

overview. In the second part the visualisations focused on the streamlines closest to 
the wall since these can be:  

followed longest (up to a meter in the model scale) and 
documented quite accurately since they are close to walls, compared to 
free-stream streamlines where the position has to be determined in open 
space.

The concept was inspired by smear lines used to visualise the shear stress pattern 
close to the wall. And a strenght of the method was that convergence and divergence 
zones could be identified at the walls of the draft tube. 
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4.4 Pressure measurements 

4.4.1 Wall pressure measurements 

The objective of the wall pressure measurements is to determine good mean 
values along the model centrelines (upper and lower) and at some cross sections 
(Figure 29) and to provide accurate values of the pressure recovery of the draft tube. 
Due to the operation of the test-rig (at the time of the experiments), no RMS values 
will be presented since they lack direct physical interpretation but they are available 
and useful for diagnostics. 

To assure good quality mean pressure values, the IEC standard is followed, 
and the pressure gauge is calibrated before each measurement campaign.  

Figure 19. The pressure measurement system.  (A = Magnetic valves; B = 
Valves; C = Pressure gauge) 

The IEC prescribes the design of pressure taps and the tubing (connection 
model/gauge). The pressure taps should be located in inserts of non-corroding 
material. The insert should be perpendicular to the wall and connect without any 
irregularities or burrs to the surface of the model. The tubes are supposed to be long, 
since this cuts off the higher frequencies and stabilises the measured value 
(PRODANOVI  et al., 1985). This arrangement can be risky since there is a resonance 
frequency (fresonance) at the cut-off limit: 

)4/( ptresonance Lcf , (14) 
with c as the sound velocity (in the tube) and Lpt as the length of the tube. All 
fluctuations in the tubes will be damped by the valve system (Figure 19), since the 
stems have a high area ratio (30-40) compared to the tubes. This means that the tubes 
will have a very small influence on the measurement of a mean pressure. However, 
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RMS-values and frequency spectra will deviate from the true behaviour inside the 
model.  

This study used one single differential pressure gauge (Druck Ltd, Type: 
PTX 120/7WL, Range: 175 mbar), connected to the model with a system of valves 
(Figure 19). The data was collected with a computer, using software (LabVIEW )
and hardware from National Instruments Corp. 

The benefits of this arrangement are that there is only one calibration curve, 
the system is simple to reconfigure, e.g., it is easy to change the reference pressure, 
and the offset is constant for all measurements. 

The disadvantage of this set-up is that the measurements have to be 
conducted sequentially, allowing for (small) operational differences between the 
measurements. 

4.4.2 Static pressure measurement 

At the inlet section, static pressure measurements were performed along the 
radius of the flow using a wedge-type Pitot tube manufactured by United Sensors 
(www.unitedsensorcorp.com), shown in Figure 20. The tube diameter is 6 mm, and 
the three pressure holes have an average diameter of 0.6 mm. The tube of each 
pressure hole was coupled to a panel, which allowed the measurement of any 
combination of the pressure holes with the same pressure transducer used for the wall 
pressure measurements. To obtain a reference pressure for the static pressure 
measurements, a tube was connected to a pressure tap at the circumference of the 
inlet section. The connections were made with plastic piping of diameter of 5 mm, 
wall thickness of 1.5 mm and length of several metres. 

Figure 20. The wedge Pitot tube used for the static pressure measurements. 

http://www.unitedsensorcorp.com
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At each selected measurement position along the radius, the wedge Pitot was 
turned to align the probe with the flow, and the result was monitored by measuring 
the difference between P2 and P3. When good alignment was obtained, the dynamic 
pressure was measured as the difference between Ptot and P2, and the static pressure 
was measured as the difference between P2 and the wall pressure. 
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Figure 21. Angle bias. The observed flow angle (Pitot) is systematically 
underestimated compared with the correct flow angle (LDV). 

The dynamic pressure was used as a comparison against the LDV 
measurements to confirm the accuracy of the measurement procedure for the Pitot 
measurements (see Paper4: ANDERSSON, 2001). The profiles agree well in the outer 
half of the section, although the difference reaches 10% in the interior. The profiles 
(Pitot and LDV) are not measured along the same radial profile; thus, any asymmetry 
in the inlet flow profile could explain the large difference in the interior. However, 
the main difference seems to be that the Pitot tube systematically underestimated the 
flow angle compared to the mean flow. In Figure 21 the flow angle from the Pitot 
measurement is compared with the flow angle of the LDV-measurement. The figure 
also shows the histogram of the flow angle variation in the LDV-measurements. 

LÖVGREN and CERVANTES (2006) performed a more detailed investigation 
of the error in the Pitot measurements. Among other things, they found an 
asymmetry in the misalignment error for the measurement of dynamic pressure. This 
asymmetry was caused by a misplacement of the centre hole of the probe (in the 
manufacturing of the probe). Thus, the deviation seen in Figure 21 is most likely 
caused by this artefact. 

In Paper4: ANDERSSON, 2001, there is an estimation of a correction factor 
for the influence of the periodic flow on the static pressure (measurement). The error 
( pstat) due to misalignment of the Pitot tube is estimated by a correction factor ( ):
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where  is the misalignment of the Pitot tube, K is a constant, m is the mean flow 
angle estimated from either the Pitot or LDV measurement and fl is the real time-
dependent flow angle obtained from the LDV measurements. By changing the angle 

, K was determined to be 0.8 for this measurement situation. This value is close to 
the value found in the literature; e.g., ARTS et al. (1994) give K equal to 0.7. The 
error is normalised with the total dynamic pressure Pdyn_tot. In Figure 22, the resulting 
correction factor can be seen using both the unbiased flow angle (from LDV 
measurements) and the biased mean angle from the Pitot measurements. 
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Figure 22. Correction factor for misalignment of the wedge Pitot tube along 
the radius (with and without correction for the angle bias). 

The correction factor should be seen as an estimate of the order of the bias 
effect and systematic errors. This was investigated further by LÖVGREN and 
CERVANTES (2006), who found that the static deviation worked well to estimate the 
error in a fluctuating velocity field. However, at higher Re-numbers (corresponding 
to the Turbine-99 case), the estimate becomes too large. The analysis shows that the 
systematic effects should be limited to a few hundredths of Cp in the bulk flow. 
Close to the wall, with sharp velocity gradients, some additional artefacts become 
significant and thereby drastically increase the possible systematic error. 

The level of the static pressure measurements is also affected by a random 
error of ±0.01 Cp between different measurements. 
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4.5 Velocity measurements 

Laser Doppler Velocimetry (LDV, or equivalently Laser Doppler 
Anemometry, LDA) was used to measure the velocity distribution at selected 
sections. The method gives both highly accurate velocity measurements and 
turbulence quantities needed for the computer simulations. 

4.5.1 Theory 

LDV is a method that uses the Doppler Effect to measure velocities. The 
technique is non-intrusive and can be set-up to simultaneously measure velocities in 
one or more directions at a single measurement point. The basic principle builds on 
the Doppler Effect, which creates a shift in the frequency of a wave that leaves (or 
reflects) on a body. By using a well-defined frequency source, in this case a laser, the 
frequency shift will also be well defined and proportional to the velocity. The real 
advantage of the method is that the measured velocity is directly proportional to the 
Doppler shift; thus, no calibration is needed. However, even if no calibration is 
needed the set-up has to be aligned and validated to obtain good results. 

The first practical demonstration of the LDV technique was done by YEH
and CUMMINS (1964) and has been developed into a commercially available 
measurement technique that is easy to use. 

LaserBragg 
Cell backscattered 

measuring 

Detector 

Processor 

Figure 23. A principal view of a modern LDV system. 
(Dantec Dynamics, www.dantecdynamics.com)

http://www.dantecdynamics.com
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It is almost impossible to register the Doppler shift directly by measuring the 
frequency of the reflected light. Instead, the light has to be compared with another 
reference beam. Today the most usual technique is the 'dual beam system' that is a 
system where the original laser beam is split into two beams. The two laser beams 
are now crossed with each other in the measurement volume. With this setup the 
interference pattern between the two beams creates a standing wave within the 
measurement volume and each time a particle passes a light maxima, i.e., fringe, a 
light reflection is sent out from the light passage as a pulse train or burst. 

The velocity (u) of a particle passing the measurement volume can be 
obtained as: 

fDdfu , (16) 
where fD is the Doppler shift, i.e., the frequency of the pulse train, and df the distance 
between the fringes. This is referred to the 'fringe model', which gives an intuitive 
description of how the Doppler shift is obtained. The distance between the fringes is 
calculated as: 

2sin2fd , (17) 

where  is the wavelength of the light and /2 is the half angle between the beams. 
This means that df only depends on the type of laser used and the optical set-up. 
Thus, the obtained velocity only depends on the main quantities length and time and 
there is no drift caused by temperature or other factors that has to be considered.  

The Doppler shift only gives the size of the velocity component and not its 
specific direction. To obtain the sign of the velocity and/or to measure small 
velocities, the frequency of one of the laser beams is shifted (typically with 40 MHz) 
which results in a fringe pattern that moves with the shift frequency. Since the 
Doppler shift is proportional to the relative velocity difference between the particle 
and fringes, one can determine the direction of the particle. 

By using another pair of laser beams with a different wavelength, another 
velocity component can be determined simultaneously in the same measurement 
volume. 

The most important disadvantages of the technique are that fluid analysis can 
only take place in transparent fluids, at places with optical access and that the 
velocities are measured on suspended particles and not directly on the fluid. 

Finding good seeding particles for water is less critical than in air 
applications. Two factors that have to be considered are the settling velocity and the 
limiting frequency. Both the settling velocity and the limiting frequency result in 
similar expressions and are mainly determined by the size of the particle and the 
density difference.

One difficulty is that the light scattering particles arrive at the measurement 
volume at random times, which can cause problems when evaluating time and 
frequency characteristics of the flow. Since the data rate is proportional to the speed 
of the fluid, there is also a velocity bias that should be considered. 
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Another limitation that affects this project is the need for optical access and 
the extent of the measurement volume. Due to the limitations in optical access, only 
radial profiles could be measured close to the runner and in the draft tube diffuser. 
As a result, the radial component could not be measured at this part of the draft tube. 
Measuring along radial profiles also means that the measurement volume has its 
largest extent in the radial radiation, so a gradient bias could be expected. 

4.5.2 System description 

The LDV system used at the model is a two-component fibre-optic system 
from TSI Inc, with IFA 750 signal processors. This enables the measurement of two 
orthogonal velocity components.  

The probe is placed perpendicular to the draft tube cone wall to minimise 
any optical distortions and is positioned with an automatic traverse table from ISEL. 
The set-up is shown in Figure 24. In a few cases, mirrors had to be used to direct the 
laser beams into the model. 

Figure 24. The LDV-set-up. 

To enable the measurement at different depths in the model and to increase 
the resolution close to the wall, different optical setups were used. The setups and 
their resulting characteristics can be found in Table 3; the values are mean values for 
wave lengths 488.0 nm and 514.5 nm. 

Table 3. Different optical settings used at the cross sections (see 
Figure 29 for definition). 

C.s. Ia C.s. Ib C.s. III 
Beam spacing [mm] 50 50 50 / 150 

Focal length [mm] 120 / 500 120 / 350 500 / 750 

Volume of measurement 

Length [mm]: 

Diameter [ m]:

0.18 / 2.5 

33 / 124 

0.18 / 1.3 

33 / 88 

2.5 / 1.1 

124 / 72 
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Optical distortions that change the path of the laser beam have two major 
sources (in this model), if random defects that affect single points are excluded from 
these sources. The first source is large-scale irregularities in the glass that cause lens 
effects. This occurs for the larger windows and the distortion becomes larger as the 
measurement probe volume is moved further inside. The obtained signal will become 
weaker and weaker until it disappears. The second source is caused by curvature in 
the model, e.g., the runner chamber. This lens effect is much larger and has to be 
taken into account, even at much lower penetration depths. At the inlet section, a 
setup with two different windows was used: one window with curvature to measure 
the (undisturbed) flow close to the wall, and a second window with flat surfaces to 
measure the interior of that section. 

The LDV data were acquired in ‘single measurement per burst mode’. This 
means that only one velocity measurement is made on each particle, which passes 
through the measuring volume. 

To obtain good signal quality and increase the data rate, the water was 
seeded with nylon particles (diam. = 4.2 m). The particles have a density close to 
water, which ensures that they follow the flow satisfactorily. 

4.5.3 Phase-resolved measurements  

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 and transforms it 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 with an external signal whenever 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. 

The procedure to evaluate the data is described more in detail in Paper 5. The 
goal with the evaluation is to determine the mean ( ku ) and the standard deviation 
(

k
u ) or the local phase-resolved RMS in the compartment.  

First the samples are divided into compartments for an interval of the phase 
angle. Since there is some noise present and the reduced sample size makes the 
evaluation more sensitive an outlier reduction technique is applied to filter the data. 
Finally, a gradient compensation technique is used to estimate the mean and standard 
deviation in the compartment. The compensation is especially important for the 
evaluation of the local RMS since any gradient within the compartment will increase 
the estimate of the RMS if not compensated for. 
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Figure 25. The phase-resolved system. 

In Paper 5, a histogram clipping technique with a fix-limit was used and 
since it was suspected that this method affects the result, especially the standard 
deviation. In Appendix 2 Histogram Clipping the original fix-limit method is 
evaluated and compared with the more robust Grubbs' method. As expected the fix-
limit method underestimates local RMS value and there is also a slight effect on the 
mean values in the wake regions, while Grubbs' method only removes clear outliers. 

The phase-resolved data allows for many ways of evaluating the data. Both 
the outlier reduction and the gradient compensation technique smoothes the dataset 
and interesting flow features can be lost, e.g., details around the wakes. In this case 
the focus has been to separate the main phase-resolved variation from the local RMS 
and for this purpose the combination of methods is adequate.  
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4.5.4 Positioning 

The LDV-probe and the measurement volume are moved by a three-axial 
traverse system. The system has a high accuracy and can repeat a position to within 
0.1 mm. The accuracy and repeatability of the traverse system were tested to verify 
that the setup produced the correct position. 

Due to restricted access close to the inlet, a simplified traverse system with 
only one traverse beam was used. For the measurements at section Ia and from the 
bottom at sections II and III, mirrors had to be used to get access. 

At each section, the traverse system was aligned with the model so that the 
measurement volume would go along the desired path. This includes the verification 
that the measurement volume follows the desired profile, that the two beam-pairs are 
orthogonal and directed along the model coordinate system and that the position of 
the draft tube wall is determined relatively the measurement volume. 

The big uncertainty in positioning the probe lies in the line-up of the traverse 
system and (in most cases) mirrors and the systematic error in the positioning will be 
smaller at the outlet. A more detailed analysis and discussion of the possible artefacts 
due to the positioning can be found in Paper 2. 

4.5.5 LDV bias  

LDV measurements are subject to a number of biases that can affect the 
obtained results. EDWARDS (1987) gives a summary of different bias problems and 
discusses suitable remedies to eliminate the effects. Four types of bias are discussed: 

Angle bias 
Velocity bias 
Filter bias 
Gradient bias 

Angle bias can occur because the direction that a particle moves through the 
control volume affects the number of fringes that will be crossed by the particle. The 
probability of detecting a particle depends not only on the direction of the arriving 
particle ( ) and the velocity of the fringes (i.e., the shift frequency) but also on 
quality criteria such as the required minimum number of bursts per sample, which 
couples to where the particle passes the measurement volume. ROESLER et al. (1980) 
gave a relationship for this polar response (B ) as: 

2

/cos
/1

VV
NNB

F

T , (18) 

with N/NT as the relationship between the required number of fringes to pass and the 
total number of fringes in the measurement volume and VF/|V| as the relationship 
between the fringe velocity and the particle velocity.  
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Single channel Coincidence sampling 

Figure 26. The polar response with and without shift. Left: a single channel; 
the right: the combined response in coincidence mode. The main flow 
direction is 0° (270° for the second component in coincidence mode). 

The remedy to this problem is to add a shift to the fringe pattern, which 
increases the particle’s probability of passing the required number of fringes. 
Figure 26 shows the resulting polar response for an un-shifted beam pair compared 
with a shifted pair. The shift velocity is twice the particle velocity, which is the 
recommended value. The figure to the right shows the combined effect in 
coincidence mode for two channels, and, as WHIFFEN (1975) notes, the polar 
response is greatly reduced in coincidence mode for the un-shifted beam pairs. 

Velocity bias occurs because the obtained data rate is a function of the 
velocity. More samples arrive when the velocities are higher. One of the first studies 
of the subject was made by MCLAUGHLIN and TIEDERMANN (1973), who discovered 
discrepancies between measured data and theoretical values in a boundary layer. 
They suggested a correction with the inverse velocity 1/uk, which worked in their 
case. A group of methods has been developed for the correction of the estimated 
statistic moments (un):

k
k

k

n
kk

n wuwu , (19) 

where uk is the individual measurement of the velocity and wk is the weight of each 
sample (and equals unity for a straight average).  

EDWARDS (1987) describes a number of methods to handle velocity bias. 
The best method is believed to be resampling to an even time step. However, this 
requires the sample rate to be about 10 times higher than the Taylor time scale of the 
flow, which can be difficult to obtain. There are a number of variants on this method 
(equal time sampling, etc.) that all have similar requirements. The initially suggested 
method of using the inverse velocity has since been abandoned, replaced by the use 
of time between samples or the transit time of the samples. The disadvantage of 
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using inverse velocity is that it becomes ambiguous when the flow is strong in the 
second or third component. 

MEYERS and HEPNER (1990) and MEYERS (1991) give a review of the 
development from MCLAUGHLIN and TIEDERMANN and discuss different methods. It 
should be noted that the correction for velocity bias is a widely discussed subject, 
and MEYERS is sceptical as to the benefit of velocity correction. MEYERS advocates 
that the actual correlation between the velocities and data rate should be investigated 
before any corrections are made. 

Transient time weighting (or residence time) is considered to be a method 
that works with both high and low data rates (compared to the timescales of the 
flow). The method is derived by BUCHHAVE et al. (1979) and shows that the 
transient time ( t) for a sample to pass the measurement volume is the correct 
statistical weight (i.e., wk = t) for an ideal sampling of burst in the evaluation of 
statistical moments. Two drawbacks of the method are the accuracy of the transient 
time measurement and the fact that angle and filter biases can be enlarged. 

Filter bias occurs when the processor has a preferred velocity range for the 
measurements. EDWARDS (1987) concludes that there is a tendency to discriminate 
higher velocities, with a higher probability for rejection, for the processors available 
at that time, which can result in a compensation for the velocity bias. However, this 
is a rather difficult situation to handle, since the effect of such compensation would 
be unknown and it would be cumbersome to determine suitable weights for the 
evaluation.

Filter bias can have a similar effect to the angle bias in Figure 26, where the 
probability is a function of velocity components. Thus, different settings must be 
investigated to ensure that there are no clippings/data reductions when comparing the 
sampled PDFs of different settings. 

Gradient bias occurs when there is a velocity gradient throughout the 
volume. The gradient will increase the measured RMS value, since the probability of 
registering low and high values will increase. Additionally, the mean value can be 
affected if the gradient is nonlinear. The effect is large when measuring close to a 
wall with the measurement volume perpendicular to the streamlines. 

Turbine-99 measurements 
The problems with angular and filter bias were well known in the late 1990s 

and that the problems could be limited by setting suitable filter levels, etc. 
Unfortunately, due to an error in the IFA760, the registered t could not be 

trusted, and this weighting could not be performed. Thus, the presented data are 
unweighted averages and RMS-values with no correction.  

In Paper 2: ANDERSSON and KARLSSON (1999), it was stated that velocity 
bias in 1-D turbulence can be estimated by: 

22 /'1 bbb uuuu , (20) 

where u  is the real (unbiased) mean value, bu is the measured mean value and bu' ,
is the measured RMS-value. However, since bu  is larger than u  and the relationship 
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between RMS and mean velocity is larger than or equal to zero, Equation 20 will be 
true for all situations and provides no real information on the size of the bias. A 
better estimate of the velocity bias can be obtained by assuming that the true 
probability density distribution (PDF), b(u), of the velocity is affected by a velocity 
bias proportional to the velocity. Thus, the biased PDF, bb(u), can be expressed as 
bb(u)=u/u b(u). The velocity bias can now be expressed as: 

22 ''
b

bb

u
u

u
u

u
uu

, (21) 

from the relationship in the moments of the two PDFs (LUMLEY, 2007). Equation 21
estimates the error for one-dimensional turbulence, which can be considered as the 
upper limit of the error for real turbulence. BUCHHAVE et al. (1990) compared a 
statistical model with real measurements and evaluated the effect of different 
evaluation methods. Typically, the velocity bias is lower than the estimated value in 
three-dimensional turbulence, since any uncorrelated variations in the two other 
components will not affect the distribution. 

The phase-resolved measurements allow a more detailed investigation of 
velocity bias, since different compartments can be examined and compared against 
each other. In this comparison, the phase-resolved data, cleaned of outliers with 
Grubbs' method, are used to calculate the averages. However, there is no gradient 
compensation when estimating the mean value in each compartment ku  in the 
compartment. The mean velocity (u ) of the phase-resolved measurements is 
obtained as: 

k

ku
N

u
ph

1
, (22) 

the sum of ku , divided by the number of compartments Nph. This means that any 
variation in the number of samples in a compartment N k between the compartments 
caused by a velocity bias has no affect on the mean value. This can be compared to a 
straight average nru  of the non-resolved ensemble, which can be obtained as:  

k

k

k

kk

N

Nu
u nr , (23) 

where all the individual averages are weighted with the number of samples in the 
compartment; thus, compartments with more samples will have a greater influence 
on the mean value. The difference between the non-resolved average and the 
resolved average can be expressed as a bias: 

u
uuu nr

nrloc , (24) 

which yields an estimate of the bias affect. Table 4 shows this estimate weighted 
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with the local velocity component and the total velocity 2
tan

2 uuu axtot for one 
point at the inlet radius. The table also shows the total RMS and the RMS dived into 
the phase-resolved variation and the local RMS weighted with the total velocity. 

Weighted by the total velocity, the axial velocity is underestimated by -0.4%, 
and the tangential component is overestimated by 0.5%. Thus, the velocity bias is 
quite limited in this case. If Equation 21 is used to estimate the bias with the velocity 
component and not the total velocity, the estimated bias will be much larger. The 
reason for this can be seen in Figure 27, where the normalised (and centralised) 
velocity components tottot uuuu

kk

* are plotted and compared with the total 
velocity. Most of the variations in the individual velocity components are correlated 
to each other but with opposite signs; thus, the variation in the total velocity is much 
smaller. This can also be seen in the phase-resolved variation uph in Table 4, where 
the total variation is much smaller than the individual variation. 

In conclusion, the velocity bias has an effect on the earlier non-phase-
resolved measurements. This study indicates that this effect is rather limited for these 
data and should be within ±1%. Equation 21 works as a maximum estimate of the 
error, and the estimate improves if the total velocity is used instead of the individual 
velocity components. However, when this study was performed on a larger set of the 
phase-resolved data, it was found that the bias could become fairly large. This was 
due to fewer samples in the first compartment. This phase bias is introduced by the 
system when the RMR is added; thus, all phase-resolved data have to be evaluated as 
phase-resolved data to avoid this problem. 

In the final evaluation of the phase-resolved measurements, the averages and 
the RMS-value are gradient compensated, thus further reducing the potential bias.  

Figure 27. The normalised phase-resolved velocity at r*=0.92 at the inlet 
section as a function of the phase angle. 
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Table 4. Velocity characteristics at r*=0.92 at the inlet section and the 
resulting velocity bias. 

uax utan utot

uRMS/utot 9.5% 14.7%  

uph/utot 5.2% 12.2% 2.2% 

u'/utot 8.0% 8.2%  

(u'/utot)2 0.69% 0.67%  

tot -0.40% 0.46%  

loc -0.44% 1.13%  

The third systematic error that can hide information is the resolution of the 
measurements. At times, it is impossible to measure close to opposite walls, e.g., the 
runner hub; in this case, the leakage between runner hub and blade will not be 
described in a satisfactory manner. 
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Chapter 5  
Main results 

The Turbine-99 tests consisted of three major test periods (see Chapter 4.1).  
The first test period was more general and focused on testing the chosen 

methods and selecting a good operating condition. There are no detailed data 
presented from this period. However, some very important conclusions were drawn 
that had importance for the development of the project. 

The second test period was performed before the first Turbine-99 workshop 
and focused on measuring mean quantities, such as wall pressure and velocity 
distribution with Laser Doppler Velocimetry at selected locations.  

For the third and last measurement period, there was a focus on phase-
resolved velocity and the radial pressure distribution at the inlet. There was also a 
new reference cross section added after the elbow to validate the results. This final 
measurement period was performed between the first and second workshops. 

The interchange with the CFD part of the project (BERGSTRÖM 2000) gave 
valuable feedback on specific features to look for, and then the first Turbine-99 
workshop highlighted some issues that were addressed. 

Paper 1: ANDERSSON and DAHLBÄCK (1998) presented a combination of 
qualitative and quantitative techniques that had been evaluated during the first 
measurement period to describe the flow. The paper presented the aim to provide a 
data bank and arrange a workshop for CFD validation. The experiments used 
visualisation as a fast, simple and effective scanning method that provides a general 
description of the flow in the draft tube. Furthermore, LDV measurements provided 
detailed descriptions of the flow at specific locations, e.g., inlet and reference 
sections. Together with wall pressure measurements that determined the losses and 
gave further flow information, this became a complete validation case. 

One of the main objectives of the paper was to encourage the international 
community to participate in the first Turbine-99 workshop. The goal of the project 
was to supply a test case for CFD specialists to ‘calibrate’ their models, as well as to 
further understand the flow in a draft tube.  

The most significant conclusion of the first measurement period was that a 
new measurement section had to be measured closer to the runner. The main reasons 
for this were to: 

1. avoid the separation after the runner cone that caused problems both 
for the experiments and with the Inlet Boundary Condition for CFD 
calculations

2. capture more of the large gradients in the draft tube (in Section Ib, 
50% of the pressure recovery already occurred); 
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3. analyse of earlier results that (Table 1) showed that the pressure 
recovery at Ib was not representative of the increase in efficiency for 
the entire turbine. 

Left leg Top point Right leg 

Figure 28. Air visualisations for three different locations at the propeller 
curve. 

The choice of operating conditions was made after air visualisations. In 
Figure 28 the visualisation results for three different cases can be seen. Since the 
Kaplan turbine should be operating at the best combination of runner blade angle and 
guide vane angle, which corresponds to the peak of the propeller curve or possibly 
the right side of the peak at high loads where draft tube losses are most significant. 

5.1 Data bank 

The first more detailed presentation of measurements was made at the first 
Turbine-99 workshop. For the workshop, the participants received inlet velocity 
profiles for the (measured) axial and tangential velocity components and the 
geometry of the draft tube. It was a blind test, so no results were known to the 
participants.

The measurement sections studied in the Turbine-99 draft tube can be seen in 
Figure 29. LDV measurements were performed at cross sections Ia-III and wall 
pressure measurements were performed at the cross sections and at the upper and 
lower centre line of the model.  
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Figure 29. Overview of measurement sections of the Turbine-99 draft tube. 

Paper 2: ANDERSSON and KARLSSON (1999) presented the measurement 
methods and analysed the error for the measured quantities. Relevant details from 
this paper can be found in Chapter 4. The analysis covers both errors from the 
operation of the test-rig and systematic error contributions for each individual 
method.

All presented data are typically normalised with the local bulk speed (Q/ACS), 
but otherwise left un-corrected. The philosophy was to create a data set that consists 
of un-manipulated raw data. This gives the users of the data-set full freedom to 
investigate the effect of different parameters. See a further discussion of this under 
Conclusions.

Data for efficiency and pressure recovery were fairly stable since 
measurements were performed close to the peak of the propeller curve at BEP, while 
the velocity components, especially the tangential component, were more sensitive to 
small changes during the operation. 

Paper 3: ANDERSSON (1999) presented the first validation data for the T-
case of the Turbine-99 measurements. This included the pressure recovery of the 
draft tube and the velocities in sections Ia, Ib and III. 

One of the most interesting results of measurements in the draft tube was that 
the pressure recovery based on the wall pressure from section Ia to IVb (which 
actually includes the lower part of the discharge ring and the draft tube extension) 
was well over one. A short analysis in Paper 3 showed that since the area relation 
between Ia and IVb becomes so large, the definition of Cpr wall should be close to in
as long as the draft tube is working. Moreover, it would require a major separation 
for out to be large enough to have a major effect on the Cpr.
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Figure 30. The pressure recovery along the centrelines of the draft tube 
wall.  

Even though there was considerable spread between the results, the high 
Cpr wall values were also confirmed by many of the CFD simulations at the first 
workshop.

It should be noted that the high Cpr wall values by no means indicate that the 
draft tube has efficiency larger than unity. The high values are caused by three 
factors:

1. normalisation – the Cpr wall is normalised with the kinetic mean 
energy and not the total energy (see Equation 5) 

2. the large area difference between inlet and outlet results in a value 
that is strongly proportional to in

3. the wall pressure is not representative of the cross section mean 
pressure. Some CFD calculations showed a large gradient in the 
static pressure distribution close to the wall, and this was confirmed 
later in the experiments, even if the gradient was smaller. 

To get a better estimate of the efficiency of the draft tube, one important 
conclusion was that the radial pressure distribution at the inlet should be measured. 
This would give a better representation for the pressure at the inlet. 

One other important feedback from the first workshop was that a new cross 
section should be added after the elbow to evaluate the CFD computations. The 
reason for this was that the main differences between different flow simulations have 
already occurred after the elbow. 

Paper 4: ANDERSSON (2001) presented the additional data for the T-case of 
the Turbine-99 case. Unfortunately, the model broke during the final measurement 
period and the test conditions could not be fully repeated. 



Page 57  

In this paper, the results for the visualisations were presented. These 
visualisations focus on the streamlines close to the walls in the draft tube. 
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Figure 31. The radial pressure distribution along the inlet cross section. 

The static pressure distribution at cross section Ia was also presented 
(Figure 31). The static pressure distribution is the key to finding the radial velocity 
component. Unfortunately, due to an error in the geometry of the grid specified for 
the CFD simulations in the second workshop, there was a large deviation between 
the measured and most of the simulated profiles. In the contribution by JONZÉN et al. 
(2001), the effect of this error was investigated and simulations on the correct 
geometry gave a radial pressure gradient with similar features as the measured 
profile.
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Figure 32. The axial (contours) and horizontal (vectors) velocity 
components at cross section II (down stream view). 

The axial and tangential velocity components at cross section II were also 
presented. Cross section II is located directly after the elbow, and as expected, the 
flow is quite asymmetric. The largest axial velocities are located at the right side in 
Figure 32 and the largest horizontal components are found at the bottom of the left 
side of the section. In the elbow, fluid with higher (axial) momentum than the 
average will travel to the outside of the elbow and the swirl will try to turn the flow 
in the direction of the rotation. Thus, after the elbow, the highest axial moments will 
be found at the right side in this case (seen from the downstream view). This balance 
is very delicate, and during the first workshop, about five different flow fields after 
the elbow were identified in the simulations. 



Page 58  

These results laid the foundation of the Turbine-99 data bank that was 
accepted as an Application Challenge within the QNET-CFD network. A more 
thorough introduction to the concept of quality and trust and the scope of Qnet can be 
found in Appendix 1.

Report A1: KARLSSON and ANDERSSON (2003): The D30 report has the 
most comprehensive collection of the experimental data, including drawings of the 
draft tube and experimental data. The report also consists of a collection of CFD 
results and a comparison between experiments and CFD. 

The experimental data included cover both cases T and R. The data are 
available in ASCII-files with a standardised format that allows automatic reading 
into different programs for evaluation. All data files include error estimates. 

The main focus of the D30 is to provide validation data for analyses of 
simulation results. There is a brief introduction of the test case and key parameters 
are defined (DOAPs, i.e. Design Or Assessment Parameters). Therefore, the report is 
mainly a compilation of raw data files from experiments and simulations, with 
plotting of some key results. The intention is to give the user of the data bank an 
overview of the available data so the user can find and plot the main data of interest. 
The included CFD case gives the user an example of a typical numerical result. 
However, for a more detailed analysis of the experiment and the numerical results, 
the detailed documentation of the Turbine-99 workshops must be studied. 

Finally, the report makes a more detailed comparison of the experimental 
and numerical data to evaluate the differences and suggests the possibility of 
predicting the specified DOAPS.  

5.1.1 Workshop conclusions 

The conclusions, from the two first Turbine-99 workshops, mainly concern 
the quality and trust of the CFD method. The first workshop showed a considerable 
spread between the results from different simulations. This was mainly because of 
the different assumptions regarding the radial velocity component (which was not 
measured). 

Paper A2: ANDERSSON, ENGSTRÖM, GUSTAVSSON and KARLSSON (2004) 
presented the main conclusions obtained after the first two Turbine-99 workshops. 
Despite the careful effort of the 2nd workshop to specify a reference case, there was 
still a considerable spread in integral quantities, e.g., ±5 % for Cp. 

There are a number of reasons for the high variation. First, the common grid 
had some problems with the geometry close to the inlet, which caused large gradients 
in the radial pressure at the inlet (JONZÉN et al. 2001). The grid resolution was too 
low to resolve the gradients at the first part of the draft tube and to obtain valid y+ 
values in the entire draft tube. Finally, the evaluation of integral coefficients became 
ill-conditioned, i.e., small integration errors of the results at individual cross sections 
had a large effect on the result. 
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Even if the repeatability was poor from a quantitative point of view, the 
visual impression of the simulations showed that the flow fields from different flow 
simulations were much more similar, so qualitatively the repeatability was high. 

Still the simulations showed a rather large deviation from the experiments, 
so trust of the computations can still be considered to be low. 

The variations between computations were also so large that it was still 
difficult to give recommendations on other settings, e.g., the turbulence model from 
the workshop contributions. 

Report A2: KARLSSON and ANDERSSON (2004): This report summarises the 
best practice guidelines for simulations of draft tube flow. The report basically 
contains the same conclusions as Paper A2. 

The main difference is that the report is intended as a summary of Best 
Practice Advice for CFD on draft tubes, to be used as a guideline. Thus, the report 
only gives the basic recommendations for setting up a simulation case and a more 
thorough background is given in the references. 

One of the long-term goals of the QNET network was to develop the CFD 
tool so that there would be comparable standards, on how to perform a simulation, to 
obtain quantifiable errors. Standards those are comparable to experimental standards. 
From this perspective, the format of the report is highly interesting because it sets a 
standard for how to specify a CFD case. The standardised format enables 
comparisons between different setups in a very clear way. 

Another valuable idea of the QNET-network was that many of the 
challenging tasks within the network are too complex to answer all questions alone. 
Therefore, base cases with UFRs (Under laying Flow Regimes) were included in the 
data base. Even if the Turbine-99 workshops could not show any certain effects of 
the turbulence model, this report could give some stronger recommendations than 
Paper A2, since most cited UFRs showed that the basic k-  model gave large errors 
(especially when flow separation occurred) from simple boundary layers to straight 
cones.

5.2 Phase-Resolved Measurements 

The initial measurements focused on average pressure and velocities. 
However, the flow in the draft tube is not stationary; there is a periodic component 
that leaves the runner. There can be a vortex rope after the runner that contributes 
additional frequencies to the spectra of the velocity or pressure. 

Paper 5: ANDERSSON and CERVANTES (2008) presented phase-resolved 
measurements in the cone for case T and give an introduction to the method used. At 
the inlet section closest to the runner the blade wakes are very well defined and 
clearly visible in the phase-resolved mean and RMS velocity. 

The evaluation in the paper used a histogram clipping technique that is 
investigated in Appendix 2 Histogram Clipping. The appendix shows that the method 
used in the paper leads to an underestimation of the local RMS-values. An alternative  
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Section Ia (1) 

Figure 33. 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. 

Figure 34. 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. 
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method: Grubbs' is tested and verified against both simpler distributions and the 
phase-resolved data set. The conclusion in Appendix 2 is that Grubbs' method 
performs the outlier reduction without a significant effect on the evaluation of the 
RMS-values.

Therefore, this section gives a short presentation of the results evaluated with 
Grubbs' method instead of the earlier method. Still the main effect of the earlier 
method is the underestimated RMS values, while other characteristics and trends 
remain the same.  

Figure 34 shows the phase-resolved results at Cs Ia for both the axial and the 
tangential velocity components and the turbulence intensity (u'/U). In this case the 
flow is averaged over all five blades assuming that they are similar. Thus, 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 mean velocity profiles of the axial velocity at section Ia have a 
maximum close to r*=0.8, see Figure 33, corresponding to the phase-resolved plots. 
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 the almost linear increase at r*=0.8, i.e., 
close to the maximum axial velocity. 

The variation (RMS) of the phase-resolved mean values, left graph in 
Figure 33, are quite high, 10 to 20 % of the mean axial component. The 
corresponding phase-resolved RMS values, right graph in Figure 33, are around 6-7 
percent in the centre of the profile and increase both towards the runner chamber and 
the runner cone due to the influence of the walls and possible leakage effects. These 
phase-resolved RMS values are 20%-30% higher that originally estimated in Paper 5.

 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 35. 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. 

Figure 36. Phase-resolved axial and tangential normalised velocity 
components and remaining phase-resolved turbulence intensity at cross 

section Ib.  
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At cross section Ib, the uneven distribution between the blades is still clearly 
visible in Figure 36 and the mean profiles is similar to them at Cs Ia (Figure 35). 
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.  

The residues from the blade wakes are still clearly visible in the tangential 
velocity component. Compared to Cs Ia this wake 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) 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. The RMS values are about 35% higher than 
those estimated in Paper 5. 

The evaluation of the phase-resolved data can be performed in many ways. 
The gradient compensation and interpolation leads to some smoothing of the velocity 
distribution. This can be seen in the scatter plot (Figure A2.3), where a fine structure 
around the wakes is present. However, this current level of separation between 
phase-resolved and RMS values seems suitable for the resolution of the data. 

Things to investigate for the evaluation of the data, could involve more 
advanced functions that better could capture the wake and resolve its motion. The 
wake region after the runner cone at Cs Ib should be examined to find lower 
frequnecies.
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5.3 Lifetime evaluation 

One important issue for draft tubes and hydropower constructions outside the 
scope of the Turbine-99 workshops is the assessment of the lifetime of constructions. 
Since part of the hydropower plant, e.g., the draft tube, often has a lifetime that is 
much longer than the lifetime of the runner, there is a need to assess potential risk 
factors associated with the lifetimes of these parts. 

Paper 6: ANDERSSON, JUNGSTEDT and CERVANTES (2008) presented a 
study of the loads on a draft tube pier in a Francis turbine.  

The main loads occur at the nose of the pier, and the maximum is located at 
the left side of the pier centre line for the presented operating conditions. The load is 
actually largest close to the best efficiency point of the unit where the majority of 
operation time can be expected.

There are also some moderate forces along the pier, but they decrease rather 
quickly in the downstream direction, so after 15% of the pier has been passed, the 
load is below 15% of the maximum. The tendency is the same as for the nose with 
pressure from the left to the right along the entire wall. 

Structural analysis reveals that there should be no direct reason for failure 
due to these loads. The worst case actually occurs when filling and emptying the 
unit, which is believed to have caused the problems in the unit. 

Some comparison between the model and prototype was also presented. The 
comparison also shows some agreement between the model and prototype. However, 
great care should be taken when evaluating such results. Table 5 shows the 
difference in scale for different parameters. 

Two main differences in the setup are the length scale and the energy/head 
difference. This leads to differences in velocities, load and time scale.  

The combined effect on the Reynolds number can be illustrated with a flat 
plate and the relative critical distance (xcrit/D), where the transition between laminar 
and turbulent flow occurs. The extension of the laminar region for prototype 
conditions will only be 3% of the laminar region for model conditions. 

Translating this to the effect on the structure is highly arbitrary, and 
estimating risk for fatigue requires thorough structural analysis. 
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Table 5. The scale difference between model and prototype conditions. 

Property Relation Porjus G11 case 
Model/Prototype scales
Length scale 

M

P

D
D 20

Energy density 

M

P

H
H 3.0

Main fluid quantities 
Pressure, Load 

M

P

H
H 3.0

Velocities 

M

P

H
H 1.7

Time scale 

M

P

M

P

H
H

D
D 11

Main flow characteristics 
Re

M

P

M

P

H
H

D
D 34

xcrit

P

M

H
H 0.58

xcrit/D

M

P

P

M

D
D

H
H 0.029 
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Chapter 6  
Conclusions and discussion 

6.1 Summary of obtained goals. 

An experimental validation case for the flow in a Kaplan draft tube has been 
presented in this thesis. The validation case includes velocity measurements at a 
number of cross sections and wall pressure measurements (see Figure 29).  

The database has been used in three Turbine-99 workshops. The third 
workshop put a lot of emphasis on transient simulations, which managed to capture 
more of the flow feature expected in the draft tube and at least qualitatively the 
agreement between experiments and simulations have increased. 

The test case was chosen as one of nine challenging tasks (KARLSSON and 
ANDERSSON, 2003) of the members of the thematic area of Turbomachinery in QNET
(see next section). 

When the project started the awareness of Quality and Trust for CFD was 
quite low. Contributions such as IWDC (1998) predicted that experiments would be 
redundant and most development would be done with CFD. Today the field has 
matured and, ASCHENBRENNER et al. (2008) and PAYETTE et al. (2008), for example, 
concluded that there can still be considerable errors in draft tube simulations, hence 
limiting the use of numerical draft tube optimisations. 

The test case is hosted by the QNET/Ercoftac database and is the main 
existing validation case for draft tube simulations made openly available to the 
public. It is also one of the few cases where detailed measurements have been 
presented for a Kaplan turbine draft tube.

The test case has been developed during recent years and transient pressure 
measurements in the draft tube cone have been made by LÖVGREN (2006). 
Numerical optimisation algorithms were evaluated by MARJAVAARA (2006) to find 
improved designs of the draft tube geometry.  

The experimental case will be useful in the years to come. However, since 
the numerical field is developing quickly, it should be noted that the 
recommendations for CFD calculations may change. Thus, the recommendations 
from the workshops should be considered as a time stamp of the best practice at that 
time.
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6.2 Comments on the data bank 

There are a number of reasons why the Turbine-99 data bank is interesting: 
The draft tube is an existing design, but it is still rather extreme with 
a large opening angle and relatively shallow draft tube cone. The 
sharp edges and the heel allow for optimisation. 
By extending the inlet in the discharge ring, many interesting flow 
features were captured that illustrate the difficulty of using wall 
pressure, for example, to evaluate the draft tube performance. 

Perhaps one of the most important things to remember is that challenging 
industrial applications are not fully complete. The flow of the Turbine-99 draft tube 
is highly complex, and not all aspects have been evaluated. To understand certain 
phenomena, e.g., the pressure distribution at the inlet, a synthesis of experimental 
and numerical data together with analytical tools should be used. Moreover, it should 
be built on an understanding of Underlying Flow Regimes (UFRs) because these 
enable a more direct test of different hypotheses. As an example the Turbine-99 
workshops could not directly rule out simpler turbulence models, such as k- ;
however, the QNET UFRs clearly show that k-  especially fails when the flow 
separates, which makes it an impractical model for draft tube optimisation. 

There are two main limitations of the experimental data. The first issue is 
that the radial velocity at the inlet has not been measured; thus, the boundary 
conditions of the test case are not complete. The second limitation is that the focus 
was on the draft tube alone and not on the draft tube flow coupled to the turbine 
operation.

Since the radial velocity is missing in the experimental data, it has to be 
assumed in the CFD simulations. For the second Turbine-99 workshop, a common 
radial velocity was given, which enabled a better comparison between the 
computations. Some efforts have been made to better estimate the radial velocity, but 
the problem is quite sensitive to small changes. However, this is an example where a 
more thorough analysis of experimental data and numerical simulations could 
establish a better radial profile. 

When the project started 1996, it was concluded that one of the main 
difficulties in CFD simulations for hydro applications was the draft tube, and it was 
also assumed that the coupled simulations, including both the runner and the draft 
tube, would be out of the scope for real accurate simulations; therefore, the main 
focus was the draft tube. In this sense, the data bank fit the purpose of the Turbine-99 
workshops. Phase-resolved velocity measurements have since been added, which 
enables the study of the effect of the blade wakes from the runner. However, today, 
coupled simulations between runner and draft tube are clearly possible, and for the 
test case to survive another decade, the runner should be included in the data bank. 

There were also some quality issues with the turbine test stand that were 
identified during and after the completion of the tests. The main problem was that not 
all tests could be repeated, and instead of two main cases, the data bank now contains 
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four separate cases. This is actually a benefit for the draft tube case, since there are 
now four variations to study; however, the actual connection to the turbine 
performance is weak. 

All presented data are typically un-corrected to create a data set that consists 
of un-manipulated raw data. One idea with this is to give the users of the data-set full 
freedom to investigate the effect of different parameters. There is always a risk of 
over scaling/correcting the data. However, it might also be unreasonable for the 
average user to correct the data, e.g. for gradient bias in the velocity measurements.  

The first analysis within this project was actually made in Fortran-
programming language, which gave a few pages of code even for simple 
measurement analysis, and as a result, it became difficult to account for every step 
within every evaluation. Today, there are simple analysis tools that enable the 
presentation of both scaled and unscaled data. Therefore, it should be possible in the 
future to produce data sets that include both the basic raw-data, but also the best-
selected corrections. 

6.3 General recommendations 

When the tests began, one of the main problems in Hydraulic Machinery 
from a Swedish perspective was the draft tube. The conclusions from, e.g., the 
Gamm workshop, were that the wicket gate and runner could be calculated fairly 
accurately, while the draft tube simulations were less accurate. Preliminary estimates 
for the numerical accuracy of draft tube simulations also showed that in the mid 
1990s the computational power could only handle coupled computations with both 
the runner and draft tube (and this was investigated further by Bergström).  

Therefore, the project focus was on measurements of the draft tube to 
establish a well-defined test case to validate CFD calculations. Today this test case 
represents the best documented Kaplan draft tube. 

However, as the phase-resolved measurements show, the runner-draft tube 
interaction plays an important part in the flow of the draft tube. It is also reasonable 
to suspect that this interaction can be affected by the operating point of the turbine 
and some types of modifications in the draft tube. Furthermore, with the rapid growth 
of computational capacity, CFD calculations can be perform reasonably accurate 
coupled calculations of the runner – draft tube. 

Thus, for a long lifetime the runner geometry should be included in a 
validation test case. This could be possible for the Turbine-99 case since the runner is 
an old design from 1949. 

LDV is still one of the best and most accurate measurement methods 
available for fluid flow. However since the method is a point measurement 
technique, the measurements are quite tedious to cover a large field. The method 
only resolves the variation in time. 

Today there are many more advanced measurement techniques that are 
available, such as PIV (particle image velocimetry), that can measure the velocities 
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in a plane simultaneously. The accuracy and resolution is still poorer than the LDV 
technique, but yields interesting data on the performance of large-scale phenomena, 
e.g., the vortex rope. Since PIV covers the entire plane, the method allows for 
surveys over a large number of operating points.  

6.4 Perspectives 

The draft tube is one of the most important components that determine the 
efficiency for low head power plants. When refurbishing a hydro turbine, a new 
runner has to fit into the old waterways, and it has to function with the old draft tube. 
Thus, the validation of draft tube performance and the optimisation of draft tubes 
will be a major issue in the future. GALVAN et al. (2005) tried to find the best 
velocity profile for the Turbine-99 draft tube. This profile could be used as an outlet 
condition for the new runner design. This approach was then implemented by CKD 
when they refurbished a small hydro turbine (SKOTAK et al. 2008). In this project, a 
new draft tube was designed and the best inlet conditions for this draft tube were 
determined such that the new runner was designed to fit the new draft tube.  

Validation of these improvements will require the development of reliable 
tools. Currently, a project that involves measurements at the Porjus U9 unit (both 
model and prototype) continues. The overall aim of this project is to answer 
questions concerning scaling laws, and to achieve this goal, major advances in the 
measurement quality will have to be made.  

DAHLHAUG (1997) compared his result with analytical models. This was 
taken a step further by, e.g., SUSAN-ROSIGA et al. (2006), who used analytical 
functions to fit the experimental data of the FLINDT project and used this simplified 
model to investigate flow instabilities and possible solutions. This procedure reduces 
the risk for experimental errors and makes it possible to compare experimental 
results from two different operating conditions. When an analytical model has been 
confirmed, a larger number of operating conditions can be examined, since the 
number of data points at each profile can be reduced. 

Important steps have been taken to make CFD into a valuable tool for draft 
tube analysis. The basic requirements concerning quality have been established. 
There still is some work needed concerning trust of CFD simulations. As long as 
there is a need for simpler models, there should be better tools for risk assessments. 
GYLLENRAM (2008) proposed a new filtered turbulence model in which the 
turbulence model is active for the smaller scales, while the larger scales are resolved. 
The model was tested for simpler test cases and then used for draft tube simulations. 
Since the filter function can be plotted, it is easy to visualise which regions are 
resolved and which are modelled, and this allows for a quality estimate. This can be 
compared with the reverse situation to estimate unsteady behaviour from steady 
simulations. 

To obtain electric certificates (see Section 2.5) for improvements for hydro-
power plants, the improvements need to be proven. To do this, field measurement 
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techniques that can verify the improvements are necessary. A combination of 
experimental techniques and CFD studies are needed for these validations. 

In conclusion, the draft tube will continue to be one key component within 
hydropower, and the Turbine-99 test case stands out as one of the most important 
validation cases. Since the entire Hölleforsen unit with its semi-spiral casing and 
draft tube also represents a formidable technical challenge, the test case will likely 
live on for a long time. 
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Appendix 1   
Quality and Trust 

The main contribution to the thesis of this Appendix is presented in 
Report A1 that summarises the experimental results, including drawings. In addition, 
one report and two articles have been appended. These contributions mainly focus on 
CFD with summaries of the accuracies and performance of different methods.  

The conclusions and recommendations on CFD computations are a result of 
teamwork involving the organising committee and participants of the Turbine-99 
workshops.

The appendix focuses on the respondent's view, which mainly deals with the 
goal of achieving an accepted procedure with well-defined errors for key parameters 
of CFD corresponding to test procedures for experiments. Therefore, there will be no 
discussion on the detailed differences between, e.g., turbulence models. 

A1.1 The concept 

Quality and trust has become a popular expression, especially within 
computational fluid dynamics, in recent years. However, the concept is equally 
important for both experiments and simulations.  

Quality concerns the verification process used to determine the accuracy of 
any parameter obtained with a certain method (e.g. a computational simulation). This 
tells the user how repeatable the method is from each setup. 

Trust, or reproducibility, tells the user how well the method represents 
reality. Thus, validation of the method’s accuracy in predicting different real 
phenomena is very important.  

The main difference (concerning Q&T) between experiments and CFD is 
that experiments have been around for a long time and accepted procedures have 
been developed that describe the best practise. However, simulations are rather new, 
and the importance for developing standards for these tools is increasingly important. 

One central theme for this project has been to increase the quality of 
computational fluid dynamics for draft tubes. The ultimate goal is, of course, to 
quantify different uncertainties due to different model assumptions, simplifications in 
the geometry and execution of the interpolation/analysis. When this is obtained, CFD 
will be a highly credible method that can be used to evaluate the performance of a 
new runner. 

Currently, CFD is a tool that is used with great success within the industry to 
solve the fluid mechanic problem, so why is this an important concept? Without a 
proven method, it is not possible for a customer to evaluate the suggested solution for 
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the power plant. With CFD comes the possibility of greater model modification, e.g., 
the viscosity can be neglected, which means that different effects can be separated; 
however, this also means that there is a greater possibility of error in the simulations. 

A1.2 Recent work 

There have been a number of initiatives to establish the best practise for CFD 
analysis. These all have similar constructions, so the examples focus on the format of 
the QNET Thematic Network that the Turbine-99 draft tube utilised. 

First, there cannot be a single set of recommendations for all types of fluid 
flows where CFD can be applied. That would either result in recommendations that 
are too general to be useful or too complicated to follow for all cases. For example, 
turbo machinery was included within QNET as one of 6 Thematic Areas (TA). 

For each case, such as the draft tube, there should be a set of numerical and 
experimental data available. This is crucial for accuracy evaluation; it also implies 
that there should be relevant quantities that can be evaluated with respect to quality 
and trust. In most cases, the focus is on complicated engineering cases. QNET named 
the cases: Application Challenges (ACs), to indicate the challenging nature of these 
problems, and the database includes about five to ten ACs per TA. The evaluation 
quantities were called Design Or Assessment Parameters (DOAPs), which are the 
same as the engineering quantities defined for the Turbine-99 workshops. 

Due to the complex nature of the cases, there is a need for simpler, more 
basic cases in which individual assumptions can be evaluated. These are called 
Underlying Flow Regimes (UFR) within QNET and give important information on 
how different aspects affect the resulting flow pattern. These cases typically depend 
on one or two parameters, this makes it more straightforward to analyse the 
importance of different assumptions/settings. 

A1.3 Quality and draft tube simulations 

Good quality simulations should not be a problem. The basic requirement is 
a clear and instructive documentation of the simulated case. The first Turbine-99 
workshop showed a large variation in results when different contributors were free to 
solve the problem, and for the second workshop, when a common case was used 
there was much more homogenous results. 

This illustrates that standardisation is needed, and that by providing a very 
specific flow case, the method should be able to produce a good quality result. In this 
respect, the situation is quite close to the available experimental standards, e.g. 
hydraulic machinery model tests. By fulfilling all criteria in the specification, the 
obtained result should be within a limited interval. However, when some criterion 
cannot be fulfilled, this has to be investigated to evaluate the effect on engineering 
quantities (DOAPs). 
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For CFD this is slightly complicated by the fact that the available codes are 
dominated by commercial products where the same primary method can have 
different implementations in different programs (and even program versions). This 
implies that it can be difficult to document and fully compare two different solutions. 

The thorough work of BERGSTRÖM (2000) gave a total numerical error of 
± 3-7 %, where the grid contributed most to the error. This should be compared with 
the second workshop that had a variation in Cpr av of ±5% for the same set-up. This 
highlights the fact that, when comparing different simulations, there can be 
systematic errors that are missed or neglected when analysing the errors. One reason 
for the big difference in this case is that the draft tube problem becomes badly 
conditioned, i.e., small integration errors can create a rather large uncertainty in the 
engineering quantities. 

A1.4 The case 

Perhaps one of the most important items to state is the difference between 
reality and model. Most models, both experimental and numerical, contain 
simplifications of some sort. 

For experimental cases, it is often the size that is scaled down or up to make 
the model and model operation easy to handle and control. In our case, this means 
that when testing hydraulic machinery, the scale and speeds are lower; thus, the Re-
number is lower. This means that losses have to be scaled up to the prototype values. 

In some cases, such as the draft tube, it is difficult to get a full set of 
boundary conditions, and in the Turbine-99 case, the radial component has to be 
estimated. This makes the analysis of the experimental results difficult, and there will 
most likely be differences between the estimated profile used in the CFD case and 
the reality. 

Paper A1 illustrates that the geometry has a profound impact on the resulting 
pressure at the inlet section, which in turn affects the performance evaluation. 
GYLLENRAM (2003) showed that small variations in the radius of the geometry of 
±0.5% gave a periodic flow pattern by studying a straight diffuser (that disappeared 
when the geometry was smooth). This last case proved to be very sensitive for 
symmetries, which would most likely disappear with a bent draft tube, but it shows 
that the flow field can be very sensitive to the symmetry. 

This can be compared with experiments, where the IEC 60193 allows ±2% 
deviation of individual points in the geometry in the draft tube from the average 
value. The standard has its focus on performance quantities, such as the overall 
efficiency, and not on detailed flow patterns.  
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A1.5 Trust 

Even if good quality simulations now can be obtained, there is still a 
significant difference between the simulations and the experiments.  

Some of this can certainly be explained by case uncertainties. The 
simulations had to assume a radial velocity component at the inlet, and there was 
some deviation in the supplied geometry that could have caused the difference. 
However, from the Report A1, it can be seen that the velocity distribution for all 
simulations in Section II is confined to a rather limited range, and this distribution is 
quite smooth compared to the experimental distribution, which shows much greater 
variation over the cross section. As a result, the simulations for the 2nd workshop still 
lacked many detailed flow features from the real case, see Figure A1.1. 
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Figure A1.1. Velocity distribution at mid-plane of section II for experiments 
and simulations. 

At the third Turbine-99 workshop, many simulations were transient; this 
added a lot of physical credibility to the simulations and increased the similarities 
with the experimental data. Thus, the key physics that must be resolved seems to be 
the nonstationary phenomena in the draft tube. 

Violation of model criteria is also important, in addition to the development 
of better models. When using, e.g., wall functions, it is difficult to get the wall 
distance correct within the entire computational domain. Thus, these types of models 
should be avoided or improved. In the case of wall functions, an adaptable grid could 
be used that modifies the location of the cells closest to the wall. 
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A1.6 Conclusions and recommendations 

One main benefit with standardisation is that if the requirement of the given 
criterion, e.g., the size of a pressure whole is met, the error can be given within a 
certain range. In this case, that is the measured pressure. If this accuracy is sufficient 
for the task, there is no need to examine the effect of criterion variation. This adds 
confidence to the method used, and the study can focus on the technical and 
engineering issues rather than details in the method. 

Today, the basic quality requirements ought to be fulfilled by applying the 
Best Practise Advice (BPA) from Ercoftac (CASEY and WINTERGERSTE, 2000), or 
similar recommendations. This ensures that the documentation and the execution of 
the simulations have a certain quality with quantifiable numerical errors. Any 
deviations from the BPA should be tested to evaluate the errors. 

If the BPA is followed, the effect of grid refinement will be known and this 
value can be added to a summary table of artefacts that affect the solution, without 
going into technical details about the execution of the grid refinement study. 

For more complex cases, such as the draft tube, in which the general BPA 
can be to unspecific, it is recommended that the procedure be followed completely 
with more specific recommendations, such as the D34, and also implement test cases, 
such as the Turbine-99 draft tube, to prove the quality of the procedure. 

The main limitation is that even if the errors in DOAPs should be 
quantifiable, the range of these errors is not known. In the case of the Turbine-99 
workshops, both the inlet conditions and the geometry have to be known – this could 
be investigated further to evaluate the impact of different grid structures with the 
same boundary conditions. The goal should be to have general grid criteria, rather 
than having to use a fixed grid to evaluate a method. 

Obviously, when it comes to trust, more work is needed. The CFD 
community has matured considerably during the scope of this project from the work 
presented in IWDC (1998), which concluded that the era of experiments was over, to 
ASCHENBRENNER et al. (2008) and PAYETTE et al. (2008) who clearly specify 
limitations of the CFD tool and the need for validation data. 

With the introduction of CFD, there has been a greater need for extensive 
data banks that can serve as validation data. As the methods improve, more details 
will be needed and requested. 

Experiments and simulations have some differences such that the methods 
can complement each other and increase the understanding of flow phenomena when 
used together. Three areas are discussed: 
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Resolution time and space 
The method chosen for the experiments typically gives a resolution in time 

and space for the obtained data. To resolve a flow feature, the minimum number of 
data points needed is the number of parameters in the function that fits the flow 
feature. Thus, for a linear gradient u=k r+m, only two points are needed. This also 
implies that the chosen resolution sets a clear limit on what the experimentalist can 
resolve. Any fluctuations in between these two points cannot be analysed. 

This can be compared with BPA for CFD, which typically recommends 10 
grid points to resolve a gradient. However, this means that, for the same case, the 
CFD code has the possibility of resolving more detailed features.  

Modelling 
The main difference between physical experiments and simulations is that 

the experiments contain all flow physics. If a problem turns out to be nonstationary, 
this will be evident in the physical experiments, while the numerical simulations can 
choose to remove the nonstationary behaviour and thereby miss that flow feature. 

One problem with the evaluation of the Turbine-99 workshops was that 
different groups could draw different conclusions concerning the same changes. In 
most cases, it turned out that turbulence models could have a rather large impact on 
the flow structure, while there was little impact on key parameters.  

This was also one of the main conclusions in many UFRs from the Qnet 
database. Simple models could show rather big differences in the flow field, but 
rather good prediction on key parameters. Unless there was a large disturbance, such 
as a separation, the simpler models tend to fail more dramatically, even in the key 
parameters. 

As a result, as long as simpler models are used, the risk assessment with the 
methods has to be improved to find and predict cases in which the method will not 
work.

The case 
The requirements for the studied test case, e.g., the representation of the 

geometry, should be the same for both the experiments and numerical results in the 
ultimate standard and cause the same artefacts. 

The results from GYLLENRAM (2003) showed that small variations in the 
geometry had a profound affect on the flow simulations. This can be compared with 
experiments whose standards allow 4 times as large variations. From this follow two 
questions:

are the flow details seen in CFD real flow features or artefacts of the 
method? and 
if there are real flow features, do they affect the DOAPs? 

CFD simulations reveal many flow features and details that the 
corresponding experiment fails to capture. Today, there is a risk that this leads to a 
'refinement' of the test case and strives for 'perfection' with symmetrical results. 
When one compares the outcome of a single error analysis of, e.g., BERGSTRÖM
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(2000), with the result from benchmark cases, such as the Turbine-99 workshops, the 
tendency is that the errors from the single evaluation are smaller than what the group 
obtains. Thus, the absence of certain random/systematic error leads to an 
underestimation of the total error. 

Some test standards define a 'variable systematic error.' These are systematic 
errors that cannot be fully controlled from time to time as a test is performed. 
Typically, they are small, many and difficult to quantify, which means they behave 
and can be treated in the error analysis as random error.  

An idealised test case still has its merits to ensure that quality criteria are met 
when comparing different simulations. However, it could perhaps be interesting to 
compare the difference between a 'real' test case and an idealised case, to obtain a 
better idea of the possible impact on 'variable systematic errors' for CFD.  

As CFD becomes more validated and trusted, any deviation found, e.g., the 
asymmetric behaviour due to deviations in the radius of the diffuser, can be 
evaluated. Therefore, corrections can be determined for experiments if there are 
significant contributions to the DOAPs. 

A1.7 Additional references and appended papers and reports 

Additional references not found in the main reference list: 
Casey M. and Wintergerste T. (2000) ERCOFTAC Best Practice Guidelines for 

Industrial Computational Fluid Dynamics of Single-Phase Flows, ERCOFTAC Special 
Interest Group on 'Quality and Trust in Industrial CFD', www.ercoftac.org.

GYLLENRAM (2003) Modeling of Swirling Flow in a Conical Diffuser Diploma 
Work 03/15, Division of Thermo and fluid dynamics, Chalmers University of Technology, 
Sweden. 

At the end of the thesis the following papers and reports can be found: 
Paper A1: 

Jonzén S., Hemström B. and Andersson U. (2001) Turbine 99 – Accuracy in CFD 
Simulations on Draft Tube Flow, Proceedings of Turbine-99 - Workshop 2: The second 
ERCOFTAC Workshop on Draft Tube Flow, June, Älvkarleby, Luleå University of 
Technology, Sweden. 
Paper A2: 

Andersson U., Engström F., Gustavsson H. and Karlsson R. (2004) The Turbine-99 
Workshops - Conclusions and Recommendations Proceedings of the 22th IAHR Symposium 
on Hydraulic Machinery and Systems. International Association of Hydraulic Engineering 
and Research, A11-3, Stockholm, Sweden. 
Report A1: 

Andersson U. and Karlsson R. (2003) Final application challenge documentation 
(D30) Draft tube, Thematic Network for Quality and Trust in the Industrial Application of 
CFD (QNET-CFD), EU Contract: GTC1-CT99-10030, Report nr: D30_TA6_P27_AC6-07.  

http://www.ercoftac.org
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Report A2: 
Karlsson R. and Andersson U. (2004) D34 Best practice advice for AC6-07 Draft 

Tube, Thematic Network for Quality and Trust in the Industrial Application of CFD (QNET-
CFD), EU Contract: GTC1-CT99-10030, Report nr: D34_TA6_P27_AC6-0. 

The QNET database is maintained by Ercoftac (www.ercoftac.org). By obtaining a 
license for the database, the data files referred to in D30 can be obtained. 

http://www.ercoftac.org
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Appendix 2  
Histogram clipping 

This appendix describes in more detail the histogram clipping method used 
when evaluating the phase-resolved measurements in Paper 5. Histogram clipping 
can reduce the estimated standard deviation and can also have a slight effect on the 
mean value if the probability density function is skewed. The paper used a fixed limit 
histogram clipping where the result is dependent on the number of samples. This 
appendix investigates a more sophisticated method (Grubbs') with a constant 
confidence limit, which yields a result with a lesser effect on the estimated standard 
deviation than that of the original fix-limit. 

A2.1 Outlier reduction methods 

Paper 5 presents phase-resolved LDV measurements. 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 values of 
that compartment more than they do 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, suggested by LEPICOVSKY (1994), was used to remove outliers. 

An outlier is a sample that does not follow the statistical distribution of the 
rest of the ensemble. The outlier is by definition found at the tails of the true 
probability density function. The use of histogram clipping and outlier reduction 
techniques is more common in vision application / image analysis and medical 
applications than in classical engineering. However, the technique is sometimes used 
in the basic evaluation of experimental data such as calibrations and is described in, 
e.g., ISO 5168 Measurement of fluid flow – Evaluation of uncertainties.

There are two main reasons for applying this type of reduction technique. By 
removing outliers, better and more stable mean values can be obtained. Additionally, 
unnecessary alarms can be avoided by identifying outliers that are clearly faulty. 

Histogram clipping refers to a statistical evaluation where the outliers of a 
collected ensemble are removed. In the fix-limit method described by LEPICOVSKY,
all samples that are more distant than a certain value from the ensemble average 
are removed. The cut-off criterion can be expressed as a constant (K) times the 
standard deviation ( ) of the ensemble. Hence, the tails from the collected histogram 
are removed, i.e., clipped. 

There are more sophisticated implementations for different ensembles. 
ISO 5168 describes Grubbs' method for outlier detection. In this case, mean values 
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from different measurements can be tested to find potential outliers. (The method is 
also known as the ESD method: extreme studentised deviate). Grubbs' method 
calculates the probability that a sample belongs to a normal distribution within a 
certain confidence limit (GRUBBS, 1969 and STEFANSKY, 1972). 

The limitation of these methods is that any outlier increases the estimated 
standard deviation (s). Therefore, a pivot variable z = )/max( sxxi  will be low; 
hence, many observations will be needed. The other problem is that z is strongly 
dependent on the number of samples N and zmax = NN /)1( .

However when using a clipping technique the remaining sample will have a 
lower standard deviation than the original sample and the purpose of this appendix is 
to determine the size of this effect. 

Figure A2.1. The effect of histogram clipping as a function of sample size. The 
maximum value of the pivot variable is shown, with a 95% confidence limit of 
Grubbs' method compared with a fixed pivot variable. The yellow area marks 

where the fix-limit method risks removing data from the tails of a normal 
distribution. In the green area, no data are removed. 

In Figure A2.1, the effect of the two methods as a function of the sample size 
is presented. The fix-limit method will increase the risk of cutting data from a normal 
distributed ensemble, and the number of removed samples will grow as the number 
of samples grows. However, as the ensemble grows, it is more interesting how much 
of the tails are cut off. It should be noted that Grubbs' method only works for a single 
outlier, which actually implies that the relationship between the noise from the 
outlier and the true samples should decrease as the sample size increases. Hence, for 
large samples, more sophisticated techniques should be used.  
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The effect of the fix-limit method on an infinite sample can be easily 
estimated. Looking at the ideal situation with an infinite number of samples, the 
effect of a narrow clipping criterion can be investigated. The statistical moments can 
be calculated rather straightforwardly from the probability density function (b)
according to: 

k

k

clipped

k

k
clipped

ii

bdx

bb

dxbx

and the resulting error can be written as: 

i

ii
clipped

The resulting errors for the standard deviation can be seen in Table A2.3. 
The underestimation is on the same order, 42-46%, for the three tested distributions  
(Table A2.1: Characteristics and Table A2.2: Chosen parameters) when the range is 
1 . As the range increases, the underestimation decreases, and for a uniform 
distribution, the deviation disappears. However, for a gamma distribution, the 
difference is still quite significant at 3 .

The same comparison for mean values shows that there is no effect on 
symmetric distributions such as the uniform and normal distribution, while an 
asymmetric distribution is affected. 
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Table A2.1. Main characteristics of the studied distributions. 

Distribution b 2 Skewness Flatness 

Uniform distribution 

U(
otherwise

x

0
2
1

3

2 0 1.8 

Normal distribution 

N(

xy

e y 2/2

2
1 2 0 3 

Gamma distribution 

( n
xn

n

ex
n

1

)(
n

2
n

n
2

3+
n
6

Table A2.2. Chosen parameters for the distributions and the resulting 
moments 

N(1,½) ( =4,n=4) U(1, 3 ½)

Mean ( ) 1 1 1 

Standard dev ( ) ½ ½ ½ 

Skewness 0 1 0 

Flatness 3 4.5 1.8 

Table A2.3. Underestimation of standard deviation 

N(1,½) 

[%] 
( =4,n=4) 

[%] 
U(1, 3 ½)

[%] 

1 -46.0 -46.2 -42.3 

2 -12.0 -16.8 0 

3 -1.3 -6.5 0 
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Figure A2.2. Resulting variation from the normal distribution simulations. 
Left: 95% confidence limit for the standard deviation; right: mean value of the 

standard deviation; both shown as functions of the ensemble size. As 
predicted by the infinite distributions, the mean RMS values are 

underestimated with the fix-limit histogram clipping. 

To estimate the effect of clipping on finite ensembles, the different methods 
are tested with a simplified Monte Carlo simulation. A fixed number of samples of a 
given distribution are generated, and the statistic properties ( , ) are estimated. The 
procedure is repeated 1000 times, and from this, mean properties and confidence 
limits, e.g., standard deviation (s), for the estimation are determined. The procedure 
is repeated for ensemble sizes from 5 to 200 to determine the effect of the sample 
size.

The results of the simulation for the normal distribution can be seen in 
Figure A2.2, with a comparison of the two methods: fix-limit = 2s and Grubbs' with 
95% confidence. As expected, the fix-limit method has no impact for very small 
ensembles. However, as the ensemble size grows, the fix-limit rapidly reaches the 
calculated error of the infinite distribution. Grubbs' method shows a slight effect of 
underestimation for small samples (less than 50 individuals), while estimates with 
larger samples are unaffected. The confidence interval is the same for the two 
methods, and the uncertainty level for 100 samples is ±15% in the estimate of the 
standard deviation with or without histogram clipping. 

This last example is quite well known from statistical theory, and the 
confidence limits of mean and standard deviation are well-known quantities. The 
estimated standard deviation (s) can be used to determine the confidence limit for the 
true standard deviation ( ) with: 
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2
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22
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11 s
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Ns
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N
,

where pi is ²-distributed, with N-1 degrees of freedom. Therefore, the theoretical 
limits can easily be determined as functions of the ensemble size (N). When the 
theoretical confidence limit is compared to the simulations, the agreement is 
generally good except for very small samples when both the min and max limits are 
lower for the simulation than for the theoretical limits. This is probably due to limits 
in the random number generation in the commercial software (Matlab). 

By this procedure, one can build a generator that simulates the behaviour of 
the measurements. The simulations were evaluated for a number of distributions to 
investigate the effect of the different methods. However, since the general conclusion 
from the simple normal distribution holds, these results are omitted from this text.  

A2.2 Phase-resolved data 

In Figure A2.3, the raw data from the measurements at r* = 0.92 is plotted. 
The plusses are data that will be sorted out, while crosses will be kept for the 
evaluation. The upper part of the figure shows the result of the fix-limit method, and 
the lower part shows the effect of Grubbs' method. From the figure, it is clear that 
Grubbs' method has a much lesser effect on the measurements and that it mainly 
removes obvious outliers. This can be compared to the fix-limit method that cuts data 
from both sides of the main distribution. 

As expected, the fix-limit method evaluation has less of an effect on the 
mean value, which can be seen in Figure A2.4. However, it is evident from the figure 
that the difference between the fix-limit and Grubbs' method grows in the wake. This 
is because of the increased skewness in the velocity distribution in the wake region, 
which leads to a preferred clipping of the tails at one side of the distribution. This can 
be compared to the effect on the Gamma distribution described earlier. Between the 
wakes, the RMS-value is underestimated by slightly more than 10%, close to the 
calculated value from the normal distribution. 
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Histogram clipping with fix-limit 2s 

Histogram clipping with Grubbs' method 

Figure A2.3. Tangential velocity distribution. The difference between the fix-
limit and Grubbs' method when evaluating the phase-resolved measurements. 
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Figure A2.4. The difference between the mean and RMS-values using the fix-
limit and Grubbs' method.  

Re-evaluation of the phase-resolved data with Grubbs' method leads to 
nearly the same mean velocity distribution as the evaluation in Paper 5 with the fix-
limit method (Figure A2.5). However, as expected, the RMS-values increase 
significantly, by almost 20%-30% (this can be studied more in detail by comparing 
Figure 33 in the Chapter 5 with Figure 4 in Paper 5). The effect is lower in the 
interior, up to r*=0.75, and grows in the outer part where the wakes are strongest. 
Qualitatively, the RMS-field exhibits the same behaviour. Hence, the conclusion that 
the area between the wakes is nearly inviscid holds. The wakes appears slightly 
wider with the new evaluation (Figure A2.6).  
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Figure A2.5. Tangential velocity distribution. There is no apparent difference 
between evaluation with fix-limit 2s and Grubbs' method. 

Figure A2.6. Tangential RMS distribution. There is a significant increase from 
evaluation with fix-limit 2s to that with Grubbs' method. 

A2.3 Conclusions 

The appendix shows that the fix-limit method, used in Paper 5, significantly 
affects the RMS-values of the phase-resolved evaluation, while the mean values are 
unaffected. Grubbs' method performs the clipping on the RMS-values without this 
effect, and the outlier detection is much less sensitive to the number of samples 
within the window size in the evaluation. Thus, Grubbs' method is more suitable for 
the evaluation. 
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A problem with both methods is the dependency of the distribution. The 
limit derived for Grubbs' method is formally only valid for a single outlier in a 
normal distributed ensemble. It would be easy to derive the limit for any other 
distribution; however, the distribution must still be known. In this case, it was 
considered sufficient to test the method on the phase-resolved data to ensure that the 
method works. 

One way to overcome this shortcoming of the method would be to use a 
fixed standard deviation based on, e.g., the standard deviation of all compartments. 
This would avoid some of the method weakness due to the variation of the pivot 
variable. Another group of methods to separate outliers could be cluster separation 
methods. In this case, the distance from an outlier is compared to the closest member 
of the rest of the ensemble. The cluster methods would be especially preferable when 
the ensemble is large and the outliers form a separate distribution. 

Figure A2.7. The phase-resolved tangential velocity component for the three 
first blade passages. 

The appendix has focused on finding a method that removes outliers from 
the phase-resolved measurements without affecting estimates of the mean and 
standard deviation. Since one goal of the phase-resolved measurement has been to 
separate the phase-resolved energy from the turbulent energy within the total RMS-
energy in the draft tube, this can be considered sufficient. However, it might be of 
interest to consider the causes for these outliers, whether they are artefacts in the 
measurement process or weak or infrequent physical processes. 

The phase-resolved measurements provide the current phase for each LDV-
measurement from the RMR (Chapter 4). This unit extrapolates the phase until it 



Page 11

receives the next pulse from the shaft, at which point it again resets to zero. If the 
pulse comes outside the specified interval, the following phase signal will be marked 
as faulty until the criterion is met again. This means that the last period before an 
error will be marked as correct. 

Figure A2.7 shows the phase-resolved tangential velocity component for the 
three first blade passages at the inlet section. Looking at the identified outliers 
between the blade wakes in the figure, one can see an increase in the number of 
outliers as the phase increases. Even if the data could be, for example, spurious 
vortices from the guide vanes, this behaviour makes it more plausible that these are 
unsynchronised data caused by the phase extrapolation. 

At the edges of the wakes, e.g., at 75° and 100°, there are some interesting 
fine structures in the velocity distribution, which have a high repeatability. This 
phenomenon related to the blade wakes might be reduced by the histogram clipping. 
As could be seen in Figure A2.4, this fine structure is nevertheless evened out in the 
evaluation of the mean and RMS-values. Thus, the effect of clipping, in this case, is 
limited. However, if the intention is to study the blade wakes, this must be 
considered, and better and more refined evaluation techniques are needed. 

A2.4 Additional references not in main thesis 

Grubbs F. (1969) Procedures for Detecting Outlying Observations in 
Samples, Technometrics, Vol. 11, No. 1, 1-21.  

Lepicovsky J. (1994) Data Reduction Procedures for Laser Velocimeter 
Measurements in Turbomachinery Rotors In: 7th International Symposium on 
Applications of Laser Techniques to Fluid Mechanics, Lisbon, Portugal, 3.6.1-9.  

Stefansky W. (1972) Rejecting Outliers in Factorial Designs, Technometrics,
Vol. 14, 469-479. 
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Abstract 

This article presents some preliminary experimental results of the flow in a sharp heel draft tube, which is 
common in older Swedish low-head plants. 

The draft tube is an important component in a low-head, high-flow power plant, and improvements of the 
draft tube can be relatively small and competitive changes that a power company can fulfil on its own. 

One of the goals of the experimental program is to produce a test case, for CFD-specialists to test and 
‘inter-calibrate’ their models. 

Examples from visualisations, wall pressure and LDV-measurements are presented. Hopefully these 
examples will serve as a source of inspiration, especially for those with an interest to participate in the 
forthcoming workshop, Turbine 99, at Porjus, June 1999. 

1 Introduction 

The draft tube accounts for 20-50% (the higher figure at higher loads) of the losses 
in a low-head, high-flow power plant. This makes it one of the most important 
components in this type of application. Relatively small and competitive changes, 
which lead to economical benefits, can be accomplished, without involving any 
changes of the hydraulic machinery and within the time-frame of regular 
maintenance. However this requires a good understanding of the flow in the draft 
tube and methods for evaluation and modelling needs to be developed. 

Today the draft tube is at best understood in terms of efficiency and rules of thumb, 
but quite little is known about the special hydrodynamics involved in the problem. 
To be able to suggest adjustments of the draft tube that improves its performance a 
deeper understanding of the flow would be preferable. 

In Sweden, sharp-heel draft tubes (see Figure 1) are common in many old low-head 
machines, a design that reduced both construction time and investments. This leads 
to the possibility for efficiency improvements [1]. No major hydropower develop-



ment project has started in Sweden in recent years, and to secure competence for the 
future and prepare for the coming upgradings, a research program has been initiated. 

‘Turbine 99’ is a project within this program, in which it is chosen to study the flow 
in the draft tube of a Kaplan turbine. To accomplish the goal a concept that uses 
extensive model tests, and numerical calculations (CFD), will be used. The purpose 
of the model measurements is to find, describe and hopefully explain (together with 
CFD) the complex hydrodynamics that occurs in the draft tube. 

The model experiments have been carried out in the test rig at Vattenfall Utveckling 
AB (VUAB), Älvkarleby, Sweden. VUAB has extensive experience from research 
and commercial tests, e.g. LDV-measurements at Sillre hydro power station [2] and 
acceptance tests for commercial turbine vendors. 

For the experiments a draft tube with a sharp-heel was chosen, mainly because of 
their frequent use in older Swedish hydro power plants indicating the possibility of 
economical stimuli. Another reason is that extensive surface pressure measurements 
had been carried out on the set-up showing an efficiency improving potential, 
Dahlbäck, [3] giving the CFD researchers an interesting optimisation challenge. 
Using a flat bottom enables the two component LDV measurements from the side to 
be complemented with measurements from beneath the model that yields the last 
velocity component. 

The main target of the this article is to: 
Inspire CFD-specialists to participate in the forthcoming workshop 

Show typical results from the different types of measurements 

2 Experimental set-up 

2.1 Test Rig 

The test rig has been thoroughly described at an earlier IAHR symposium [4]. The 
set-up allows for accurate efficiency measurements, with an inaccuracy in the order 
of 0.2 %. This is sufficient to detect economically motivated redesigns. 

The model consists of a 1:11 scale copy of a power station from intake to a tunnel 
section 20 m downstream the draft tube outlet. The installation year of the power 
plant was 1949, the head is 27 m, and the runner diameter is 5.5 m. Maximum power 
output is 50 MW and the flow capacity is 230 m3/s.



The Kaplan runner in the model had a diameter (D) of 500 mm. In Figure 1, a layout 
of the model is presented. 

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

2.2 Performed tests 

In the test rig it is possible to alter the several parameters, such as:  
runner blade angle, guide vane opening, runner speed and test head. 
The results in this paper were run at the same head (H = 4.5 m). 

To find a good operation mode for the test case a lot of combinations in the central 
area of operational regime were tested to get an estimate on the range of variations 
in efficiency, inlet conditions etc. The settings, for the chosen operational mode, 
shown in Table 1, is close to the best efficiency for the system at 60 % load. 

Table 1. The settings

Runner speed (N) 595 rpm Unit runner speed (DN/ H) 140 
Model flow (Q) 0.533 m3/s Unit flow (Q/D2 H) 1.00 

2.3 Flow visualisation 

Fluorescent dye can be released into the model at various positions, by inserting an 
injection needle (max. depth: 300mm) into one of the numerous pressure taps. Slices 
of the resulting plume are visualised by a laser sheet. The laser sheet can be 



organised in two ways. Either parallel to the plume, this results in a dispersed 
streamline that follows the flow up and down and expands further down in the flow, 
or perpendicular to the plume, this results in a ‘cloud’ that moves around in the laser 
sheet. See Figure 2. The resulting sheets are documented with video equipment. 

Figure 2. The visualisation equipment. Fluorescent dye is released into the model. A laser 
sheet is used to visualise the plume. 

This yields a quick overview of the general flow in the draft tube. The videotapes 
could also be further analysed with computer aided methods to gain even more 
information on the flow, however this has not yet been done at this stage of the 
project.

The two major disadvantages with this simple method are that the time resolution of 
the video camera is too small and that there is an uncertainty in the distribution of 
dye. These problems could be overcome rather easily if more precise information is 
required. 

2.4 Laser Doppler Anemometry (LDA) 

The LDA system used at the model is a two-component fibre-optic system from TSI 
Inc, with IFA 750 signal processors. This enables the measurement of two 
orthogonal velocity components.  

The measurements presented in this paper were taken just below the runner cone. 
The probe is placed perpendicular to the draft tube cone wall to minimise any optical 
distortions. The probe is positioned with an automatic traverse table from ISEL. The 
set-up is shown in Figure 3.



The focal length of the probe is 
350 mm and the distance between 
the beams is 50 mm. To obtain 
good signal quality the water was 
seeded with nylon particles 
(diam. = 4.2 m) 

Figure 3. The LDA-setup.
3 Results 

 001  002

Figure 4. Four video frames of a ‘stream line’ taken after each other in the elbow of the draft 
tube. 

 003  004

This picture series is a typical observation of a ‘dispersed stream line’, in the elbow 
of the draft tube. A single observation like this could be analysed for more specific 
characteristics. Unfortunately it is difficult to observe any details from a frame series 
with this picture quality. At the presentation of this paper a short video will be 
shown that better illustrates the methods benefits. 

The collected information from the entire elbow gives the flow pattern in that 
section. This results in useful information for the understanding of the draft tube, 
especially in the areas where no LDA-data will be available. 
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Figure 5. The two measured velocity components at the cross section. (The distance between 
the two lines represent the smallest section through the runner.) 

The flow leaves the runner with a profile that should be close to uniform between 
the two lines in Figure 5. The LDA-measurements show that the axial velocity 
component still is rather smooth beneath the runner cone. It fails to fill the entire 
interior and there is also a gradient towards the draft tube wall. 

The tangential component co-rotates with the runner along the entire radius. It grows 
towards the wall, which is typical for a Kaplan runner. It is also rather high in the 
interior due to the contraction of stream lines that causes a ‘spin-up’. 
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Figure 6. The RMS-values for the two velocity components 



RMS-values for both components are in the same order, however the tangential 
component is higher along the entire radius. As expected the values are especially 
high in the interior where the mean velocities indicated the spin-up. 

4 Conclusions 

The combination of qualitative and quantitative techniques, to describe the flow, 
have been evaluated and some interesting results have been produced. However 
further studies are needed to assure the quality of the experimental data. 

The visualisation, which is a fast, simple and effective scanning method, will 
provide a general description of the flow in the draft tube. 

The LDV measurements, will provide detailed descriptions of the flow at specific 
locations e.g. inlet and reference sections. 

The high RMS-values (20 % of the total speed) found is just one example of the 
useful and indispensable information needed as input for CFD-simulations.  

To give more predictable (i.e. more useful) velocity profiles, the measurements of 
the inlet data for the workshop will be made closer to the runner. 

Wall pressure measurements that have been described earlier [3], will contribute to 
the understanding of the losses and give some further information of the flow. 

Together these methods will supply a test case for CFD-specialists to ‘calibrate’ 
there models, but also help the understanding of the flow in a draft tube. 
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ABSTRACT
The goal of the Turbine 99 Draft Tube experiments is to 

provide extensive experimental data, on a well-defined sharp-
heel draft-tube flow. 

The main purpose of this paper is to briefly describe the 
measurement techniques and the quality aspects of the 
measurements. The special sources of inaccuracy, connected 
with each type of measurement technique, are discussed. 

The overall efficiency and the pressure recovery seems to 
be quite unaffected by small changes in the operational mode, 
and have low uncertainties caused by transducers. The 
measured pressure recovery coefficient (Cpr meas) is: 

Cpr meas = .
0.003
0.017

1.12

Measurements of velocity components seem to be more 
sensitive to minor changes in operational modes and imperfect 
set up conditions for LDA technique. However, the flow rate 
determined from an integration of the measured mean velocity 
profile is within  4 % of the measured flow rate for all cross 
sections. 

The discussion shows that we may claim that 
measurements are performed with a good knowledge about the 
quality and may serve as a reference case for comparisons with 
numerical simulations. 

Introduction

Background
The Turbine 99 project is part of a Swedish program on 

Water Turbine Technology, supported by the Swedish power 
industry through Elforsk (Joint organisation of Swedish 

Utilities) and by STEM (Swedish National Energy 
Administration) and KVAERNER TURBINE AB, Sweden 
(today: GE Energy (Sweden) AB). (KARLSSON and 
GUSTAVSSON, 1995). The project is divided into two parts: 
1. An experimental study of the flow in a representative draft 

tube, performed in the Turbine Testing Facility at 
Vattenfall Utveckling, Älvkarleby, by Urban Andersson. 

2. A computational study of draft tube flow, performed at 
Luleå University of Technology, by John Bergström. 
From a Swedish perspective, with high-flow low-head 

hydro resources, the draft tube is a relatively important 
component. Up to 50 % (at high loads) of the losses occur in 
the draft tube, for a normal Kaplan unit. So especially from the 
plant owners’ point of view, i.e. focus on higher loads, the draft 
tube is highly interesting. 

Figure 1. The studied draft tube. 

The deregulation of the electricity market has also lead to 
the fact that a range of refurbishment tools is needed to give the 
best reinvestments. So the power producers face a need to find 
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simple and fast ways to improve the efficiency, preferable 
during regular periods of maintenance. 

The studied draft tube (Figure 1) represents a large group 
of draft tubes, over 50 installed in Swedish power stations, 
which will be in need of refurbishment in 5 to 10 years.  

The old design enables the possibility for efficiency 
improvements and the geometry and other types of information 
can be published and distributed for workshops etc. 

The draft tube contains the same type of phenomena that 
will appear in a new more efficient draft tube, so the collected 
knowledge can be useful in the study of new designs too. 

The amount of efficiency improving potential, available 
for this type of draft tube, is given by GUBIN (1973) in the 
range of 0.3-2.3 %. The lower value is the loss caused by a 
static non-active vortex in the corner. The higher value is 
caused when the sharp elbow interacts with the flow and affects 
the entire performance of the draft tube. 

The actual draft tube chosen for this study has, in an earlier 
separate study, been improved, and the improvement was 0.5 % 
in model scale and slightly higher in full scale (DAHLBÄCK,
1996) when the sharp heel was evened out. So for this draft 
tube, a slight interaction between the flow and the sharp heel 
may be expected. 

Project goal
Computational Fluid Dynamics (CFD), is more and more 

used in industrial and hydraulic applications and has the 
potential to become a cheap and an efficient tool for evaluation 
and redesign of draft tubes, provided that careful and extensive 
verification and validation of the codes are carried out. 

The goal of the Turbine 99 Draft Tube experiments is to 
provide extensive experimental data, on a well-defined draft-
tube flow, which can serve as a test case for validation of CFD 
codes for draft tube applications, thus contributing to further 
development in the field. The main purpose of the present 
paper is to briefly describe the measurement techniques and the 
quality aspects of the measurements leading to estimates of the 
uncertainty in the results. An overview of the results can be 
found in ANDERSSON (1999). 

The experiments have so far consisted of three campaigns 
of measurements. The first campaign focused on the 
determination of a suitable operational mode for the test rig and 
testing of the different measurement techniques. The second 
campaign focused on inlet boundary conditions for the CFD-
simulations. Finally the third campaign focused on producing 
data for comparison with the simulations. 

After these three campaigns the Turbine99-workshop was 
held at Porjus. From the experimental point of view the 
workshop will yield essential feed-back for the quality and 
usefulness of the experimental data bank. 

Next step of the experimental study is to complement the 
study with new measurements inspired by the feed-back from 
the workshop.   

Experimental methods and 
uncertainty analysis 

General comments on measurements and 
errors

All measurements have been carried out with great care to 
reduce all sorts of errors, from the operational mode of the test 
rig to the individual measurement system. 

The performance of the test rig sets the limit for the best 
possible quality available for the measurements, so extra care 
has been taken in choice of operational mode and in the 
operation of the test rig. 

Mainly three types of measurements at the chosen 
operational mode(s) have been performed (Figure 2):
1. Visualisations were performed to give a qualitative picture 

of the large-scale phenomena in the flow.  
2. Wall pressure measurements to evaluate the overall 

efficiency and performance of the draft tube. 
3. Velocity components are determined at some sections, with 

the LDA (laser doppler anemometry) technique, to supply 
well-defined inlet boundary conditions and quantitative 
reference measurements.  
The three types of studies were performed more or less 

parallel to each other during each campaign to yield as much 
interactive benefits as possible. 

Figure 2. An overview of the measurements 
conducted in the draft tube. The shaded areas 
indicate where flow visualisations were performed. 

The pressure and velocity measurements are mainly 
focused on time-averaged components, like mean values and 
standard deviations. 

To evaluate the inaccuracy of the measured data some 
definitions will be needed (GIBBINGS, 1986). The errors are 
divided into two types, random and systematic. 

The random errors can be related to the measurement 
technique. Either in the acquisition of data, (i.e. the number of 
independent sampling points and the assumption of the 
statistical process leads to well defined error), or in the 
characteristics of the system as such (e.g. number of significant 
digits). 
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To handle these random errors one must sample (in time) 
long enough to resolve the long time scales, but also collect 
enough samples to determine good statistical values. 

Random errors can also be process related. The state of the 
test-rig cannot be exactly reproduced from time to time. Since 
the experiments in this study are conducted over a long period 
of time, this part of the random error will be significant.  

The total random error becomes the sum of these two 
parts. 

To evaluate the total random error of a measured value 
(Xmeas) repetitive measurements are made at the ‘same’ 
conditions at different days to include all types of random 
effects that can occur and the error (err) is calculated as: 

, (1) 
, (2) 

with s

xxsC_ Xerr
err_XXX measreal

x as the standard deviation for independent measurements 
of Xmeas, Cx as a constant depending on the number of 
independent measurements and Xreal is the real value that is 
found within the error margin with 95% certainty. 

The systematic errors deal with the question of what has 
actually been measured and how it does relate to the 
phenomena that is studied. So systematic errors deal with 
calibration of gauges, different types of bias phenomena. 

Systematic errors are somewhat trickier to estimate. 
Single measurements that deviate considerably from the 

others (i.e. spurious or illegitimate errors) can and will be 
sorted out from the rest of the experiments since they will only 
confuse the evaluation of the results. Errors at single points are 
most often due to some type of malfunction e.g. bad pressure 
taps, air in the tubes between model and pressure gauge, noise 
in LDA measurements and so on. 

The criterion for sorting out these single out-liers is that: 
they will be excluded if their evaluated result (mean or standard 
deviation), is more than ten standard deviations off from their 
expected value. (Only one of hundred measurements will be 
more than three standard deviations off from their expected). 
No manipulation of time series, e.g. exclusion of single 
readings, has been conducted, only entire data sets have been 
eliminated. 

To ensure the quality of the entire method good 
measurement procedure has to be followed. From a technical 
view-point these are quite well described in different standards 
and calibration procedures that specify how the measurements 
are to be performed to produce reliable data. 

All types of measurements contain systematic deviations 
like bias phenomena that can be corrected with correction 
formulas. 

Also the resolution, both in time and space, affects the 
evaluation and interpretation of the measurements. In order to 
describe the blade wakes after the runner one has to sample fast 
enough to resolve the shortest relevant time scales. 

Test rig and test object 
The test rig has been thoroughly described in 

MARCINKIEWICZ and SVENSSON (1994). The set-up allows for 
accurate efficiency measurements. Typical uncertainty in the 
measurement of flow rate  0.15 % and the total uncertainty in 
system efficiency  0.20 %. 

The rig has been used for evaluation of draft tubes and the 
accuracy has been sufficient to detect economically motivated 
redesigns. 

The model consists of a 1:11 scale copy of the power 
station and the Kaplan runner in the model has a diameter (D) 
of 500 mm. 

The model in this study represents a power station from 
intake to a tunnel section 20 m downstream the draft tube outlet 
(in full scale). The installation year of the power plant was 
1949, the head is 27 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 3, a layout of the model is presented. 

Figure 3. The test rig, with a layout of the 
model, between high and low head tanks. 

The draft tube has a sharp-heeled elbow, the construction 
is quite low (i.e. the ratio between the height of draft tube and 
the runner diameter is low), compared with more modern 
designs. The most downstream part of the outlet diffuser, (starts 
when the outlet diffuser increases its diffuser angle), is the 
connection between the draft tube and discharge tunnel (See 
Figure 1 and 2).

The quality of the performed experiments in the test-rig is 
guaranteed by following an international accepted standard, 
IEC 60193-1 (IEC).  The standard describes how to acquire 
good measurements in terms of efficiency. Therefore the 
control system is constructed for single efficiency 
measurements and this affects the accuracy of the settings for 
an operational mode, in terms of long term stability for 
velocities. 

So the setting of operational parameters, e.g. guide vane 
opening, has to be carefully monitored during the experiments. 
The main artefact, affecting the long time performance of the 
operational mode, is that the control system controls the speed 
of the main pumps and not directly the test head. This 
arrangement allows for drifting during the days that needs to be 
compensated for. Over a long-term study like this one, small 
(untraceable) changes in e.g. runner blade angles will also have 
an effect on the accuracy. 
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During the first campaign different operational modes were 
studied to choose a relevant test case. The choice of operational 
mode stood between stable conditions (good for both 
experiments and numerics) and economical conditions. 

Finally, the stable mode was chosen, since this gave the 
best and most reliable results. 

To avoid the risk of cavitation, the model is pressurised by 
increasing the absolute pressure in the downstream tank, i.e. 
simulating a higher downstream water level. Since this absolute 
model pressure fluctuates compared to the outer (atmospheric) 
pressure ( 10 hPa) no independent RMS-value for the wall 
pressure can be determined. (Pressure differences are expected 
to be in the order of 10 hPa for large parts of draft tube.) 

Visualisations 
Fluorescent dye can be released into the model at various 

positions, by inserting an injection tube into one of the 
numerous pressure taps. Slices of the resulting plume are 
visualised by a laser sheet. The laser sheet can be organised in 
two ways. Either parallel to the plume, this results in a 
dispersed streamline that follows the flow up and down and 
expands further down in the flow, or perpendicular to the 
plume, this results in a ‘cloud’ that moves around in the laser 
sheet. See Figure 4. The resulting sheets are documented with 
video equipment. 

This yields a quick and qualitative overview of the general 
flow in the draft tube.  

Figure 4. The visualisation equipment. 
Fluorescent dye is released into the model.  

A laser sheet is used to visualise the plume. The two major 
disadvantages with this simple method are that the time 
resolution of the video camera is too small and that there is an 
uncertainty in the distribution of dye. These problems could be 
overcome rather easily if more precise information is required. 

The technique will be further developed in the next phase 
of the work. 

Pressure
The objective of the wall pressure measurements is to 

determine good mean values along the model centrelines 
(upper and lower) and at some cross sections (See Figure 2),

and to provide accurate values of the pressure recovery of the 
draft tube. Due to the present construction of the test-rig no 
RMS values will be presented since they lack direct physical 
interpretation but they are available and useful for diagnostics. 

To assure good quality on mean pressure values, the IEC 
standard is followed, and the pressure gauge is calibrated 
before each measurement campaign.  

The IEC prescribes the design of pressure taps and the 
tubing (connection model/gauge). The pressure taps should be 
located in inserts of non-corroding material. The insert shall be 
perpendicular to the wall and connect without any irregularities 
or burrs to the surface of the model. The tubes are supposed to 
be long, since this cuts off the higher frequencies and stabilises 
the measured value (PRODANOVIC et al, 1985). This 
arrangement can be risky since there is a resonance frequency 
(fresonance) at the cut-off limit: 

, (3) 
with c as the sound velocity (in the tube) and L as the length of 
the tube. All fluctuations in the tubes will be damped by the 
system of valves (see Figure 5), since the stems have a high 
area ratio (30-40) compared to the tubes. This means that the 
tubes will have a very small influence of the measurement of a 
mean pressure. However, RMS-values and frequency spectra 
will deviate from the true behaviour inside the model.  

)/( Lcf resonance 4

Figure 5. The pressure measurement system.  
(A = Magnetic valves; B = Valves; C = Pressure 
gauge)

This study used one single differential pressure gauge 
(Druck Ltd, Type: PTX 120/7WL, Range: 175 mbar), 
connected to the model with a system of valves (Figure 5). The 
data was collected with a computer, using software 
(LabVIEW ) and hardware from National Instruments Corp. 

The benefits of this arrangement are that there is only one 
calibration curve, the system is simple to reconfigure, e.g. 
changing the reference pressure, and the offset is constant for 
all measurements. 

The disadvantage of this set-up is that the measurements 
have to be conducted sequentially, allowing for (small) 
operational differences between the measurements. 
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LDA
The LDA system used at the model is a two-component 

fibre-optic system from TSI Inc, with IFA 750 signal 
processors. This enables the measurement of two orthogonal 
velocity components.  

The probe is placed perpendicular to the draft tube cone 
wall to minimise any optical distortions. The probe is 
positioned with an automatic traverse table from ISEL. The set-
up is shown in Figure 6. In most cases mirrors had to be used 
to direct the laser beams into the model. 

Figure 6. The LDA-set-up. 

To enable the measurement at different depths into the 
model and to increase the resolution close to the wall, different 
optical set-ups were used. The set-ups and their resulting 
characteristics can be found in Table 1, the values are mean 
values for the wave lengths 488.0 nm and 514.5 nm. 

Table 1. Different optical settings used at the 
cross sections.

C.s. Ia C.s. Ib C.s. III 
Beam spacing [mm] 50 50 50 / 150 
Focal length [mm] 120 / 500 120 / 350 500 / 750 
Volume of measurement 

Length [mm]: 
Diameter [ m]: 

0.18 / 2.5 
33 / 124 

0.18 / 1.3 
33 / 88 

2.5 / 1.1 
124 / 72 

Optical distortions that change the path of the laser beam 
have two major sources (in this model), if random defects that 
affect single points are excluded from these sources. The first 
source is large scale irregularities in the glass that give lens 
effects. This occurs for the larger windows and the distortion 
becomes larger as the measurement probe volume is moved 
further inside. The obtained signal will become weaker and 
weaker until it disappears. The second source is caused by 
curvature in the model, e.g. the runner chamber. This lens effect 
is much larger and has to be compensated for, even at much 
less penetration depths. At the inlet section, a set-up with two 
different windows were used, one window with curvature to 
measure the (undisturbed) flow close to the wall, and a second 
window with flat surfaces to measure the interior of that 
section. 

To obtain good signal quality and increase the data rate, 
the water was seeded with nylon particles (diam. = 4.2 m). 

The particles have a density close to water, which ensures that 
they follow the flow satisfactorily.  

The traverse system has a high accuracy and can repeat a 
position within 0.1 mm. The big uncertainty in positioning the 
probe lies in the line-up of the traverse system and (in most 
cases) mirrors. This causes a systematic error that will be 
smaller at the outlet than at the inlet since: 
1. The two-dimensional outlet section has two fix (entrance) 

points, the axisymmetric (one-dimensional) inlet sections 
have one fix point. 

2. The outlet section has a third reference point at the 
opposite wall (so it is fully determined). The first inlet 
section, Ia, has an indirect reference point at the runner 
cone and section Ib lacks internal reference points.  

3. The length scales are longer at the outlet. This enables a 
higher precision in the adjustment of e.g. traverse table. 

4. The resulting geometrical error in terms of velocity 
components, will be less at the outlet due to the relatively 
small change in area along the centreline, compared with 
the inlet. 

The LDA data were acquired in ‘single measurement per 
burst mode’. This means that only one velocity measurement is 
made on each particle, which passes through the measuring 
volume. 

Velocity realisations have a larger likelihood to happen at 
higher velocities than at lower velocities. This phenomenon 
causes a velocity bias error (EDWARDS, 1987 and BUCHHAVE et 
al., 1990) that can be estimated by: 

22 /'1 measmeasreal uuuu , (4) 
where realu , is the real (unbiased) mean value, measu , is the 
measured mean value and u’ is the measured RMS-value. 
Equation 4 gives the error for one-dimensional turbulence, this 
can be considered as the upper limit of the error for real 
turbulence. In the next phase of the work, a different data 
acquisition procedure will be used in order to decrease the 
velocity bias error. 

The original idea was to perform a so-called residence-
time weighting of the data and eliminate the velocity bias. It 
turned out that this was not possible due to a (hardware or 
software) error. (ERIKSSON, personal communication) So the 
presented data are unweighted averages and RMS-values, with 
no correction. 

A third systematic error that can hide information is the 
resolution of the measurements. Sometimes it is impossible to 
measure close to opposite walls, e.g. the runner hub, so in this 
case the leakage between runner hub and blade will not be 
described in a satisfying manner. 
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Result from the quality evaluation 

Time scales of the flow 
A brief analysis of the available time scales gave the 

following result: 

Blade passages 0.02 s  (N=595 rpm, 5 blades) 
Runner speed 0.1s 
Test rig 120 s (Total volume water/Flow rate) 

Measurements (of different types) showed that a 
measurement time of 120 s gave stable and repeatable results. 
So most single measurements used this as the total sampling 
time. 

The resulting total statistical errors and different types of 
systematic errors are listed under each type of measurement 
technique. 

Test rig 
The settings, for the chosen operational mode, shown in 

Table 2, are close to the best efficiency for the system at 60 % 
load. 

Table 2. The operational settings for the test-
rig (test case T). 

Test head (H) 4.5 m 
Runner speed (N) 595 rpm 
Unit runner speed (DN/ H) 140
Model flow (Q) 0.522 - 0.528 m3/s
Unit flow (Q/D2 H) 0.984 – 0.996 

The setting of an operational mode gives a relative error in 
the total system efficiency of 0.2 %.  

This error sets the limit for the accuracy of the 
measurements. However, the effect on the measurements based 
on the quality of the test rig is hard to evaluate in terms of 
efficiency, so the inaccuracy will be evaluated in terms of flow 
rate instead. 

Setting the operational mode results in an inaccuracy of 0.3 
% in the flow rate. Between the corrections of the operational 
mode the flow rate is allowed to drift another     0.3 %. So the 
total inaccuracy caused by the test rig is 0.6 % in the flow rate. 

Unfortunately, the bottom plate of the draft tube elbow 
broke between the second and the third campaign of 
measurements. After the repairs, the model failed to repeat the 
same operational conditions exactly. The flow rate at the same 
operational mode was 1 % lower after than it was before the 
breakage. This means that the boundary condition 
measurements were performed at slightly different conditions 
than the reference measurements. The presented data is 
normalised with the actual flow rate to compensate for the 
difference. Therefore its effect on the accuracy should be 
negligible. 

Visualisations 
The visualisation technique is very simple and gives, the 

experimentalist, a lot of information in a short time. 
The results from the technique are quite hard to document 

for the third part. At this stage the films are summarised in 
sketches that summarises the impression from the experiments. 
This procedure is somewhat arbitrary, and leaves room for 
some subjective interpretations. So these drawings should be 
considered to be only a first summary of major flow 
phenomena described with a quite simple technique. 

Pressure
The tubes have an estimated resonance frequency of 20 Hz 

(Estimated sound velocity in Decoron tubes: c = 400 m/s, L = 5 
m).  

The sampling frequency was set to 10 Hz. This gave 
enough samples to produce stable measurements in a total 
sampling time of 120 s. 

Some bad points had to be sorted out, due to problem with 
the pressure taps or the tubes. However the evaluation of the 
data catches these types of artefacts quite easily. 

According to the IEC standard, the systematic errors 
should be in the range  0.3 – 1.4 % relative the dynamic 
pressure at the inlet. If one or more points fail to meet the 
critera of the standard the error could be higher. 

These are the sources to the systematic error: 
1 The pressure gauge is used with reference pressure at both 

sides, this means that all bias effects are removed and that 
the non-linear effects are limited. The calibration of the 
gauge can be checked with-in the set-up. So the 
contribution of the pressure gauge to the systematic error 
should be small ( <  0.2 %). 

2 The effect of hole diameter of the pressure taps is 
described in SHAW (1960). The resulting error is a 
function of the local friction velocity (that can be 
estimated by the local dynamic pressure), giving a high 
error at large velocities and a low error at small velocities. 
The error is estimated to 0.6 % at cross section Ia, 0.2 % 
at Ib and less than 0.1 % in the elbow and outlet part of 
the draft tube (relative the dynamic pressure at the inlet). 
The error will under-predict the measured pressure 
differences. 

3 The rest of the error is caused by tubes, valves and 
connections, and is estimated to  0.2 – 0.8 % relative the 
dynamic pressure at the inlet. (A more careful study 
would give a more precise estimate, with the correct sign). 

The total random error, for a single point is usually less 
than  0.7 %, but can be as large as  3.0 % at the outlet 
(section IV) relative the dynamic pressure at the inlet. The 
analysis is based on an average over five series. Therefore it 
becomes a bit arbitrary since the series contain a bias that is 
constant within each series. 
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This leads to the conclusion that a large portion of the 
random error is caused by the process part of the random error, 
since the variation in the ratio between the normalised (local) 
pressure at different locations is much lower. 

The pressure recovery coefficient is an average based on 
six pressure taps at the inlet and twelve at the outlet, and the 
resulting random error becomes  0.5 %, relative the dynamic 
pressure at the inlet. 

The measured pressure recovery coefficient (Cpr meas), can 
be given within the following error margins: 

 Cpr meas = . (5) 
0.003
0.017

1.12

LDA
The water was seeded with particles to give an 

approximate data rate of 100 collected bursts per second, the 
total sampling time was set to 120 s or 20000 bursts. The high 
‘sampling rate’ (100 Hz) made it possible to see some of the 
time dependant phenomena that occurs just below the runner, 
even if the randomness of the collected bursts makes it difficult 
to make any more detailed analysis. 

The presented errors are made dimensionless with the axial 
mean velocity at the studied cross section. 

Table 3. The relative errors ( ) in axial / tangential 
(or horizontal) mean velocity.  

C.s. Ia C.s. Ib C.s. III 
Random error  2.0 % /  3.5 %  2.0 % /  3.5 %  3.0 % /  5.0 % 
Velocity bias 
(axial component) 

< +0.9 % < + 1.4 % < + 3.6 %

Probe volume 
location

 1 % /  1-2 %  0.5 % /
 0.5-5% 

 0.25 % /
 0.25 % 

Leakage - 2 % - -
Symmetry  1 % /  1.25 %  2 % /  2.5 % -
Total error 

axial
tangential

x1  <  <  x2

- 4.1 %  +1.3 % 
- 5.2 %  + 3.1 % 

x1  <  <  x2

- 2.0 %  + 4.3 % 
>-5.9 %  <+7.9 % 

x1  <  <  x2

- 1.5 %  + 6.6 % 
- 3.5 %  + 8.6 % 

The total random error (mean values in Table 3) is 
evaluated from five different series. The error for the mean 
values grows in the interior of the section (low radius for 
section Ia and Ib, high z values for section III) due to optical 
distortion effects and can reach high values. The error for the 
tangential velocity component is higher.  

The random error for the RMS-values are lower than for 
the corresponding mean-values, so the RMS-values are less 
dependent on the longer time scales while the long time scales 
affect the mean component.  

A larger part of the random error comes from the process 
part of the random error.  

The risk for systematic errors are much larger for the 
LDA-measurements, than for the pressure measurements. The 
resulting evaluation of these errors is listed in Table 3.

The three first types of errors (random, bias, probe 
location) in Table 3, affect single measured values, while the 
two last types (leakage, symmetry) affect the ability of the 
profiles to describe the entire cross section. 

The velocity bias error, estimated with Equation 4, gives 
very reasonable errors for the axial component. The relative 
error in the tangential velocity component (Vmean) is more 
difficult to estimate. However, since Vmean on average is close 
to zero over a cross section, the absolute error in Vmean due to 
velocity bias should be smaller the error in Umean due to 
cancellation effects

Therefore, when the negative limit of the total error is 
calculated, only half of the bias error is added since Equation 4
overestimates this error. 

The probe location error is calculated from the expansion 
gradient at the section and assuming a possible deviation of      

 1  in the probe optics alignment perpendicular to the model 
(Figure 6). This error is also acceptable for the axial 
component but can become quite large for the tangential 
component in the interior of the section. 

The size of the symmetry error comes from the analysis of 
the two profiles at section Ia (ANDERSSON, 1999). The error is 
assumed to be twice as big at Ib, since the maximum pressure 
difference at the circumference of Ib is the same as for Ia, while 
the dynamic pressure at cross section Ib only is ¼ of the 
dynamic pressure at cross section Ia. 

The effect of leakage (at cross section Ia ) is evaluated 
with different assumptions when integrating the velocity profile 
close to the boundaries, this evaluation can be found in 
ANDERSSON, 1999, and the result is that, up to, 2% of the 
difference in the ratio between the integrated flow rate and the 
measured flow rate (Qint/Q) can be caused by leakage. 

The systematic errors can be categorised into non-
distortive and distortive errors. The non-distortive errors will 
not affect the shape of the measured profile, while the distortive 
errors fail to explain some of the physics of the situation. 
Velocity bias error and most of the probe volume location error 
can be considered to be non-distortive errors, especially for the 
axial component. The leakage and symmetry errors and in some 
cases the probe volume location error (for the interior of the 
tangential flow at the inlet) can be considered to be distortive.  

Test of internal consistency
To get a better picture of the total size of the systematic 

errors the flow rate is evaluated from integration of mean 
velocity distributions and compared with the flow rate 
measured at the experiment (Qint/Q).

Table 4. Overview of the result from the LDA-
measurements 

C.s. Ia * C.s. Ib C.s. III 
Umean [m/s] 3.54 2.44 1.01
Vmean [m/s] 2.47 0.69 0.08
Q_int/Q [ ] 0.97 1.03 1.00

* mean values for the two measured cross sections 
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The table (Table 4) shows the typical variations in velocity 
components and the estimated (relative) flow rate. It shows that 
the flow rate is under-estimated (4 %) at Ia and over-estimated 
(3 %) at Ib.

The flow rate is expected to be slightly higher at Ib due to 
larger velocity bias effect.  

At section Ib the flow starts to be more asymmetric 
(compared with Ia). The velocity component is measured 
parallel to the draft tube wall, so the transformed axial 
component will contain residues from the radial velocity 
component. This contribution should be positive to the 
calculated flow rate since the radial component has to be 
positive at the exterior of section Ib. 

At section Ia leakage between the runner blade and the hub 
and/or casing causes the flow to be under predicted. 

The integration of the profiles is sensitive to assumptions 
of the thickness of the boundary layers, especially at section Ia. 

Discussion
Overall accurate measurements have been performed with 

a good knowledge about the quality. 
The test rig sets the limit for how good the quality of the 

measurements can become. 
The overall efficiency and the pressure recovery 

coefficient seems to be quite unaffected by small changes in the 
operational mode. 

The velocity components seem to be more sensitive to 
these long time variations, which also were reflected in the 
variation of the flow rate. 

The flow rates calculated from the velocity measurements 
show a good agreement with the real model flow (within  4 
%) and the presentation of the errors gives a good picture of the 
sources to the difference. 

The tangential component is more sensitive to all types of 
errors, especially in the interior of the section. It is also harder 
to check the quality of the measurements. 

Integral values calculated from this data set will only be 
affected by the critical systematic errors, i.e. leakage and 
asymmetry for the axial component, the other errors will be 
scaled away.  

For the tangential component also the velocity bias and the 
accuracy in positioning will affect the result. The positioning 
error will only affect at a smaller extent since this error is larger 
in the interior of the section (i.e. the radius is small, hence the 
weighted contribution small). 

In this article only the accuracy of the measurements, has 
been discussed. However, how valuable this data set will be for 
CFD calculations, will be seen under the Turbine 99 workshop. 
The results from the workshop will give guide-lines for the 
development of the data bank. 
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ABSTRACT 
This paper presents the experimental data obtained in the 

Turbine 99 project. The object studied is a sharp-heel draft 
tube. 

Velocity data at the inlet sections and the outlet section are 
presented and special characteristics of the profiles are 
discussed. 

The pressure recovery (Cpr = ) is studied 

along the centre lines of the draft tube. 
0.003
0.017

1.12

A simplified analysis of the pressure recovery, based on 
one-dimensional theory and the velocity measurements, shows 
good agreement with the measured value. 

INTRODUCTION 
This article summarises the data needed for the evaluation 

of the CFD calculations made for the Turbine 99 workshop. 
The purpose is to present the results from the studied sharp heel 
draft tube (Figure 1), which was the test case chosen for the 
workshop. 

The test rig in Älvkarleby has been thoroughly described in
MARCINKIEWICZ and SVENSSON (1994). 

The experimental methods and the quality of the presented 
data is discussed in detail by ANDERSSON and KARLSSON
(1999), and an estimation of the experimental errors can be 
found in that article. 

The raw data that is used for this presentation will be 
distributed with the Turbine 99 proceedings. In the future when 
all data has been collected for the final data bank, the data and a 
report that summarises all the results (similar to this paper) will 
be put together in one set.  

Figure 1. The studied draft tube. 

NOMENCLATURE 

Operational
D = Runner diameter [m] 
N = Runner speed [rpm] 
Q = Flow rate [m3/s]
H = Test head [m] 

Integral values 
Qint = Flow rate (integrated from velocity profiles) 
Umean = Q/A [m/s] 
Pdyn = ( Q2/(2A2) [Pa] 

ax = kinetic energy correction factor, axial component 
sw = kinetic energy correction factors, tangential 

component 
 = Momentum correction factor 
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Sw = Swirl intensity 
Cpr = Pressure recovery coefficient 

Measured values 
U = mean axial velocity component (parallel with axis) 

[m/s] 
Up = mean axial velocity component (parallel with wall) 

[m/s] 
V = mean tangential velocity component [m/s] 
Vp = mean horizontal velocity component [m/s] 
P = pressure [hPa] 
Pwall = mean of P around cross-section circumference [hPa] 
* indicate normalised values  

(Cp = the normalised pressure) 

Others
Ia, Ib, III, Ivb = cross-sections 
c.s. = cross-sections 
T(r) = operational mode 
x,y,z = geometrical co-ordinates [m,mm] 
r = radial distance from centre line [m,mm] 
r* = normalised radial distance [ ] 

i = angle [ ]
Ai = area of section i [m2]

Measurements and definitions
The measured series are named according to the following 

nomenclature 

Measured
quantity

Location of
measurements

Operational
mode

where ‘Measured quantity’ is defined in Nomenclature, an 
overview of ‘Location of measurements’ can be found in Figure 
2 and ‘Operational mode’ is the same for all presented results 
(Table 1).

The presented mean values and RMS-values are calculated 
as straight averages and RMS-values with no weighting of 
individual samples.  

The velocity measurements will be evaluated with the help 
of the following integral values: 

The flow rate integrated from the velocity components: 

A
UdA

A
Q 1

int (1) 

The kinetic energy correction factors, (STAUBLI, 1994), 
(DAUGHERTY, 1989), axial and swirl:

Amean
axial dAU

AU
3

3
1 (2) 

and

Amean
swirl UdAV

AU
2

3
1 (3) 

The momentum correction factor:

Amean
dAU

AU
2

2
1 . (4) 

The swirl intensity (SEENO et al. 1978): 

R

r

R

r

rdrU

drUVr

R
Sw

0

0

2

2

1 , (5) 

with r0 as the start of the section, i.e. the runner hub or the 
centre of the model (in that case r0 = 0) and R the end of the 
section, i.e. the draft tube wall. 

Data are supplied for one operational mode, conducted at 
60 % load, which is close to the best efficiency for the system, 
and at the test head (H = 4.5 m). 

The test case is on the top-point (T) of the propeller curve. 
The exact settings of the runner speed (N) and the resulting 
flow rate (Q) are shown in Table 1.

Table 1. The operational settings for the test-rig. 
test case T. (The runner diameter of the 
model, D = 0.500 m) 

Test head (H) 4.50 m 
Runner speed (N) 595 rpm 
Unit runner speed (DN/ H) 140
Model flow (Q) 0.522 - 0.528 m3/s 
Unit flow (Q/D2 H) 0.984 – 0.996 

Three types of studies have been performed in the draft 
tube: visualisations, velocity measurements (with LDA) and 
wall pressure measurements. 

Figure 2. An overview of the measurements 
conducted in the draft tube. (The shaded areas 
indicates where visualisations have been performed) 

Figure 2 gives an overview of the location of 
measurements. 

The flow in the model is visualised to give a quick view of 
flow patterns and stability. 

Fluorescent dye is injected into the model with help of a 
long needle to control the injection point. A thin (laser) light 
sheet is used to cut out slices of the resulting plume. This gives 
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a picture that is easy to observe and, equally important, it gives 
a reference plane that gives the location and the direction of the 
plume in the three dimensional space. 

The velocities are measured with a two component fibre 
optic LDA-probe. The method gives two orthogonal velocity 
components.  

One component is directed in the flow direction either 
parallel with the centre axis (U) or parallel with the wall (Up). 

The other component is perpendicular to the flow direction 
and parallel with the surface, through which the laser beams 
enter. This corresponds to the tangential component at the inlet 
sections (Ia and Ib in Figure 3) and to the horizontal velocity 
component at the outlet section (III). 

In Figure 3 the coordinate system used in the draft tube 
and a detailed definition of the geometric location and velocity 
components at inlet sections (c.s. Ia and Ib) is given.  

Section Ia is located at z = 0, (i.e. 137 mm below the 
runner hub centre) and measurements are conducted along two 
profiles: at 1 = -10  for Ia(1) and at 2 = -180  for Ia(2). 

Section Ib is located at z = - 195.8 mm and at  = -80 .
The results for the sections is plotted along the normalised 

radius 
R
rr* , with 22 yxr .

Figure 2 shows the outlet section (c.s. III). Section III is 
defined by the plane that ‘starts’ at x = 1786.0 mm and z = -
920.7 mm (floor of draft tube) and ‘ends’ at x = 1710.1 mm and 
z = -406.4 mm (roof of draft tube). The ‘axial’ velocity 
component Up III T(r) is normal to this plane and parallel with 
the floor of the draft tube. The horizontal component Vp is 
positive in the y-direction. 

Figure 3. The location of cross-section Ia and Ib. 

The presented velocity measurements are normalised with 
the mean velocity Umean (Qint/Ai):

 Umean Ia T(r) = 3.50 m/s, (6) 
 ( Qint = 0.507 m3/s ; AIa = 0.145 m2 ), 

 Umean Ib T(r) = 2.44 m/s, (7) 
 ( Qint = 0.544 m3/s ; AIb = 0.221 m2 ), 

 Umean III T(r) = 1.01 m/s, (8) 
 ( Qint = 0.522 m3/s ; AIII = 0.520 m2 ). 

The pressure is measured as a differential pressure with 
(four different) reference point(s) in the draft tube. The 
presented data are normalised with the dynamic pressure, Pdyn 
( Q2/(2A2)) at the inlet: 

 Pdyn Ia T(r) = 64.80 hPa, (9) 
 ( Q = 0.522 m3/s ; AIa = 0.145 m2 ). 

The offset level of the normalised pressures (Cp) is set to 
(for most of the presentation): 

 Pwall* IVb T(r) = 1. (10) 

The pressure recovery coefficient (Cpr) is calculated with: 

Iadyn

IawallIVbwall
r P

PP
Cp

_

__  (11) 

The length coordinate used in pressure plots (Figure 4), 
follows the centre axis (the z-axis in negative direction) through 
the circular diffuser, continues along the centre axis in the 
elbow, to finally go along the x-axis through the rectangular 
diffuser parts. 

Figure 4. The length coordinate used in the 
pressure recovery plots. (L given at the cross-
sections and at the solid lines, i.e. between diffuser 
parts) 

To evaluate the measured pressure recovery, the values are 
compared with the ideal (one-dimensional) pressure coefficient: 

1Lat  1Cpfor 

0 Lat  0Cpfor 

22

2

1

1

IVb

Ia

i

Ia

i

Ia

iideal

A
A

A
A

A
A

Cp , (12) 

where Ai is the cross-section area at section i. 
A complete description of the geometry of the draft tube 

and the collected raw data used for the presentation of the 
results can be obtained from the Fluid Mechanics Department 
at Luleå University of Technology (at the moment information 
can be found at http://www.mt.luth.se/~rikard/turbine99.html). 
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Results and Discussion 
The presentation of the results starts with the velocity 

measurements and is followed by the results from the pressure 
measurements. 

When the results from the visualisations aid the 
interpretation of the presented results they will be commented 
on. 

Velocity measurements 
In Table 2, a summary over the measured components and 

integral values from the LDA-measurements can be found. 

Table 2. Overview of the result from the LDA-
measurements 
C.s. Ia (1) C.s. Ib C.s. III 

Umean [m/s] 3.50 2.44 1.01
Vmean [m/s] 2.43 0.69 0.08
Q_int/Q [ ] 0.96 1.03 1.00

_ax 1.03 1.06 1.09
_sw 0.06 0.10 0.04*

1.02 1.02 1.02
Sw 0.18** 0.21   - 

*    Only the horizontal component. 
**  0.31 with the definition used at the Turbine 99 workshop 

i.e. R (=R-r0) as the length scale instead of R. 

The integral values for cross-section Ia are presented for 
Ia( ), (definition in Figure 3), since:

1. the measurements at location Ia( ) and Ib correspond 
to each other geometrically, so they can be compared 
with each other 

2. the measurements at location Ia( ) only covers part of 
that cross-section. 

However, profile Ia(2) yields interesting information about 
the symmetry of the flow. Umean is 2 % higher and Vmean is 15 % 
higher (i.e. 2.5 % relative Umean) at the corresponding parts of 
the sections and since these sections corresponds to the largest 
pressure difference at the circumference of section Ia, this is 
assumed to be the biggest difference in velocities. 

This information is used in ANDERSSON and KARLSSON
(1999) to estimate the inaccuracy caused by the asymmetry of 
the flow. 

Integration shows, that only the integral values, which 
include the tangential component, are affected by the difference 
in the level of the two profiles, Ia(1) and Ia(2). 

The -values will be used at the end of Result and 
Discussion to analyse the pressure recovery, and compare the 
results from the velocity and pressure measurements. 

The swirl-number will be commented on, when the angular 
momentum at section Ia and Ib is compared with one another. 

Section Ia (1)
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Figure 5. The normalised mean velocity 
components at profile Ia(1). 

In Figure 5 the mean component profiles at section Ia are 
plotted. The axial profile is quite smooth but has a maximum 
(r*=0.88) that is significant for the hydrodynamics of the cross-
section. 

The tangential profile grows almost linearly, but there is a 
local maximum (at the left side) and a local minimum (at the 
right side) around r*=0.88, which corresponds to the maximum 
of the axial profile. 

There are no measurements between the runner hub (solid 
line in Figure 5) and 5 mm from the runner hub. The runner 
hub has a diameter of 98.1 mm at section Ia, which results in a 
tangential velocity of 6.11 m/s. The measured values plotted at 
the hub (r*=0.42) in the figure are –0.04 m/s for the axial 
component and 5.98 m/s for the tangential component. 

Even if the measurements do not cover this area they 
manage to capture some (the outer part) of the leakage between 
the runner hub and the runner blades. 

The integral values have been evaluated with linear 
interpolation between the runner hub and the next point (i.e. 
along the dotted line in Figure 5) Assuming very thin boundary 
layers (i.e. a constant velocity level to the runner hub from the 
closest point) would increase the integrated flow with 1.2 %. 
The total leak flow (upper limit) is estimated to 2 %, where the 
remaining 0.8 % is coming partly from a possible overshoot of 
the velocity profile at the hub, and partly from the leakage at 
the outer wall. 
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Figure 6. The turbulence intensities along profile 
Ia(1).

The turbulence intensity, (RMS-values made dimensionless 
with Umean), (Figure 6), are rather high especially for the 
tangential component (average values: 9.5 % for the axial and 
14.1 % for the tangential component). The turbulence 
intensities grows with r* for the main part of the profile. 
Around r*=0.88, there is a considerable local maximum (at the 
left side) and a local minimum (at the right side) that 
correspond to the observation in the tangential mean velocity 
profile. 

These four profiles (mean and turbulence intensities) 
indicate that something of interest goes on at the runner blade at 
this position. The next two figures offers an explanation of 
what occurs upstream the section. 

−0.5 0 0.5 1 1.5 2 2.5 3
0

0.05

0.1

0.15

0.2

v
i
 Ia T(r) [ m/s ]

F
re

q
u

en
cy

 [
 ]

Figure 7. A histogram, over individual velocity 
realisations (tangential component), for a point at 
section Ia. 

The distribution of single tangential velocity realisations 
(vi) is shown in the histogram (Figure 7). The histogram has a 
large positive tail that gives an indication to the source of the 
high turbulence intensities. The axial component has a 
corresponding negative tail, but this effect is much smaller. 
This indicates that the runner blades (high tangential and zero 
axial velocity) cause the phenomenon, i.e. the blade wakes. 

0 0.02 0.04 0.06 0.08 0.1
0

1

2

3

4

5

Time [ s ]

v i Ia
 T

(r
) 

[ 
m

/s
 ]

Figure 8. The tangential velocity component over 
54 revolutions (of the runner), at r* = 0.92. 

The periodic behaviour of the tangential velocity 
component due to the passage of the runner blades (Figure 8) is 
captured by the measurements. Due to the randomness of the 
velocity realisations each period lacks data, but by overlaying 
several runner blade revolutions, there is enough data, to see 
that there are five distinct periods (one per blade) over one 
runner blade revolution. The high positive peaks in the 
tangential velocity correspond to the wakes of the blades. 

Future studies will look closer at the periodic part of inlet 
conditions at the entire section to further increase the quality of 
the data bank. 

Section Ib
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Figure 9. The mean velocity components along a 
profile at cross-section Ib. 

The results from section Ib is shown in Figures 9 and 10. 
The vertical dashed lines correspond to the boundaries of 
section Ia. 

The axial profile (measured as Up, i.e. parallel to draft tube 
wall, but transformed to U to compare with section Ia) fills out 
the section quite well. There is still a maximum in the outer 
region. This maximum matches the maximum at section Ia, in 
real co-ordinates. This means that the relative position of the 
maximum has moved inwards at the section. 

At the centre measurements were impossible due to the 
size of the window in the draft tube cone. However, one can 
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imagine a small recirculation zone, as confirmed by the 
visualisations. 

The tangential profile still grows linearly. At the wall the 
tangential component grows and this causes a twist of the 
boundary layer. 
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Figure 10. The turbulence intensities along a 
profile at cross-section Ib. 

The turbulence intensities, (Figure 10), are slightly higher 
(11.6 % for the axial and 15.2 % for the tangential component), 
than that at section Ia. 

Close to the axis, the values increase. All profiles (both 
mean and turbulence intensities), at Ib, indicates a transition 
between the bulk flow and the vortex rope, at r* = 0.25. 

Section Ia (1) and Ib (Angular momentum)
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Figure 11. The flux of angular momentum at cross-
sections Ia and Ib. 

The numerator of Equation 5, (see Eq. 13), yields the same 
total flux of angular momentum at cross-sections Ia and Ib. 
This result reflects the precision of the measurements. In Figure 
11, the distribution of angular momentum ( to show the 
correct area contribution, see Eq. 13) is plotted at cross-section 
Ia and Ib along the non-dimensional radius. The shape of the 
two profiles is similar to each other and one can imagine how 
the non-uniform distribution from section Ia, stretches out and 

fills the interior, when the angular momentum is transported 
down to section Ib. 

UVrR 2
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5
2

5

22

00 Ibatm0.0123

Iaatm0.0122

Rr
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sdrrUVrRdrUVr
/

**  (13) 

The twist of the boundary layer (increase in V/U ratio) that 
is seen at section Ib, is explained by the preservation of angular 
momentum; when the axial profile fails to perfectly connect to 
the wall, the swirl has to increase to maintain the angular 
momentum. 

This twist of the boundary layer has also been observed 
through out the model with the visualisations. Swirl helps the 
draft tube to perform better, since this process re-energises the 
boundary layer. 

The tail (towards the centre) of the flux of angular 
momentum in section Ib is generated by: 

1. the leakage between runner blades and hub, 
2. the drag against the runner hub. 
Equation 14 shows the denominator of the swirl-number 

(Equation 5):
1

0
4

3
223

0

2 1***
RR

RdrrUURrdrUR mean

R

, (14)

and that it is inversely proportional to the radius. This means 
that the swirl-number will grow proportional to the radius, and 
this agrees well with the experimental results in Table 2.

Section III

The measurements, at section III, are presented in the form 
of contour plots. Since measurements are difficult to perform 
close to the boundaries, good quality data is missing in these 
areas. To show the extent of these areas, they have been left out 
in the plots, instead of extrapolating all the way to the 
boundaries. The flow field is observed from the downstream 
direction. (Note that the ‘left side’ of the draft tube (seen from 
upstream) is on the right side of the figures) 

The highest normalised axial velocities (perpendicular to 
the cross-section) are found at the right of Figure 12. The axial 

-value ( ax=1.09) is quite low so only a little extra (axial) 
velocity head is lost at this section compared to section Ia. 

The calculation of integral values (see Table 2) assumes 
that the boundary layers are thin, i.e. the velocity is constant to 
the wall from the closest measured point. This assumption will 
over-estimate Qint/Q. A linear interpolation between the last 
point and the wall (Up and Vp = 0) would result in a 3-4 % 
lower Qint. (About 10 % of the surface is missing.)  
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Figure 12. The axial velocity component at cross-
section III. (View from downstream side) 
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Figure 13. The horizontal velocity component at 
cross-section III. (View from downstream side) 

The horizontal velocity component (Figure 13) indicates a 
transport towards the right side, in the lower part, of the draft 
tube (seen in the stream wise direction). The horizontal -value 
( sw=0.04) suggest that only minor secondary flow has been 
generated. However locally at the bottom the tangential 
velocity component is very high compared to the axial 
component (Vp/Up = 0.6). 

The section appears to be dominated by one large vortex 
and only at the upper right side corner of the draft tube, there is 
a smaller stream wise vortex. 

Pressure measurements 
The measurements gave a pressure recovery coefficient 

(Cpr) of 
0.003
0.017

1.12 , which corresponds to a total pressure 

difference of 72.8 hPa. 
The error margins are so small that they are smaller than 

the symbols used in the plots. 
The variations in wall pressure (max value-min value) at 

the two cross-sections, I and IVb, are 2.1 hPa and 2.4 hPa. This 
indicates that there is a larger relative distribution of velocities 
at the outlet, since the dynamic pressure is much lower at the 
outlet section (about 2 %) of the dynamic pressure at the inlet. 

To help the reader, 
1. the different parts of the draft tube in the figures are 

separated by dashed vertical lines: 
0.00 < L < 0.094 the draft tube cone 
0.094 < L < 0.33 the elbow 
0.33 < L < 0.68 the outlet diffuser, part I 
0.68 < L < 1.00 the outlet diffuser, part II 

dotted (vertical) lines: 
L = 0.042 for the end of the runner cone 
L = 0.21 for the elbow corner 

2. the defined cross sections are marked in the figures 
with dash-dotted lines: 

L = 0.046 for cross-section Ib 
L = 0.57 for (centre point of) cross-section Ia 

Most of the pressure recovery takes place in the very first 
part (L < 0.06) of the draft tube. (Figure 14). The pressure 
recovery curves separate at the elbow and collapse again at the 
outlet diffuser. 

0 0.2 0.4 0.6 0.8 1
−0.2

0

0.2

0.4

0.6

0.8

1

1.2
Cp lower c.l. T(r)

Cp upper c.l. T(r)

Elbow part I part II
Outlet diffuser

L [ ]

P
re

ss
u

re
 r

ec
o

ve
ry

 [
 ]

Figure 14. The pressure recovery along the centre 
lines (c.l.) for the draft tube. (Offset: Cp = 1.0 at L = 
1.0.)

To get a better picture of how the pressure recovery 
develops along the centre lines, the curve is divided into three 
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parts, and the measurements are compared to the ideal one-
dimensional pressure coefficient (Equation 12).

The first part of the draft tube can be studied in Figure 15.
In this part, the measured pressure recovery of the draft tube is 
much bigger than the ideal pressure recovery. 

This could be explained by the additional energy that 
enters the draft tube (e.g. swirl) so the total -value would give 
a better assumption of the best possible Cp. An estimate at the 
end of this section shows good agreement for the entire draft 
tube. 

The estimate will only explain part of the difference in the 
inlet cone of the diffuser. The rest of the difference is explained 
by the fast transition from annular flow (with the runner hub) to 
the diffuser flow without the runner hub, when the velocity 
profiles fail to attach perfectly to the walls. For the rest of the 
draft tube the estimate will agree quite well so these initial ‘lack 
of attachment’ effects are evened out. 
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Figure 15. The mean pressure recovery (based on 
the values at the centre lines) for the inlet diffuser of 
the draft tube. (Offset: Cp = 0.0 at L = 0.0.)  

In Figure 16 a closer look can be taken on the behaviour in 
the elbow. The local Cp-values at the upper and the lower 
centre lines separate already in the middle of the inlet diffuser 
(before the first dashed line), so one could expect asymmetric 
behaviour quite early in the draft tube. 

The lower centre line, i.e. the outside of the elbow, 
indicates that the flow is decelerated and maximum of the 
pressure is reached before the corner of the elbow. The 
visualisations show a stable vortex in the sharp corner and the 
distance between the maximum (L  0.16) of the Cp and the 
elbow corner (L = 0.21) indicates the size of this vortex. 

At upper centre line, i.e. the inside of the elbow, the flow is 
accelerated as it enters the elbow (0.08 < L < 1.12). In the 
elbow the flow is then decelerated. Therefore, in the 
visualisations we looked for some signs of flow separation at 
the elbow roof, but no separation was found. 
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Figure 16. The pressure recovery along the centre 
lines (c.l.) for the elbow. (Offset: Cp = 1.0 at L = 1.0.) 

In Figure 17, the mean values of the local upper and lower 
Cp are plotted against the Cpideal curve for the outlet diffuser, 
part I and part II. 

The pressure recovery is higher for part I than the ideal 
curve, this indicates that there is a high -value into the outlet 
diffuser from the elbow, and that the profile is evened out 
through part I of the diffuser. The same effect, however smaller, 
can be seen in the last piece of part II (of the outlet diffuser). 
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Figure 17. The mean pressure recovery (based on 
the values at the centre lines) for the outlet diffusers 
of the draft tube. (Offset: Cp = 1.0 at L = 1.0.) 

The pressure recovery coefficient can be evaluated with:

losses
A
A

Cp
IVb

Ia

Ia

IVb
Iar

2

1 . (15)  

The effect of the -value at the outlet is rather small, as 
long as no major separation occurs (This should have appeared 
in Figure 15). Assuming the ratio of the -values to be one, 
overestimates the Cpr (slightly), since the -value at the outlet 
will be larger than at the inlet. 

The -value at the inlet is estimated with: 
swaxtotal 2 . (16) 

The sw is doubled to include the energy from the radial 
component and the RMS-values. 

Finally, the friction losses is estimated by: 

 8  



Iah Pdyn
Pdyn

d
Llosses , (17) 

with  as the friction coefficient (0.02, with relative roughness 
0.001 and Re > 108; from the Moody chart in e.g. MILLER,
1990), L as the length of the draft tube (4254 mm), Pdyn  the 
mean dynamic pressure for the draft tube (can be obtained from 
integration of the Cpideal-curve) and hd  as the mean hydraulic 

diameter (that corresponds to Pdyn ).
This together gives a possible Cpr of: 

. (18) 
The calculated value agrees rather well with the experimental 
value (1.12) from the pressure measurements. However, due to 
the assumptions, this value can only be guaranteed within         

 5 %. 

1110200200011151 .....rCp

This test of internal consistency shows good agreement 
between pressure and LDA measurements.  

Summary and Conclusions 

An experimental study of the flow in a sharp-heel draft 
tube has been carried out. Detailed velocity and pressure 
measurements have been made for one test case, case T, at the 
top of the propeller curve (i.e. the best efficiency point for a 
fixed runner blade angle of the Kaplan runner). 

The presented velocity measurements give a quantitative 
picture of the flow in the draft tube. 

The two inlet sections show good agreement especially in 
the flux of angular momentum. 

The time averaged quantities, at the inlet sections, reveal 
some interesting phenomena connected to the blade vortices, 
that are confirmed, when looking closer at the time series for an 
individual point at the section. 

Future studies will look closer at this time-dependant 
behavior to further increase the understanding of the inlet 
conditions for the draft tube. 

The outlet section gives a glimpse of what goes on in the 
outlet diffuser and serves the purpose of being a good reference 
section for CFD-calculation. 

In the next phase, a section closer to the elbow outlet, will 
be added to the data bank. This will add information to the data 
bank and increase the understanding of what goes on in the 
outlet diffuser. 

The behavior, of the pressure recovery along the center 
lines, is explained and contribute to the understanding of the 
total flow field in the draft tube. 

There are plans to complement the data bank, for test case 
T, with another test case, at the right leg of the propeller curve, 
to give a variation in the inlet conditions. 
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ABSTRACT 
The data for test case T has been divided into two separate 

test cases. T(r) – the reference case specified for the CFD-
calculations of both workshops. T(n) – the new case which 
contains most of the down stream validation data. Therefore, in 
this paper, it is suggested that case T(n) is used in future 
validations of CFD simulations of draft tube flow, since this test 
case constitutes the most consistent set of data for the draft 
tube.  

Results from the visualisations are presented in this paper 
to give an overview of the flow pattern in the draft tube. The 
results help explaining the extreme pressure recovery at the first 
part of the draft tube based on wall measurements. 

Velocity measurements from cross section II directly after 
the elbow is presented with shear stress measurements from 
two locations of this cross section. 

Static pressure measurements have been conducted at the 
inlet. Even if the radial component cannot be obtained from 
these measurements, valuable information about this third and 
missing velocity component have been found. These static 
pressure measurements also enable the calculation of the mean 
pressure recovery, which results in a more significant value: 
1.06, than Cpr wall (1.12) based on the wall pressure. 

Introduction 
This paper summarises the most relevant new data on test 

case T of the Turbine 99 workshop (GUSTAVSSON et. al., 2000) 
and tries to clarify some questions from ANDERSSON (1999), 
which contains most of the data for case T. 

Together with ANDERSSON (1999) this paper is needed for 
the evaluation of the CFD calculations made for test case T of 
the second Turbine 99 workshop.  

The experimental methods and the quality of the presented 
data are discussed in detail by ANDERSSON and KARLSSON
(1999). In that paper it was stated that the results had to be 
scaled with the flow, since the model broke between the (the 
first set of) measurement of the inlet and outlet conditions. To 
verify if this was an acceptable assumption new measurements 
were carried out at the inlet section. These new measurements 
revealed significant differences between the old and new inlet 
conditions. Therefore, the data has been divided into two 
separate cases.  

To enhance the value of the new velocity measurements at 
the inlet they were phase-resolved, thereby, resolving the 
periodic behaviour of the flow at the inlet. These data will be 
presented in another paper, ANDERSSON (2003b).  

Since the first workshop, the focus of the visualisations has 
shifted to the streamlines close to the wall that is easier to 
document and present. These studies are presented in this paper. 

To better understand the ‘extreme’ pressure recovery based 
on wall pressure measurements (and confirmed by many of the 
CFD simulations at the first workshop) static (and dynamic) 
pressure measurements have been performed to give a better 
understanding of the flow at the inlet. 

All experimental (raw) data will be collected in one 
database that will be maintained by QNET-CFD (an European 
thematic network; webpage: http://www.qnet-cfd.net/ ). 

mailto:andersson@vattenfall.com
http://www.qnet-cfd.net
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NOMENCLATURE 

Operational
D = Runner diameter [m] 
N = Runner speed [rpm] 
Q = Flow rate [m3/s]
H = Test head [m] 

Integral values 
Qint = Flow rate (integrated from velocity profiles) 

A
UdA

A
Q 1

int (1)

Umean = Q/A [m/s] 
Pdyn = ( Q2/(2A2) [Pa] 

ax = kinetic energy correction factor, axial component [ ] 

Amean
axial dAU

AU
3

3

1 (2) 

sw = kinetic energy correction factors, tangential 
component [ ] 

Amean
swirl UdAV

AU
2

3

1 (3) 

 = Momentum correction factor [ ] 

Amean

dAU
AU

2
2

1 . (4) 

Sw = Swirl intensity [ ] 

R

r

R

r

rdrU

drUVr

R
Sw

0

2

0

2

1 , (5) 

Cpr = Pressure recovery coefficient [ ] 

Iadyn

IawallIVbwall
r P

PP
Cp

_

__  (6) 

Measured values 
U = mean axial velocity component (parallel with axis) 

[m/s] 
Up = mean axial velocity component (parallel with wall) 

[m/s] 
V = mean tangential velocity component [m/s] 
Vp = mean horizontal velocity component [m/s] 
P = pressure [hPa] 
Pwall = mean of P around cross-section circumference [hPa] 
* indicate normalised values  

(Cp = the normalised pressure) 

uf = friction velocity = w  [m/s] 

w = wall shear stress [Pa] 
u+ = U/uf

y+ = yuf/

Others
 = density [kg/m3]

Ia, Ib, II, III, IVb = cross-sections 
c.s. = cross-section 

T(r) = operational mode 
x, y, z = geometrical co-ordinates [m, mm] 
Gp_IIi = boundary layer profile 
dp = profile depth 
r = radial distance from centre line [m, mm] 
R = the outer radius of the section, i.e. radius of the draft 

tube wall [ m, mm ] 
r0 = the inner radius of the section, i.e. the radius of runner 

hub or the centre of the model (i.e. r0 = 0) [ m, mm ] 
r* = normalised (with R) radial distance [ ] 

i = angle [ ]
Ai = area of section i [m2]
L = normalised length coordinate [ ] 
mean = unweighted averages (if nothing else is stated) 
RMS = unweighted Root Mean Square -values (if nothing 

else is stated) 
w, wall = values at the wall 

Measurements and definitions
The measured series are named according to the following 

nomenclature 

Measured
quantity

Location of
measurements

Operational
mode

where ‘Measured quantity’ is defined in Nomenclature with 
some additional comments at the end of this section. An 
overview of ‘Location of measurements’ can be found in Figure 
2 and ‘Operational mode’ is presented in Table 1.

Operational mode 
The experiments have been carried out at the hydraulic test 

rig at Vattenfall Utveckling, Älvkarleby. A thorough description 
of the test-rig can be found in MARCINKIEWICZ and SVENSSON
(1994). Comments on the performance that affect the 
measurements in this project can be found in ANDERSSON and 
KARLSSON (1999).  

The model consists of a 1:11 scale copy of the Hölleforsen 
power station. The unit has a Kaplan runner, which has a 
diameter (D) of 500 mm in the model. In Figure 1, a layout of 
the model is presented. 

Figure 1. The test rig, with a layout of the model, 
between high and low head tanks. 
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In ANDERSSON and KARLSSON (1999) it was stated that the 
model broke between the (the first set of) measurement of the 
inlet and outlet conditions. After repairs, the same test 
conditions could not be repeated exactly. To the first workshop 
these data was presented as one single operational mode with a 
hope that the differences between the measurements before and 
after the accident would be scalable with the flow.  

However, to verify if this was an acceptable assumption 
new measurements were carried out at the inlet section. These 
new measurements revealed significant differences in swirl at 
the inlet between the old and new inlet conditions. Therefore, 
the data has been divided into two separate cases, T(r) for the 
old measurements made before and T(n) for the new 
measurements made after the model broke. 

After the change in operational mode, a closer look at the 
operational parameters was kept to track system changes. 
However, the system remained stable during the remaining 
measurement periods. Unfortunately, these routines were not 
available before the model broke, and therefore the exact cause 
of the system change cannot be determined. 

Data are presented for test case T(r) and T(n), conducted at 
60 % load, which is close to the best efficiency for the system, 
and at the test head H = 4.5 m. The operational modes 
presented in this paper of the test case are located on (and 
slightly to the left of) the top-point (T) of the propeller curve. 
The exact settings of the runner speeds (N) and the resulting 
flow rates (Q) are shown in Table 1.

Table 1. The operational settings for the test-rig, test 
case T. (The runner diameter of the model,  
D = 0.500 m) 

T(r) T(n) 
Test head (H) 4.50 m 
Runner speed (N) 595 rpm 
Unit runner speed (DN/ H) 140
Model flow (Q) 0.528 m3/s 0.522 m3/s
Unit flow (Q/D2 H) 1.00 0.98 

Location of measurements 
Different types of studies have been performed in the draft 

tube: visualisations, velocity measurements (with LDA and 
Pitot tube) and wall pressure measurements. 

Figure 2. An overview of the cross sections in the 
draft tube, with the normalised length coordinate L. 

Figure 2 gives an overview of the location of 
measurements. An exact drawing of the draft tube can be found 
in the workshop documentation. The length coordinate, (L), 
which mostly is used to study the pressure recovery, has been 
given a more general definition threw the elbow, than the 
definition used for the first workshop. The difference is so 
small that it should have no effect when comparing with most 
results. However, it will affect the area distribution. 

Figure 3. The location of cross-sections Ia and Ib. 

The origin of the coordinate system is located at the centre 
of c.s. Ia (137 mm below the runner hub centre, see Figure 3). 
The measurements at the inlet sections (c.s. Ia and Ib) are 
conducted along radial profiles and the exact location of the 
profiles at c.s. Ia and Ib can be found in Table 2. The tangential 
velocity is positive in the clock-wise direction (from up-stream 
view) i.e. in the direction of rotation of the runner. 

Table 2. Exact location of measured profiles at 
section Ia and Ib. 

Profile L Height (z) [ mm ] Angle ( ) [  ] 
Ia(1) 0.00 0.0 -10 
Ia(2) 0.00 0.0 180 
Ia(3) 0.00 0.0 -80 
Ia(1)-5 0.001 - 5.0 -10 
Ib 0.046 - 195.8 -80 

The results at the profiles are plotted along the normalised radius 
R
rr* . 

Figure 2 shows the location of the downstream sections 
(c.s. II and III) and their exact coordinates can be found in 
Table 3. The ‘axial’ velocity component, Up, at c.s. II and III is 
normal to these cross sections (and consequently parallel with 
the floor of the draft tube). The horizontal component, Vp, is 
positive in the y-direction. C.s. IVa and b are located within the 
down stream tank of the test rig so only wall pressure can be 
measured at these sections. 

Table 3. Exact location of cross sections at the outlet 
diffusers.

C.s. L Ceiling Floor 
x [ mm ] z [ mm ] x [ mm ] z [ mm ]

II 0.35 835 -679 879 -1032 
III 0.56 1710 -406 1786 -921 
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IVa 0.92 3277 413 3277 -654 
IVb 0.99 3577 421 3577 -643 

Profiles Located at the floor of c.s. II ( z = -1032 mm) 
 xw [ mm ] yw [ mm ] dp [ mm ] 
Gp_IIa 879 250 21   
Gp_IIb 879 -250 21   

Detailed velocity measurements at c.s. II along profiles 
Gp_IIa and Gp_IIb were conducted to get an estimate of the 
shear stress. In Table 2 the location of the wall point ( xw, yw )
and the depth ( dp = maximum wall distance) of the profile into 
c.s. II are given. 

Additional comments 
A thorough description of most of the measurement 

methods with error analysis can be found in ANDERSSON and 
KARLSSON (1999). In addition to the methods described in that 
paper, three-hole Pitot measurements have been carried out to 
evaluate the static (and dynamic) pressure distribution at the 
inlet section Ia. 

The flow in the model is visualised to give a quick view of 
flow patterns and stability of the flow. To the second workshop, 
focus was shifted to the streamlines close to the wall that would 
be easier to trace and document but also give relevant 
information on e.g. presence of separation. For these 
experiments, a dark tracer was used. The tracer was carefully 
injected through one of the numerous pressure taps in the 
model. The part of the injected tracer that stayed closed to the 
wall remained visible for up to one meter, while the part that 
ended up in the bulk flow was dispersed much faster. The 
location of the wall-bounded streamline could quite easily and 
with rather high precision be transferred to a drawing of the 
model.  

The velocities are measured with a two component fibre 
optic LDA-probe. The presented velocity measurements are 
normalised with the mean velocity Umean (Qint/Ai), so to get the 
velocities at each section the velocities should be multiplied 
with the nominal mean velocity for that section. The 
normalising velocities at the different cross section are: 

 Umean Ia T(r) = 3.62 m/s, (7)
 Umean Ia T(n) = 3.58 m/s, (8)
 ( AIa = 0.146 m2 ), 

 Umean Ib T(r) = 2.31 m/s, (9)
 Umean Ib T(n) = 2.28 m/s, (10)
 ( AIb = 0.229 m2 ), 

 Umean II T(n) = 1.47 m/s, (11)
 ( AII = 0.356 m2 ). 

 Umean III T(n) = 1.00 m/s, (12)
 ( AIII = 0.520 m2 ). 

Accurate wall shear stress determination based on velocity 
measurements requires velocity data in the viscous sub-layer. 
For LDA measurements, this calls for (in most cases) a parallel 
alignment of the measurement volume with the wall, however, 
this arrangement was impossible to accomplish in the draft 
tube. Instead, measurements were conducted with the 
measurement volume perpendicular to the wall resulting in 
rather high y+ values. The closest points with an acceptable 
measurement quality were located in the range of 5-10 y+. 
Consequently, the shear stress can only be estimated. In these 
measurements the points closest to the wall lies in the buffer 
layer and can be used to see how the boundary layer connects 
to the viscous sub-layer and how they position themselves 
within this layer. A result of this can be seen in Figure 4 where 
u+ is plotted against y+. u+ and y+ has been weighted with 
three friction velocities, the uf that gives the best fit (with 
connection criterion) and the friction velocities  20% the best 
fit. The higher and the lower curves in the figures show that 
they clearly can be excluded as unreasonable and that the 
friction velocity could be given within  10 % (in this particular 
case).

The log-layer appears to fulfil a logarithmic profile but 
when plotted in a Clauser plot, it is apparent that the profile 
does not fulfil the traditional log-law. So no further information 
can be obtained from this region that would help the 
determination of uf.
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Figure 4. The resulting u+ and y+ scaled with friction 
velocity 0.8( ) 1.0(*) and 1.2(+) times uf best fit.

The pressure is measured as a differential pressure with 
(four different) reference point(s) in the draft tube. The 
presented data are normalised with the dynamic pressure, Pdyn 
( Q2/(2A2)) at the inlet: 

 Pdyn Ia T(r) = 65.6 hPa, (13)
 Pdyn Ia T(n) = 64.1 hPa, (14)
 ( AIa = 0.145 m2 ). 

The offset level of the normalised pressures (Cp) is set to: 

 Pwall* IVb T(r) = 1, (15) 
(for most of the presentation). 
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Uncertainty estimates for three-hole Pitot tube 
Static (and dynamic) pressure measurements are conducted 

at the inlet c.s. Ia, with a wedge Pitot tube. Since the flow is 
strongly periodic (at c.s. Ia) the Pitot tube is not correctly 
aligned during an entire period of the flow. Therefore an 
uncertainty estimation to assess the size of the possible error 
will be performed.  

The wedge type Pitot tube is considered to measure the 
pressure rather insensitive to errors in the alignment with the 
flow, e.g. ARTS et al (1994). Figure 5.
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Figure 5. Wedge Pitot tube with typical measurement 
error due to misalignment. 

Consequently, the flow angle measurements become more 
sensitive since the error is proportional to the misalignment. 

The measurements of the dynamic pressure shows that the 
flow angle is systematically underestimated for the Pitot 
measurements compared with the LDA measurements. One 
contribution to the offset could be a slight offset in the 
reference angle for the Pitot tube in relation to the draft tube. 
However, the flow is strongly periodic and therefore the Pitot 
tube ‘never’ correctly aligned with the flow. Therefore, an 
estimation of a correction factor for the influence of the 
periodic flow on the static pressure (measurement) will be 
carried out at the following passages. 

A typical result can be seen in Figure 6, where the 
observed (from the Pitot measurement) flow angle is compared 
with the ‘correct’ flow angle (i.e. from LDA measurements).
The flow angle distribution in the figure is collected from 
ANDERSSON (2003) and the discrepancy is probably due to the 
fact that the influence of the blade wakes is underestimated. 
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Figure 6. Angle bias, the observed flow angle (Pitot) 
is systematically underestimated compared with the correct 
flow angle (LDA). 

One way to estimate the error due to misalignment of the 
Pitot tube, in stationary flow, is to fit: 

totdynstat PBp _))cos(1( , (16) 
to the curve in Figure 5, where  is the misalignment of the 
Pitot tube. B is a constant, which was determined to 0.8 for this 
measurement situation. This value is close to the value that can 
be found in the literature, e.g. ARTS et al (1994) give B equal to 
0.7. 

Since the flow is periodic, the real flow angle ( fl) will vary 
over a period in the flow and consequently the misalignment 
will change over a period. Eq. 16 is valid for stationary flow, 
however, it is also used to estimate the influence of turbulence 
by estimating an effective flow angle and by the same logic the 
equation is applied on periodic flow in our case. From phase-
resolved velocity measurements the flow angle fluctuations are 
known at different radial positions and a correction factor ( )
can be estimated as: 

totdyn

totdynmfl

P

P
B

B

_

_))cos(1(

))cos(1(

, (17) 

where m is the mean flow angle. In Figure 7, the resulting 
correction factor can be seen both using the unbiased or true 
mean flow angle and using the biased mean angle from the 
Pitot measurements. 

The correction factor should be seen as an estimate of the 
order of the bias effect and systematic errors. The analysis 
shows that the systematic effects should be limited to a few 
hundredths in Cp in the bulk flow. Close to the wall with sharp 
velocity gradients some additional artefacts become significant 
and thereby drastically increase the possible systematic error. 

The level of the static pressure measurements is also 
affected by a random error between different measurements that 
is ±0.01 in Cp. 
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Figure 7. Correction factor for misalignment of wedge 
Pitot tube along the radius (with and with out correction for 
the angle bias). 

In the section Results and Discussion, the static pressure, 
with and without correction, will be compared with the 
tangential velocities to assess the validity of the Pitot 
measurements. The dynamic pressure will also be compared 
with the LDA results as a verification of the measurements. 

Results and Discussion 
The presentation of the results from the measurements 

starts with the velocity followed by pressure. 

Visualisations 

Figure 8. Streamlines close to the wall at the inlet 
cone.  

The visualisations at the inlet cone show a quite symmetric 
flow with a slightly increasing flow angle as the flow lines 
move downwards towards the elbow. The increase in flow 
angle implies that there is a relative deceleration of flow close 
to the walls. This implies that there is a relative acceleration in 
the interior of the inlet cone and an increasing non-uniformity 
of the flow profile as the flow moves towards the elbow. 

A. Left view B. Top view 

C. Right view D. Down stream view (c.s. III) 

Figure 9. Streamlines close to the surface at the 
elbow and outlet diffuser. 

It is in the elbow that the main asymmetries in the flow are 
formed. These asymmetries and the resulting secondary flow 
are then continuing their evolution in the outlet diffuser. 

The streamlines that enter the elbow at the outside and at 
the left side (Figure 9A) have a rather small flow angle through 
and after the elbow in the outlet diffuser. This indicates that 
there is a relative acceleration of the streamlines at this side. 
These streamlines appear to stay at the left half of the draft 
tube. 

The streamlines entering the inside of the elbow (Figure 
9B) have a rather large flow angle. These streamlines maintain 
their high flow angle around to the right side and then the 
bottom of the draft tube (Figure 9C). This results in a 
divergence zone, between the streamlines with moderate flow 
angles and the streamlines with large flow angles, at the upper 
right corner of the draft tube. 

The corner vortices at the right side (C) of the outlet 
diffuser are larger than at the left side (A). This is due the 
higher flow angle at the top and the right side, which generates 
more corner vortices. 

This gives a secondary flow pattern at c.s. III (Figure 9D)
with a large vertical component along the bottom. The 
streamlines appear to be moving in a clockwise manner 
(upstream view) around the entire draft tube. However, in the 
upper right corner, in the divergence zone, the flow is quite 
ambivalent, and there could be a slight co-rotating vortex in 
that corner.  

Velocity measurements 
In Table 4, a summary of the measured components and 

integral values from the LDA-measurements can be found. 

Table 4. Overview of the results from the LDA-
measurements 

T(r) C.s. Ia (1) C.s. Ib C.s. II C.s. III 
Umean [m/s] 3.49 2.43 - - 
Vmean [m/s] 0.81 0.70 - - 
Q_int/Q [ ] 0.96 1.02 - - 

_ax 1.04 1.06 - - 
_sw 0.06 0.10 - - 

1.11 1.12 - - 
Sw 0.18** 0.22 -   - 
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T(n) C.s. Ia (1) C.s. Ib C.s. II C.s. III 
Umean [m/s] 3.33 2.22   1.01 
Vmean [m/s] 1.06 0.87   0.08 
Q_int/Q [ ] 0.94 0.97   1.00 

_ax 1.06 1.09 1.04 1.09 
_sw 0.11 0.18 0.06 * 0.04 * 

1.15 1.17 1.12 * 1.02 * 
Sw 0.25** 0.27    - 

*    Only the horizontal component. 
**  0.31/0.42 with the definition used at the Turbine 99 

workshop i.e. R (=R-r0) as the length scale instead of R. 

Section Ia
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Figure 10. The normalised mean velocity components 
at profile Ia(1) and Ia(1)-5.  

The axial mean velocity profile at profile Ia(1)-5 for T(n) 
measured with LDA is quite similar to the profile measured at 
Ia for T(r). The difference in ax is consequently quite small, 
only 0.02. The main visual difference is the area closest to the 
runner hub that shows a significant difference in the behaviour 
between each other (Figure 10). This peak close to the runner 
hub shows up in the Pitot measurements of the dynamic 
pressure at section Ia (see Figure 11). The peak appears to be 
very sensitive to the exact height of the measured profile, since 
profiles Ia(1) and Ia(3) are located above Ia(1)-5. This 
behaviour agrees with the numerical findings of NILSSON 
(2002). 

The difference in tangential velocities between the two 
operational modes is significant. The shape of the profile is 
similar while the level for T(n) is higher and consequently the 
flux of angular momentum into the draft tube will be much 
higher for case T(n) than for case T(r). This can be seen in sw
that is almost 80 % higher for case T(n). 

In ANDERSSON (2001) the difference between case T and R 
at the inlet will be discussed also including the change from (r) 
to (n). 
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Figure 11. Dynamic pressure profile Ia(3), compared 
with LDV measurements from Ia(1)-5. 

Comparing the dynamic pressure from the Pitot 
measurements with the LDA measurements (Figure 11) shows 
a good agreement close to the runner chamber but moving 
inwards there is an increasing difference between Pitot 
measurements and LDA measurements. This difference is 
probably caused by the difference in location of section Ia(3) (
–80 )and Ia(1)-5 ) (  –10 ) but could also indicate some 
systematic error that was introduced with the increased depth of 
the Pitot tube. 

While the dynamic pressure seems to be in a correct order, 
the flow angle is systematically underestimated for the Pitot 
measurements as was commented under Measurements and 
definitions.
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Figure 12. The total RMS along profile Ia(1) and Ia(1)-5. 

The total RMS-values are about 20 % higher for the (n) 
measurements. The difference in RMS is most likely caused by 
the increased tangential velocity. The location of local maxima 
and minima along the profile seems to have shifted and since 
the largest contribution in the RMS-values comes from the 
periodicity in the flow one might suspect that the ‘finger-print’ 
from the blade wakes looks differently. This difference could be 
caused by the difference in operational mode but also by the 
difference in height in location between the two profiles. 

Both the difference in height and the difference in 
operational mode cause the profile to be located differently in 
reference to the guide vanes and other factors that can 
contribute to any asymmetrical flow phenomena. 
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Section Ib
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Figure 13. The normalised mean velocity components 
at profile Ib. 

The axial velocity profiles along Ib are similar to each 
other close to the wall, but the axial velocity is dropping faster 
moving towards the centre of the draft tube for case T(n). The 
decrease in axial velocity is corresponding to an increase in the 
tangential velocity component resulting in a non-constant 
difference between the tangential velocity components along Ib 
(compared with the almost constant offset at Ia). 
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Figure 14. The total RMS values along profile Ib. 

The RMS-values along profile Ib (Figure 14) are more 
similar for the two operational modes than the corresponding 
RMS-values at Ia (Figure 12) which indicates that there is no 
total increase in the RMS-values. Instead the difference seen at 
Ia is either caused by a change in ‘ -ref’ (i.e. a reference angle 
that specifies the location of guide vanes etc in relation to the 
cross section; ‘ -ref’ is a function of operational mode) or a 
change in the difference, ‘ -ref’. The difference in height 
between the profiles Ia(1) and Ia(1)-5 causes a change in ‘ -
ref’ in the order of one degree compared with the angle 
between to guide vanes that is 15 degrees. 

Flux of angular momentum (Ia and b)
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Figure 15. The flux of angular momentum at Ia and 
Ia(1)-5.

The higher tangential velocity for T(n) results in a higher 
flux of angular momentum. The difference is almost constant 
over the entire profile with a similar shape between the profiles. 
(Figure 15)

0 0.2 0.4 0.6 0.8 1
0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

r* [ ]

F
lu

x 
A

n
g

. M
o

m
. [

 m
5 /s

2  ]

R2UVr Ib T(r)
R2UVr Ib T(n)

Figure 16. The flux of angular momentum at Ib. 

This offset is still present at Ib (Figure 16) and still almost 
constant along the profile, which indicates that the decrease in 
axial velocity is compensated for, by an increase in the 
tangential velocity to keep the flux of angular momentum 
constant.

Section II
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Figure 17. The axial (contours) and horizontal (vectors) 
velocity components at c.s. II (down stream view). 
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After the elbow, at section II (see Figure 2) there is a 
marked asymmetry in the axial velocity distribution, as shown 
in Figure 17, with the largest velocities to the right hand side of 
the figure. The horizontal cross flow component is quite large 
at the left half of the bottom region (in the figure) and with an 
opposite sign at the top. This indicates the presence of a strong 
swirl component in the left region as is expected from the 
gyroscopic effects in the bend. 
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Figure 18. The RMS-field at c.s. II. 

The near wall measurements along profiles Gp_IIa and 
Gp_IIb resulted in estimates of the shear stress presented in 
Table 5. The shear stress is almost 30 % higher at Gp_IIb, 
which is located in the region with a large horizontal velocity 
component. The values are higher than one might expect in a 
diffuser but this might be explained that Gp_IIb is located at the 
bottom in the draft tube quite near the elbow and a recent 
history of a favourable pressure gradient (Figure 21). 

Table 5. Resulting values from the shear stress 
measurements 

Case Gp_IIa Gp_IIb
u* [m/s] 0.076 0.087 
tw [Pa] 5.83 7.54 
Cf-Ia [ ] 0.0009 0.0012 
Cf-II [ ] 0.0058 0.0075 
u*/Ub [ ] 0.054 0.061 
Ub/u* [ ] 18.6 16.4 

Pressure measurements 
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Figure 19. The normalised static pressure along the 
profile Ia(3). (Offset: Cp = 1.0 at L = 1.0.) 

In Figure 19 the static pressure distribution along profile 
Ia(3) is shown. The pressure has its minimum close to r* = 0.90 
and grows toward the wall and the runner hub. Close to the 
wall, the pressure drops again to a local minimum at the wall. 
The wall pressure is marked with an arrow in the figure. The 
mean value of the profile is –0.08, so Cpr based on the pressure 
across the entire cross section is 1.06 (assuming that the 
pressure variation at c.s. IVb can be neglected) compared to 
1.12 for Cpr wall.

The local fluctuations around r* = 0.90 correspond to the 
fluctuations in the tangential velocity and the RMS-values. The 
correction factor (see Figure 7) shows that the angle bias is 
largest in the areas corresponding to the two local minima of 
the measured pressure, indicating that the measurements over-
predict the fluctuations. The calculated correction shows that 
the static pressure is slightly underestimated. Other systematic 
artefacts e.g. positioning and gradient effects can also affect the 
static pressure so care should be exercised when evaluating the 
results. 
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Figure 20. The terms contributing to the static pressure 

The variation of the static pressure component is a key 
component in determining the radial velocity component since 
measurements of this component could not be performed. 
Results from CFD-calculations reveal that the radial pressure 
distribution is quite sensitive to the conditions at the inlet 
concerning both the geometry and the velocity profiles used as 
boundary conditions. However, the main behaviour, with a 
decreasing pressure with the radius, is similar and in the same 
order between the pressure profiles (see JONZÉN et al 2002). 

To understand what factors may influence the static 
pressure distribution a closer look at the Navier Stokes equation 
is necessary. The radial pressure gradient (with viscosity 
neglected) reads: 

z
WU

r
WW

r
V

r
p 2

. (18) 

This expression can be integrated and normalised to: 
gradtangstat CpCpCp , (19) 

where Cpstat is known from the Pitot measurements. The 
contribution from the tangential velocity (V) Cptang can be 
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calculated, since this velocity component is known from LDA 
measurements. Cpgrad can be determined as the difference 
between Cpstat and Cpgrad when the radial velocity and its radial 
and axial gradients is unknown. The result of this analysis can 
be seen in Figure 20.

Cptang was calculated with a method equivalent to the 
method described in more detail by DAHLHAUG (1997) where 
the pressure (ptang) caused by V is calculated by solving: 

r

V

r
ptang

2

, (20) 

piecewise between the measured points (k and k+1). Integration 
of Eq. 20 results in the following expression: 

k
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where K1 and K11 are calculated with: 
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1
1 . (22) 

The difference (Cpgrad) between the static pressure and the 
calculated contribution of the tangential velocity on the 
pressure distribution is the solution to Eq. 23. It has been shown 
that the first trivial term (W W/ r, i.e. Cp W2) is small 
compared with the second term in Eq. 23, by CERVANTES and 
ENGSTRÖM (2002) and DAHLHAUG (2002?). Unfortunately, the 
second term is more complex and to find W, an iterative 
procedure has been suggested.  

z
WU

r
WW

r
pgrad . (23) 

However, at least some conclusions can be drawn from this 
analysis even if the radial velocity cannot be determined 
explicitly. As one can see in the Figure 20, the contribution 
from the tangential velocity causes the static pressure to 
increase along the radius. The resulting Cpgrad has its minimum 
close to the maximum of the axial velocity, indicating that the 
radial velocity is positive outside of this point and negative 
inside of this point as one could suspect. The local maximum at 
r* = 0.97 in Cpgrad indicates that there is a change in 
development of the radial velocity gradient. At the interior, the 
rather flat behaviour of Cpgrad indicates that W is rather constant 
in this region. These two last indications, is contradicting the 
behaviour of the stipulated radial velocity component for the 
CFD-calculations to the workshop, which is (almost) linear at 
the entire cross-section. 
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Figure 21. The pressure recovery along the centre 
lines (c.l.) for the elbow. (Offset: Cp = 1.0 at L = 1.0.) 

Wall pressure was measured at some additional points in 
the elbow after the corner along the lower centreline. The 
discontinuity in the Cp-values gives an indication of the size of 
the recirculation bubble in the corner. This agrees well with the 
visualisations that show that the corner vortex starts between 
the two lowest pressure taps at the vertical outside of the elbow. 

The large peak in the wall pressure indicates that the 
maximum stagnation pressure lies quite close to the outer 
centre line, which agrees with the observations, from both 
visualisations and LDA measurements at the inlet cone, of a 
quite symmetric flow. 

Summary and Conclusions 
In this paper, two test cases, T(r) and T(n), has been 

presented. 
T(r) is the original reference case with velocity data at c.s. 

Ia and Ib. Both workshops specified the result from c.s. Ia as 
boundary conditions for the CFD-simulations. Therefore, this 
case is more suitable for verification of and studies of 
parametric variations in CFD-simulation.  

T(n) the new test case, which has significantly more swirl 
at the inlet than T(r). There is no huge difference in pressure 
recovery and the general flow pattern based on the 
visualisations for T(n) could be considered to be valid for both 
cases. However, differences between the two cases should be 
significant when comparing details in the velocity distribution 
at c.s. II and III. This makes T(n) the most consistent data set, 
most suitable for future validations of CFD-simulations of draft 
tube flow. 

Phase-resolved velocity measurements will also be added 
to the data bank for test case T(n) making it more valuable for 
future studies. 

The visualisations of the streamlines close to the wall are 
easy to perform and yield a lot of information. The streamlines 
can be followed up to 1 m compared with the bulk flow where 
the streamlines are dispersed much faster. On the down side it 
is somewhat difficult to document the data and in some cases 
the interpretation of the results can be quite subjective.  

The static pressure measurements imply a different radial 
velocity profile than the roughly linear profile suggested to the 
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workshop. The uncertainty in the calculation of Cpr bulk is
significantly higher than the Cpr wall value, but interestingly 
enough Cpr bulk 1.06 is still above one. This does not imply that 
this draft tube is free from losses (or ‘creating’ energy), only 
that a significant amount of energy leaves the runner. However, 
it is suggested that Pitot measurements in periodic flow should 
be studied closer, to yield better error estimates and reduce the 
uncertainty in determining pressure recovery and losses. 

In ANDERSSON (2003a) the difference between case T and 
R will be discussed. A loss analysis can be found in that paper. 
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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.

KEY WORD: Velocity measurements, LDA, Turbine-99, draft tube 
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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 ( )
[  ] 

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 - /2 and + /2.  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 

24th Symposium on Hydraulic Machinery and Systems  



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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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. 

KEY WORD: draft tube, pier, cracks, model test 



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 =6-34°. The maximum load is limited 
to slightly more than =26°. According to the model test, the best efficiency point is located 
around =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. 
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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: =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. =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. =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 =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 =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 =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 =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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ABSTRACT

The turbulent flow in the Hölleforsen draft tube is 
predicted with the CFD code Fluent 6 and compared
with the Turbine 99 - experimental data bank.

The operational mode modelled is at the top of the 
propeller curve (case T). Numerical issues for the
flow simulation and the influence of mesh and
geometry at the inlet on the calculated field are
investigated. Large pressure variations at the inlet, due 
to small variations in the geometry of the wall
adjacent cells can be observed. 

Differences in engineering quantities between 
experiments and simulations are discussed. At the 
Turbine 99 - workshop 2, obtained results are
presented for comparison with those predicted with
other turbulence models, CFD codes and by other
participants.

INTRODUCTION

The main role of the draft tube is to convert the
kinetic energy after the runner into static pressure, so
that retarding losses can be minimised. Overall
performance of the draft tube and a high pressure-
recovery is of great importance for the total efficiency
of a power station. 

The ability to predict the efficiency of a particular 
draft tube is an essential and difficult part of 

hydropower engineering. An experimental flow 
analysis with model test rigs of a specific geometry is 
often expensive and very time consuming. In order to
enhance the prediction level at a relatively low cost, 
research work is done using Computational fluid 
dynamics (CFD). 

Draft tube flow is difficult to predict in CFD due to 
the highly rotational, fluctuating and non-uniform
flow that leaves the runner. The elbow and diffuser
generates additional swirl, possible separation and 
highly transient phenomena. A model that resolves all 
flow phenomena correctly in moderate time with a 
reasonable mesh-size is yet a utopia. To compare the 
achieved simulation results with experimental data is 
still a necessity to establish the degree of accuracy for 
CFD. This is further proved by the large scatter in the 
results assessed for the Turbine99 workshop on draft
tube flow, held in Porjus, Sweden, 1999 [1].

The commercial CFD code Fluent 6.0.20 is used in
the present study to simulate different operational
modes of the draft tube with the standard k-
turbulence model. For these calculations all
participants use the same grid, with approximately
700,000 cells, so that when comparing with other
simulations at the workshop the effects of the grid can
be ignored. As an additional comparison, a grid with 
800,000 cells with a different geometry and grid at the 
inlet is used. 
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NUMERICAL METHOD

The CFD code, Fluent 6, considers all meshes as
unstructured and discretization is done with a cell-
centred, finite-volume approach.

Since the flow in the draft tube is assumed to be 
turbulent, stationary and incompressible, the
Reynolds-averaged Navier-Stokes equations are used.
In order to solve these governing equations in Fluent 
6, the segregated solver [2,3] has been utilised in this 
study. The SIMPLE algorithm is used for the 
pressure-velocity coupling procedure.

The standard k- model [4] has been used to model
the Reynolds stress terms and to close the governing 
equations. This isotropic model relates the Reynolds
stresses to the mean rate of strain through the eddy
viscosity suggested by Boussinesq. The transport and 
momentum equations are discretizised with a QUICK
scheme, after the solution has reached a certain
amount of convergence with a first order upwind
discretization scheme. Discretization of the pressure is
done with a second order, upwind scheme.

The standard logarithmic rough wall-function has
been imposed on all walls. The surface roughness is 
set to 10μm at all draft tube walls. For the extension 
downstream section IVb, which is present in order to 
increase the numerical robustness, the boundaries are
set to slip walls. A rotating wall with the speed of 595 
rpm is applied to the runner cone (clockwise seen 
from above). The fluid density was set to 1000 kg/m3

and the dynamic viscosity 1.006 10-3 Ns/m2, which 
results in a Re-number 13% higher than the Re-
number of water at 15 C, that was specified. The
under-relaxation factors for pressure and momentum
is set to 0.1 and 0.3 respectively to prevent
oscillations (default values in Fluent 6 are 0.3 and 0.7
respectively).

The experimental values of the inlet boundary
conditions are read into Fluent as profiles. The values 
of the vertical velocity are linearly corrected to get the
correct mass flow rate of 522 kg/s. An outlet boundary
condition is set at the end of the extension. The static
pressure is here set to a constant value with all other 
scalars free. 

The simulations are carried out with two different
grids. Below is a short description of the used grids
with an index that will be used hereafter to identify
them.

1. The modification of the first distributed grid by
Dr. Y. Lai with 707,760 cells. 

2. A 794,954 cells, unstructured grid with a y+ value 
of approximately 47 for the wall adjacent cells at
the inlet. 

Grid 2 has been used to investigate the influence 
that geometry and cell size at the inlet has on the
entire field solution. These results are compared with
the results for the reference grid, Grid 1. Grid 1 is
used by permission of Dr. Yong Lai, IIHR [5], and the 
geometry is provided as courtesy of Luleå University
of Technology and Vattenfall Utveckling AB. 

RESULTS

The first two sections deal with the engineering 
quantities [6] and a presentation of the calculated flow 
field. Finally, the pressure profile at the inlet along 
with the associated geometry and y+ values for the 
wall adjacent cells are displayed.

Engineering quantities 
The engineering quantities are calculated to assess 

the performance of the simulations. The calculated
and measured values are given in table 1 below. 
Generally the predictions show good agreement with
the measured engineering quantities. 

mesh/e.q. Grid 1 Grid 2 Exp.
Cpr 1.2690 1.1523 1.12

Cpr-bulk 0.9166 0.9333 1.06
0.1000 0.0895 -

axial,Ia 1.0311 1.0090 1.04

swirl,Ia 0.0580 0.0551 0.06

Ia 1.0691 1.0679 1.11
SIa 0.1970 0.1885 0.31

axial,III 1.1431 1.2222 1.09

swirl,III 0.0169 0.0155 0.04

III 1.0952 1.0925 1.02
SIII -0.0325 -0.0306 -

Table 1: Engineering quantities for the used grids and
the experiment

At cross section Ia, the inlet, the engineering
quantities gives an indication of the quality of the 
interpretation of the inlet boundary condition. The
quality of the predicted flow field may be evaluated
by the engineering quantities for cross section III. 

The larger predicted- than experimental
momentum correction factor  for cross section III is 
partly explained by the fact that in the experimental
value for cross section III the vertical and horizontal 
velocity components are missing, and thereby not
included in the experimental correction factor. 

General comparison
There are no major differences between the flow 

patterns for the two CFD calculations. Results are
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therefore only plotted for Grid 1. Contour plots for the 
velocity field at cross section II, III, IVa and IVb can
be seen in Fig 1a, 1b, 2a and 2b. The planes are seen
from a downstream position. Figure 1a shows a 
maximum calculated axial velocity of 1.9 m/s at the
left side of the draft tube (seen from an upstream
position). The variations across the plane are quite 
continuous, with the lowest velocities at the upper 
right corner. One can see a large vortex centred on the 
right side of the draft tube. There is also a small
vortex at the upper right corner at sections II and III.

In Fig 3 four pathlines departing from the inlet 
give an idea of the calculated general flow pattern in 
the draft tube.

The applied radial velocity at the inlet keeps the 
flow attached to the runner cone all the way down.
This is preventing the creation of a re-circulation zone 
under the cone. Only very small positive z-velocities 
are found just under the cone (see Fig 4). 

There is no backflow through the model outlet, but
at the upper right corner before the end a stretched-out 
back-flow region, as in Fig 5, appears. 

Inlet pressure distribution 
The static pressure distribution for Grid 1, the

reference grid, over the wall at the inlet displays a 
large variation, with local minima at about 90  (Fig 
6). In addition, the radial inlet pressure profile at 0
and 90 , see Fig 7, gives attention to the large, and 
corresponding, pressure drops close to the wall and 
runner cone at 90 . The same behaviour can be found 
at 270 .

Further investigation reveals that the wall shear
stress, Fig 8, and the y+ value for the centre of the cell 
closest to the wall, Fig 9, at section Ia follows the
same pattern as the pressure at the wall. These large
variations imply that there are some numerical or
geometrical problems with the near-wall region at the 
inlet.

To investigate the influence of the y+-variation for
the wall adjacent cells in Grid 1, a mesh with an
approximately constant y+ value of 47 at the inlet was 
created. Simulations with this grid generates radial
pressure profiles of the same common shape around 
the inlet, see Fig 10 for profiles at 0  and 90  over the
inlet radius for Grid 2. The static pressure variation
around the inlet wall for Grid 2 is seen in Fig 11. With 
constant cell volumes and radial orientation near the
inlet wall, the predictions give a minimum pressure 
close to 0  and local maximum close to 180 , slightly
rotated in the negative angular direction with much
smaller static pressure variations than for Grid 1, 315 
Pa instead of 2100 Pa. There is also a larger mean

static pressure at the inlet wall, increasing the pressure 
recovery factor, Cpr.

The difference in inlet average static wall pressure
between Grid 1 and Grid 2 divided with the dynamic
pressure is equal to the difference in Cpr for the two 
grids. This indicates that the only thing separating the
pressure recovery predictions for the grids is the inlet 
static wall pressure. The result for Grid 2 is although 
more reasonable, despite the lower Cpr, as the inlet 
profiles are more uniform.

The larger predicted wall shear stress for Grid 2 
has evidently no noticeable influence on the pressure
recovery. In comparison, the mean wall shear stress at
the inlet is 75.1 Pa for Grid 2 and 65.1 Pa for Grid 1. 
Over the entire draft tube the difference decreases, as
the mean wall shear stress becomes 5.35 Pa for Grid 2
and 5.11 Pa for Grid 1. This difference will lead to a
distinction in Cpr as small as 0.0037 between Grid 1
and 2, this corresponds to 20 % of the difference in 
Cpr-bulk between the two grids. The total loss caused by 
the wall shear stress represent a decrease of 0.085 in 
Cpr for Grid 1.

Although y+ for Grid 1 varies with less than 1.8% 
from its mean value at the inlet wall, the variation in
static pressure and wall shear stress becomes up to ten
times bigger and thereby increases the pressure 
recovery factor. A y+ variation of 1.8% for grid 1 is 
equivalent to 18 μm for the cell centres distance to the 
wall. The cause of these large variations in y+,
pressure and wall shear stress is that, from being
circular at the inlet, the conical part becomes oval just
downstream section Ia with its main axis in the y-
direction. Thereby creating an alignment of the flow,
decreasing the static pressure at 90 . Fig 13 shows 
the radius at section Ia and 4 mm below section Ia.
The conical part maintains this oval shape until about 
200 mm below the inlet, where the ovals main axis 
shifts to lie in the x-direction. Fig 14 shows the radius 
at the wall at 0  and 90 over the initial conical part 
(the radius at 180  corresponds to the radius at 0  and 
the same for 270  and 90 ). This plot shows that the
geometry is more correct at 0  and 180  than at 90
and 270  for Grid 1.

DISCUSSION

The draft tube flow for the operational mode at the 
top of the propeller curve has been simulated with the 
standard k-  model. Both computations predict
roughly the same flow patterns with very similar
secondary flow features. A dominating, high-speed
vortex centred to the right of the draft tube is
calculated. The calculated engineering quantities show 
good agreement with the experimental ones.
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[6] Luleå University of Technology and
ERCOFTAC, 2001, T99 – workshop 2, homepage,
www.luth.se/depts/mt/strl/turbine99/download.htm.

The predicted pressure variation at the inlet gives
attention to the importance of using a correct 
geometry and a sufficiently good near wall resolution.
Small volume variations in the wall adjacent cells at
the inlet result in large pressure variations, drastically
changing the pressure recovery factor. As can be seen
in Table 2, Cpr, (the difference between Cpr-wall and 
Cpr-bulk) is caused by the integration of the normalised
pressure at C.S.Ia ( Cp Ia). Grid 1 causes an error of
0.13 units greater then that for Grid 2. This increase in
pressure recovery factor Cpr predicted for Grid 1 is
caused by the imperfect geometry of the initial conical
part, resulting in under-prediction of the wall shear 
stress and the static pressure at the wall at 90 .

Mesh/e.q. Grid 1 Grid 2  2-1 
Cpr-bulk  0.9166  0.9333  0.0167
Cpr-wall 1.2690 1.1523 -0.1167

Cpr  0.3524  0.2190 -0.1334
Cp Ia bulk -0.9255 -0.9344 -0.0089
Cp Ia wall -1.2746 -1.1579  0.1167

Cp Ia  0.3491  0.2235 -0.1256
Table 2:, Normalised pressure at C.S. Ia and Cpr

for Grid 1 and 2, and the difference between the two
grids.

rr

..

For a more thorough investigation of the quality of
draft tube flow simulation, a LES or a transient 
Reynolds stress model simulation with angular 
resolved velocities should be conducted.
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Figure 1a: Contours of x-velocity with secondary flow
as vectors for cross section II, Grid 1. 

Figure 2b: Contours of x-velocity with secondary flow
as vectors for cross section IVb, Grid 1. 

Figure 1b: Contours of x-velocity with secondary flow
as vectors for cross section III, Grid 1.

Figure 3:Pathlines from inlet, Grid 1.

Figure 2a: Contours of x-velocity with secondary flow
as vectors for cross section IVa, Grid 1. 

Figure 4: Velocity vectors under the runner cone, in the
mid plane, Grid 1. 
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Figure 8: Wall shear stress distribution at inlet wall, for
Grid 1. Figure 5: Back-flow region close to the draft tube

outlet, Grid 1.

Figure 9: y+ distribution at inlet wall, for Grid 1. Figure 6: Pressure distribution at inlet wall, for Grid 1.

Figure 10: Pressure profile at 0  and 90  over the inlet
radius, for Grid 2.

Figure 7: Pressure profile at 0  and 90  over the inlet
radius, for Grid 1.
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Figure 11: Pressure distribution at inlet wall, for
Grid 2. 

Figure 12: Radial coordinate for inlet wall and 4 mm below
cross section Ia. (Lower curve is for the inlet and upper
curve is for 4 mm’s below).

Figure 13: Radial coordinate, at the wall, at 0  and 90
for the conical part below the inlet, for Grid 1
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FINAL APPLICATION CHALLENGE 
DOCUMENTATION (D30) 

DRAFT TUBE 

1. DESCRIPTION 

1.1 INTRODUCTION 

An experimental study has been performed of the flow in a sharp-heel draft tube for a Kaplan 
turbine. The measurements were made at the Turbine Testing Facility at Vattenfall 
Utveckling AB in Älvkarleby, Sweden. The draft tube is the curved diffuser downstream of 
the runner in a water turbine, and the purpose of the draft tube is to recover as much as 
possible of the kinetic energy of the flow after the runner. The efficiency loss in the draft tube 
is particularly important for low-head, high flow Kaplan power stations. The complete model 
consists of a 1:11 scale copy of the power station Hölleforsen including the rotating Kaplan 
runner, which has a diameter of 0.5 m. Figure 1.1 shows the draft tube. The Reynolds number 
ReD, based on runner diameter and average velocity is 1 750 000.  

Figure 1.1. Schematic of Draft Tube Application Challenge. 

1.2 RELEVANCE TO INDUSTRIAL SECTOR 

The flow in fluid machinery often involves the application of diffusers to convert kinetic 
energy in the fluid into pressure rise. A detailed understanding of the physics of the flow in 
such diffusers is of fundamental importance in order to improve the efficiency of the diffuser. 
The pressure recovery in a draft tube, which is the curved diffuser downstream of the runner 
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in a water turbine, takes place in a very complicated geometry, which is determined by 
economic considerations regarding construction as well as fluid-mechanical considerations. 
Building costs are balanced against diffuser performance, and earlier designs (when building 
costs were relatively high) are optimised differently than modern designs. Whether the flow 
in the draft tube separates or not determines the ultimate pressure rise that can be achieved.  
When refurbishing old hydro-power plants, there is therefore a potential for improving the 
pressure recovery in the draft tube by modifying the geometry of the draft tube. In order to 
utilise this potential, validated CFD tools are necessary.
The flow downstream of the runner in a water turbine, which is the inlet flow to the draft 
tube, is complicated with both a swirling mean flow, a periodic velocity component, and 
turbulence. The flow in the draft tube itself is composed by several co-existing flow 
phenomena or flow regimes: boundary layers in positive pressure gradient, flow curvature, 
flow rotation, and possibly (2- or 3-D) flow separation, thus creating a real application 
challenge. The test case put forward here is designed to test the ability of CFD codes to 
predict the pressure rise and flow field for such problems.  

IMPORTANCE (to design/assessment needs)    High X          Med.                  Low

1.3 DESIGN OR ASSESSMENT PARAMETERS 

The main assessment parameters (DOAPs) for this AC are 

Pressure recovery factor Cpr

Energy loss coefficient 
Kinetic energy correction factors axial and swirl

Momentum correction factor 
Swirl intensity S 

The by far most important single assessment parameter is the pressure recovery factor. 
Details of how to calculate each one of these are described below. 

Pressure recovery factor

The pressure recovery factor is defined as: 

2
::

    wall

2
1

in

wallinwallout
r

A
Q

PPCp , (1) 

where Pout:wall is the outlet averaged static wall pressure at cross section IVb (fig. 1.3 and 1.4), 
Pin:wall is the inlet averaged static wall pressure at cross section Ia (fig. 1.3 and 1.4),  is the 
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density, Q is the flow rate (m3/s) and Ain is the area at cross section Ia (fig. 1.3 and 1.4). 
Observe that Ain does not include the runner cone in the centre of the inlet.

The inlet averaged static wall pressure, Pin:wall, has bean found very sensitive to the inlet 
conditions and the geometry at the inlet. Therefore, an alternative Cpr average,

2
::

average  

2
1

in

meaninmeanout
r

A
Q

PPCp , (2) 

has also been used in the evaluation of the results, where Pout:mean and Pin:mean are the averaged 
static pressures across these sections. Note: Pout:mean for the experiments is estimated with 
Pout:wall, since the pressure has only been determined at the wall at the outlet section. 
Cpr average is a direct result of the whole field solution for all variables (if the pressure is set at 
the outlet) and much less sensitive to different changes at the inlet. Unfortunately it is more 
difficult to determine experimentally, resulting in larger uncertainty.  

The pressure recovery factor indicates the degree of conversion of kinetic energy into static 
pressure where a higher value means higher efficiency for the draft tube. The exact value of 
the pressure recovery factor depends on the whole field solution and can be seen as an integral 
property of the solution. 

Energy loss coefficient

p u dA p u dA
u

u dA
u

u dA

u
u dA
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2 2
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1 1

2 2

2
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1

 (3) 

where a lower value means higher efficiency for the draft tube. Index 1 refers to cross section 
Ia (fig. 1.3 and 1.4) and index 2 refers to cross section IVb (fig. 1.3 and 1.4). This coefficient is 
directly coupled to the losses in the system but is seldom used in experimental work since it 
requires knowledge about the variables over the whole inlet and outlet cross section. However, 
in CFD it is easily calculated. 

Kinetic energy correction factors axial and swirl at cross section Ia and cross section III : 

axial
A

Au
u dA1

3
3

ax
ax  (4) 

swirl
A

Au
u u dA1

3
2

ax
tang ax  (5) 
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ity)mean veloc using computedflux energy  (Kinetic)(fluxenergy  kinetic True swirlaxial

True specific kinetic energy: e
Au

u u dA
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u dA u u dAkin
A AA
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2

1
2

2 3 2

ax
ax

ax
ax tang ax

Specific kinetic energy is computed using mean velocity: e
u

kin
ax
2

2

where A is the cross section area, u is the local magnitude of the total velocity vector, uax is the 
mean axial velocity perpendicular to the cross section = Q/A, uax is the local axial velocity and 
utang is the local tangential velocity. 

Momentum correction factor which is defined as: 

True momentum flux
Momentum flux computed using mean velocity

1
2

2

Au
u dA

ax A

 (6) 

where u is the local velocity, uax  is the mean axial velocity and A is the cross sectional area. 

All of axial, swirl and  characterise the nonuniformity of the velocity profile. 

Swirl intensity S at cross section Ia and cross section III: 

S

u r u dA

u dA
R

u u r dr

u rdr
R

A

A

r

r R

r

r R

tang ax

ax

ax tang

ax

angular momentum flux
axial momentum flux

2

2

2

1 0

0

0

0
 (7) 

where uax is the axial velocity, utang the tangential velocity, r0 the inner radius and r0+R the 
outer radius (see fig. 1.5). 

Still another pressure coefficient can be defined as 

Q
A
Q

2
1

dApudApu
'C 2

1

A A
axax

p
2 1    (8) 

in terms of which the loss coefficient, , can be written as 
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1

p
2

2

1

1

2 'C
A
A1    (9) 

where 1 and 2 are the sum of the swirl components at inlet and outlet, respectively. Since the 
last term in this expression is close to unity, the evaluation of  is ill-conditioned, a fact that 
will be discussed in some detail when assessing the accuracy of 

1.4 FLOW DOMAIN GEOMETRY 

The flow geometry associated with the AC is specified below. The geometry is also available 
in different CAD-formats at http://www.sirius.luth.se/strl/Turbine-99/index.htm. At the 
project home page some additional geometric information and a link to a ‘start’ grid that can 
be used for a grid-independent check of the CFD-numerics. 
Figure 1.2 is a drawing of the entire draft tube. In Figure 1.3 one can see a sketch of available 
measurements at different cross sections, and in Figure 1.4 and Figure 1.5 exact locations for 
measurements for each cross section are given. Figure 1.6 defines the co-ordinate system 
used. Figure 1.7 shows the location of the upper and lower centre lines of the draft tube. 

http://www.sirius.luth.se/strl/Turbine-99/index.htm
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Figure 1.2. A definition of the draft tube geometry. (Complete information is available in the CAD-file). 
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Figure 1.3. Describes LDV and pressure experimental cross sections. This figure also shows the 
visualisation areas. 

Figure 1.4. Describes exact location of LDV and pressure experimental cross sections. 
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Figure 1.5. Side and top view of the inlet cone of the test draft tube. 

Figure 1.6. Coordinate system. 

Figure 1.7. Upper and lower (wall) centreline. 
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1.5 FLOW PHYSICS AND FLUID DYNAMICS DATA 

The flow in the draft tube (AC) is turbulent, incompressible (with no heat transfer, chemical 
reactions etc). The fluid is water (at 15 C)

The governing parameters for the AC are: 
Operational parameters for the test-rig: 

N11 Unit runner speed ( DN/ H ) 
Q11 Unit flow ( Q/D2 H ) , 

resulting in the non-dimensional Reynolds number(s) for the flow in the AC: 
ReH Reynolds number ( (2gH)D/  ) 
(ReQ Reynolds number ( (4Q/ D2)D/  )) 

Here H is the total head, Q is the flow rate, D is the runner diameter and N is the runner 
speed.
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2. TEST DATA 

2.1 OVERVIEW OF TESTS 

The data bank consists of data for two main cases. The first case is on-cam i.e. the top-point 
(T) on the propeller curve (single runner blade angle curve). The second case is off-cam i.e. 
the right-leg (R) on the propeller curve. Both are conducted at 60 % load, which is close to 
the best efficiency for the system, and at the same test head (H = 4.5 m). 
The measurements were carried out during a period of five years. The model broke during 
this period and it was not possible to exactly repeat the same conditions after the accident. 
Therefore the data has been divided into before (r) and after (n), e.g. T(r) in the text (or Tr in 
file names) refers to the early Case T measurements. A more thorough discussion, that 
describes the different operational modes, can be found in Andersson (2003a). The (r)-
measurements were used as initial conditions for both Turbine 99-workshops, while (n)-
measurements are more complete with data at outlet section II and III.  
The exact settings of the runner speed, N, and the resulting flow, Q, (i.e. PDPs) and the 
corresponding unit speeds, N11 and Q11 (i.e. GNDPs), are shown in Table EXP-A. In Figure 
2.1 one can see an overview of the relation between the operational modes. 

Figure 2.1. Sketch of the propeller curve and location of the test cases. 

The flow of the draft tube has been studied with visualisations to get an overview of the main 
flow regimes. LDV has been used at a number of cross sections for velocity measurements. 
Wall pressure measurements has been performed to evaluate the performance of the draft 
tube. Figure 1.3 and 1.4 gives a description of the geometric location of each type of 
measurement. The available data has been listed in Table EXP-B. 

In Andersson and Karlsson (1999) and Andersson (2003 a,b) a presentation of the methods 
used and a thorough discussion of the quality of the experimental data can be found. 
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2.2 TEST CASE DATA 

2.2.1 Description of experiment 

Case T and R are a collection of all experimental data, collected at each operational mode. 
The setting of GNDPs and PDPs can be found in Table EXP-A for each case. In section 1.4 a 
description of the geometric location of each type of measurement is given. 
This paragraph is followed by a brief description of the available boundary conditions, a 
presentation of typical measurement errors at each section. After that follows a listing of 
available data files, first for Case T and second for Case R.

2.2.2 Boundary Data 

The velocity measurements at section Ia serve as inlet conditions for the draft tube. These 
include the axial and the tangential mean and RMS velocity components. However, the radial 
velocity component is missing. More details can be found Gebart, Gustavsson and Karlsson 
(2000).
The model walls are painted steel surfaces and the surface roughness is estimated to be in the 
order of 10 m, therefore the walls can be considered to be hydraulically smooth with the 
typical velocities in the experiment. Between model parts there can be discontinuities and 
weld seams that can cause local losses. 
In Andersson (2003c) additional information e.g. about periodic behaviour at the inlet can be 
found. Also see section 3.2.3. regarding assumptions and settings used and recommended for 
CFD calculations. 

2.2.3 Measurement Errors 

In Andersson and Karlsson (1999) a thorough discussion of the quality of the experimental 
data can be found. Typical results from the evaluation can be seen in Table 1 and 2 (for case 
T). There is no major difference between case T and R. These are averaged values. The 
individual error estimation for each raw data value can be found in the supplied raw data files. 
Table 2.1. The relative errors (%) in axial / tangential (or horizontal) mean velocity.  

C.s. Ia C.s. Ib C.s. III 
Random error  2.0 % /  3.5 %  2.0 % /  3.5 %  3.0 % /  5.0 % 
Velocity bias 
(axial component) 

< +0.9 % < + 1.4 % < + 3.6 %

Probe volume 
location

 1 % /  1-2 %  0.5 % /  
 0.5-5% 

 0.25 % /  
 0.25 % 

Leakage - 2 % - -
Symmetry  1 % /  1.25 %  2 % /  2.5 % -
Total error 

axial
tangential

x1  <  <  x2
- 4.1 %  +1.3 % 
- 5.2 %  + 3.1 % 

x1  <  <  x2
- 2.0 %  + 4.3 % 

>-5.9 %  <+7.9 %

x1  <  <  x2
- 1.5 %  + 6.6 % 
- 3.5 %  + 8.6 % 
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Table 2.2. Test of internal concistency (Q_int is the flow rate integrated from velocity 
measurements) 

C.s. Ia * C.s. Ib C.s. III 
Umean [m/s] 3.54 2.44 1.01 
Vmean [m/s] 0.82 0.69 0.08 
Q_int/Q [ ] 0.97 1.03 1.00 

* mean values for the two measured cross sections 

2.2.4 Measured Data

The raw data files (*.dat, see below) are stored in ASCII-format. If nothing else is specified 
the format of the files used, is: 

Header lines  
position(x, y and z-coordinates) mean values rms values error margins 

Velocity data is normalised with the mean value of the local average velocity (Q/Area of 
cross section) and pressure data is normalised with the dynamic pressure at the inlet and the 
pressure reference level is set to one at section IVb. The data has not been interpolated or 
otherwise manipulated if nothing else is stated. 
In Andersson (1999, 2003a, 2003b) most of the data is presented and the main flow features 
discussed. (All contributions to Turbine 99-Workshop 2 are collected in the proceedings, 
Engström et al (2003)). 

Exp 1a and 1b: Case T 

Derived data: 

DOAP:s calculated at available cross sections for case T(r). 
TrDOAP.dat
DOAP:s calculated at available cross sections for case T(n). 
TnDOAP.dat

Visualisations: 
A number of pictures that describes the flow for Case T. The visualisations have focused on 
the streamlines close to the wall. 
The pictures are stored in jpeg-format. 

Figure 2.2. Streamlines close to the wall at the inlet cone.  
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A. Left view B. Top view 

C. Right view D. Down stream view (c.s. III) 

   

Figure 2.3. Streamlines close to the surface at the elbow and outlet diffuser. 

Velocity and pressure measurements: 

Section Ia 

Figure 2.4. The normalised mean velocity components at profile Ia(1). 

Normalised axial and tangential velocity measurements at cross section Ia,  
along profile 1 (-10 ), for Case T(r). (See Figure 1.5).
TrIa1.dat
Normalised axial and tangential velocity measurements at cross section Ia,  
along profile 2 (180 ), for Case T(r). (See Figure 1.5).
TrIa2.dat
Normalised axial and tangential velocity and pressure measurements  
at cross section Ia, along profile 1 (-10 ), for Case T(n). (See Figure 1.5).
TnIa1.dat
Normalised static and dynamic pressure measurements at cross section Ia,  
along profile 3 ( -80 ), for Case T(n). (See Figure 1.5).
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TnIa3.dat
Normalised wall pressure measurements at cross section Ia,  
for Case T(n). (See Figure 1.5).
TnIaW.dat

Section Ib 
Normalised axial and tangential velocity and pressure measurements  
at cross section Ib, along profile 1 (-80 ), for Case T(r). (See Figure 1.5).
TrIb.dat
Normalised axial and tangential velocity and pressure measurements  
at cross section Ib, along profile 1 (-80 ), for Case T(n). (See Figure 1.5).
TnIb.dat

Section II 

Figure 2.5. The axial (contours) and horizontal (vectors) velocity components at c.s. II (down stream view). 

Normalised axial and tangential velocity and pressure measurements  
at cross section II for Case T(n). (See Figure 1.4).
TnII.dat

Section III 
Normalised axial and tangential velocity and pressure measurements  
at cross section III, for Case T(n). (See Figure 1.4).
TnIII.dat

Section IVb 
Normalised wall pressure measurements at cross section IVb, for Case T(r).  
 (See Figure 1.4).
TrIVb.dat

Centrelines
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Normalised wall pressure measurements along the upper centre line,
for Case T(n). (See Figure 1.7).
TnUcl.dat
Normalised wall pressure measurements along the lower centre line,
for Case T(n). (See Figure 1.7).
TnLcl.dat

Exp 2a and 2b Case R 

Derived data: 

DOAP:s calculated at available cross sections for case R(r). 
RrDOAP.dat
DOAP:s calculated at available cross sections for case R(n). 
RnDOAP.dat

Visualisations: 
A number of pictures that describes the flow for Case R. The visualisations have focused on 
the streamlines close to the wall. 
The pictures are stored in jpeg-format. 

Figure 2.6. Streamlines close to the wall at the inlet cone. 

A. Left view B. Top view 

C. Right view D. Down stream view (c.s. III) 

Figure 2.7. Surface streamlines at the elbow and the first part of outlet diffuser. 
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Velocity and pressure measurements: 

Section Ia 

Figure 2.8. The normalised mean velocity components at profile Ia(1). 

Normalised axial and tangential velocity measurements at cross section Ia,  
along profile 1 (-10 ), for Case R(r). (See Figure 1.5).
RrIa1.dat
Normalised axial and tangential velocity measurements at cross section Ia,  
along profile 2 (180 ), for Case R(r). (See Figure 1.5).
RrIa2.dat
Normalised axial and tangential velocity measurements at cross section Ia,  
along profile 1 (-10 ), for Case R(n). (See Figure 1.5).
RnIa1.dat
Normalised static pressure measurements at cross section Ia,  
along profile 3 ( -80 ), for Case R(n). (See Figure 1.5).
RnIa3.dat

Section Ib 
Normalised axial and tangential velocity measurements at cross section Ib,  
along profile 1 (-80 ), for Case R(r). (See Figure 1.5).
RrIb.dat
Normalised axial and tangential velocity measurements at cross section Ib,  
along profile 1 (-80 ), for Case R(n). (See Figure 1.5).
RnIb.dat
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Section II 

Figure 2.9. The axial (contours) and horizontal (vectors) at c.s. II. 

Normalised axial and tangential velocity and pressure measurements  
at cross section II for Case R(n). (See Figure 1.4).
RnII.dat

Section IVb 
Normalised wall pressure measurements along at cross section IVb, for Case R(r).  
(See Figure 1.4).
RrIVb.dat

Centrelines
Normalised wall pressure measurements along the upper centre line, for Case R(n).
(See Figure 1.7).
RnUcl.dat
Normalised wall pressure measurements along the lower centre line, for Case R(n).
(See Figure 1.7).
RnLcl.dat

2.2.5 References 

Andersson U. and R. Karlsson (1999) Quality aspects of the Turbine 99 draft tube 
experiments In: Proceedings from Turbine 99 – workshop on draft tube flow, Technical 
report, Luleå University of Technology, Sweden 
Andersson U. (1999) Turbine 99 – Experiments On Draft Tube Flow (Test Case T) In: 
Proceedings from Turbine 99 – workshop on draft tube flow, Technical report, Luleå 
University of Technology, Sweden 
Andersson U. (2000) An experimental study of the flow in a Sharp-Heel Draft Tube, 
Licentiate Thesis 2000:08, Luleå Unversity of Technology, Sweden 



                                               
 Contract No.: A THEMATIC NETWORK FOR QUALITY AND TRUST             
                   GTC1-CT99-10030 IN THE INDUSTRIAL APPLICATION OF CFD    NOV 11, 2003 
 ______________________________                                                          
 Document Code:  Page 20 
                           TA6 D30/07 Final Application Challenge documentation (D30)   Draft Tube  VUAB/rk,ua

Andersson U. (2003a) Turbine 99 – Experiments On Draft Tube Flow (Test Case R) In: 
Proceedings from Turbine 99 – workshop 2 on draft tube flow. 
Andersson U. (2003b) Test Case T – some new results and updates since Workshop I. In: 
Proceedings from Turbine 99 – workshop 2 on draft tube flow. 
Andersson U. (2003c) Time resolved velocities at the inlet of the draft tube. To be 
submitted. 
Gebart B.R., Gustavsson L.H. and Karlsson R.I. (editors) (2000) Proceedings of Turbine-99 
– Workshop on draft tube flow in Porjus, Sweden, 20-23 June 1999, Technical report , 
2000:11 from Luleå University of Technology, Luleå, Sweden. ISSN:1402-1536. 
Engström, T.F., Gustavsson, L.H., & Karlsson, R.I. (2003), Proceedings of Turbine-99 - 
Workshop 2. The second ERCOFTAC Workshop on Draft Tube Flow. Älvkarleby, Sweden, 
June 18-20 2001. Available on the web, http://www.sirius.luth.se/strl/Turbine-99/index.htm.
In text called Proc.W2.

http://www.sirius.luth.se/strl/Turbine-99/index.htm
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3. CFD SIMULATIONS 

3.1 OVERVIEW OF CFD SIMULATIONS 

Two international workshops, focused on this test case, have been organised: Turbine-99 -  
Workshop on Draft Tube Flow, Porjus, Sweden, 20-23 June 1999 (for Proceedings see Gebart 
et al., 2000a, hereafter in the text called Proc.T99W1), and Turbine-99 - Workshop 2 on Draft 
Tube Flows, Älvkarleby, Sweden, June 18-20, 2001 (for Proceedings see Engström et al. 
2003, http://www.sirius.luth.se/strl/Turbine-99/index.htm, hereafter in the text called 
Proc.T99W2)). Brief summaries of the workshops have also been presented at the 20th and 
21st IAHR Symposia on Hydraulic Machinery and Systems in Charlotte, N.C. 2000 (Gebart et 
al., 2000b), and in Lausanne, respectively, (Engström et al., 2002). 
The first workshop was organised as a blind test and attracted 18 participants who contributed 
with comparison data and papers to the proceedings. The geometry and the axial and 
tangential velocity components at the inlet section were specified, while most of the 
remaining options were left to the participants to decide upon, e.g. grid and radial velocity 
component at the inlet. The focus was from an engineering point of view, to get an 
understanding of the difficulties of CFD-simulations and possible variations between different 
CFD-simulations of the test case. The first workshop showed that the case was very sensitive 
to different settings and the resulting Cp varied with up to  50 %. The reasons were as stated 
above: the choice of inlet boundary condition for the radial velocity had a large effect on the 
pressure recovery, many solutions were obtained on very coarse grid, various turbulence 
models were used, etc. To summarize: most of the computations were not performed 
according to the ERCOFTAC Best Practice Guidelines for Quality and Trust in Industrial 
CFD, which formally came out in the beginning of 2000 (Casey and Wintergerste, editors, 
2000). Detailed results from the first workshop are available from Luleå University of 
Technology, Div. of Fluid Mechanics, see  Proc.T99W1, Gebart et al (2000a). Since these 
results to a large extent are superseded by the results from the second workshop, we will not 
further discuss the results from the first workshop. 
The second workshop focused more on quality and it was recommended to use the 
ERCOFTAC Best Practice Guidelines (Casey and Wintergerste, 2000) as a guide when 
performing computations. For this workshop the grid, the radial velocity component, 
turbulence model etc were specified for one test case, (case T), to get a reference solution 
from every participant in order to reduce the spread between the calculations. And for the 12 
participants the variation in Cpr was reduced to  20 %. Engström et al. 2001, Engström et al., 
2003. The difference was still very big based on Cpr wall, considering that all affecting 
variables should be the same. If one instead looks at Cpr mean the difference is only  7 %. 
In this document a brief comparison between the CFD-simulations will be given to 
demonstrate the agreement and differences between CFD results and experiments, with focus 
on the results from the second workshop. Results regarding engineering quantities (of which 
many are exactly the design or assessment parameters, DOAP:s, defined for the test case) will 
be given for computations by all participants. A “typical” simulation of the standard test case 
T is then chosen to enable more detailed comparisons with the experiments. 
The participating groups and their acronyms are given in Table 3.1

http://www.sirius.luth.se/strl/Turbine-99/index.htm
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Table 3.1. List of acronyms 
Acronym Authors Affiliation CFD code 
AEAT Holger Grotjans AEA Technology GmbH CFX-TASCflow 

Germany 

CKD Ales Skotak CKD Blansko Engineering, a.s. FLUENT 
Czech Republic

HQ Maryse Page IREQ – Institute de recherche CFX-TASCflow
Anne-Marie Giroux  d’Hydro-Quebec FIDAP 

Canada FINE/Turbo 
HTC Katsumasa Shimmei Hitachi, Ltd. 

Takanori Ishii 
Kazuo Niikura 

NUT Sadao Kurosawa Toshiba Corporation, Japan 
Tomotatsu Nagafuji Nagoya University, Japan 
Debasish Biswas Toshiba Corporation, Japan 

TEV Per Egil Skåre Sintef Energy Research, Norway FLUENT 
Ole Gunnar Dahlhaug Norwegian University of  

Science and Technology, Norway

VUAB Staffan Jonzén Vattenfall Utveckling AB FLUENT 
Bengt Hemström 
Urban Andersson 

Iowa Yong. G. Lai Iowa Institute of Hydraulic U2RANS 
V.C. Patel Research, U.S.A. 

LTU Michel Cervantes Luleå University of Technology CFX-4.3 
Fredrik Engström Sweden 

EXA Alain Bélanger Exa Corporation, U.S.A. PowerFlow 

Experiment Urban Andersson Vattenfall Utveckling AB 

Table 3.2 contains a summary description of all test cases. 

Table 3.3 is a description of all available data files which the computors were asked to 
provide from their computations. The data from VUAB:s computation are chosen to illustrate 
typical computational results for the case T(r ). 
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3.2 SIMULATION CASE 

3.2.1 Solution strategy 

The different workshop participants used different codes, both commercial and in-house 
codes, based on either FVM and FEM, as shown in Table 3.1 where some basic information is 
available. It was also planned that each group should fill in a Table like Table 3.4. This was 
however not possible. As an example, however, we show Table 3.4 filled in by ourselves 
(VUAB), since VUAB:s results for test case T has been chosen as representing typical results. 
All relevant settings for the group can be seen in Table 3.4. 

Table 3.4. Solution strategy chosen by VUAB, test case T.  

Solution acronym VUAB
Test case T
Operating condition 
CFD code (version) Fluent 6.0.20 
Authors Jonzén S., Hemström B. & Andersson U. 
Affiliations Vattenfall Utveckling AB. 
Report date June 2001, later revised 

References Jonzén S., Hemström B. & Andersson U: ”Turbine 99 – Accuracy 
in CFD Simulations on Draft Tube Flow”,paper in Proc.T99W2.  

Computational
topics

Description Parameter

Discretization method 

Governing equations Continuity, momentum, turbulent 
kinetic energy, turbulent dissipation.

Turbulence modelling Standard k-epsilon 

Near-wall treatment Standard wall functions K=0.42, E=9.793 

Discretization scheme QUICK. Second order upwind for 
pressure 

Mesh Modification of first grid by Lai, 
707760 cells 

Fluid properties =1000 kg/m3, =1006*10-3  
Ns/m2 

Inlet boundary conditions Velocities, k and  are specified 

Outlet boundary 
conditions 

Static pressure=0 

Convergence criteria Stable residuals and monitor value 
of velocity. 
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Although not provided in the same format here or in ProcT99W2, the corresponding 
information for the other computations according to the table of acronyms can be extracted 
from the separate papers included in Proc.T99W2.

3.2.2 Computational Domain 

To reduce the variation in results from the first workshop, a common grid was supplied to the 
workshop participants. The grid is available at http://www.sirius.luth.se/strl/Turbine-
99/index.htm.
Due to geometrical problems at the first part of the grid and a rather bad grid quality at the 
elbow, one conclusion from the second workshop was that an improved grid was needed. 
Some authors modified in various ways the given grid or used their own grid.

3.2.3 Boundary Conditions 

A full summary of experimental data needed to set up a CFD-problem can be found in 
http://www.sirius.luth.se/strl/Turbine-99/index.htm. The file contains information on the two 
main velocity components at the inlet, information on the wall roughness, wall pressures at 
the outlet and suggested assumptions for the third (radial) velocity component at the inlet that 
can be used to verify CFD-calculations against other simulations. 
Both workshops used experimental data from (r) data set and for verification of the quality of 
a code it is recommended that these data is used with the specifications of Case 1 (T) of the 
second workshop since this offers the best opportunity for comparisons with other 
computations. However, for the future validation of the codes the calculations should be 
focused on the (n) data set since this offers the most consistent data set with a ‘complete’ set 
of velocity measurements from section I to section III. In the next chapter some additional 
requirements to obtain simulations with a good agreement with the experiments will be 
discussed.

3.2.4 Application of physical models 

Most groups used wall functions. 
For the second workshop a constant turbulent length scale at the inlet was suggested. Several 
workshop participants pointed out that this was not the best possible estimate. A better 
estimate would be a smaller length than recommended by the organisers. 

3.2.5 Numerical Accuracy 

Bergström (2000) made a thorough study of the numerical accuracy. The grid error was < 7 % 
and the iterative error was less than 0.8 %, however, a new grid caused an increase in e.g. Cp 
of 20%. This shows that the grid topology is very important and that ordinary refinement 
strategies might not be enough to reveal the total grid error. 
The variation in the results between the participants serves as a measurement of the total 
accuracy comparing different CFD-codes and discretisation schemes. For Case T(r) most 
participants used the recommended grid, which facilitates comparisons between different 
computed results. 

http://www.sirius.luth.se/strl/Turbine-99/index.htm
http://www.sirius.luth.se/strl/Turbine-99/index.htm
http://www.sirius.luth.se/strl/Turbine-99/index.htm
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Comparing different computations revealed that the evaluation of the DOAP:s was extremely 
sensitive to the evaluation algorithm. Therefore, these parameters were recomputed by the 
organisers to reduce the error and to give a constant numerical error. Details are given in 
Engström et al (2003). 

3.2.6 CFD Results 

Grid:

Workshop 2-grid
New grid 

Derived data for comparison: 

ASCII-files with DOAP:s for the different cases submitted to the workshop for comparisons. 
DOAP:s calculated at available cross sections for case T(r). Both workshop 1 and 2. 
TrDOAP_CFD.dat
DOAP:s calculated at available cross sections for case R(r). Workshop 2. 
RrDOAP_CFD.dat

Case T 

Velocity and pressure values: 

Section Ia 
Computed velocity components and normalised pressure (Cp)  
at cross section Ia, for Case T(r). (See Figure 1.5).
TrIa_VelCp_CFD.dat
Computed turbulent kinetic energy and turbulent dissipation rate
at cross section Ia, for Case T(r). (See Figure 1.5).
TrIa_keps_CFD.dat
Computed normalised wall pressure (Cp) at cross section Ia, for Case T(r).
 (See Figure 1.5).
TrIaW_CFD.dat
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Section Ib 
Computed velocity components and pressure normalised pressure (Cp) at cross section Ib,
for Case T(r). (See Figure 1.5).
TrIb_CFD.dat

Section II 
Computed velocity components and normalised pressure (Cp) at cross section II
for Case T(r). (See Figure 1.4).
TrII_CFD.dat

Section III 
Computed velocity components and normalised pressure (Cp) at cross section III,
for Case T(r). (See Figure 1.4).
TrIII_CFD.dat
Computed turbulent kinetic energy and turbulent dissipation rate at cross section III,  
for Case T(r). (See Figure 1.5).
TrIII_keps_CFD.dat

Section IVa 
Computed velocity components and normalised pressure (Cp) at cross section IVa,
for Case T(r). (See Figure 1.4).
TrIVa_CFD.dat

Section IVb 
Computed velocity components and normalised pressure (Cp) at cross section IVb,
for Case T(r). (See Figure 1.4).
TrIVb_CFD.dat
Computed normalised wall pressure (Cp) at cross section IVb, for Case T(r).  
(See Figure 1.4).
TrIVbW_CFD.dat

Centrelines
Computed normalised wall pressure along the upper centre line, for Case T(r).  
(See Figure 1.7). 
TrUcl_Cp_CFD.dat
Computed normalised wall pressure along the lower centre line, for Case T(r).  
(See Figure 1.7). 
TrLcl_Cp_CFD.dat
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Computed normalised wall shear stress (Cf) along the upper centre line,
for Case T(r). (See Figure 1.7). 
TrUcl_Cf_CFD.dat
Computed normalised wall shear stress (Cf) along the lower centre line,  
for Case T(r). (See Figure 1.7). 
TrLcl_Cf_CFD.dat

Case R 

Velocity and pressure values: 

Section Ia 
Computed velocity components and normalised pressure (Cp)  
at cross section Ia for Case R(r). (See Figure 1.5).
RrIa_VelCp_CFD.dat
Computed turbulent kinetic energy and turbulent dissipation rate
at cross section Ia, for Case R(r). (See Figure 1.5).
RrIa_keps_CFD.dat
Computed normalised wall pressure (Cp) at cross section Ia, for Case R(r).  
 (See Figure 1.5).
RrIaW_CFD.dat

Section Ib 
Computed velocity components and pressure normalised pressure (Cp)  
at cross section Ib, for Case R(r). (See Figure 1.5).
RrIb_CFD.dat

Section II 
Computed velocity components and normalised pressure (Cp)  
at cross section II for Case R(r). (See Figure 1.4).
RrII_CFD.dat

Section III 
Computed velocity components and normalised pressure (Cp)  
at cross section III, for Case R(r). (See Figure 1.4).
RrIII_CFD.dat
Computed turbulent kinetic energy and turbulent dissipation rate
at cross section III, for Case R(r). (See Figure 1.5).
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RrIII_keps_CFD.dat

Section IVa 
Computed velocity components and normalised pressure (Cp)  
at cross section IVa, for Case R(r). (See Figure 1.4).
RrIVa_CFD.dat

Section IVb 
Computed velocity components and normalised pressure (Cp)  
at cross section IVb, for Case R(r). (See Figure 1.4).
RrIVb_CFD.dat
Computed normalised wall pressure (Cp) at cross section IVb, for Case R(r).  
 (See Figure 1.4).
RrIVbW_CFD.dat

Centrelines
Computed normalised wall pressure along the upper centre line, for Case R(r).  
(See Figure 1.7). 
RrUcl_Cp_CFD.dat
Computed normalised wall pressure along the lower centre line, for Case R(r).  
(See Figure 1.7). 
RrLcl_Cp_CFD.dat

Computed normalised wall shear stress (Cf) along the upper centre line, for Case R(r).  
(See Figure 1.7). 
RrUcl_Cf_CFD.dat
Computed normalised wall shear stress (Cf) along the lower centre line,  
for Case R(r). (See Figure 1.7). 
RrLcl_Cf_CFD.dat

3.2.7 References 

Bergström, J. (2000). “Modeling and Numerical Simulation of Hydro Power Flows”. Doctoral 
Thesis 2000-06, Luleå University of Technology, Department of Mechanical Engineering, 
Division of Fluid Mechanics.
Casey M. & Wintergerste T. (editors). (2000) ERCOFTAC Best Practice Guidelines. 
ERCOFTAC Special Interest Group on “Quality and Trust in Industrial CFD. 
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Gebart B.R., Gustavsson L.H. & Karlsson R.I. (editors) (2000a) "Turbine 99 – Workshop on 
Draft Tube Flow”. Technical Report 2000-11, Luleå University of Technology, Department 
of Mechanical Engineering, Division of Fluid Mechanics.
Gebart B.R., Gustavsson L.H. & Karlsson R.I. (2000b) "Report from Turbine 99 – Workshop 
on Draft Tube Flow in Porjus, Sweden, 20-23 June 1999”. Paper presented at the 20th IAHR 
Symposium Hydraulic Machinery and Systems. Aug. 6-9, 2000, Charlotte, North Carolina, 
U.S.A.
Engström T.F., Gustavsson L.H. & Karlsson R.I. (2002) "Report from Turbine 99 – 
Workshop 2 on Draft Tube Flow”. The second ERCOFTAC Workshop on Draft Tube Flow, 
held in Älvkarleby, Sweden, June 18-20, 2001. Paper presented at the 21st IAHR Symposium  
Hydraulic Machinery and Systems,  Lausanne, Switzerland,  Sept. 2002 
Engström, T.F., Gustavsson, L.H., & Karlsson, R.I. (2003), Proceedings of Turbine-99 - 
Workshop 2. The second ERCOFTAC Workshop on Draft Tube Flow. Älvkarleby, Sweden, June 
18-20 2001. Available on the web, http://www.sirius.luth.se/strl/Turbine-99/index.htm
In text called Proc.W2. 

http://www.sirius.luth.se/strl/Turbine-99/index.htm
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4. EVALUATION - COMPARISON OF CFD RESULTS AND TEST DATA

Both workshops used (r) as BC but (n) is currently the most complete test case. It is therefore 
recommended that future calculations use the (n)-set of data for each case for comparisons 
with the experiments. However, if the purpose is e.g. to validate a new code or for some other 
reason compare with other computations the (r)-set of data is still recommended.  
Thus, data presented here are all based on computations using the (r) inlet boundary condition 
for both the T test case and the R test case. Comparison of CFD with test data may be 
qualitative (e.g. scatter plots, contour plot comparison) or quantitative (statistical measures, 
e.g. mean bias and variance). Particular focus is given to comparisons between measured and 
calculated DOAP:s. All data discussed here are available in the Proc-W2. 

4.1 ENGINEERING QUANTITIES AND DOAP:s 

The results on engineering quantities, calculated by the contributors themselves, for both the 
T and the R test cases, are presented in Table 4.1.
In Table 4.2. is presented the engineering quantities for all computations, evaluated in a 
uniform way as described in Proc-W2, Appendix C1. Table 4.3 shows the major design and 
assessment parameters (DOAP:s) from experiment and simulations. Figure 4.1 present the 
results in graphical form. 

4.1.1 Discussion 

A comparison between results in Tables 4.1 and 4.2 shows immediately, in some cases, large 
difference in computed results, depending on how the engineering parameters are estimated 
(how extrapolation to the wall is carried out, etc.), and the code used. This is particularly 
important for Cpr,wall and .
It is also clear that there is a large difference between computed Cpr,wall and Cpr,average. The 
reason for this latter discrepancy is the following: Radial pressure distributions, 
experimentally determined and computedcurves, in CSIa, were shown in Proc.T99W2, Part2, 
pp.55-58. For the experimental profile, see also Andersson (2003b), fig.19. 
An analysis of these figures clarifies the main reason for the large values of Cpr,wall, and also 
for the large scatter in Cpr,wall:
The computed radial pressure distributions generally fall of sharply near the outer wall 
whereas the experimental distributions exhibit a sharp rise in pressure in this region, followed 
by a very small decrease just at the wall. The computed wall pressures at CSIa are therefore 
much lower than the average pressure over the same cross-section. Cp,wall is thus dominated 
by the wall-value, which is not representative for the average pressure. Using the average or 
average pressure over the inlet cross-section therefore gives a much more representative (and 
lower) Cpr, as shown in Table 4.2. (generally Cpr,wall is 1.14-1.66, and Cpr,average is 0.89-0.99). 
The main reason for this difference in radial pressure distribution is that the grid in this region 
is not fine enough and that it does not represent the true surface geometry sufficiently 
accurate. Evidence of this can be found in Proc.T99W2, paper by Jonzén et al. (2003), Table 
2, where a much finer grid than the standard grid recommended by the organizers, gave a 
difference in Cpr,wall of -0.12, that is, a 10 % decease in Cpr,wall. So, in spite of the relatively 
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fine grid that was proposed by the organizer, it is found that this grid is still too coarse, 
particularly near the inlet.  
For the remaining discussion we will focus on the results of Table 4.3 and Figure 4.1, which 
show the major design or assessment parameters taken from computations (recalculated by 
the organizers) and the corresponding experimental values. 
It is clear that the scatter in computed Cpr,average is much smaller than in Cpr,wall. This fact, 
together with the discussion above, shows that Cpr,average is a much more suitable DOAP  than 
Cpr,wall. Table 4.3 also shows that the computed values of Cpr,average are lower than the 
experimentally determined value, the difference being larger than the estimated uncertainty. 
Thus, the difference is significant. The reason for this discrepancy is discussed further in 
section 4.2.1. 
From Table 4.3 and Figure 4.1 one can also see that the computed energy-loss coefficient ( )
shows a surprisingly large scatter and also that the experimental value has a very large 
uncertainty, Andersson, (2003a). There are several reasons for the large scatter in ( ): It is an 
ill-conditioned quantity since it comes out as the difference between two (almost equal) large 
numbers, (see eq. 9) and the uncertainty in Cp thus has a large effect on ( ). The experimental 
value also has a large uncertainty, mainly for the same reason. Also, quantities which could 
not be measured are determined as a best estimate from the computed result. So, in spite of 
the effort made, it seems to be very difficult to obtain an accurate experimental determination 
of ( ).
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Table 4.3. Major design and assessment parameters (DOAP:s). 

CASE T Cpr,wall Cpr,average
AEAT 1,361 0,952 0,150

NUT 1,262 0,925 0,043

TEV 1,276 0,963 0,050

HTC 1,250 0,916 0,172

VUAB 1,295 0,917 0,087

CKD 1,185 0,892 0,110

HQ-FIDAP 1,665 0,921 0,120

HQ-FINE 1,144 0,991 0,077

HQ-TASC 1,397 0,956 0,152

Iowa 1,195 0,887 0,162

LTU 1,537 0,980 0,066

Experiment T 1,12 + 0,02
- 0,01

1.06 + 0,04
- 0,02

0,09 + 0,06

0.0000

0.2000

0.4000

0.6000

0.8000

1.0000

1.2000

1.4000

1.6000

1.8000

Cp wall Cp average Loss factor Alpha ax III Alpha sw III Beta III -Swirl III

AEAT

NUT

TEV

HTC

VUAB

CKD

HQ-FIDAP

HQ-FINE

HQ-TASC

LTU

Iowa

Figure 4.1  Major design and assessment parameters 
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4.2 VELOCITY FIELD 

Table 4.4 shows differences in results between calculations and experiments in CS II and III. 
Briefly, two fields (e.g. U-velocity), one field obtained from experiments and the other one 
obtained from computations, are compared on the same grid, and the standard deviation or 
RMS value and Mean value, Max and Minimum values are computed. By this method, we get 
a comparison of the whole field and also a quantitative measure of the difference between the 
fields (the Stdv).

0,6
0,7
0,8
0,9

1
1,1
1,2
1,3
1,4

-0,5 -0,3 -0,1 0,1 0,3 0,5

Max/Min CFD
Mean CFD
VUAB CFD
Experiment

Figure 4.2. Normalised axial velocity at the horizontal mid-plane of CS II. (-Mean value of CFD-calculations 
T99 W2;  Max /min value from CFD simulations T99 W2; + VUAB CFD simulation; x Experiment) 

In Figure 4.2 one can see that there is a rather good agreement between the different CFD-
calculations for test case T, comparing the (normalised) axial velocity. The mean variation is 

 0.04 for the CFD-calculations at each point of the mid-plane of the calculations. However, 
in the worst regions the differences are as high as  0.15. The results from VUAB (+) is also 
included, to show how a single computation behaves along the profile. Compared with 
Experiments (x), there is a significant difference in the resulting profile, that cannot be 
explained by the variation between CFD-calculations or experimental uncertainties.  

An illustrative way of showing the accuracy of the simulations relative to the measured 
veloctiy values is shown in figure 4.3 where the difference between the simulations and the 
experiments are shown. The difference is defined as Uexp/Uexp, average – Usim/Usim,average



                                               
 Contract No.: A THEMATIC NETWORK FOR QUALITY AND TRUST             
                   GTC1-CT99-10030 IN THE INDUSTRIAL APPLICATION OF CFD    NOV 11, 2003                               
 ______________________________                                                          
 Document Code:  Page 38 
                           TA6 D30/07 Final Application Challenge documentation (D30)   Draft Tube  VUAB/rk,ua

Figure 4.3: Difference plot of the axial 
velocity at cross section II. From Cervantes & 
Engström 

In Proc-W2, Appendix C2 are collected the difference plots for some selected simulations. It is 
seen that the general feature of two minima are similarly determined among the contributions, 
and that the maximum deviations are large (30%). 

An quantitative integral measure of the accuracy of these calculations can be defined as the 
standard deviation of  the data integrated over the cross section. The result of such 
calculations is collected in Figure 4.4 and in Table 4.4. 
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Unit standard deviation, U-vel Case T
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Figure 4.4: Standard deviation of velocity difference integrated over cross sections II and III. 
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Table 4.4  Comparisons between computations and experiments at CS II and III 
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4.2.1 Discussion of scatter in design or assessment parameters (Cp and )

In the results collected, it is noticed that the two key engineering quantities, Cp and , are subject 
to considerable scatter among the contributions. Part of the scatter is due to the post-processing 
of data, but other factors also contribute, as will be discussed here. 

From the figures of the radial pressure distribution at section Ia (Figure 3 in Proc-W2) the reason 
for the large values of Cp,wall, and also its large scatter, is explained by the observation that the 
computed radial pressure distributions generally fall off sharply near the outer wall, whereas the 
experimental distribution show a sharp rise in this region, followed by a small decrease as the 
wall is approached. The computed wall pressure levels at CS Ia are therefore much lower than 
the average pressure over the same cross-section. Using the average pressure over the inlet cross-
section therefore gives a  more representative (and lower) value of Cp. (Cp,wall is in the range 1.14 
-1.66 and Cp,average in the range 0.89-0.99). 

An explanation for the scatter in the radial pressure distribution at CS Ia may be that the grid in 
this region is not fine enough to resolve the rapid evolution of the pressure and that it does not 
represent the surface geometry accurately enough. From the (inviscid) equation for the radial 
pressure,

r
uu

z
uu

r
u

r
p1 r

r
r

ax

2

it is noticed that a large contribution to the radial pressure gradient comes from the second term 
even in regions where the streamwise gradient is moderate because of the magnitude of uax. A 
finer resolution of this region may result in a 10% reduction of the Cp,wall- value as demonstrated 
by Jonzén et al. 

The scatter in the loss coefficient may be due to at least two reasons. In the expression for , (9), 
the last term is close to unity, and the second is small (the area ratio is small) which means that 
the evaluation of  is ill-conditioned despite the accuracy in Cp'. This indicates that the use of 
as a key parameter to evaluate gains in efficiency from e.g. a geometry optimisation may be risky 
unless a reconditioning of the calculations can be done. To validate such a gain experimentally, 
may be even more difficult since not all of the -values are available experimentally. From the 
experimental results it has been deduced that  = 0.09 (+0.06/-0.07) which illustrates the 
difficulty encountered in this evaluation. 

A second source of uncertainty in  emanates from the use of wall-functions for the near-wall 
calculations. Since it is expected that most flow losses occur in this region, and in fact will be 
reflected in the pressure results, a more careful evaluation based on the energetics associated with 
the wall functions could be recommended as a separate method to determine . A further factor 
adding to the losses is also the periodic character of the flow, most notable at the runner. 
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4.3 CONCLUSIONS AND RECOMMENDATIONS 

The most important results and suggestions of the workshop are summarised below. 

The 700k computational grid suggested by the organisers turns out to be too coarse, 
particularly near the inlet section, where it has a large effect on computed pressure 
recovery Cp,wall . This is caused by the fact that the pressure gradients in both the axial and 
radial directions are large and must be resolved properly.  

The uncertainty in the experimentally determined energy-loss factor is large because it is 
an ill-conditioned quantity, to a large extent determined by Cp.

It was found that the y+ criterion for wall functions was violated in many regions of the 
flow. 

The importance of complete and well-defined inlet boundary conditions is highlighted in 
many of the workshop contributions. 

The pressure recovery coefficient Cp,average , based on the average pressure over the inlet 
cross-section,  is a suitable assessment parameter, which for Case T is calculated with a 
scatter of about + 5%. The difference between computed and experimentally determined 
Cp,average, is statistically significant. 

Computations of Case T by different groups but with the same mesh, inlet- and outlet 
boundary conditions, and turbulence model, generally give very similar results. Thus, the 
“Quality” in the concept of “Quality and Trust”, is not too far away. 

Because of the abovementioned weaknesses, it has, so far, not been possible to draw 
conclusions about the influence of turbulence model on the solution.  

Suggestions for further computational and experimental work are given below: 

For further computational work, as a first step, a much finer grid must be constructed, 
particularly near the inlet. This is necessary also when using wall functions.  

As step 2, it is recommended that the wall functions should be replaced by suitable near-
wall models. 

Since more than 80 % of the pressure recovery takes place in the first 10 % or so of the 
draft tube length (the draft tube cone), more detailed (axial and radial) pressure and 
velocity measurements are required. 

Also, complete 3-component velocity measurements in some cross sections are highly 
desirable.

These suggestions are directed towards increasing the quality of the computed solutions and 
increasing the accuracy of the experimentally determined engineering parameters, thus increasing 
the value and usefulness of the draft tube test case. 
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D34

BEST PRACTICE ADVICE FOR 
AC6-07  DRAFT TUBE

1. KEY FLUID PHYSICS 

The draft tube is basically a curved diffuser, which features adverse pressure gradients, flow 
curvature and the possibility for flow separation. The draft tube is located after a runner of a 
hydro turbine (for the D30 a Kaplan turbine) causing swirling periodic inlet conditions, which 
leads to an asymmetric flow pattern after the bend. 
The main Design and Assessment Parameters (DOAP:s) for this AC are the pressure recovery 
(Cp) and the loss coefficient ( ), which describes the performance of the draft tube. 
Additional DOAP:s are used to evaluate the flux of kinetic energy and angular momentum at 
different cross sections of the draft tube.
The Underlying Flow Regimes (UFRs) related to the draft tube and confined flow are ‘Flow 
in a curved rectangular duct - non rotating’ (UFR 4-04) ‘Curved passage flow (accelerating)’ 
(UFR 4-05) and ‘Swirling diffuser flow’ (UFR 4-06). Unfortunately UFR 4-04 is missing at 
this time and no references can be made to this UFR. UFR 4-06 is the most significant UFR, 
but as for the D30 no separation has been observed. 
Important UFRs related to the behavior of boundary layers relevant for the AC are ‘2D 
Boundary layers with pressure gradients’ (UFR 3-03) and ‘3D boundary layers under various 
pressure gradients, including severe adverse pressure gradient causing separation’ (UFR 3-
08). Both gives valuable information on turbulence models and separation. 

Table 1. A summary of UFR:s related to this AC.  
Underlying Flow Regimes 
Nr Name Status Importance BPA
3-03 2D Boundary layers with pressure gradients No D33 Low Low
3-08 3D boundary layers under various pressure gradients, 

including severe adverse pressure gradient causing 
separation

Accepted Medium Low

4-04 Flow in a curved rectangular duct - non rotating Missing Medium -
4-05 Curved passage flow (accelerating) Accepted Medium High
4-06 Swirling diffuser flow Accepted High High

Importance: The relevance of the UFR for the specific AC.
BPA: The number of specific BPA:s given (important for the AC).

2. APPLICATION UNCERTAINTIES 

The main application uncertainty for the AC is missing or incomplete boundary conditions. 
For the draft tube described in the D30, the axial and tangential velocity component are well 
documented at the inlet, but it has been shown that different assumptions on the third radial 
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velocity component has a gross impact on the resulting flow field. More comments on the 
boundary conditions can be found in the next section.
The evaluation of  and Cp is ill-conditioned, so great care has to be taken in the calculation 
of these values to get comparable results from time to time. This problem is especially valid 
for the draft tube in D30 due to the high area ratio (outlet/inlet).  
After a recomputation of the Cp the variation between different calculations of the same test 
case resulted in a scatter of about  5 %. Flow patterns are generally uniformly determined 
but show large deviations from the experimental results. Computations of Case T by different 
groups but with the same mesh, inlet- and outlet boundary conditions, and turbulence model, 
generally give very similar results. Thus, the “Quality” in the concept of “Quality and Trust”, 
is not too far away. 
One uncertainty that should be mentioned is that draft tubes are designed to operate at the 
verge of separation for optimal performance. The ability to predict separation is one crucial 
factor when evaluating new designs of draft tubes. 

3. COMPUTATIONAL DOMAIN AND BOUNDARY CONDITIONS 

Draft tube geometry can be fairly complicated. There can also be additional modelling 
complications, as for the geometry of the D30 draft tube, which contains two singular points 
that are caused by the intersection between three different surfaces. These singular points 
results in small angles for all types of grids and in skew cells if hexahedral cells are used at 
the wall.
An extension after the draft tube is recommended to avoid back flow at the outlet boundary. 
For the D30 draft tube it was chosen to include the runner cone to avoid starting the 
calculation with a more undefined vortex rope in the centre of the inlet section. 
It is extremely important to specify all relevant boundary conditions, particularly the inlet 
boundary conditions. For the first workshop, when only the axial and tangential velocities 
were specified, the different calculations resulted in five groups with different secondary flow 
patterns after the bend. 
When sufficient experimental data is not available, reasonable assumptions and sensitivity 
tests should be performed. If there are strong axial gradients in the specified mean velocities, 
turbulence quantities or in the resulting pressure the first few millimetres, some unreasonable 
assumption could be suspected. 
UFR 4-06 points out that the radial pressure distribution in a swirling flow is non-uniform and 
therefore recommends that a uniform pressure outlet boundary condition should not be 
imposed. However, no alternative is given in the UFR. 

4. DISCRETISATION AND GRID RESOLUTION

A lot of thought should be employed in the grid design, e.g. to obtain a good cell distribution 
close to the walls. 
The computational grid used in the D30 containing 700000 cells turned out to be too coarse, 
particularly near the inlet section, where the grid density has a large effect on computed 
pressure recovery (Cp,wall). Here, the pressure gradients in both the axial and radial directions 
are large and must be resolved properly. 
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Based on recommendations in different UFR:s that at least 15-20 nodes should be used to 
resolve vortices or boundary layers (e.g. UFR 1-02) a starting guess would be that around 60-
80 nodes should be used in the radial direction at the inlet. If symmetric (and non-periodic) 
flow is assumed at the inlet, the initial distribution in the tangential (and axial) direction only 
needs to be large enough to avoid stretching problems. To capture the secondary flow that 
evolves in the bend a refinement in the tangential direction is needed through and after the 
bend.
UFR 4-06 gives the following additional advise: 
Use a higher order scheme (second order or above) for momentum equations.  
If wall functions are used, ensure that the near wall grid is not refined beyond the limit of 
their validity based on the y+ values. Where possible, hexahedral elements should be used.  

5. PHYSICAL MODELLING 

The general consensus when it comes to turbulence modelling is that k-  is insufficient for 
modelling adverse pressure gradients, separation and swirling flow. According to Menter 
(2003) the k-  model should not be used for flows with adverse pressure gradients and 
pressure-induced separation. More advanced models like the Spalart-Almaras or the SST 
model will provide more realistic answers. For flows with a strong swirl component (draft 
tubes etc.), models with curvature correction, non-linear stress-strain models, or full Reynolds 
stress models should be used.  
The conclusion from the D30 and UFR 4-06 is that no major affects on DOAP:s can be seen 
from the choice of turbulence models. Both the cases in the D30 and in UFR 4-06 are without 
separation. However, several workshop participants reported important differences in specific 
details of the flow and according to UFR 3-08 the non linear k-  and the Reynolds stress 
turbulence models provide a better prediction of the separated zone and the pressure 
coefficient (at separation) then the linear k - .  Durbin (1995) suggests v2-f models for this 
type of flow. 
UFR 3-03 states that it is known from other studies that all RANS turbulence models seem to 
have significant problems to properly predict re-attachment of the flow and flow-recovery 
downstream of a separation zone. Models, which predict the correct separation onset, are 
especially prone to give larger separation zones and slower flow recovery than indicated by 
the data. Note that this does not mean that the other models are superior in that respect. It is 
only due to a cancellation of errors that models, which fail to predict the separation onset, 
have little problems in the downstream region. The user is advised to keep this deficiency in 
mind when judging CFD simulations of diffuser flows.  
The main conclusions seems to be that other factors affect the results more than the choice of 
turbulence model in the draft tube as long as there is no separation, which would be 
considered to be a risky assumption for an unknown draft tube. 
Due to the large difference in velocities close to the walls the y+ criterion for wall functions is 
often violated. Therefore it is recommended that suitable near-wall models replace the wall 
functions.
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6. RECOMMENDATIONS FOR FUTURE WORK 

Since more than 80 % of the pressure recovery takes place in the first 10 % or so of the draft 
tube length (the draft tube cone), more detailed (axial and radial) pressure and velocity 
measurements are required. Complete 3-component velocity measurements in some cross 
sections are also highly desirable. These additions will increase the value of  the experimental 
data bank considerably. 
For further computational work, as a first step, a much finer grid must be constructed, 
particularly near the inlet and along the walls. Recent developments in computer capacity 
make this a quite feasible option. With cheap PC-clusters, grids with 3-4 million cells are 
readily handled. 
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