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Abstract

Hydropower is a renewable, reliable and highly efficient source of en-
ergy. Hydropower has the ability to run as a base load and to adjust
load rapidly. This makes hydropower suitable for coupling with other
renewable energy sources to stabilize frequency fluctuations. This ability
has been used increasingly over the last decade due to the deregulation
of the electricity markets and the introduction of other renewable energy
sources, such as wind power. These changes have involved a substantial
increase in the load variations and frequent start-stops. Such operat-
ing conditions may lead to unnecessary stresses and losses in turbines.
Throughout the world, hydropower is the largest renewable source of
energy. Currently, there is a need for refurbishment of old hydropower
plants because most of them have reached the end of their design pe-
riod. Efficiency may be improved by upgrading these older turbines.
During the design or refurbishment phase of turbines, model testing
and computational fluid dynamics (CFD) are the main tools available
to predict, test and verify the performance as well as to investigate the
flow characteristics.

The use of CFD in the design and refurbishment process is becoming
increasingly popular due to its flexibility, detailed flow description and
cost effectiveness compared to model testing, which has been used over
the last century of turbines development. However, issues still must
be resolved due to the combined flow physics involved in hydropower
machines, such as flow turbulence, separation, vortices, unsteadiness,
swirl flow, strong adverse pressure gradients, convoluted geometry and
numerical artifacts. Therefore, experimental data in such complicated
systems are required to validate the numerical simulations and develop
more accurate models.

This thesis presents an experimental and numerical investigation per-
formed on a reaction type axial water turbine. The investigation was
performed on a model known as the Porjus U9. It is a geometrically
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similar model of the prototype turbine produced on a 1:3.1 scale. The
main objectives were to characterize the flow phenomena in this modern
Kaplan turbine model, to build a data bank for the validation of the
CFD tools and to study the scale-up between the model and prototype,
because the corresponding prototype is available for similar experiments.
The investigation was performed at three different operating points: part
load, best efficiency point (BEP) and high load. The technique used to
investigate the flow was laser Doppler anemometry. The investigation
was performed with time- and phase-averaged velocity measurements in
several sections of the turbine where different periodic and non-periodic
flow phenomena were captured. Some engineering quantities were also
calculated to describe the turbine characteristics, such as the pressure
recovery factor and the swirl number. At off-design operations, vortex
breakdown was present.

The numerical analysis of the model is also presented, where several
RANS turbulence models were tested. The aim was to evaluate the
capability of the turbulence models to predict the flow physics in the
water turbines at the BEP. Validation was made with the experimental
results in order to extend the range of confidence in the CFD results.



Thesis

This doctoral thesis includes a summary and the following papers:

Paper A: B. G. Mulu and M. J. Cervantes, LDA measurements in a
Kaplan spiral casing model. In the Proceedings of the 13 th Interna-
tional Symposium on Transport Phenomena and Dynamics of Rotating
Machinery, 2010, Honolulu, Hawaii, USA.

Paper B: B. G. Mulu and M. J. Cervantes, Experimental investigation
of a Kaplan model with LDA. In the Proceedings of the 33 th Congress
of IAHR, 2009, Vancouver, Canada.

Paper C: B. G. Mulu and M. J. Cervantes, Phase-resolved velocity mea-
surements in a Kaplan draft tube model. In the Proceedings of the 4 th

IAHR International Meeting of the Workgroup on Cavitation and Dy-
namic Problems in Hydraulic Machinery and System, 2011, Belgrade,
Serbia.

Paper D: B. G. Mulu, P. P. Jonsson and M. J. Cervantes, Experimen-
tal investigation of a Kaplan draft tube – Part I: Best efficiency point.
Publication in Applied Energy.

Paper E: P. P. Jonsson, B. G. Mulu and M. J. Cervantes, Experimen-
tal investigation of a Kaplan draft tube – Part II: Off-design conditions.
Publication in Applied Energy.

v



Paper F: B. G. Mulu, M. J. Cervantes, T. C. Vu, C. Devals and F.
Guibault, Effects of inlet boundary conditions on Kaplan draft tube
simulation accuracy. In the Proceedings of Hydro 2011, Prague, Czech
Republic.

Paper G: B. G. Mulu, M. J. Cervantes, F. Guibault, C. Devals and T.
C. Vu, Numerical investigation of a Kaplan draft tube at best efficiency
point. Submitted to Applied Energy.



Contents

Preface i

Abstract iii

Thesis v

I Summary 1

1 Introduction 3

1.1 Principle of hydropower . . . . . . . . . . . . . . . . . . . 5

1.2 Water turbines . . . . . . . . . . . . . . . . . . . . . . . . 7

1.2.1 Development of water turbines . . . . . . . . . . . 7

1.2.2 Type of turbines . . . . . . . . . . . . . . . . . . . 9

1.3 Previous studies . . . . . . . . . . . . . . . . . . . . . . . 17

1.4 Scope of the thesis . . . . . . . . . . . . . . . . . . . . . . 18

2 Theory 21

2.1 Laser Doppler anemometry . . . . . . . . . . . . . . . . . 21

2.1.1 Principle of LDA . . . . . . . . . . . . . . . . . . . 22

2.1.2 Sources of error in LDA . . . . . . . . . . . . . . . 27

2.2 Computational Fluid Dynamics . . . . . . . . . . . . . . . 32

2.2.1 Computational fluid dynamics . . . . . . . . . . . 33

2.2.2 Turbulence modeling . . . . . . . . . . . . . . . . . 37

2.2.3 Near-wall treatment and boundary conditions . . . 42

3 Measurement test case and method 47

3.1 Porjus U9 turbine . . . . . . . . . . . . . . . . . . . . . . 48

3.1.1 U9 Kaplan turbine model and test rig . . . . . . . 48

vii



3.1.2 Operational conditions . . . . . . . . . . . . . . . . 49

3.1.3 Measurement locations . . . . . . . . . . . . . . . . 50

3.1.4 Measurement method . . . . . . . . . . . . . . . . 53

3.2 Data analysis . . . . . . . . . . . . . . . . . . . . . . . . . 54

3.2.1 Time-average . . . . . . . . . . . . . . . . . . . . . 54

3.2.2 Phase-average . . . . . . . . . . . . . . . . . . . . . 55

3.2.3 Spectrum analysis . . . . . . . . . . . . . . . . . . 57

3.2.4 Error analysis . . . . . . . . . . . . . . . . . . . . . 58

4 Results 61

4.1 Experimental results . . . . . . . . . . . . . . . . . . . . . 61

4.1.1 Inlet and spiral casing measurements . . . . . . . . 61

4.1.2 Draft tube measurements . . . . . . . . . . . . . . 65

4.2 Computational fluid dynamics results . . . . . . . . . . . 72

5 Conclusions and Future work 81

5.1 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . 81

5.2 Future work . . . . . . . . . . . . . . . . . . . . . . . . . . 83

6 Division of work 85

II Papers 93

A LDA measurements in a Kaplan spiral casing model 97

B Experimental investigation of a Kaplan model with

LDA 119

C Phase-resolved velocity measurements in a Kaplan draft

tube model 133

D Experimental investigation of a Kaplan draft tube –

Part I: Best efficiency point 155

E Experimental investigation of a Kaplan draft tube –

Part II: Off-design conditions 191



F Effects of inlet boundary conditions on Kaplan draft

tube simulation accuracy 231

G Numerical investigation of a Kaplan draft tube at

best efficiency point 249





Part I

Summary





Chapter 1

Introduction

“We never know the worth of water till the well is dry”

– Thomas Fuller, Gnomologia, 1732

Humans have been using moving water to generate power for centuries.
More than 2000 years ago, the Greeks used the mechanical power of
falling water to turn water wheels to ease their workloads. Despite these
uses of water, the first hydropower used to generate electricity was built
after the invention of generator in the late 1800s. The first commercial
electricity production using hydropower was built 1882 in the United
States [1]. In Sweden, the epoch of hydropower using turbines started
around 1840; however, the real development started in the early 20th

century [2].
Today, hydropower provides approximately one fifth of the world’s

electricity supply and is by far the largest renewable energy source on the
planet. Europe and North America are the only two continents that ex-
ploit most of the available hydropower potential. Currently, Africa, Asia
and South America have a large unexploited technically and economi-
cally feasible potential for hydropower, see Table 1.1. Most Asian and
Middle-Eastern (e.g., Iran) countries are now the front runners in the
development of large-scale hydropower plants [3]. China is the largest
hydroelectric producer followed by Canada, Brazil, United States, Rus-
sia and Norway. In 2010, the worldwide hydropower capacity in op-
eration was more than 936 GW, and the hydropower capacity under
construction was approximately 178 GW [3].
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4 1. Introduction

Table 1.1: Hydropower in operation and feasible potential in the world
[3].

In Unexploited Unexploited

operation technically technically and

[%] feasible economically

[%] feasible [%]

North & Central America 34.3 44.5 21.2
South America 26.3 41.0 32.7
Europe 53.9 24.9 21.2
Africa 9.3 34.2 56.5
Asia 17.8 41.7 40.5
Australasia/Oceania 20.1 51.0 27.9

Hydropower is the largest source of energy in Sweden, with a total
annual production of about 65 TWh, which corresponds to 40-45% of the
nation’s energy production [4]. Most of the hydropower production is
located in the northern part of Sweden. The total number of hydropower
plants is 2057 of which 1615 have a maximum installed capacity of 10
MW [2]. Most of the large scale hydropower plants were built during the
1940-70s. There is a need for the refurbishment of the old hydropower
plants, which may improve their efficiency. In the present environment,
increasing electricity prices and the fact that nuclear plants are gradually
being phased out provides room to develop more small scale hydropower
plants. However, the activity within the large scale hydropower plant is
mostly limited to refurbishments and maintenance work.

Hydropower was initially used to generate base load power, i.e., the
amount of electricity always required. However, the deregulation in the
electricity market and the introduction of other renewable energy sources
to the grid, such as wind power, solar energy and geothermal energy, re-
sults in more regulatory responsibility to hydropower units. This is due
to the ability of hydropower stations to be turned on and off quickly to
cover variations in demand and generation. These changes have involved
a substantial increase in the load variations and the frequency of start-
stops for which the old hydro plants were not initially built. Therefore,
during the design and refurbishment stage, the engineers have to con-
sider these situations to develop more efficient turbines. Furthermore,
due to the global market competitiveness, the investment cost also has
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to be accounted for during the turbine development phase. This means
developing turbines that are relatively less expensive and more reliable,
efficient and durable over a wide range of operations.

1.1 Principle of hydropower

Evaporation occurs when the sun energy heats up the oceans and surface
waters. The water vapor is transported as clouds to different parts of
the earth. Then, water precipitates in the form of rain or snow. The
rain and melting snow run toward the lowest elevation. Eventually, the
water is transported by streams and rivers and returns to the ocean
where it evaporates again. This is known as hydrological cycle. The
basic principle of a hydropower plant is to capture some of the energy
of the water and convert it into electricity. The energy of the water is
either in the form of potential or kinetic energy. One of the challenges
of hydropower is the dependency on hydrological cycle.

In hydropower, a hydraulic head and a continuous inflow of water
are the two required parameters. The necessary head can be created
in different ways. For instance, one way of doing this is by building a
dam across a river/stream that can store water and release it through
a conduit. The other method is diverting a part of a river by creating
a low-head diversion structure, such as a weir. A series of integrated
power developments along the same watercourse are able to exploit the
water energy several times before it finally flows out to the sea, as seen
in the Lule River in Sweden.

A typical hydropower plant includes a dam, penstock, spiral casing,
distributor, turbine, generator, draft tube, etc., see Figure 1.1. The
dam stores the water and creates the head, i.e., the height difference
between the upstream and downstream water level of the power plant.
The water conveyed from the dam through the penstock enters the spiral
casing into the distributor, through the turbines where the energy of the
water is transformed into mechanical energy and is then converted into
electrical energy via a generator; finally, the water leaves through the
draft tube to the river. The turbine and the generator are coupled with a
shaft. The purpose of the draft tube is to convert most of the remaining
kinetic energy leaving the runner into pressure energy. The function
of the spiral casing is to distribute the water as evenly as possible to
the stay and guide vanes and to ensure a symmetrical flow around the
runner. The stay vanes provide structural support to the system. The
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guide vanes are used to regulate the flow rate through the turbine. The
electrical power output is the product of the total efficiency of the power
plant, the potential energy per unit volume and the flow rate.

Hydropower is a renewable, reliable and highly efficient (can extract
up to 96% of the available energy) source of energy. Hydropower has the
ability to adjust load rapidly. This ability makes hydropower suitable
for coupling with other renewable energy sources to stabilize frequency
fluctuations. The advantages of hydropower are low operating and main-
tenance costs, minimal impact on the climate, and a long service life;
which can typically be 40 years or more before major refurbishment is
needed. However, the initial investment cost is high, and the payback
period is long. There are also some social and environmental issues to be
considered during the feasibility studies, which include the displacement
of population, deterioration of the landscape, changes in water quality,
impact on fish and flooding. To implement hydropower projects in a
sustainable manner, all environmental and social impacts need to be
explored and addressed early in the planning process.

Figure 1.1: Schematic diagram of a hydropower station [5].
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1.2 Water turbines

1.2.1 Development of water turbines

Water wheels are the oldest and simplest machines used to extract me-
chanical energy from falling water. The history of water turbines began
in the mid-1700s when Bernard Forest de Bélidor wrote a four-volume
work describing the vertical- and horizontal-axis machines, and was a
pioneer in the development of water turbines. The development of the
modern water turbines began around 1820 when Ján Andrej Segner de-
veloped an inward-flow turbine. However, the first successful water tur-
bine was built by French engineer Benoit Fourneyron around 1827 in
France. The turbine was an outward-flow turbine with fixed guide vanes,
where the water moved from the center to the periphery, i.e., axial to
radial. It had an efficiency of over 80%. In 1844, Uriah A. Boyden en-
hanced the performance of the Fourneyron turbine. James B. Francis,
in 1849, improved the inward-flow reaction turbine to have an efficiency
of over 90% by arranging the guide vanes with the runner to allow the
water to move from the periphery to the center, see Figure 1.2a. This
turbine was named after him, and is widely used today [6, 7].

In 1879, Lester Pelton extended the idea of the original waterwheels
by attaching a series of split buckets around the periphery of the runner,
see Figure 1.2b. The buckets are exposed to jet water flow to spin the
runner. Then, in 1895, William Doble improved the Pelton turbine by
regulating the discharge with a needle at the nozzle [6, 7].

The demand for more power during the early 20th century lead to the
further innovation and improvement of turbines. In 1913, Viktor Kaplan
developed the Kaplan turbine, which is a propeller type machine with
adjustable runner blades, see Figure 1.4. This turbine revolutionized
the ability to develop low-head hydropower plants. In the 1950s, the
expansion of low-head hydroelectric units led to the creation of the bulb
turbine, which is a horizontal axial-flow turbine, see Figure 1.2c. Early
in 1950, Deriaz developed a mixed-flow turbine, which can be designed
with fixed or adjustable blades, see Figure 1.2d. In this turbine, water
flows radially and axially through the rotating blades [6].

In addition to the types of turbines mentioned above, there have
been developments of turbines throughout the course of the century. For
example, in 1919, Gilkes developed the Turgo turbine, which is based on
the Pelton turbine. Anthony Michel, Donát Bánki and Fritz Ossberger
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developed a cross-flow turbine. There have also been developments of
many other types of turbines suitable for small scale units (very low-head
applications) [6].

The development of turbines is still continuing in the 21st century
using state-of-the-art technology. The development of the Alden fish
friendly turbine is one example. Engineers are also looking to design
turbines to improve the downstream fish passage and to increase the
dissolved oxygen in the discharged water. However, most of the current
efforts are focused on the improvement of existing type of turbines to
enhance the efficiency, reliability and durability of the turbine. Fur-
thermore, efforts are aimed at improving the operational ability with a
higher efficiency over a large flow rate variation. The widely utilized
turbines are the Francis, Kaplan and Pelton turbines.

(a) (b)

(c) (d)

Figure 1.2: Type of turbines (a) Francis (b) Pelton (c) Bulb and (d)
Deriaz (mixed-flow) (Courtesy Voith-Siemens).
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1.2.2 Type of turbines

Water turbines have two general classifications: reaction and impulse.
In an impulse turbine, the pressure energy of the water is converted
into kinetic energy when it passes through the nozzle and creates a
high-speed jet. The water jet is used to drive the runner. The runner
is fully exposed to the atmospheric pressure, i.e., the impulse turbine
runner must always be installed above the tailrace. Impulse turbines
are suitable for high- to very high-head and small discharge units, see
Table 1.2.

The runner in reaction turbines is fully immersed in the water, which
permits the runner to utilize both the pressure energy and kinetic energy
of the water. The flow through a reaction turbine may be axial, radial-
axial, or mixed. Reaction turbines are suitable for medium-head and
medium discharge and low-head and high discharge units [6, 7]. The
basic types of impulse and reaction turbines are listed in Figure 1.3.

Impulse Pelton
Turgo
Cross-flow

Water turbines

Reaction Francis (radial-axial)
Axial-flow Propeller

Kaplan
Bulb
Tubular

Deriaz

Figure 1.3: Classification of turbines according to the action of the water
on the moving blades.

The net head available and the discharge are the basic parameters
necessary for the selection of a water turbine type. The selection of an
appropriate turbine for any particular hydropower station also depends
on the site characteristics as well as the market. One of the important
parameters used to determine the type of turbine is the specific speed.
The specific speed of a turbine is defined as the angular speed, in revolu-
tions per minute, of a geometrically similar turbine that would develop
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1 hp under a one-meter head. Turbines with low specific speeds work
under high-head conditions, while turbines with high specific speeds
work under low-head conditions. In the literature, there are different
mathematical expressions for the specific speed, as a dimensionless or
dimensional quantity; therefore, care must be taken when calculating
specific speed. Table 1.2 presents the range of the specific speeds and
heads for different turbines [6–8].

Table 1.2: Turbine type as a function of the specific speed and head.

Turbine Specific speed [rpm] Head [m]

Pelton 10–50 400–1700
Turgo 20–70 300–300
Cross-flow 20–200 5–200
Francis 80–400 40–700
Kaplan 450–1200 6–70
Deriaz 300–500 30–130

The most common turbines in Sweden are the reaction type, Francis
and Kaplan, due to the topographical nature of the country. In the
Francis turbines, the water enters the runner in a radial direction and
exits in an axial direction. Francis turbines have fixed runner blades
and adjustable guide vanes. The number of runner blades usually ranges
from 12 to 17 [6]. The guide vanes are used to regulate the flow rate,
to guide the flow to match the runner blades, and to shutdown the
unit. The spiral casing is designed with a decreasing cross-sectional
area as a function of the flow rate along the path and, thus, maintains
a constant velocity in the volute so that flow enters the distributaries
and the runner uniformly with minimum loss. Francis turbines are best
suited for medium-head stations.

The present work focuses on Kaplan turbines. A typical drawing of
a Kaplan turbine is shown in Figure 1.4. In Kaplan turbines, the flow
enters and exits the runner in an axial direction. The number of runner
blades may vary from 4 to 8; as the speed increases, the number of
blade decreases [6]. Kaplan turbines can be single- or double-regulated
turbines, i.e., only the runner blades or both the runner blades and guide
vanes are adjustable. The doubly regulated turbines are well adapted
to a wide range of head or/and discharge conditions, because their peak
efficiency can be achieved over a wide range of flow conditions. Kaplan
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turbines are best suited for low-head machines. The spiral casing and
guide vanes are similar to those used in Francis turbines.

An other important part of the reaction turbines is the draft tube,
which connects the runner exit to the tailrace. The main functions of the
draft tube are to allow the installation of the turbine above the tailrace
level without head loss and to convert part of the remaining kinetic
energy into pressure energy at the runner exit. The lower the head the
more important the draft tube is. For low-head turbines, the overall
efficiency is significantly affected by the performance of the draft tube
because the kinetic energy leaving the runner represents a substantial
amount of the total head.

From Figure 1.4, the average specific energy of the water at section
a-a leaving the runner can be calculated as [6]:

ea =
Pa − Patm

γ
+ z1 +

αav
2
a

2g
(1.1)

where Pa is the absolute pressure at the runner exit, γ = ρg is the spe-
cific weight, za = z1 is the height, va is the velocity at the inlet of the
draft tube cone and α = 1

Av̄3

∫
A v3dA is the non-uniformity coefficient.

Without any device after the runner, this energy ea is lost. To analyti-
cally determine how much of the kinetic energy is recovered by the draft
tube, let us consider Bernoulli’s principle between section a-a and b-b.

z1

Hs

h

a

1

b b

a

1
1 2 3

4

5

6

7

1.Spiral casing
2.Stay vanes
3.Guide vanes
4.Shaft
5.Runner blade
6.Hub cone
7.Draft tube

Figure 1.4: A view of the U9 Kaplan turbine.
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Pa

γ
+ za +

αav
2
a

2g
=

Pb

γ
+ zb +

αbv
2
b

2g
+ hloss (1.2)

where Pb =
Patm
γ + h is the absolute pressure at the outlet of the draft

tube cone, zb = −h is the height, vb is the velocity at the outlet of the
draft tube cone and hloss is the hydraulic loss of the draft tube. By
assuming z1 = Hs, Eq. (1.2) can be used to determine the pressure at
the runner exit:

Pa

γ
=

Patm

γ
−

[
Hs +

(
αav

2
a − αbv

2
b

2g
− hloss

)]
(1.3)

If there is no draft tube, the pressure at the runner exit will be
Pa = Patm. Therefore, Eq. (1.3) shows that, due to the draft tube,
the pressure at the runner exit is reduced, which is an advantage. The
energy at the runner exit without the draft can be expressed as:

e∗a = Hs +
αav

2
a

2g
(1.4)

From Eqs. (1.1), (1.3) and (1.4), the energy gained by the turbine
due to the presence of the draft tube is equal to:

E = Hs +
αav

2
a − αbv

2
b

2g
− hloss (1.5)

From Eqs. (1.3) and (1.5), the pressure reduction at the runner out-
let is equivalent to the gain of energy. The objective is to maximize this
pressure reduction up to cavitation, which can be performed by increas-
ing the cross-sectional area of the draft tube cone along the streamflow
to decrease the outlet velocity and/or increase the length of the cone.
In the first case, losses might increase due to the flow separation from
the cone wall, and in the second case, losses might increase due to the
increase of the flow path. Therefore, the optimal dimensions of the draft
tube are required to minimize the losses and maximize the pressure re-
duction.

There are many types of draft tubes. A common draft tube is the
elbow draft tube, see Figure 1.5. The elbow draft tube is composed of
a conical diffuser followed by an elbow and a straight diffuser. The flow
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decelerates in the conical diffuser due to the gradual increase in cross-
sectional area in the flow direction. The major part of the kinetic energy
is recovered in the conical diffuser. For the purely axial flow after the
runner, the cone angle should be less than 8◦. However, in real turbines,
the angle can be increased to 12-14◦ without flow separation. This can
be achieved by allowing some swirling flow downstream of the runner
[6]. Kaplan turbines are usually designed to have an optimal swirl at
the runner exit at the BEP, which allows high pressure recovery and no
flow separation at the draft tube cone wall [9].

The vertical length of the draft tube should be optimized to reduce
the cost of excavation and hydraulic loss. Therefore, the draft tube
must be bent to maintain its definite length, which is usually done using
an elbow. The elbow is used to convey the flow from the vertical to
the horizontal direction with a minimum loss of energy. The elbow
allows the draft tube geometry to change from a circular section, i.e., the
conical diffuser, to a rectangular/trapezoidal section, i.e., the straight
diffuser, see Figure 1.5. At the inner radius of the elbow, flow separation
may occur due to the centrifugal force acting on the flow. To prevent

Figure 1.5: A view of an elbow draft tube.



14 1. Introduction

flow separation, the cross-sectional area of the elbow is designed to be
constant or decreasing along the streamflow [6]. There is a high pressure
at the outer radius and a low pressure at the inner radius, which means
that the flow decelerates at the outer radius and accelerates at the inner
radius. The elbow may also be responsible for the onset of the two
contra-rotating secondary flows that are present in the straight diffuser.
The kinetic energy may be recovered in the elbow as well.

The straight diffuser also recovers a part of the kinetic energy but
less than the conical diffuser because the velocity at the inlet is reduced
considerably. Furthermore, the flow characteristics at the exit of the
elbow influence the flow behavior in the straight diffuser. The function
of the straight diffuser is to connect the draft tube with the tailrace.

The draft tube efficiency can be quantified based on the amount of
pressure and kinetic energy difference between the inlet and the out-
let. The swirling motion and the non-uniform velocity profiles must be
accounted for to estimate the correct draft tube efficiency. Previously,
many researchers investigated draft tube efficiency with or without con-
sidering the effect of a swirling motion and the pressure variation in
radial direction, e.g., Patterson (1938) [10], Thakker (1980) [11] and
Dahlhaug (1997) [12]. However, the pressure recovery factor (Eq. 1.6)
based on the wall pressure is widely used to quantify the performance
of the draft tube because the wall pressure can easily be measure more
precisely [13].

Cpw =
Pwall − Pwall inlet

ρ
2(

Q
Ainlet

)2
(1.6)

where Pwall inlet is the wall pressure at the inlet, Q is the flow rate, Ainlet

is the cross-sectional area at the inlet of the cone and Pwall is the wall
pressure along the draft tube.

This method (Eq. 1.6) only considers the wall pressure rather than
the total pressure across the whole cross section; therefore, this method
does not take into account the pressure variation in the radial direction.
This method is also based on the average kinetic energy at the inlet,
which means that the swirling motion and non-uniform velocity profiles
effects on the kinetic energy are neglected. Therefore, the Cpw may
overestimate the draft tube performance, see Figure 1.6.

If there is no loss, the performance (ideal pressure recovery) of the
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draft tube can be calculated by:

Cpideal = 1−
(
Ainlet

Ai

)2

(1.7)

where Ai is the cross-sectional area at different locations throughout the
draft tube.

Depending on the operating conditions and runner type, there is a
residual swirl at the runner exit. Some swirl may be advantageous in
the conical diffuser. Swirl can also cause an instability that can lead to
vibration, noise, fatigue failures, power swings and vertical movements
of the turbine as well as reversed flow in the center of the draft tube.
The intensity of the swirl is characterized by the swirl number, which is
determine from the ratio of the axial flux of angular momentum to the
axial momentum flux times the equivalent exit radius [13]. The swirl is
positive when the flow leaving the runner rotates in the same direction
as the runner, i.e., when the output power is less than the optimum.
The swirl is negative when the flow exciting the runner rotates in the
direction opposite to the runner, i.e., when the output power is greater
than the optimum.

In Kaplan turbine runners, there is a runner cone, see Figure 1.4,
which is located inside the conical diffuser. A flow recirculation region
occurs beneath the hub cone independently of the operating point. At
the BEP, there is an optimal swirl entering the draft tube, which allows a
large opening angle of the diffuser and thus a high pressure recovery. The
flow separation at the conical diffuser wall is prevented by the presence
of a radial pressure gradient due to the swirling flow, i.e., the flow is
pushed toward the wall due to the centrifugal force.

At part load, the swirl is larger, which may give rise to vortex break-
down below the runner cone. Helical vortex breakdown is a common
phenomenon at a part load, especially in the Francis turbines due to the
fixed blade design. For a Kaplan turbine, this helical vortex breakdown
does not occur in the same manner because the adjustable blade allows
to control the swirl exiting the runner. However, under certain circum-
stances, the turbine may be running in an unfavorable regime in which
a vortex breakdown may occur.

The helical vortex breakdown occurs due to instabilities in the cen-
tral region of the vortex, which starts to precess around the symmetry
axis and forms a large-scale vortex. In hydropower, this type of vortex
breakdown is often called rotating vortex rope (RVR). This RVR dete-
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riorates the draft tube performance by acting like a bluff body at the
center of the draft tube, and thus decreases the available area of the
conical diffuser. Strictly speaking, the area covered by the RVR will
have a low velocity, which reduces the effect of the diffuser; as a result,
the efficiency of the draft tube becomes low. As the swirl in the flow
increases, the axial velocity is reduced at the center of the draft tube
and increased near the walls. Also, at the elbow, the gyroscopic effects
deflect the vortex core toward one of the side walls, which may intro-
duce non-uniform flow and high velocity gradients near the walls that
can lead to more losses [14, 15]. In Figure 1.6, the value of Cpw is neg-
ative in the elbow and straight diffuser due to the RVR. Furthermore,
the RVR movement produces undesirable periodic pressure pulsations
within the draft tube. These pressure pulsations can cause vibrations of
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Figure 1.6: (a) Positions along the upper and lower sensor paths in the
draft tube cone and elbow. (b) Wall pressure recovery for the two paths
and the three loads. The dashed lines correspond to the lower path, and
the solid lines correspond to the upper path. The red, blue and green
colors correspond to the BEP, high load and part load, respectively.
L∗ is the normalized centerline in the draft tube (Paper D); pressure
measurements were performed by Pontus Jonsson.
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the turbine that can affect each component in the hydropower plant [9].
Dahlhaug (1997) investigated in detail the effect of the swirl flow in the
diffuser [12]. Further discussion can be found in Papers D and E.

At high load, the flow characteristics are the same as that for the
BEP except the presence of the contra-rotating flow at the center. Also,
flow impingement on the elbow outer wall is significant compared to that
for the BEP due to the increased flow rate, see Figure 1.6.

The flow in the draft tube is influenced not only by the operating
conditions but also by the design of the runner, guide vanes and spiral
casing. Turbulent wakes may formed after the stay and guide vanes,
which may affect the runner performance if they are not well designed.
Additionally, turbulent wakes are formed following the runner blades;
thus, the flow at the draft tube inlet is periodic and turbulent.

1.3 Previous studies

The flow in a reaction turbine is complex because of the various flow
phenomena appearing simultaneously, such as vortices, swirling flow,
turbulence, unsteadiness, strong adverse pressure gradients and separa-
tion. To design high efficiency turbines, knowledge of the flow charac-
teristics is very important. To understand the flow phenomena in water
turbines, previously many researches have been preformed. The inves-
tigations have been made with advanced measuring techniques, such as
laser Doppler anemometry (LDA), particle image velocimetry (PIV) and
pressure measurement at design and off-design operating points. Much
of the work has been dedicated to Francis turbines and, more recently,
to propeller turbines and Francis-type pump turbines.

The Laboratory of Hydraulic Machinery, École Polytechnique Fédérale
de Lausanne (EPFL), Switzerland, has been a pioneer in the use of ad-
vanced experimental methods to investigate Francis models, e.g., Arpe
[16]. Their first work was the FLINDT project, which was aimed at
investigating the physics of the draft tube flow and building up an ex-
tensive experimental database with a wide range of operating points.
Recently with the HydroDyna project, they investigated a Francis-type
pump turbine with a focus on the rotor-stator interaction phenomenon
and the fluid structure coupling, Zobeiri [17].

The Waterpower Laboratory at the Norwegian University of Sci-
ence and Technology in Norway has also significantly contributed to our
understanding of Francis turbines at the model and prototype scales.
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Vekvet [18] preformed an experimental investigation of the flow in a
draft tube model with a focus on the part load operation. Dahlhaug
[19] investigated the effect of swirl in the Francis draft tube flow and hy-
draulic performance evaluation. Koboro [20] investigated the dynamic
pressure development in the Francis turbine and performed pressure
measurements on the runner blades as well.

More recently, the research group at the Laboratory of Hydraulic
Machinery at the University of Laval in Canada began to investigate a
propeller turbine, e.g., Gagnon [21]. The aim of the AxialT project is to
contribute to the understanding of the time-dependent hydraulic phe-
nomena in the turbine under different operating conditions, to develop
customized measurement techniques of flows in the turbine model and
to build a database for manufacturers and utilities.

To the author’s knowledge, work performed on Kaplan turbines is
limited with the exception of the turbine-99 test case. The turbine-
99 project was conducted with the collaboration of Vattenfall Research
and Development and Lule̊a University of Technology. The objectives
of the turbine-99 project was to investigate the flow characteristics in
a draft tube and to build a database for the validation of the numeri-
cal study of draft tube flow. The velocity and pressure measurements
were performed by Andersson and Lövgren, respectively, at and near
the best turbine efficiency [22]. The velocity measurements led to three
workshops [23–25] that aimed to determine the state-of-the-art Kaplan
draft tube flow simulations. The output from the workshops demon-
strated the difficulty involved in performing accurate simulations of the
draft tube flow. Besides, Lövgren[26] also preformed detailed pressure
measurements on the draft tube cone with the same operating point as
Andersson to increase the understanding of the flow and obtain valuable
data for the validation of the computational fluid dynamics (CFD) sim-
ulations. The Kaplan turbine investigated has a trapezoidal half-spiral
casing and a sharp heel draft tube, and this turbine’s design dates from
the 1950s. The design philosophy has since evolved to more compact
machines with a higher specific speed. Furthermore, sharp heel draft
tubes are no longer used in modern designs.

1.4 Scope of the thesis

The role of hydropower has changed over the last decade due to the
deregulation of the electricity markets as well as the introduction of
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other renewable energy sources. These changes have involved a substan-
tial increase in the load variations and frequent start-stops. These new
market conditions must be taken into account in turbine design while
still improving the efficiency. For this purpose, model testing and CFD
are the main tools available.

The traditional method of controlling the performance of large hy-
draulic turbines is model testing because it allows an efficiency test with
a high degree of accuracy. Then, scale-up formulas are used to estimate
the prototype efficiency. The use of CFD in the design and refurbish-
ment process of the hydraulic turbine has become increasingly popular
due to its flexibility, detailed flow description and cost-effectiveness com-
pared to model testing. However, issues must still to be resolved due
to the combined flow physics involved in hydropower machines, such as
flow separation, vortices, unsteady phenomena, swirl flow, strong ad-
verse pressure gradients, streamline curvature and three-dimensionality.
Therefore, experimental data in such complicated systems are required
to validate the numerical simulations and to develop more accurate mod-
els.

This thesis presents an experimental investigation of a modern Ka-
plan turbine model known as Porjus U9. The turbine was designed at
the end of the 1990s by Kvarner AB, now Andritz Hydro AB, and a cor-
responding prototype was built in Porjus, Sweden. The main objectives
are to characterize the flow phenomena in a modern Kaplan turbine
model and to build a data bank for the validation of the CFD tools and
for the study of the scale-up between the model and prototype, under
different operating conditions. The technique used to investigate the
flow is LDA.

Numerical simulations are also performed to evaluate the capability
of the turbulence models to predict the flow physics in water turbines at
the BEP. Validation is made with the experimental results to extend the
range of confidence in the CFD results. Commercial software, ANSYS
CFX 13.0, is used for the numerical calculations.

The thesis is divided in two parts: part I presents the summary of
the work, and part II presents the papers appended. In part I, Chapter
2 introduces the theory of the techniques used in this thesis and their
application. Chapter 3 describes the test rig and the experimental set-
up. Chapter 4 presents a summary of the main experimental (Papers
A–E) and CFD (Papers F and G) results. Finally, the thesis is fin-
ished with a conclusion and future work in Chapter 5, followed by the



20 1. Introduction

appended papers.



Chapter 2

Theory

“Whenever a theory appears to you as the only possible one,
take this as a sign that you have neither understood the theory

nor the problem which it was intended to solve.”

– Karl Popper

The purpose of this chapter is to explain the principle of the measure-
ment technique used in this study: laser Doppler anemometry (LDA).
The general advantages and the shortcomings of this method followed by
the sources of error are discussed. This chapter will also briefly present
the turbulence models used in this thesis to simulate the flow in a Ka-
plan water turbine; because numerical simulations are performed aiming
to validate the ability of the CFD code to accurately predict the flow
phenomena in hydraulic turbines.

2.1 Laser Doppler anemometry

LDA is the method used to measure the flow field in different parts of
a Kaplan turbine. LDA is a technique in which the velocity of the fluid
is determined from the Doppler shift of the scattered light from tracer
particles moving with the fluid. The technique is non-invasive, can mea-
sure multiple/single velocity components simultaneously and requires no
calibration. It was first developed in 1964 by Yeh and Cummins who
introduced the reference-beam optical configuration. In 1969, Penny de-
veloped the dual-scatter beam configuration. Lehmann (1968) and vom
Stein and Pfeifer (1969) introduced the dual-beam configuration, which

21
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is the pioneer to the present day LDA system. In the latter configura-
tion, two incident beams are required to intersect at an angle and form
a measurement volume [27].

2.1.1 Principle of LDA

The basic principle of LDA is based on the Doppler effect. The system
shoots a monochromatic and coherent laser beams toward the moving
particle and collects the scattered light. The light scattered from a
particle will be frequency shifted in direct proportion to the particle
velocity.

The LDA technique used applies the dual-beam configuration, there-
fore, only this configuration is discussed. The original laser beam is split
into two parallel incident beams with equal intensity, and the beams are
focused on the front lens of the probe to create the measurement volume,
see Figure 2.1. When these two coherent incident beams intersect, an
interference pattern of both equispaced bright and dark fringes is cre-
ated. This is true when the two incident beams intersect at their beam
waists, which leads to a plane wave front. The fringes are parallel to the
bisector of the beams, i.e., perpendicular to the direction of the velocity
component of the flow being measured. A particle that passes through
these fringes will scatter light in all directions, and the intensity of the
scattered light varies with the intensity of the fringes. The scattered
light is then detected by a photodetector, and its intensity is modu-
lated with a specific frequency related to the velocity of the particles.
This frequency is the Doppler frequency. Because the fringe spacing is
constant, there is a linear relation between the Doppler frequency and
velocity. The particle velocity perpendicular to the fringe pattern can
be determined using Eq. (2.1).

Fd =
Vp⊥
df

(2.1)

where Fd is the Doppler frequency, Vp⊥ is the velocity component per-
pendicular to the fringes and df is the fringe spacing. The fringe spacing
between two adjacent bright/dark fringes depends on the wavelength, λ,
of the laser beam and the intersection angle, θ, between both incident
beams.

df =
λ

2sin(θ/2)
(2.2)
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The calibration factor, i.e., the fringe spacing, is calculated from the
optical parameters and is usually unaffected by other variables in the
experiment. Hence, the LDA requires no calibration prior to use. If
the two beams are not intersected at their beam waists, the wave fronts
will not be in plane but will instead be curved. As a result, the fringe
spacing is not constant, and the particle velocity is no longer directly
proportional to the measured Doppler frequency.

It can be noted from Eqs. (2.1) and (2.2) the Doppler frequency is not
dependent on the position of the photodetector in the dual-beam con-
figuration. Because both incident beams have the same frequency and
are coherent, the fringe pattern is stationary. Therefore, the Doppler
frequency depends only on the magnitude of the velocity and not on the
direction, i.e., the positive and negative values of the velocity will pro-
duce the same Doppler frequency. Generally, the direction of the flow
is known. However, there are situations where it is necessary to distin-
guish the direction of the flow, such as in secondary flow. To overcome

Figure 2.1: Illustration of the duel-beam configuration, fringes pattern
and a typical Doppler signal from a single particle [28].
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this directional ambiguity, the frequency of one of the incident beams
can be shifted with a known value, Fsh. For the current measurement,
one of the beams is shifted by 40 MHz using a Bragg cell. This shifting
causes the fringe pattern to move toward the unshifted incident beam,
and thus the frequency of the scattered light is shifted the same amount,
see Figure 2.2. The frequency recorded by the photodetector is then ex-
pressed as shown in Eq. (2.3), and the sign of the velocity is reflected
in this frequency.

Fr = Fsh +
2sin(θ/2)

λ
Vp⊥ (2.3)

Vp⊥ =
λ

2sin(θ/2)
(Fr − Fsh) (2.4)

When the velocity of the particle is zero, the recorded frequency will
be equal to Fsh. The particle will also yield a lower frequency when it
moves in the same direction as the fringes pattern and will yield a higher
frequency when it moves in the opposite direction [27, 29]. According
to Eq. (2.4) a positive velocity is achieved when Fr is greater than Fsh

and vice versa for a negative velocity.
There are three basic configurations to detect the scattered light from

the moving tracer particles: forward scatter, side scatter and backscat-
ter mode. In the forward scatter mode, the detector is placed on the
opposite side of the laser beams focusing lens. This mode provides the
best signal quality with less laser power, since the highest intensity of
the scattered light is in the forward direction. The side scatter (off-axis)
mode also has a separate optical receiver probe placed at any direction
except in front of and behined the laser beams focusing lens. These
modes both require optical access to the flow in two directions, are
difficult to align, are sensitive to vibrations and have traversing prob-
lems. Conversely, in the backward scatter mode, the detector and laser
are mounted on the same side in a single probe, see Figure 2.1. The
backward scatter is more convenient to use and it is easier to main-
tain alignment between the multiple velocity components; however, it
requires more laser power.

Figure 2.1 shows one velocity component measurement perpendicu-
lar to the beams intersection with a single pair of incident beams. To
measure additional components a second pair of beams can be added or-
thogonal to the first pair of beams, which cross at the same measurement
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volume. Likewise, if a third pair of beams is focused on the same point,
the third velocity component can be measured. For the signal processor
to distinguish the Doppler signals (bursts), each pair of beams must have
a different wavelength. Usually, blue (488 nm), green (514.5 nm), and
violet (476.5 nm) beams of an argon-ion laser are used. If the measure-
ment volume of each pair overlaps each other, a coincident measurement
can be performed, which allows for the calculation of the higher order
statistics ( e.g., the Reynolds stresses) and cross-correlations. The co-
incidence mode means that within a finite interval time, a burst signal
is generated in all channels. Measurements can be made in the random
mode as well, i.e., without regard to the occurrence of the coincidence
of the two signals.

The measurement volume is defined as the place where the light in-
tensity is equal to or greater than e−2 times the maximum intensity, i.e.,
in the beam center because the intensity has a Gaussian distribution at
a cross-section along the laser beam. The measurement volume has the
form of an ellipsoid, see Figure 2.2. The length of the measurement vol-
ume is parallel to the beam bisector. Its dimension can be determined
from the intersection angle and the waist diameter of the focused laser
beams. The other two dimensions are equal because the beams inter-
section angle is usually small. Their dimension is approximately equal
to the focused laser beam waist diameter.

Flow direction 

Fringes movement 

direction

Shifted laser 

beam

Original laser 

beam
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Figure 2.2: Measurement volume with the original and shifted laser
beam.

In addition to all the optical parameters, LDA relies on the presence
of the particles in the flow field that scatter the laser light. Because the
LDA measures the velocity of particles in the flow and not the flow itself,
the measurement accuracy directly depends on the ability of these par-
ticles to faithfully follow the fluid flow and scatter light. Furthermore,
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the particles should be sufficient in number and uniformly distributed to
provide the desired spatial and temporal resolution. The best scatter-
ing signals are obtained when the particle diameter is several times the
beam wavelength [30]. The selection of a proper tracer particle is a com-
promise between the particle tracking (ability to follow the flow) and the
particle light scattering [27]. If the particle is too large, it will not follow
the flow, which will result in an imprecise representation of the fluid
velocity. If the particle is too small, it will not scatter sufficient light
to provide the signal-to-noise ratio (SNR) necessary to minimize mea-
surement uncertainty in the signal processing electronics. Moreover, the
light scattering can be influenced by the particle substance, the incident
laser power, the collection aperture and its position and the detector
electronics [27]. The chosen particle size is often determined by the
ability of the optical system to detect the particle and the inaccuracies
accepted [27]. The seeding particles used in the current investigation
were made of Polyamide powder with an average diameter of 5 μm.

The electrical current pulse from the photodetector is the primary
result of a LDA measurement; this pulse contains the frequency infor-
mation related to the flow velocity. The arrival time, transit time, am-
plitude and the SNR are also additional quantities of interest. The
main types of signal processors are spectrum analyzers, photon correla-
tors, counters, and frequency trackers [31]. The accuracy, the range of
frequency, the ability to distinguish a signal in low SNR, the time resolu-
tion, and the simplicity of the output data interpretation are the primary
criteria for selection of signal processors. Signal processors based on the
burst mode offer the capability to measure in low SNR [31]. In the
current research, the Doppler frequency was determined using a burst
signal analyzer (BSA) from Dantec, which analyzes each burst signal
using FFT.

Because the arrival of each particle to the measurement volume is
arbitrary, the time between velocity estimates is random. The velocity
is not evenly sampled in time. This random sampling is the main prob-
lem for statistical quantities that depend on the timing of events, such
as spectrum and correlation functions. Spectral analysis of the LDA
signals can be performed by re-sampling the time series through a linear
interpolation into an evenly spaced time grid and with standard methods
of analysis, such as the fast Fourier transform (FFT). This, of course,
may contribute uncertainty to the final analysis. Another and probably
the best alternative, is to use a method that does not require uniformly
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sampled data, such as the Lomb-normalized periodogram method [32].
The main advantage of the LDA technique is that it has very high

spatial resolution due to the small measurement volume, does not dis-
turbed the original flow phenomena (non-intrusive) and has a wide dy-
namic range for velocity measurements. However, it has some limitations
as well; LDA needs optical access, the fluid being investigated has to be
transparent or the ability not to block the scattered light and LDA is
expensive.

Generally, it is advisable to strive to attain the best possible SNR
within the constraints of the experiments because the maximum amount
of flow information per second is achieved when the SNR is high [27, 31].

The optical characteristics and specifications of the LDA system used
in this study can be found in the appended papers (Papers A–D). For
traversing, an aluminum, three-dimensional transverse system was used,
which can be controlled manually or automatically with an accuracy of
0.01 mm.

2.1.2 Sources of error in LDA

Like any other measuring device, LDA is also vulnerable to measurement
inaccuracies. The primary source of error when using LDA is that the
velocity of the tracing particles in the flow is measured and not the fluid
velocity itself. Therefore, it is advisable to ensure that the seeding par-
ticles have the ability to follow the fluid flow and to scatter the required
amount of light. If not, the measurement will be in error regardless of
the capabilities of the technique and the caution taken to minimize other
sources of error [27, 29].

The ability of a particle to follow the flow (including the flow fluctu-
ations) and scatter light is determined by the particle’s size and density.
There are different forces exerted on a moving particle; the most signif-
icant forces are the viscous drag force, the pressure force and the force
associated with the particle acceleration. The particle motion in the flow
is governed by these forces. An important parameter in particle tracing
is the Stokes number, which is defined as the ratio of the particle relax-
ation time to the characteristic fluid time scale. The relaxation/response
time of a particle is the time required for a particle to respond to a change
in the fluid velocity and can be calculated as τp = ρpd

2
p/18μ, where dp

is the particle diameter, ρp is the particle density, and μ is the dynamic
viscosity. To obtain acceptable tracing accuracies, the particle relax-
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ation time should be smaller than the smallest time scale of the flow. A
smaller Stokes number results in better tracing accuracy. Furthermore,
the particle density should not differ from the fluid density much [27, 29].

There are other types of error sources coupled with LDA that may
contribute to a measurement inaccuracy. These sources are mainly di-
vided into three categories: optical uncertainty, data acquisition un-
certainty and data reduction uncertainty [33]. Here, the following bias
errors will be discussed: calibration bias, angle bias, velocity bias, filter
bias, gradient bias, system noise, and probe alignment bias.

Calibration bias is related to the fringe spacing specified in the LDA
set-up and is a function of the half angle between the incident beams and
the wavelength, see Eq. (2.2). Therefore, the bias relies on how well the
half angle is measured. The calibration factor used in this research was
determined by focusing the probe on a board far from and orthogonal
to the probe. Then, the distances between the probe and the board and
between the laser beams were measured to calculate the angle.

The angle bias(fringe bias or directional bias) occur when the sig-
nal processor requires a specific number of fringes crossings in order to
validate the measurement, and certain particles trajectories fail to pro-
vide this needed number of crossings. Particles traveling through the
measurement volume parallel to the fringes and at oblique angles near
the edges of the measurement volume may not cross enough fringes, but
particles passing through the center at oblique angle may cross an ade-
quate number of fringes. High data rate is obtained when the particles
are perpendicular to the fringe, and the data rate decreases as the par-
ticles become parallel to the fringes. Therefore, the resulting velocity is
biased toward the samples from the high data rates [27, 31, 34, 35]. It
is hard to eliminate this bias, but it can be reduced to negligible levels
using frequency shifting, such that the fringes are moving relative to the
flow, which enhances the chances of particles fringes crossings. To make
the angle bias insignificant, it is recommended that the fringe velocity
should be twice the flow velocity [35–38].

The velocity bias arises from the fact that the flow velocity depends
on the rate of particles passing through the measurement volume for
LDA systems operating in burst mode. The result is a random sam-
pling of individual velocity events. Assuming that the fluid is uniformly
seeded, the high velocity particles travel through the measurement vol-
ume more frequently than the low velocity particles. Taking an arith-
metic average of these random measurements over a given period of time
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will, therefore, result in an overestimation of the mean value, and the es-
timated velocity variance may also be biased. This bias was first noticed
by McLaughlin and Tiedermann in 1973 [39]. These authors suggested
a weighting function of the inverse velocity to the statistical calcula-
tions, and this correction works well for unidirectional flows [29, 31, 33].
Besides the McLaughlin and Tiedermann suggestion, several methods
have been developed to correct for the velocity bias, such as residence
time weighting, free-running processor, sample-and-hold and controlled
processor methods based on the laser Doppler system.

Using the residence time, i.e., the time that a particle spends in the
measurement volume, as a weighting factor for the individual realizations
was proposed by George [40], Hoesel and Rodi [41] and Buchhave et al.
[42]. The method is based on the assumptions that there is a uniform
particle distribution in the flow and a statistically uniform flow through
the measurement volume. This method can be used for all data rates
(high or low) and unidirectional or multidirectional flows. This technique
was used to correct for the velocity bias in the current measurements,
see Paper B, and it will be discussed further later.

The filter bias is related to the frequency response and the filter
setting of the signal processor. It occurs because the LDA depends
on the particle speed. Signal processors usually have their own optimal
frequency response range; therefore, a particle that generates a frequency
beyond this optimal range is less likely to be measured. The frequency
generated by the particles with a certain velocity can be discriminated
if this frequency is beyond the filter setting rage of the processor [35].

Durao and Whitelaw [43] and DeGraff and Eaton [34] discussed that
particles with higher velocity have a smaller probability of making a
valid measurement because faster particles scatter a fewer total number
of photons and thus produce a weaker signal, i.e., when the particle
velocity increases, the amplitude and visibility of the signal decreases.
This bias counteracts the velocity bias described above.

The filter bias is difficult to estimate because it depends on the pro-
cessor hardware and software performance as well as the settings used to
validate data, such as gain, filtering and validation criteria. This bias is
particular for each LDA system and measurement conditions. Further-
more, this bias also depends on the experimental parameters, such as
the alignment, the particle sizes and the concentration of particles [34].

The gradient bias occurs, because the measurement volume has a
finite size, when a spatial velocity gradient is present across the mea-
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surement volume. This bias highly influences the turbulence intensity
quantities, since the velocity distribution is non-uniform along the length
of the measurement volume. The mean velocity can also be affected if
the velocity distribution is not linear across the measurement volume.
This effect is particularly important in near-wall measurements because
the velocity variations across the measurement volume reach their max-
imum value.

Since the LDA method has been acknowledged as being a method
with high spatial resolutions in flow field measurements, no special care
should be taken if the measurement volume is located sufficiently far
from the boundaries and/or the spatial velocity gradient arising from
eddy motions in the flow is statistically negligible [29]. Thus, the as-
sumption of uniform flow within the LDA measurement volume can be
adapted, i.e., there is a constant velocity gradient along and within the
length of the measurement volume.

The velocity gradient broadening effect becomes significant when the
measurements of the velocity distribution are performed in the near-wall
region of a boundary layer. It is necessary to correct for this influence.
Durst et al. [44] and Compton [45] proposed the following analytical
expressions to correct the measured data; the dominant influence is in
the streamwise direction:

Umeas. = U true +
d2
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(
d2U

dy2

)
+ h.o.t. (2.5)

u′2meas. = u′2true +
d2
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(
d2U

dy2

)
+ h.o.t. (2.6)

v′2meas. = v′2true +
d2
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(
d2v′2

dy2

)
+ h.o.t. (2.7)

where d is the diameter of the measurement volume, U is the mean
streamwise velocity, u′2, and v′2 are the variances, and h.o.t. represents
the high-order terms.

Detector systems always contain noise [31]. The primary source of
noise is generated in the electronics between the photodetector and the
signal processor. A portion of the noise is also generated within the
detector itself and is called shot noise. These noises can be minimized
by the proper selection of the laser power, seeding particle size, optical
system parameters, and low- and high-pass filters. Also noise can arise
from scattered light outside the measurement volume (for instance, dirt,
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scratched windows, ambient light and multiple particles) and unwanted
reflections associated with the flow rig, such as from windows, lenses and
mirrors. It might be easy to eliminate some of these sources of noises,
but this requires the awareness of the experimentalist. Another source
of noise is the relative motion of the test rig to the probe [46]. This noise
can be estimated by a velocity measurement on the solid surface of the
test section (Paper B).

Coincident bias occurs when the LDA system is operating in coin-
cident mode. For 2D or 3D LDA measurements, a recording interval
window can be used to ensure that signals coming from different chan-
nels, i.e., measuring different components, are generated from the same
particle, which allows for determining the instantaneous velocity vec-
tor. The coincidence interval is the largest acceptable time difference
between two velocity samples. A short length of this interval might be a
good criterion so that the transit time of a particle is short. However, in
turbulent flow, slower particles have a longer residence time, so setting
a short coincidence interval may lead to rejection of the signal created
by these particles. Using a short coincidence interval may cause a bias
toward high velocities.

The experimenter has to perform a sensitivity analysis within the
given experimental conditions to choose an appropriate coincidence in-
terval to avoid bias errors. A suitable value would be the diameter of the
measurement volume divided by the highest velocity present in the flow
[30]. It is rather difficult to estimate the error due to the coincidence
bias. In the current case, the record interval window was set longer than
the typical residence time but considerably shorter than the arrival time
difference of two successive particles.

Probe alignment biases arise due to different causes and all lead to
the distortion of the measurement volume; let consider three cases where
probe alignment bias may occur.

The first case will consider that the test rig has a plane wall and
that the probe’s optical axis is not orthogonal to the wall. The two
incident beams will travel different distances and will not meet at their
respective beam waists. As a result, the measurement volume will be
distorted, which will lead to bias error. In addition, there will be errors
related to the measurement location since the two beams will intersect
outside the optical axis. To compensate for this bias an analysis of the
ray tracing must to be made according to the experimental conditions.
Zhang and Eisele [47, 48] performed such an analysis and presented a
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detailed optical guideline to compensate for the velocity magnitude and
location of the measurement volume.

The second case, when two beams are not arranged with orthogonal
components. One of the pairs of beams is aligned with the x-axis, but
the other pair is not aligned to the y-axis; a small angle deviation will
have a considerable impact on the measured quantities. Karlsson et al.
[49] have investigated this problem and proposed an analytical equation
to perform corrections. This effect will have a considerable influence in
case of boundary layer study since the mean velocity and the fluctuation
are much greater in the streamwise than the normal direction to the wall
[27, 44, 50].

The third case is when performing LDA measurements on a circular
pipe. The laser beams that measure the tangential velocity will lead
to fringe distortion due to the pipe surface curvature, both inside and
outside, and the differing refractive indices of the media. There are
different ways to handle this problem to improve the accuracy of the
measurement, such as using a refractive index matching box and/or a
plane wall around the pipe. This problem can also be eliminated if the
probe is always aligned along the axis. This situation is discussed in
Paper A.

The consequence of all types of fringe distortion in the LDA mea-
surement volume is the deterioration of the signal-to-noise ratio and,
thus, the accuracy of the measurement.

2.2 Computational Fluid Dynamics

CFD has been successfully applied in a large number of academic re-
searches studies [51]. Presently, it is being increasingly explored by
many industries to reduce design time and to analyze and improve the
existing technologies. Example of such industries include aerospace, au-
tomotive, process and power generation industries.

CFD is also gaining popularity within the hydropower industry. For
the last three decades CFD has played a crucial role in the hydropower
industry by helping to understand the flow characteristics and improve
the hydraulic turbine performances [52]. This is due to an improvement
in computers speed and memory together with the availability of robust
in-house and commercial CFD codes. However, the main question that
remains when using CFD for hydraulic turbines is how accurately it
can predict the flow phenomena. To extend the range of confidence in
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the CFD, some means of validation against well-controlled experiments
must be performed.

2.2.1 Computational fluid dynamics

Computational fluid dynamics is the use of computers and numerical
techniques to solve problems involving fluid flow. Fluid flows are gov-
erned by partial differential equations (PDEs). CFD is a science that
provides quantitative predictions of fluid flow phenomena based on the
governing equations. Solving these equations of fluid flow exactly is
almost impossible, except in some cases. In CFD, the PDEs are ap-
proximated using a set of algebraic equations that can be solved using
computers. The approximation of the PDEs requires the representation
of the continuous nature of the equations in a discrete form in space and
time. The discretization is a process where the flow domain is subdi-
vided into small elements or control volumes, i.e., grid or mesh, and the
equations are expressed in discrete forms at each point in the grid.

There are different types of grids, such as hexahedral, tetrahedral,
prism and pyramid. Grids can also be classified based on their con-
nectivity: structured or unstructured. A structured grid has a regular
connectivity pattern that can be expressed as a two or three dimensional
array, i.e., each grid point can be identified by the indices i, j, and k and
the corresponding Cartesian coordinates xi,j,k, yi,j,k, and zi,j,k. There is
a direct relationship between an element location and the location in the
solver used to store the physical variables associated with the element.
An unstructured grid has an irregular connectivity pattern that is not
expressed as two- or three- dimensional arrays, i.e., neighboring elements
cannot be directly identified by their indices. In an unstructured grid,
there is no apparent relationship between neighboring elements and the
location of their data in the data structure. Therefore, the connectivity
information must be stored [53, 54].

Once the physical discretization of the flow domain is complete, the
discretization of the governing equations can be performed. There are
several methods to discretize the governing equations, such as the finite
difference (FD), finite volume (FV), and finite element (FE) methods.
The FD method is usually applied on a structured grid arrangement be-
cause the derivatives of the field variables can be conveniently expressed
as finite differences. The FE and FV methods are more flexible and can
be formulated to use both structured and unstructured grids [53]. The
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discretization method used in this work is based on the FV method.
The finite volume method is based on the integral conservation law.

The total flow domain is first divided into a number of small control
volumes where the variables of interest are located at the centroid of
the control volume (nodal value). There are several possible methods
of defining the shape and position of the control volume with respect
to the grid. Two basic approaches can be distinguished: cell-centered
and vertex-centered. In the cell-centered method, the flow variables
are stored at the centroid of the cells. The control volumes are identi-
cal to the cells. In the vertex-centered method, the flow variables are
stored at the grid vertices. The control volumes are formed around each
grid vertex using the median dual method, which is defined by lines
joining the centers of the edges and the cell centers surrounding the
vertex. Then, the governing equations are integrated over each control
volume. The nodal values are used to express variables at the control
volume surface by interpolation. The surface and volume integrals are
then approximated using numerical quadrature, i.e., numerical integra-
tion over higher dimension, to obtain an algebraic equation for each
control volume. Finally, these algebraic equations are solved with an
iterative technique, because they are non-linear. There are numerous
difference schemes available to perform the interpolation, such as the
upwind (UDS), central (CDS) and quadratic upwind interpolation for
convective kinematics (QUICK) [51, 53, 55, 56]. The FV method satis-
fies the conservation laws not only at the discrete level but also at the
global level.

The above approximation of the spatial derivatives is known as space
discretization. When dealing with transient simulations, i.e., time de-
pendent simulations, time discretization has to be performed as well,
which is the approximation of temporal derivatives. Similar to the spa-
tial discretization, the time domain is divided into a time grid (step).
There are two general approaches to make discrete approximations of the
transient terms: explicit and implicit methods. In the explicit scheme,
the variables at tn+1 are evaluated from the variables at tn to t0, e.g.,
the forward Euler φn+1 = φn + f(tn, φ

n)Δt. The implicit scheme finds
a solution at tn+1 by solving an equation involving the variables at tn+1

to t0, e.g., the backward Euler φn+1 = φn + f(tn+1, φ
n+1)Δt. For the

explicit schemes, the Courant number should be less than or equal to
one. This limitation does not apply for the implicit schemes. The tran-
sient scheme used in the current work is a second order backward Euler
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that is implicit, conservative in time, and does not have a time step size
limitation [51, 53, 57].

Generally, the fundamental principle of any CFD simulation is that
the flow field is discretized, i.e., the field variables are approximated by
their values at a finite number of nodes. Then, the governing equations
are discretized, i.e., approximated in terms of the values at nodes, and
the resulting system of algebraic equations is solved to give the value
at each node. There are two types of solvers: coupled and segregated
solvers. The difference in the solver is seen in how the pressure-velocity
coupling is introduced in the discretization of the mass flow through a
surface of the control volume. In the coupled solver, the pressure-velocity
coupling is made by applying a pressure-redistribution term that assures
the pressure and velocities are solved simultaneously. The segregated
solver applies a correction approach to assure that the velocity field
satisfies the continuity equation by using the Poisson equation. The
pressure and velocities are solved separately [51, 53].

In CFD, there are also errors and uncertainties that result in the dete-
rioration of the accuracy, since numerical approximations are involved at
different levels. The governing equations model the actual reality, while
the algebraic equations are the discrete approximations of those gov-
erning equations. The computer’s capacity is also limited. The quality
and trust of a CFD simulation depend on the degree of the uncertainty
and the cumulative effect of various errors. According to the American
institute of aeronautics and astronautics (AIAA), uncertainty and error
are defined as a potential deficiency due to a lack of knowledge and a
recognizable deficiency not due to a lack of knowledge, respectively [58].
Errors might be classified as acknowledged errors, i.e., errors that can be
identified and estimated by certain mechanisms, and an unacknowledged
errors, i.e., errors that are hard to detect or have no standard procedure
to be estimated or identified. Acknowledged errors are modeling, dis-
cretization, iterative and round-off errors. Unacknowledged errors are
code errors, such as bugs in the coding and logical mistakes, and user
errors, such as using the wrong model or wrong boundary conditions.
Generally, the systematic errors in CFD can be categorized as numer-
ical and modeling errors. The numerical errors are estimated in the
process of verification, while the modeling errors are estimated in the
process of validation [53, 59]. Verification can be described as “solving
the equations right” and is a mathematical and computer science issue
not a physical issue. Validation can be described as “solving the right
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equations” and is a physical and mathematical issue [60].
In CFD simulations, the main part of the verification process is to

estimate the iteration and discretization errors. The discretization of
the governing equations results in non-linear algebraic equations, which
are often solved by an iteration method toward the exact solution. Usu-
ally, there are some convergence criteria to stop the iterative process,
which means that the exact solution for the algebraic equations is never
reached; however, it possible to get very close. Iteration error is the
difference between the last solution in an iterative process and the exact
solution of the algebraic equations. This error is usually measured with
residuals and considered small when the norm of the residuals decrease
by three to four order of magnitude [53]. Discretization error is the er-
ror introduced by the solution of the discrete equations when compared
with the exact solution of the PDEs. The behavior of the error depends
on the order of the discretization scheme. This error can be estimated
using Richardson extrapolation. A numerical simulation must be per-
formed with at least three or more consecutive computational grids with
different numbers of nodes, i.e., from coarser to finer. Then, a global
parameter can be compared, such as the pressure recovery factor in
a draft tube simulation. The solution is said to be grid independent
when further refinement does not lead to significant changes [53, 60].
Care should be taken because global parameters involve integrals which
smooth out local variations. It is, therefore, recommended to compare
specific profiles where large gradients are expected.

After the numerical models are successfully verified, a validation can
be performed to increase the confidence in the numerical model. The
numerical solution is compared with the experimental results. Then,
conclusions can be drawn regarding whether the actual flow conditions
are adequately captured by the CFD simulation. The validation de-
pends on the numerical solution accuracy as well as on experimental
accuracy. In the validation process, only the CFD simulation is vali-
dated not the code [60]. Modeling error is the difference between the
actual flow and the exact solution of the PDEs. Models used to solve
more complicated flows that involve physical phenomena that are hard
to describe with mathematical equations certainly contain errors, such
as turbulence models.
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2.2.2 Turbulence modeling

The flow in water turbines is highly turbulent due to the large flow rate
and the dimensions. The rotation of the runner makes the flow highly
unsteady.

Turbulence is an irregular flow condition in which the various flow
variables, i.e., the velocity, pressure, temperature, etc., exhibit a random
variation in time and space. It is by nature chaotic and unpredictable.
Turbulent flows are characterized by a rapid rate of diffusion of mo-
mentum and heat as well as high levels of fluctuating vorticity. An
important characteristic of turbulence is its ability to transport and mix
fluid and to dissipate energy. Turbulent flow contains three-dimensional
fluid structures know as eddies with various ranges of size that developed
irregularly in time and space. A large portion of the energy in turbulent
flow goes into the formation of these eddies, which eventually dissipate
their energy as heat. The energy is extracted from the mean flow by the
large eddies; this energy is transferred to the small eddies through non-
linear interactions and then from the small eddies to the smaller eddies
and from the smaller to the smallest eddies, which are eventuality dis-
sipated by viscous diffusion. The largest eddies are usually determined
by the geometry of the flow, while the smallest eddies are determined
by the viscosity. Turbulent flow to sustain requires a continuous supply
of energy to compensate for the viscous losses, if not turbulence decays
rapidly. Turbulence is a feature of the flow not the fluid [59, 61, 62].

One important parameter in characterizing the different flow regimes
is the Reynolds number. It is a non-dimensional parameter that de-
scribes the ratio between the inertia and friction forces: Re = u
/ν
where u and 
 are the characteristic velocity and length scales of the
flow, and ν is the kinematic viscosity of the fluid. Turbulent flows occur
at high Reynolds numbers, for example above 4000 for pipe flow, above
105 for bluff body flow and above 5 ∗ 105 for flat plate flow.

Because the velocity field in turbulent flow is three-dimensional,
time-dependent and random, it is very difficult to develop an accurate
analytical theory or model, even if the governing equations of the flow
are known, i.e., the Navier-Stokes equations. The Navier-Stokes equa-
tions are nonlinear and difficult to solve. In turbulent flow, the flow
variables are known as a function of space and time. The flow variables
can, therefore, only be obtained by numerically solving the Navier-Stokes
equations. The governing equations for the viscous, incompressible and
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isothermal flows may be written as:

∂Ui

∂xi
= 0 (2.8)

∂Ui

∂t
+ Uj

∂Ui

∂xj
= −1

ρ

∂P

∂xi
+ ν

∂2Ui

∂xj2
(2.9)

where Ui is the instantaneous velocity, P is the pressure, ρ is the fluid
density and ν is the kinematic viscosity.

Equations (2.8) and (2.9) together constitute four equations with
four unknown variables: one velocity component in the x, y and z direc-
tions and the pressure term; therefore, the system can be solved directly.
To achieve the numerical solutions of these equations, boundary condi-
tions resolved in space and time are required. These numerical solutions
are called direct numerical simulations (DNS). DNS is a solution of the
complete time-dependent Navier-Stokes equations without a turbulence
model. DNS is computationally expensive at large Reynolds number
flows because large numbers of grid nodes needed to resolve all length
and time scales, is proportional to Re3. Nevertheless, for low Reynolds
number flows with simple geometries, the results of the DNS have greatly
assisted in the understanding of turbulence physics [61, 63].

Large eddy simulation (LES) is another technique to solve the time-
dependent Navier-Stokes equations. The DNS resolves all eddies but
LES only resolves the large eddies. In turbulent flow, the large eddies
contain more of the energy compared to the small eddies, and the large
eddies are also more responsible for the transportation phenomena. In
LES, the large scales of the turbulence are directly solved and the small-
scale motions are modeled. LES can be applied to large Reynolds num-
ber flows and complex geometries. LES is computationally less expensive
than DNS but is still expensive [53].

Another more common approach to solve the Navier-Stokes equa-
tions is the Reynolds-averaged method. It is based on a statistical
approach where time averaging of variables is carried out to separate
the mean from the fluctuations. The instantaneous quantities of any
variables (Φ) are decomposed into a time-averaged value (φ̄)and a fluc-
tuating part (φ′).

Φ(x, t) = φ̄(x) + φ′(x, t) (2.10)

The time-average is defined by:

φ̄(x) =
1

T

∫ T

0

Φ(x, t)dt T1 � T � T2 (2.11)
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¯̄φ(x) = φ̄(x) (2.12)

φ̄′(x, t) = 0 (2.13)

where T is a time scale that is large relative to the time scale of the
turbulent fluctuations T1 but is small relative to the time scale in which
the equations are solved T2. For unsteady flows, ensemble averaging is
the most appropriate, and if it is periodic, phase averaging can be used
[51, 64].

From Eqs. (2.10)-(2.13) and by applying into the Navier-Stokes
equations, Eqs. (2.8) and (2.9), yields the Reynolds-averaged Navier-
Stokes equation (RANS).

∂ūi
∂xi

= 0 (2.14)

∂ūi
∂t

+ ūj
∂ūi
∂xj

= −1

ρ

∂p̄

∂xi
+ ν

∂2ūi
∂xj2

− ∂(u′iu
′
j)

∂xj
(2.15)

In Eq. (2.15), there is an additional stress term acting on the mean flow
due to the fluctuating velocity, which is known as the Reynolds stresses
(τij = −u′iu

′
j). This term represents the effect of the turbulence on the

mean flow. The Reynolds stress term introduces six unknown variables
in the governing equations. Therefore, additional equations are needed
to close the system; this process is known as turbulence modeling.

Over the past few decades, many different types of turbulence models
have been developed. Generally, the RANS turbulence models can be
broadly divided into two types: eddy-viscosity models and Reynolds
stress models.

The eddy-viscosity models are based on the Boussinesq hypothesis,
which relates the Reynolds stresses to the mean velocity gradients via
the eddy viscosity:

τij = −u′iu
′
j = νt

(
∂ūi
∂xj

+
∂ūj
∂xi

)
− 2

3

(
k + νt

∂ūk
∂xk

)
δij (2.16)

where k = 1
2(u

′
iu

′
i) is the turbulent kinetic energy, δij is the Kronecker

delta, and νt is the turbulent viscosity/eddy viscosity and has to be
modeled.

The eddy-viscosity models can further be classified as linear and
nonlinear models, but the most widely used types of turbulence models
are the two-equation models. In the two-equation models the turbulent
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properties of the flow are represented with the inclusion of two extra
transport equations: one equation for the turbulent kinetic energy, k,
and one equation for the turbulent dissipation rate, ε, or the specific
dissipation rate, ω.

There are different types of k− ε models. One of these models is the
standard k − ε model. In this model, the value of k and ε are obtained
from their corresponding differential transport equations. Both the ve-
locity and length scale are computed using two independent transport
equations, the velocity scale from k and the length scale from both k
and ε. The eddy viscosity is related to the turbulent kinetic energy and
the dissipation rate via the following assumption [51, 62]:

νt = Cμ
k2

ε
(2.17)

The transport equation of k and ε are:

∂k
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+ ūj

∂k

∂xj
=

∂

∂xj
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+ Pk − ε (2.18)
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∂
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νt
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)
∂ε

∂xj

]
+

ε

k
(Cε1Pk − Cε2ε) (2.19)

Pk is the turbulence production due to the viscous forces and the model
constants are as follows: Cε1 = 1.45, Cε2 = 1.9, σk = 1, σε = 1.3 and
Cμ = 0.09.

One of the basic assumptions in the derivation of this model is that
the flow is fully turbulent, and the effects of molecular viscosity are neg-
ligible; therefore, this model is only valid for fully turbulent flows. The
k − ε model has proven to be robust and relatively accurate for a large
number of engineering flows. However, it performs poorly for complex
flows involving a large adverse pressure gradient, separation, rotation,
and strong streamline curvature. Another major drawback associated
with this model is the over prediction of the eddy viscosity near the
wall; thus, it requires special wall treatment, this will be discussed later
[61, 62, 64].

The other type of k − ε model is the RNG k − ε model, which at-
tempts to overcome some of the limitations of the standard k−ε model.
It is based on the renormalization group analysis of the Navier-Stokes
equations. All the assumptions considered for the standard k− ε model
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are also applied here. The transport equation for the turbulence ki-
netic energy is the same as those in the standard k − ε model. The
major difference between these models is that the model constants of
the transport equations for the dissipation rate vary. Additionally, the
constant coefficient related to the turbulence production term due to
viscous forces is replaced with some specific function in the case of the
RNG model. This function includes the effect of rapid strain and the
streamline curvatures. The RNG model also includes the effect of the
swirl on the turbulence, which enhances the accuracy for swirling flows
[51, 64].

The k − ω model, similar to the k − ε model, has two additional
differential transport equations solving for the turbulent kinetic energy
and the turbulent frequency. The stress tensor is computed from the
eddy viscosity assumption. The eddy viscosity is related to the turbulent
kinetic energy and turbulent frequency via the following assumption:

νt =
k

ω
(2.20)

This model performs well both in the viscous near-wall region and in
accounting for the effect of the streamwise pressure gradient. The model
can be used without applying wall functions but requires a higher resolu-
tion mesh near the wall. There is also low-Reynolds number formulation
used for modeling transition [64]. Although it has superior performance
for the wall-bounded boundary layer and low Reynolds number flows,
sometimes the k−ω model fails to predict the onset and amount of flow
separation under high adverse pressure gradients. Furthermore, the ω-
equation is strongly sensitive to the values of ω in the freestream flow
outside the boundary layer [61, 64].

Another popular two-equation model, which combines both the ad-
vantage of k − ε and k − ω, is the shear-stress transport (SST) model.
This model effectively mixes the robust and accurate formulation of the
k−ω model in the near-wall region with the free-stream independence of
the k−ε model far from the wall. Blending functions are used to ensure
a proper selection of the k− ε and k− ω zones. The eddy viscosity, Eq.
(2.20), formulation is modified to account for the transport effects of the
principle turbulent shear stress:

νt =
a1k

max(a1ω;SF2)
(2.21)
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where a1 is a constant, F2 is the blending factor, and S is the invariant
measure of the strain rate. The SST model can accurately predict the
onset and the amount of flow separation under high adverse pressure
gradients [51, 65].

All the above mentioned models are linear eddy-viscosity models.
There are also nonlinear eddy-viscosity models developed to address
some of the drawbacks of the linear models. In nonlinear eddy-viscosity
models, the Reynolds stresses are expressed as a function of the mean
strain-rate and vorticity tensors to account for the effect of the rotation
and anisotropic behavior of turbulence stresses.

The other RANS based model of interest in this work is the Reynolds
stress model (RSM). The RSM closes the RANS by solving the addi-
tional transport equations for the Reynolds stresses and for the ε or ω
that provides a length and time scale of the turbulence. The isotropic
eddy-viscosity hypothesis is avoided. However, some terms must still
be modeled, such as the pressure-strain, the dissipation rate, and the
turbulent diffusion. The RSM has the potential to accurately predict
complex flows because it accounts for the effects of the streamline cur-
vature, the swirl, rapid changes in the strain rate and the anisotropy
of the turbulent stress. The drawback of the model is that it demands
more computer resources and is less robust than linear the eddy-viscosity
models.

2.2.3 Near-wall treatment and boundary conditions

The total mean shear stress is made up of the viscous and turbulent
parts, τtot = μ∂ū

∂y − ρu′v′. The near-wall region (inner layer) can be

divided into three layers. The viscous sublayer is defined for y+ < 5.
There the molecular viscosity dominates the flow and plays the major
role in the momentum and heat transfer. In this region, the velocity
profile is linear,

u+ =
ū

u∗
, y+ =

u∗y
ν

, u∗ =
√

τw
ρ
, τw = ρν

∂ū

∂y
(2.22)

The logarithmic region, 30 < y+ < 100, where the turbulent proper-
ties of the flow play the major role, and the velocity distribution are
expressed by Eq. (2.23), where κ and C are constants.

u+ =
1

κ
lny+ + C (2.23)
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The buffer layer, 5 < y+ < 30, is found between the viscous and log-
arithmic layers. In this layer, both the effect of the viscosity and the
turbulence stresses are of comparable magnitude, and the velocity dis-
tribution is neither linear nor logarithmic.

At the walls, the no-slip boundary condition applies; thus, both mean
and fluctuating velocities vanish. When approaching the wall, there is
a strong velocity gradient. The viscous effect becomes very important
on the transport processes because the fluctuations are substantially
reduced due to the viscous damping (reduce tangential velocity fluctua-
tions) and kinematic blocking (reduce normal fluctuations). Therefore,
special treatment is needed in turbulence modeling to resolve the rapid
variation of the velocity and account for the viscous effects close to the
wall. There are two main approaches to handle this situation: the wall
function and the low-Reynolds formulation.

The wall function method does not resolve the near-wall flow com-
pletely but assumes a theoretical profile between the near-wall node and
the surface. The near-wall node is required to be placed in the loga-
rithmic region; thus, the logarithmic law, Eq. (2.23), can be used to
estimate the wall shear stress. In this method, the computational time
is significantly reduced because the near-wall region is not resolved. Ad-
ditionally, the viscous effects in the turbulence model are not considered.
The scalable wall function approach does not require a lower limit of y+

value, thus it can be applied on arbitrarily fine meshes [66].
The low-Reynolds number method resolves the flow right down to

the wall. This requires a very large number of nodes close to the wall
in the normal direction and special viscosity dependent modifications
(damping functions) for some turbulence models.

Near the wall, the mean velocity gradients are greater in some di-
rections than in others and motions in certain directions are selectively
damped; as a result, the turbulence is usually anisotropic, i.e., u′2 �= v′2,
u′2 �= w′2, v′2 �= w′2 [59, 62]. Therefore, close to the wall, the eddy
viscosity assumption is not true. In addition, the ε-equation becomes
singular at the wall. Therefore, the RSM model based on the ε-equation
and k− ε models requires this wall tremens to obtain a reasonable solu-
tion [62, 64].

To solve the governing differential equations, appropriate boundary
conditions need to be applied. The inlet, outlet and wall boundary
conditions used for the simulation of the U9 Kaplan turbine are discussed
in Papers F and G. Here, the domain interface will be discussed.
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Hydropower turbines have very complex geometries; therefore, mesh-
ing the entire turbine with one domain of good mesh quality is nearly
impossible. Usually, the turbine is subdivided into two or more do-
mains. For instance the guide vanes, the runner and the draft tube can
be meshed separately and connected with a domain interface. The ge-
ometry of the guide vanes and the runner and the expected flow pattern
have a periodically repeating nature; therefore, it is not necessary to
simulate all the guide vanes and runner blades at once. Instead, only
one region, i.e., a single guide vane and blade passage, needs to be solved,
but the boundaries must be specified as rotationally periodic. There are
two methods to connect the domain interfaces: one-to-one (direct) and
general grid interface (GGI).

The one-to-one connection requires that all the nodes on both sides
of the interface must correspond in location with each other, i.e., the
mesh must be similar and matching; this is usually used for periodic
interfaces.

The GGI can be used to connect dissimilar, non-matching grids re-
gardless of how they were created. In addition, GGI can be used to
connect different physical flow domains, such as fluid-solid or porous-
solid. GGI is based on the control surface approach [51]. The treatment
of the interface fluxes is fully implicit and follows all the conservation
laws. The control volume and surface equations are linear. Generally,
the idea of GGI is to copy the data from the source file and transfer,
i.e., interpolate, to the target interface side. Because the GGI connec-
tion involves numerical approximation, the simulation may be subjected
to an additional discretization error compared with the one-to-one or
an equivalent computation that does not use the GGI connections [51].
Furthermore, in periodic flows, such as in the runner-draft tube domain
interface, using the GGI connection may lead to some loss of information
about the blade wakes.

There are three different types of GGI connections that can be se-
lected depending on the application: contiguous connections, periodic
connections and frame change connections. In this thesis, a periodic
connection at the guide vane and blade passages is used. Additionally,
there are three types of frame change connections: frozen rotor, stage
and transient rotor-stator. For steady calculations, a stage connection is
used between the rotor and the stator domains; for transient simulations,
a transient rotor-stator is used.

The frozen rotor method uses a quasi-steady algorithm where the
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rotor and stator are modeled at a fixed position relative to each other.
The relative position of the rotor in relation to the stator is frozen in
time. The flow in the stator is calculated in the stationary frame, and
the flow in the runner is calculated in the rotating frame of reference. At
the interface the flow variables are transformed into the corresponding
frame of reference. This approach partially accounts for the interac-
tions across frame boundaries, but the transient effects are neglected.
The stage method also utilizes a quasi-steady algorithm where the dis-
crete fluxes passed from the rotor to stator frame and vice versa are
circumferentially averaged. This method accounts for the effect of the
time average interaction between the blade passages but neglects the
transient interaction effects. In the transient rotor-stator method, the
relative motion between the rotor and stator is simulated using a slid-
ing grid technique in which the relative positions of the components
are re-calculated at each time step. The transient rotor-stator method
accounts for all the interaction effects between components that have dif-
ferent relative motions, but it requires knowledge of the entire geometry
[51].

In this thesis, the commercial software ANSYS CFX 13.0 is used to
perform all the numerical simulations.
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Chapter 3

Measurement test case
and method

“It doesn’t matter how beautiful your theory is,
it doesn’t matter how smart you are.
If it doesn’t agree with experiment,

it’s wrong”

– Richard Feynman

This chapter introduces the test case and methods used for the exper-
imental investigation of an axial water turbine. The model, the test
rig, the operational conditions, and the location of the measurements
are explained in detail, and the measuring instruments including their
accuracies are discussed. This chapter also describes the methods used
to evaluate the data and the errors in the measurements.

As discussed in the previous chapters, the flow in the water turbine
is complex because of several flow phenomena appearing simultaneously.
This project aims to experimentally and numerically investigate these
complex phenomena that appear in a Kaplan turbine under certain con-
ditions. For instance, the fluctuations induced by the runner, such as
blade wakes at the BEP and high load, and at the part load the addi-
tional phenomena appearing due to the vortex breakdown. These com-
plex natures also make it difficult to predict the flow characteristics in
the water turbine using numerical simulations; thus, it is of interest to
have experimental data to validate the turbulence models.

The investigation was conducted in different locations of the turbine,
but the draft tube was the main focus because the draft tube may cause
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up to 50% of the total losses in a low-head reaction turbine. The flow
in an elbow draft tube is a turbulent, complex unsteady flow caused by
the rotating runner and draft tube geometry. This complexity is hard to
capture with any turbulence model. Therefore, the understanding of the
main flow phenomena that could appear at the BEP and at off-design
conditions are important to model the flow.

3.1 Porjus U9 turbine

The full-scale unit of the hydropower plant Porjus U9 is located on the
Lule River in the north of Sweden. The unit was built solely for research,
developmental and educational purposes. This unit is equipped with a
Kaplan type turbine. The machine is composed of a spiral casing, 18
stay vanes, 20 guide vanes, 6 runner blades, and an elbow draft tube.
The runner has a diameter of 1.55 m and rotates at 600 rpm. The
operational head is 55 m, and the turbine generates 10 MW at high load
with a maximum discharge capacity of approximately 20 m3/s.

3.1.1 U9 Kaplan turbine model and test rig

Usually, models are built to test and verify the performance of a newly
designed water turbines. Additionally, models are used to investigate
the flow characteristics in a turbine during the refurbishment process to
enhance the efficiency and to design a turbine that is reliable, durable,
and has an operational ability with higher efficiency over a large flow
rate variation.

In this thesis, the experimental investigation was performed on the
U9 model. It is a 1:3.1 scale geometrically similar model of the pro-
totype turbine. The model has a runner diameter of D = 0.5 m. The
turbine model was mounted in a test rig between two pressurized tanks,
high-pressure and low-pressure tanks. The test rig is located at the Hy-
draulic Machinery Laboratory of Vattenfall Research and Development
in Älvkarleby, Sweden. The drawing of the test rig with the U9 model
can be found in Paper A (Figure 1). The test rig allows for accurate
efficiency measurements. The uncertainty in the flow rate measurement
was ±0.13%, and the total hydraulic efficiency uncertainty was ±0.18%.
The water level was controlled by increasing the absolute pressure in
the low-pressure tank to avoid the risk of cavitation. The measurements
were carried out in a closed loop system. Figure 3.1 shows a picture of
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Figure 3.1: The test rig with the U9 Kaplan turbine model at the Lab-
oratory of Vattenfall Research and Development.

the turbine model being investigated. A further description of the test
rig may be found in Marcinkiewicz and Svensson [67]

3.1.2 Operational conditions

The investigation of the turbine was conducted at three different loads:
at the best operating point of the turbine and at two off-design operating
points (the left and right side of the propeller curve). The operational
net head H = 7.5 m and a runner speed N = 696.3 rpm were used
throughout the measurements period. The experiments were conducted
under a constant runner blade angle, i.e., for the off-design operating
points, the same runner blade angle as in the BEP was used. This means
that the turbine was regulated only with the guide vanes; thus, vortex
breakdown may be present. Usually, RVR does not occur in a Kaplan
turbine, but it is of interest from a research and also operational point of
view because many Kaplan turbines are operated with fixed blade angle
like propellers. The guide vane opening angle and the corresponding
volumetric flow rate of the three operating conditions are summarized
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Table 3.1: Operational condition parameters.

Operating point Left BEP Right

Guide vane angle αgv (degree) 20 26 32
Volume flow rate Q (m3/s) 0.62 0.71 0.76

Unit flow rate Q/D2
√
H [−] 0.255 0.277 0.332

Efficiency η − ηBEP (%) -5.2 0.0 -1.0

in Table 3.1.

3.1.3 Measurement locations

The turbine was investigated at three distinct locations: at the inlet of
the spiral casing, in the spiral casing before the distributor and at the
draft tube cone.

Measurements at the inlet of the spiral casing are essential to obtain
the necessary boundary conditions to perform the numerical simulations,
since a bend is present upstream. Inadequate inlet boundary conditions
are expected to influence the results, see e.g., [68]. The inlet of the spiral
casing was a circular steel pipe with an inner radius of 316 mm. A 290
mm long Plexiglas pipe was mounted between the inlet of the spiral
casing and the penstock for optical access, see Figure 3.2.

LDA measurements in a circular pipe are challenging due to the wall
curvature. The consequences of the curvature are measurement volume
distortion and different locations of beam intersection due to the laser
beam refraction at the surfaces. This leads to a lower signal quality.
In the current study, a square optical box is placed around the circular
pipe filled with an index matching liquid, which is water, to improve the
optical performances. Different types of liquids were also tested to fill
the box, but water was found to be suitable, refer to Paper A. Glass

Table 3.2: Location of profiles in the circular section.

Profiles Py 1 Py 2 Py 3 Py 4 Py 5 Pz 1

y [mm] - - - - - 0
z [mm] 100 50 0 -50 -100 -
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Figure 3.2: Inlet section of the spiral casing with the location of the
velocity profiles.

windows were mounted on two sides of the box to produce a homogenous
texture, see Figure 3.2.

To obtain the full velocity profile across the pipe, measurements were
performed from both sides of the pipe. Table 3.2 presents the location
of the profiles measured; Py 3 and Pz 1 are the profiles through the y-
and z-axis of the circular section, respectively. Further discussion can
be found in Paper A.

Inside the spiral casing and before the distributor, two Plexiglas
windows were installed on the lower side at an angular position of -56.25◦

SII

SI
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z

Window 
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Figure 3.3: Location of the windows on the spiral casing and the mea-
surement z-axis at section A-A.
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(SI) and -236.25◦ (SII) to perform the LDA measurements, see Figure
3.3. Correspondingly, the position of the windows from the central axis
of the guide vane to the bottom of the spiral casing was 294.7 and 197.1
mm. The windows were also placed at the center of the casing 224.52
mm (SI) and 74.01 mm (SII) away from the stay vanes. Here the LDA
measurements were straightforward because the windows were planar.

At the draft tube cone, measurements were performed through four
windows with angular positions a, b, c and d with a 90◦ spacing around
the cone circumference, see Figure 3.4. Plexiglas was mounted at the
windows to assure adequate optical access. The radii of the upper and
lower circles of the conical diffuser were 252.1 and 322.58 mm, respec-
tively, and the cone angle was 6.1◦. Three locations along the vertical
direction were investigated at each angular position and operating point:
sections I–III, see Figure 3.4. Radial profile I was obtained below the
runner cone in the upper part of the draft tube cone, which was 335 mm
below the runner hub center for all the angular positions. Profiles II
and III were obtained at the middle and close to the end of the conical
diffuser, respectively. The exact locations of the profiles can be found
in Paper D. At angular positions a and d, two additional profiles were
measured perpendicular to the cone axis (BC in Figure 3.4) to be used
as the inlet boundary condition for the numerical simulation.

Figure 3.4: U9 draft tube with the LDA measurement locations and
circumferential positions.
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3.1.4 Measurement method

As previously mentioned, the LDA technique was used to measure the
velocity profiles. A two-component set-up from Dantec with an 85 mm
optical fiber probe was used. The system uses a backscatter configura-
tion with an upper-lower beam arrangement. The basic configuration
of the system consists of continuous wave of maximum 20 W Argon-ion
laser, transmitting optics including a beam splitter Bragg-cell, a photo-
multiplier, and a signal processor. To resolve the directional ambiguity,
two of the incoming beams were shifted by 40 MHz using the Bragg-cell.
The two pairs of incident beams were green and blue with wavelengths
of 514.5 nm and 488 nm, respectively. To decrease the size of the mea-
surement volume, a beam expander with an expansion factor of 1.98 was
used. The front lens with a 600 mm focal length was used at the inlet of
the spiral casing and at the draft tube cone measurements. A 800 mm
focal length lens was used in the spiral casing measurements. For the
600 mm focal length lens, the resulting measurement volume size was
estimated to be 2.229× 0.140 (length and diameter) and 2.426× 0.147
mm for both laser beams (axial and tangential velocities, respectively).
Likewise, for the 800 mm focal length lens, the estimated control volume
size was 4.310× 0.196 mm and 4.088× 0.186 mm.

The signal analyzer was of the type BSA 57N21 and 35 from Dantec.
The BSA flow software with the spectrum analysis burst mode was used
for data acquisition. The probe was fixed on a three axis traverse system
and was controlled with software that allowed a minimum step of 0.01
mm. The total sampling time was set to 300 s for each measurement
point. This corresponds to 20,000–300,000 bursts at each measurement
points, which was a function of the measurement point locations. The
seeding particles used in the investigation were made of Polyamide pow-
der with an average diameter of 5 μm.

A magnetic encoder was mounted on the runner shaft to obtain a
reference time for each runner revolution, i.e., time stamps were used to
angularly resolve the data. The measurement accuracy of the encoder
was ±0.5◦.
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3.2 Data analysis

In the hydraulic turbines, the flow experienced periodic and/or random
turbulent fluctuations depending on the location. These flow phenomena
can be studied using different time-dependent methods. In the analysis
of non-stationary turbulent flow, care must be taken to distinguish the
organized and random fluctuation quantities to draw the right conclusion
about the Reynolds stresses or root mean square (RMS).

3.2.1 Time-average

The instantaneous velocities and transit times for each particle traveling
through the measurement volume are recorded and used to calculate the
statistical moments of the velocity for each measurement point. Transit
time weighting is used assuming a spatially homogeneous seeding. The
effect of the measurement volume finite size is neglected, i.e., the velocity
distribution is assumed to be uniform along the length of the measure-
ment volume, refer to section 2.1.2. The mean velocity is calculated as
follows:

c̄i =

N∑
n=1

gnCi,n

N∑
n=1

gn

(3.1)

The variance and the RMS values for the velocity are calculated using
Eq. (3.2) and (3.3), respectively.

c′2i =

N∑
n=1

gn (Ci,n − c̄i)
2

N∑
n=1

gn

(3.2)

c′i =
√

c′2i (3.3)

where Ci,n is the n:th particle velocity determined from the correspond-
ing Doppler frequency, and gn is the weighting factor, i.e., the corre-
sponding residence time. i = 1 and 2 for the axial velocity (U, ū, u′)
and tangential velocity (V, v̄, v′), respectively. N is the total number of
samples.
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For the measurements performed in coincidence mode, the Reynolds
shear stress components are calculated as:

u′v′ =

N∑
n=1

gn (Un − ū) (Vn − v̄)

N∑
n=1

gn

(3.4)

3.2.2 Phase-average

In rotating machinery periodic flow is present. In the draft tubes of
water turbines, a periodic turbulent flow exists because of the runner
rotation. The arrival time of each particle can be correlated to the an-
gular position of the runner blades with an encoder signal. In periodic
turbulent flow, the instantaneous quantity describing the flow can be de-
composed, using Reynolds triple decomposition, into the time-averaged
velocity, organized oscillations and random fluctuations [69]. This de-
composition is represented as

C(x, t) = c̄(x) + c̃(x, t) + c′(x, t) (3.5)

C(x, t) = 〈C(x, t)〉+ c′(x, t)
c̃(x, t) = 〈C(x, t)〉 − c̄(x)

where C(x, t) is the instantaneous quantity, c̄(x, t) is the time-averaged
quantity, c̃(x, t) is the periodic fluctuation quantity and c′(x, t) is the
random fluctuation quantity. 〈C(x, t)〉 is the phase-averaged quantity
over the cycles. The time- and phase-averaged values are given by Eq.
(3.6) and (3.7), respectively. An example of a triple decomposition is
shown in Figure 3.5.

c̄(x) = lim
T→∞

1

T

∫ t+T

t

C(x, t)dt (3.6)

〈C(x, t)〉 = lim
M→∞

1

M + 1

M∑
m=0

C(x, t+mτ) (3.7)

where τ is the period of the organized oscillation.
The phase-averaging is performed with the help of a magnetic en-

coder mounted on the shaft, which provides a signal pulse when the
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Figure 3.5: Illustration of the triple decomposition of the velocity for one
runner revolution. The passages of the six runner blades are visible. The
black dots are raw data, the blue line is the mean velocity, and the red
line is the phase-averaged velocity. The green dashed line corresponds
to the size of the phase-averaging window.

runner is at a certain angular position. The signal between two consec-
utive pulses was used to determine the phase period. The phase was
expressed as the angular position, α, of the runner blades, and the ve-
locity data were sorted over one runner rotation (i.e., 360◦). The runner
rotation was divided into a number of phase intervals, or bins, to calcu-
late the statistical moments of the velocity. The data within the phase
interval [αo −Δα/2, αo +Δα/2], where αo is the central angular posi-
tion of the evaluation window and Δα is the size of the phase-averaging
window, were considered for calculating the phase-averaged value and
the RMS of the flow velocity at the center of each interval (Papers C
and D).

The evaluation window size is a trade-off between the phase reso-
lution and the statistics for each interval. Because there are not any
known criteria for window size selection, it is advised to choose an op-
timal window size depending on the circumstances. However, to accu-
rately determine the turbulence level, the window sizes have to be as
small as possible, especially when the unsteady mean flow exhibits a
large temporal gradient [70]. The influence of the phase-averaging win-
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dow size is investigated at a number of runner angular positions and
measurement volume locations in Paper C.

There are different interpolation methods to reduce the gradient ef-
fect during the estimation of the mean and turbulent quantities in each
evaluation window. Jakoby et al. [71] and Zhang et al. [29, 70] presented
a gradient compensation method for the calculation of turbulent quanti-
ties. Sonnenberger et al. [72] presented a Fourier averaging method that
expresses the periodic fluctuation in the Fourier series. This method may
give good results if the LDA data have a completely sinusoidal nature
throughout the measurement section. Otherwise, this method may lead
to over or underestimation of the values. Glas et al. [73] introduced two
gradient compensation methods, the linear and the parabolic regression
methods, to estimate the phase-averaged velocity and turbulent quanti-
ties as well as their confidence intervals in each evaluation window. In
this thesis, a gradient compensation method, presented by Glas et al.
and Zhang et al. were applied. However, it was notice that there was no
significant difference in the output results from both methods; thus, the
method introduced by Glas et al. was adopted throughout the analysis.
Further information can be found in Papers C and D.

At part load, to visualize the RVR phase-resolved velocity measure-
ments must be performed. Usually, to phase-resolve the RVR, the ve-
locity has to be measured simultaneously with a reference pressure since
the vortex rope frequency is not synchronous. However, in the current
case, no reference pressure was simultaneously measured; therefore, an-
other approach was developed. The tangential velocity components were
phase-averaged with their own signals as the triggers. For both velocity
components and for the random fluctuations, the same phase relation
between the curves was used because the measurements were performed
in coincidence mode, refer to Paper E for more information about this
method.

3.2.3 Spectrum analysis

The LDA data is sampled unevenly because the particles are arbitrarily
distributed in space the arrival time of each particle at the measurement
volume is random. This randomness prohibits the use of standard meth-
ods of spectral analysis for evenly sampled data, such as FFT. For ir-
regularly sampled data, a signal reconstruction or interpolation method
is a common approach to perform the spectral analysis. The essence
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of this reconstruction method is to replace the unevenly sampled data
with regularly sampled data, which allows for a spectral analysis to be
performed with standard methods.

There are different frequencies present in hydropower units; how-
ever, the following frequencies were utilized in the analysis: the runner
frequency, the blade passage frequency and the RVR frequency (Paper
C).

The spectral analysis of the LDA signals was performed by re-sampling
the time series using a linear interpolation with a minimum time interval
of the mean data rate. The Welch method with a Hanning window was
then used for the spectral analysis. This method divides the original
data set into overlapping segments of data; the data overlap was set to
50%. Additionally, for verification, the spectral analysis was performed
with a Lomb-normalized periodogram method where the evenness of the
data is not compulsory [32]. The same dominant fundamental frequency
and harmonics were identified with both spectrum analysis methods.

3.2.4 Error analysis

In experimental measurements, errors always exist. The measured data
is the best possible estimate of the true value. The difference between
the true and measured values is the error. In practice, it is common
to express the error by an uncertainty interval where the true value lies
with a stated probability since the real errors are seldom known. The
total measurement error can be found by combining random (precision)
and systematic (biases) errors.

Precision errors occur when a measurement is conducted with the
same input values at different time and result in different outputs. These
errors can be caused by various things, e.g., small variations in flow rate.
The errors, that do not change throughout the measurement or remain
constant during repeated measurements are called bias errors. Bias er-
rors include signal processor bias, seeding bias, calibration uncertainty,
probe alignment bias, angular bias, gradient broadening bias, filter bias,
velocity bias and system noise.

Some of the measures taken to reduce the errors to a negligible level
were discussed in previous chapter; however, it was nearly impossible to
eliminate them. Additionally, most of the bias errors were very small
compared to the precision errors and were thus neglected. The velocity
bias and system noise errors may be on the same order of magnitude as
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for the precision errors. These two biases and the precision errors were
thus considered. The overall uncertainty, ε, in the measurement can be
calculated as [74]:

ε =
√

B2 + (t95.S)2 (3.8)

B2 =

a∑
i=1

B2
i

where B is the total bias uncertainty, S is the experimental standard
deviation of the mean, i.e., the random error, t95 is Student’s statistical
parameter at a 95% confidence level, and a is the total number of bias
sources.

Great care was paid to eliminate the error arising from the opera-
tional mode of the test rig during measurements and during different
operating days. However, the overall estimated error of the operational
parameters lies between 0.1 - 0.35% throughout the entire measurement
period.

During the instrumentation and measurement procedures care has
been taken to keep noise as low as possible. However, vibrations of the
test rig induce a small amount of movement of the wall at the measure-
ment sections orthogonal to the probe. Thus, a velocity measurement
was made on the surfaces of the test section to estimate the system nose.
The measured noise contribution to the velocities was subtracted from
the velocity data.

The precision errors in the LDA measurements are data processing
errors that result from averaging a finite number of data samples at
each measurement point. This error was estimated using a repeatability
test, each measurement was repeated twice. The uncertainty at the
95% confidence level was calculated for all the repeated locations to
obtain the total random error. The magnitude difference for the repeated
measurement points was calculated for each measured variable, and the
variance was determined from all of the replicated points for each section.
The overall random error was calculated by taking the average of all of
the individual standard deviations.

Even though the weighting method, which is based on the residence
time, was applied to correct the velocity bias, uncertainty still existed
and was estimated as in [33]:
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Bv =

√√√√(
c̄− 1

N

N∑
i=1

Ci

)2

(3.9)

where Bv is the velocity bias, c̄ is the weighted mean, N is the sample
number and Ci is the instantaneous velocity.

The bias and precision errors at the different measurement locations
and operational points lie within the range of the values given in Table
3.3. The bias and precision errors estimated for the RMS values are
lower than that of the corresponding mean values.

Table 3.3: Bias (B) and precision (P) error ranges.

Inlet of spiral In spiral casing Draft tube
casing cone

Vel. axial [m/s] B 0.0001-0.017 0.0005-0.02 0.0004-0.02
P ±0.007 ±0.014 ±0.02

Vel. tang. [m/s] B 0.0001-0.02 0.0001-0.008 0.0003-0.007
P ±0.009 ±0.012 ±0.03



Chapter 4

Results

“An experiment is a question which science poses to Nature,
and a measurement is the recording of Nature’s answer.”

– Max Planck

This chapter presents a summary of the time- and phase-averaged veloc-
ities together with the fluctuating quantities and the CFD results from
different turbulence models.

Energy losses depend on the type of turbine and its design, size and
regime of operation. Improvement in the efficiency, especially at off-
design operation, is important. For instance, when the electric demand
is high, the turbine operates at high load. The price of electricity during
high demand is high. An improvement in the turbine efficiency, even
a 0.1% increase, means additional annual revenue for the hydropower
companies. To improve the performance of a turbine, it is necessary to
investigate all the hydraulic elements, particularly the runner and the
draft tube for low-head turbines, to study the nature of losses and to
find means of reducing them.

4.1 Experimental results

4.1.1 Inlet and spiral casing measurements

A bend may exist in hydropower penstocks, and in the current test case,
a 90◦ bend is present. The presence of a bend before the inlet of a spiral
casing may affect the flow distribution across the inlet. This effect should
be accounted for while performing numerical simulations; previously,
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Mulu and Cervantes noted the effect of an inlet boundary condition on
a spiral casing simulation [68]. If the penstock is too long and the bend is
considerably far away from the inlet, the assumption of uniform velocity
and pressure distribution may be made for the inlet boundary condition
during the spiral casing numerical simulations. The effect of the bend
can be extended as much as 100 pipe diameters downstream from the
bend [7].

The spiral casing velocities and fluctuating quantities are normalized
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Figure 4.1: Normalized mean axial velocities and the corresponding
RMS at the inlet of the spiral casing at three measurement locations.
The red, black and blue lines represent the part load, the BEP and the
high load, respectively. For the RMS plot at the BEP, see Figure 4 in
Paper A.
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using the bulk velocity obtained from the flow rate and the area of the
inlet pipe. The Reynolds number, based on the hydraulic diameter of
the pipe, the mean velocity and the kinematic viscosity at part load,
BEP and high load is 1.24× 106, 1.43× 106 and 1.53× 106, respectively.

Figure 4.1 presents the normalized mean axial velocities and the cor-
responding RMS at the inlet of the spiral casing at the three measure-
ment locations with all operating points. The results show that for the
three working loads, i.e., part load, BEP and high load, the normalized
mean velocity profiles are almost similar.

A typical features in the flow after an elbow in pipe are the so called
Dean vortices, which are a pair of counter-rotating vortices. As a fluid
passes through a pipe bend, the pressure at the outer radius increases,
and the pressure decreases at the inner radius. Also, as the flow enters
the bend, the fluid accelerates near the inner radius, while decelerates
near the outer radius. Close to the wall, the fluid velocity is low relative
to the velocity in the center of the pipe. This is due to wall friction.
Therefore, the fluid particles in the center of the pipe are subjected
to greater centrifugal forces than the slower moving particles near the
wall. Consequently, the central flow particles are deflected to the outer
radius, which leads to an M-shaped velocity profile, see Figure 4.1. At
the same time, the pressure difference pushes the fluid particles back
through the boundary layer to the inner radius and then into the center
for continuity reasons [75]. As a result, two counter-rotating vortices
are formed. Downstream the bend, the secondary flow transports the
fluid toward the outer radius. Separation may occur on the inner radius
around the exit of the bend because the fluid flows against a positive

Figure 4.2: Flow after a bend.
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pressure gradient, see Figure 4.2. Therefore, this upstream geometry
effect has to be considered when performing a spiral casing simulation.

The fluctuating quantity shows an inverse trend compared to the
mean velocity, and when the mean velocity increases, the RMS decreases,
see Figure 4.1. The normalized RMS plots have the same shape for
all working conditions, except that the magnitude of the fluctuation
increases as the load decreases especially at the outer radius of the pipe.
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Figure 4.3: Normalized mean tangential and radial velocities at the
spiral casing measurement location SI and SII for all operational points.
From left to right, the bold lines represent the bottom wall of the spiral
casing at SI and SII, the lower level of the leading edge of the stay/guide
vanes, the center of the guide vanes and the upper level of the leading
edge of the stay vanes, respectively.
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Further details and an analysis of the velocity data in the circular pipe
are discussed in Paper A.

Figure 4.3a presents the normalized mean tangential and radial ve-
locities at the spiral casing measurement locations SI and SII for the
three operating points. The velocity profiles at each section and for each
operating conditions are almost the same after normalization with the
bulk velocity. This indicates that draft tube does not influence the high
pressure flow despite strong unsteady flow phenomena at the off-design
operation.

The function of the spiral casing is to distribute the water uniformly
around the runner. The tangential velocity measurement results at the
two locations reveal a decelerating velocity along the volute, see Figure
4.3a. Also, starting from z* = -0.41 the radial velocity tends to have a
similar magnitude at both locations, which indicates an axi-symmetric
flow entering the distributor, see Figure 4.3b. Further discussion can be
found in Paper A.

4.1.2 Draft tube measurements

The mean and phase-resolved velocities and fluctuating quantities are
made dimensionless with the bulk velocity obtained from the flow rate
and the area at section I, see Figure 3.4. The measured radii are made
dimensionless with respect to the runner radius.

Mean values results

Figure 4.4 presents the mean axial and tangential velocities together
with the corresponding fluctuating quantities at section Id for the three
loads investigated. At BEP and high load, the maximum mean axial
velocity is measured below the runner cone leading edge, and the velocity
approaches zero near the draft tube cone axis. At part load, due to the
RVR, the mean axial velocity profile is completely different than those
for the BEP and high load conditions. The maximummean axial velocity
is measured close to the draft tube cone wall.

At BEP, in region Rc, the tangential velocity increases linearly in
the radial direction toward the draft tube cone wall, like a solid body
rotation. In region Rb, the tangential velocity increases toward the
center like a free vortex flow. Then, in region Ra, the velocity decreases
again toward the center, similar to a forced vortex, due to a decay of
the free vortex near its center by viscous shear, see Figure 4.4. For
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Figure 4.4: Normalized mean velocities and the corresponding RMS
in the draft tube cone at section Id for different operating conditions.
The black and blue lines represent the axial and tangential velocities,
respectively.

an ideal vortex in an inviscid fluid, the velocity profile consists only of
free vortex with an infinite velocity at the center, i.e., no low velocity
core. The central part of the vortex created by the runner cone tends to
rotate like a solid body and forms a forced vortex surrounded by a free
vortex, which is similar to a Rankine vortex. Theoretically, the velocity
profiles for the forced and free vortex may be expressed as V = c1.r and
V = c2/r, respectively, where c1 and c2 are constants. The tangential
velocity profile tends to maintain its shape along the conical diffuser but
with a decreasing magnitude (Paper D).
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At high load, a contra-rotating flow region is observed in the mean
tangential velocity component. The size of the contra-rotating region de-
creases downstream (Paper D). In region Rc, regardless of the presence
of the counter-rotating swirl, the tangential velocity increases almost lin-
early in the radial direction toward the draft tube cone wall, see Figure
4.4.

At part load, in regions Ra and Rb, the mean tangential velocity has
a large magnitude compared with the mean axial velocity magnitude
because the RVR rotation around its own axis contributes to the total
circumferential velocity component. Further discussion can be found in
Papers D and E.

It was shown in Papers B, D and E, at BEP and high load, whether
the contribution from runner periodic velocity fluctuations were removed
or not, the RMS values for both the velocity components increase around
the center of the draft tube due to the rotational effect of the runner
cone. At part load, the fluctuations were expected to be significant in
the region of the RVR where the high velocity gradients were found. The
RVR and the runner periodic velocity fluctuations cannot be removed
simultaneously. Depending on which periodic fluctuation was removed,
the other contributes to the estimation of the RMS (Paper E).

The swirl intensity entering the draft tube cone can be quantified
with the swirl number (Eq. 6 in Paper D). For part load, BEP and
high load, the swirl number at the inlet of the draft tube cone, i.e., at
section I, is 0.64, 0.26 and 0.12, respectively. Since, the runner blade
angle was kept constant, the swirl decreases as the turbine discharge
increases. At part load, a high swirl is found because the runner blade
angle is too large for the actual guide vane angle, and eventually, a
vortex breakdown occurs. At high load, a contra-rotating flow region
is found, see Figure 4.4. The contra-rotating flow develops because the
blade angle near the hub is too small in relation to the guide vane angle
and the runner angular frequency. At BEP, neither a vortex breakdown
nor a contra-rotating flow is present. Further detailed discussions can
be found in Papers D and E.

Phase-averaged results

Figure 4.5 shows the contour plots of the phase-averaged axial and tan-
gential velocities as well as the corresponding fluctuating quantities, at
BEP. The blade wakes are clearly visible in the phase-resolved axial and



68 4. Results

r*  [−
]

−1 −0.5 0 0.5 1

−1

−0.5

0

0.5

1

0.6

0.8

1

1.2

−1 −0.5 0 0.5 1

−1

−0.5

0

0.5

1

0

0.2

0.4

0.6

0.8

1

r* [−]

r*  [−
]

−1 −0.5 0 0.5 1

−1

−0.5

0

0.5

1

0

0.05

0.1

0.15

0.2

0.25

0.3

r* [−]

V* [−]

v* [−]

U* [−]

u* [−]

−1 −0.5 0 0.5 1

−1

−0.5

0

0.5

1

0

0.05

0.1

0.15

0.2

0.25

0.3

Figure 4.5: Phase-resolved axial and tangential velocities and the corre-
sponding RMS values at section Id for one runner revolution.

tangential velocity components and in the RMS. For the axial velocity
component, the blade wakes correspond to the lower axial velocity re-
gion, see Figure 4.5. For the tangential velocity component, the blade
wakes are delineated by the higher-magnitude region. This delineation
is a result of the shear friction against the blades, which causes a mo-
mentum loss for the axial velocity component and a momentum gain for
the tangential velocity component (Papers C and D).

The phase-averaged RMS value of the axial velocity component de-
creases at the blade-to-blade passages, whereas it increases in the blade
wakes. The maximum value of the axial velocity component appears to
be slightly ahead of the maximum RMS value, see Figure 4.5 and Fig-
ure 7 in Paper C. When a blade passes, the RMS that correspond to
the tangential velocity component increases instantly behind the suction
side of the blade, then, decreases due to the blade wake and then in-
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creases again after the flow leaves the pressure side of the blade; finally,
decreases at the blade-to-blade passage. This phenomenon is repeated
for all blades at section I (Papers C and D).

In the region between the upper and lower radius of the runner cone
(i.e., region Rb), an additional effect of the blades can be noted; the
axial velocity has a periodic behavior similar to that of the blade wakes.
This effect is also present in the RMS contour plots. Such behavior is
attributed to a combined effect of the flow passing through the blade
and the hub clearance and the runner cone rotation, see Figure 4.5. The
blade-hub clearance acts like a nozzle, where the flow is ejected as a jet
flow moving in the direction of the runner rotation. This jet-like effect
contributes to the maximum mean axial velocity obtained in this region,
see Figure 4.4, which allows for a high momentum in the boundary layer;
this may prevent early separation on the runner cone.

The maximum axial and tangential velocity components are mapped
below the runner cone. For both components, higher RMS values are
also obtained below the hub; this is due to the sharp velocity gradients
leaving the hub and the runner cone rotation, which increases the pro-
duction of turbulence. The velocity magnitudes decrease along the draft
tube (Papers C and D). This confirms that the flow decelerates in the
draft tube cone and recovers the pressure energy, which indicats that the
draft tube is functioning properly without separation. The effect of the
blades decreases further down in the draft tube cone and is dissipated
and mixed around the outlet of the draft tube cone. Further discussion
can be found in Papers C, D and E.

At high load, the results are the same as that for the BEP except
that the effects of the blade wakes are more visible because a higher
discharge, and contra-rotating flow regions are observed (Paper E).

At part load, since the turbine was operated in an off-cam mode,
a RVR occurs in the draft tube. The RVR is the result of the central
forced vortex region becoming unstable and starting to precess around
the draft tube cone axis. This vortex breakdown occurs because a strong
swirling flow was present, which leads the angular momentum flux to be
sufficiently larger relative to the flux of linear momentum [76, 77]. Figure
5 in Paper E shows a picture of the RVR in the U9 model, visualized
using air injection.

Figure 4.6 shows the phase-resolved axial velocity for one precess
revolution of the RVR. A high velocity field between the rope and the
draft tube cone wall is observed. This means that the rope acts as
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a bluff body and forces the axial velocity to accelerate in the narrow
space between the rope and the wall. The low velocity field in the
axial direction reduces the effect of the diffuser, and as a result the
performance of the draft tube deteriorates.

Figure 4.7 shows a contour plot of the phase-averaged tangential
velocity. The RVR center at different angular positions in the draft
tube cone can be estimated by analyzing the phase-averaged tangential
velocity component. If approaching the RVR from the draft tube cone
wall in the radial direction, the tangential velocity receives a positive
contribution when the rope passes the measurement position. This is
due to the RVR rotation around its own axis. Instead, when approaching
the RVR from the draft tube cone center in the radial direction, the
tangential velocity receives a negative contribution. Therefore, the total
tangential velocity increases and decreases on either side of the RVR
center compared with the ambient velocity. Between these two regions
(the dark red and blue), the estimated center of the RVR was found,
see Figure 4.7. The precess radius was approximately half the radius
of the cone in the middle and near the outlet of the cone. A schematic
description and discussion can be found in Paper E.

The turbulent fluctuation, at part load, is high compared to that for
the BEP and high load. This is due to the additional fluctuations arising
from a time-dependent shape and the angular movement of the RVR.
Furthermore, the rotation of the RVR around its own axis may increase
the turbulence production because such movement may generates shear
(Paper E).
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Figure 4.6: Contour plot of the axial velocity, which is phase-averaged
with respect to the RVR frequency. The measurements were performed
in the middle of the draft tube cone.
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Figure 4.7: Contour plot of the tangential velocity, which is phase-
averaged with respect to the RVR frequency.
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4.2 Computational fluid dynamics results

The use of CFD in the hydropower industry for the last decades has in-
creased due to its flexibility, detailed flow description and cost-effectiveness
compared to model testing. The reliability of CFD predictions for low-
head turbine draft tubes is crucial, especially during the refurbishment
process where a newly designed runner has to be installed with the ex-
isting draft tube. Many researchers have shown the ability of numerical
simulations to predict the flow physics in the hydropower penstock, spi-
ral casing and distributor [52, 68, 78]. The draft tube flow is rather
difficult to predict accurately using CFD, since contains several flow
phenomena, such as turbulence, separation, vortices, unsteadiness, swirl
flow, strong adverse pressure gradient and other rotor-stator interaction
phenomena [23–25, 79–81]. To my knowledge, thus far there is no single
RANS turbulence model that can accurately predict the flow physics in
draft tube flow due to the highly rotational, fluctuating and non-uniform
flow exiting the runner. Therefore, accurate mathematical models and
robust numerical scheme must be used to achieve the necessary accuracy
in a numerical prediction. However, to predict the global performance
of a draft tube at the BEP, the RANS steady state flow simulations are
often adequate [82]. The CFD predictions of the draft tube flow must be
interpreted with great care, particularly in the case of low-head turbines
in which the runner and draft tube interaction strongly influences the
overall turbine hydraulic performance.

The flow perdition in the runner and draft tube are very sensitive
to the boundary conditions applied and the turbulence model selected
[83, 84]. This is due to the strong streamline curvature, which creates a
severe challenge to turbulence models [84].

The RANS based two-equation as well as Reynolds stress turbulence
models were used to evaluate their capability to reproduce the flow in
a Kaplan turbine at BEP: k− ε, RNG k− ε, SST, SSG Reynolds stress
and BSL Reynolds stress. The principle, capacity and limitation of these
models are discussed in section 2.2.

First, the draft tube flow was investigated without including the
upstream geometry, see Figure 4.8. The mean velocity profiles and tur-
bulence values imposed at the inlet of the simulation domain was derived
from experimental measurements (Paper F). A turbulence intensity of
1% at the inlet was used. The sensitivity in the turbulence intensity was
investigated at 5% and 10% but showed no significant difference in the
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Figure 4.8: U9 elbow type draft tube without the upstream geometry,
i.e., the cone. The inlet is located at the position where the experimental
measurements were performed, see Figure 3.4.

velocity profiles. The radial velocity was not experimentally determined;
thus, two approaches were assumed. First, the radial velocity was as-
sumed to be equal to zero, and second, the radial velocity extracted from
the stage simulation was used. An outlet boundary condition was used
with an average static pressure of zero relative pressure. All walls were
assumed smooth, and a no-slip wall condition was specified. A second
order specific blend factor (β = 1) discretization scheme was used for
the continuity and momentum equations. For the turbulence equations,
a high resolution scheme was used. The computation was considered
to be converged to the steady solution when the value of the maximum
residual for each equation solved was less than 10−5 (Paper F). A wall
function was used for all turbulence models, i.e., the boundary layer was
not resolved.

A grid independence test was performed to evaluate the grid needed
for the type of flow phenomena that was analyzed. The pressure recovery
(Eq. 4.1) and loss factor (Eq. 4.2) were the two quantities investigated
since they are directly linked to the pressure and velocity variations in
the flow domain.

Cpcfd =

1
Aout

∫∫
Aout

PdA− 1
Ain

∫∫
Ain

PdA

1
2ρ(

Q
Ain

)2
(4.1)
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where P is the pressure, U is the velocity, A is the area, Q is the flow
rate and ρ is the density.

The performance of the draft tube is usually quantified with these
two parameters as well. The size of the 3 selected meshes and the value
of the engineering quantities investigated are presented in Table 4.1.
The grid refinement ratio was computed in terms of the total number of
grid points used in the two consecutive meshes as r = (Nfine/Ncoarse)

1/3.
The grid refinement ratio should be greater than 1.1 to distinguish the
discretization error from other error sources, such as the iterative con-
vergence error and computer round-off [85]. A mesh of 3.7 millions
hexahedral cells was found to be sufficient for the purpose of this work.
In addition, the mean velocity profiles, at the location where the exper-
imental measurements performed, were compared for the three meshes
and showed no significant differences. Cervantes et al. [86] also per-
formed similar simulations on the Turbine-99 draft tube with three dif-
ferent meshes and found the grid resolution to be less important for the
development of the mean velocity profiles.

Table 4.1: Mean pressure recovery (Cpcfd) and loss factor (ζ) obtained
from the three different mesh sizes.

Grid size [millions] 3.7 0.95 0.25
Cpcfd 0.90784 0.90780 0.90770
ζ 0.1403 0.1416 0.1433

Figure 4.9 presents the axial and tangential velocities at sections
I–III (see Figure 3.4) for the different turbulence models investigated
together with the corresponding experimental data. The radial velocity
from the stage simulation was imposed as an initial boundary condition.
Figure 3 in Paper F presents the simulation results obtained with zero
radial velocity. All turbulence models capture the main flow.
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The results in region Rc are all similar independent of the turbulence
model used. Some differences appears near the draft tube cone wall for
the axial velocity at section II for the first case (zero radial velocity),
see Figure 3b in Paper F. All models underestimate the axial veloc-
ity. For the second case (inlet radial velocity extracted from the stage
calculations) at section III, all models overestimate the axial velocity,
see Figure 4.9c. The radial velocity is found to influence the draft tube
cone wall boundary layer. Therefore, the knowledge of radial velocity is
necessary for an accurate simulation of the flow.

In regions Ra and Rb, the RSM models capture the flow development
well, while the two-equation models quickly underestimate the tangential
velocity. The discrepancy is significant at section II, where the eddy-
viscosity model cannot capture the transition from the central forced
vortex to the free vortex or vice versa. In these regions, applying the
radial velocity from the stage simulation show no difference compared
with the zero radial velocity assumption.

In region Ra at section I, the RSM models underestimate the tangen-
tial velocity and slightly overestimate the maximum axial velocity. The
only turbulence model that appears to adequately predict the tangen-
tial velocity at this section is the SST model, see Figure 4.9a. Further
discussion can be found in Paper F.
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Figure 4.9: Experimental and simulated mean axial (U∗) and tangential (V∗)
velocity. The simulations are performed with a radial velocity from the stage
calculation: (a) Section I, (b) Section II and (c) Section III. The experimental
results are presented with bars representing the velocity fluctuations: the colors
correspond to the angular positions: red - a, blue - b, green - c and black -
d. The numerical results are presented as solid lines for the different turbulent
models utilized.
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The second case investigated includes the upstream geometry in the
simulation. In the low-head machine, there is a strong interaction be-
tween the runner and draft tube. It is necessary to introduce this in-
teraction into the simulation to achieve accurate results. During the
Turbine-99 workshop, Cervantes and Engström reported the importance
of the runner cone region for the simulation of the flow in the draft tube
[25]. They noted the importance of the runner cone in estimating the
pressure recovery in a Kaplan elbow draft tube.

Generally, the entire turbine assembly should be used for the CFD
simulation of the flow in water turbines. However, this simulation might
require large computer resources and time. In addition, it is nearly im-
possible to generate one complete mesh for the entire turbine. Thus, the
flow domain is usually divided into several flow domains and uses inter-
face connections between the domains. The flow domains made in the
current investigation were, the guide vane, the runner and the draft tube
domain, see Figure 4.10. Three interface connection techniques were
tested: frozen rotor, stage interface and rotor-stator interface, which
were chosen according to the type of the simulation used, i.e., steady
and unsteady calculations.

For the unsteady simulations, the transient rotor-stator interface was
used in which the relative motion between the components is simulated.
The frozen rotor interface calculation was used to initiate the simulations
performed with the rotor-stator interface, since it is numerically robust.
For the steady state simulation, a stage interface was used in which the
flow quantities are circumferentially averaged at the interface between
the guide vane and runner, and between the runner and draft tube.
Since the effect of the circumferential quantities is filtered through the
averaging process,the use of a single guide vane flow channel and one
runner blade flow channel is possible, see Figure 4.10.

The boundary conditions, the convergence criteria, the discretization
scheme used and the mesh characteristics can be found in Paper F.
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Figure 4.10: U9 stage domain with one guide vane, one runner blade
and part of the draft tube.
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Figure 4.11: Experimental and simulated mean axial (U∗) and tangential (V∗)
velocity comparison between the experiment and the stage simulation results
at section I. The experimental results are presented with bars representing the
velocity fluctuations: the colors correspond to the angular positions: red - a,
blue - b, green - c and black - d. The numerical results are presented as solid
lines for the different turbulent models utilized.

Figure 4.11 presents the average axial and tangential velocities at
sections I for the different turbulence models investigated together with
the corresponding experimental data for the stage simulations. In re-
gions Ra and Rb, all turbulence models fail to predict the onset and
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the amount of flow separation due to the strong adverse pressure gra-
dient. This large flow deficit results in the overestimation of the axial
component in region Rc.

The tangential velocity is well predicted at all sections. Some dis-
crepancies appear in region Ra and Rb at section I where the vortices
are underestimated. Furthermore, the tangential velocity near the draft
cone wall is slightly overestimated. The signature of the blade-tip clear-
ance is more pronounced in the simulation than in the experimental
results.

The effect of turbulence modeling is negligible, contrary to the draft
tube computation alone. Despite the theoretically proven potential of
the Reynolds stress models, the simulated results did not increase the
agreement with the experiment results. Further discussion can be found
in Paper F.

The transient simulation results demonstrated a significant gain in
precision in the modeling of flow in the near hub region compared with
the stage simulation. A detailed descriptions of the boundary conditions
and the results of the transient simulation can be found in Paper G.
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Chapter 5

Conclusions and Future
work

“We cannot solve our problems with the same
thinking we used when we created them”

– Albert Einstein

5.1 Conclusions

In this thesis, the flow through a Kaplan turbine model, the Porjus U9,
was investigated using laser Doppler anemometry. The measurements
were performed at three different operating points: at the best efficiency
point and at two off-design conditions. The measurements were also
made in different regions of the turbine: at the inlet of the spiral casing,
in the spiral casing before the distributor and in the draft tube cone.
Time and phase-averaged velocities, as well as the corresponding tur-
bulence and engineering quantities, were presented for the investigated
operating points of the turbine.

The flow after a bend experienced a pair of counter-rotating vortices,
Dean vortices, due to the inertial effects in combination with a radial
pressure gradient. As a result, the axial velocity component after the
bend was not uniformly distributed. This upstream geometry effect
must be considered when performing a spiral casing simulation.

The tangential and radial velocities measurement results before the
distributor confirm that the spiral casing was performing its function
properly, which is to distribute the water uniformly around the run-

81
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ner. The pressure measurements also verified that the spiral casing was
working well independently of the operational conditions.

At the draft tube cone, the velocity profiles were measured at several
locations along the cone and circumferentially. At BEP and high load,
the flow was found to be nearly axisymmetric and axial as it leaves the
runner. The maximum velocity was measured below the runner cone
leading edge. At part load, due to the RVR, the velocity profile was
different than those at the BEP and high load. The maximum velocity
was measured close to the draft tube cone wall and was not altered by
the cross-sectional area variation along the draft tube cone. At BEP, the
tangential velocity can be decomposed as a forced vortex and a Rankine
vortex (a combination of a forced and free vortex).

The phase-resolved results showed that the runner-draft tube inter-
action plays an important role in the flow of the draft tube. At BEP
and high load, a clear effect of the runner blade wakes on the phase-
averaged velocity and the RMS values around the inlet of the conical
diffuser was observed. The blade wakes were dissipated and mixed fur-
ther downstream in the draft tube cone. The blade-hub tip clearance
and the runner rotation created a specific flow below the runner cone,
which was highly turbulent. At high load, a contra-rotating swirling
flow was observed.

At part load, a strong swirl occurred below the runner cone, which
resulted in a helical vortex breakdown due to the instability of the central
forced vortex region. The RVR had a precessional movement in the
draft tube cone and dissolved near the elbow outer radius. The RVR
was visualized by air injection, which reveals that the RVR onset at the
end of runner cone.

At BEP and high load, at the inlet of the draft tube cone, the RMS
of the tangential velocity was affected by the pressure and suction side
of the runner blade. At part load, higher turbulent fluctuations were
observed compared with the BEP and high load. This was due to the
additional fluctuations arising from a time-dependent shape and angular
movement of the RVR.

The velocity magnitudes decreased along the draft tube cone, which
confirmed that the flow decelerated in the draft tube and recovered the
pressure energy. At BEP and high load, the draft tube was functioning
well without separation. At high load, the draft tube had a similar
pressure recovery as at BEP despite the contra-rotating swirl. Most of
the pressure recovery occurred in the draft tube cone. At part load, the
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performance of the draft tube was poor due to the presence of the RVR.
The second part of this thesis work was a numerical investigation

of the U9 Kaplan turbine model. The numerical simulations were per-
formed with several RANS turbulence models to evaluate their capability
to predict the flow physics in water turbines, at BEP.

The draft tube computations with experimental inlet boundary con-
ditions noted the difficulty of the two-equation models to capture the
draft tube cone central vortex produced by the runner cone. The RSM
models captured most of the flow and were found to be more appropriate
than the two-equation models for such flow. If a draft tube without the
upstream geometry is simulated, the knowledge of the radial component
is very important to correctly predict the flow phenomena. This is be-
cause it may be directly related to the appearance of wall separation or
core flow recirculation.

For the stage calculations, all the turbulence models predict an ear-
lier separation on the runner cone; as a result, they overestimate the
draft tube cone central vortex size below the runner cone. The two-
equation turbulence models performed similarly; the RSM did not im-
prove the agreement with the experimental results despite the theoreti-
cally greater potential.

5.2 Future work

The current measurements were part of a project aimed at investigating
the flow characteristics in different regions of the U9 Kaplan turbine
model and to build a database for CFD validation. Several information
have been gathered which may help to validate numerical simulations;
however, some important information has yet to be obtained for a better
understanding of the flow and CFD validations.

The LDA measurement in the pipe has some limitation due to the
surface curvatures unless it is carried out along the central axis. Rectan-
gular index matching box was used to overcome some of the limitations,
which allows the measurement of two profiles along the axis (the x- and
y-axis) with a high SNR. To cover more area, the sides of the index
matching box can be increased, e.g., with the octagon box, two addi-
tional profiles can be measured, which allows more information to be
obtained.

In the current phase of the project at the draft tube cone, all the
measurements were performed below the runner hub. Therefore, it might
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be fruitful to investigate the flow above the hub and between the blades.
The velocity measurements at the draft tube cone were performed

using a 2D LDA system; therefore, only the axial and tangential velocity
components were obtained. The radial velocity component is unknown.
It is possible to use a 3D LDA system to measure the radial velocity
component; however, some difficulties may arise in the probe alignment
to measure all the components simultaneously and may encountered
traversing issues. Using particle image velocimetry (PIV) may allow
for the determination of the radial velocity component. The accuracy
and resolution of PIV is less than the LDA technique; however, PIV
yields more additional interesting data and covers a large area. PIV
gives snapshots of the instantaneous velocity distribution; therefore, it
may able to gather important information about the development and
propagation of the periodic flow phenomena, such as the runner blade
tip vortex and rotating vortex rope.

The knowledge of the velocity and pressure distribution at the outlet
of the draft tube straight diffuser is very important to specify the right
boundary condition for the CFD. Therefore, the velocity and pressure
measurement at the outlet should be performed if possible.

It would be interesting to measure the pressure distribution on both
the suction and pressure sides of a runner blade. This may provide useful
information about the influence of the guide vane wakes on the pressure
field.

The velocity measurement in the near-wall region of a boundary layer
and wall shear stress measurements at the draft tube would be useful
to obtain a better understanding of the losses and to validate the wall
functions used in turbulence models.

A numerical simulation for the assembly composed of the penstock,
volute and distributor may be used as boundary condition for the guide
vane, runner and draft tube simulation. Doing so will include the up-
stream geometry effect and will eliminate some assumptions made, such
as the flow angle at the inlet of the guide vane domain.

Numerical simulations were only performed at BEP; therefore, simi-
lar CFD investigations should be made at part and high load. Validation
is also possible because the experimental results are available. It is also
recommended to further improve the CFD predictions at BEP.

To study the influence of the blade-tip clearance and flow features
close to the wall, for the ω based equation models, a fine mesh (y+ < 1)
may also be of interest.



Chapter 6

Division of work

“Perfection is achieved, not when there is nothing more to add, but
when there is nothing left to take away.”

– Antoine de Saint-Exupéry

Paper A
LDA measurements in a Kaplan spiral casing model.
Berhanu G. Mulu and Michel J. Cervantes

The measurements and analysis were performed by Mulu, while both
authors wrote the paper.

Paper B
Experimental investigation of a Kaplan model with LDA.
Berhanu G. Mulu and Michel J. Cervantes

The measurements and analysis were performed by Mulu, while both
authors wrote the paper.

Paper C
Phase-resolved velocity measurements in a Kaplan draft tube model.
Berhanu G. Mulu and Michel J. Cervantes

The measurements and analysis were performed by Mulu, while both
authors wrote the paper.
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Paper D
Experimental investigation of a Kaplan draft tube – Part I: Best effi-
ciency point.
Berhanu G. Mulu and Michel J. Cervantes

The LDA measurements and the corresponding error analysis were per-
formed by Mulu, while the pressure measurements and the corresponding
error analysis were performed by Jonsson. The analysis was performed
by Mulu and Jonsson in discussion with Cervantes. All authors wrote
the paper.

Paper E
Experimental investigation of a Kaplan draft tube – Part II: Off-design
conditions.
Pontus P. Jonsson, Berhanu G. Mulu and Michel J. Cervantes

The LDA measurements and the corresponding error analysis were per-
formed by Mulu, while the pressure measurements and the corresponding
error analysis were performed by Jonsson. The analysis was performed
by Mulu and Jonsson in discussion with Cervantes. All authors wrote
the paper.

Paper F
Effects of inlet boundary conditions on Kaplan draft tube simulation ac-
curacy.
Berhanu G. Mulu, Michel J. Cervantes, Thi C. Vu, Devals Chritophe
and Francois Guibault

The experimental measurements, the numerical simulations and the
analysis were performed by Mulu, while all authors wrote the paper.

Paper G
Numerical investigation of a Kaplan draft tube at best efficiency point.
Berhanu G. Mulu, Michel J. Cervantes, Francois Guibault, Devals Chri-
tophe and Thi C. Vu

The experimental measurements, the numerical simulations and the
analysis were performed by Mulu, while all authors wrote the paper.
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Abstract

This paper presents an experimental investigation of a Ka-
plan spiral casing turbine model. A two-component laser Doppler
anemometry (LDA) apparatus was used to measure the velocity
profiles at different locations in the turbine. To improve the signal
quality and measurement accuracy, a refractive index matching
optical box was mounted on the circular pipe of the spiral casing
inlet. The investigations were carried out with a constant run-
ner blade angle at three different loads: the best operating point
of the turbine and two off-design operating points (left and right
side of the propeller curve) with the presence of a vortex break-
down. The mean velocity profiles and the corresponding root mean
square (RMS) at the spiral casing before the guide vanes and at
the inlet of the spiral casing are presented for the different loads
investigated.

Keywords: Kaplan turbine, spiral casing, LDA, hydropower, re-
fractive index
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Nomenclature

fD = Doppler frequency [Hz]

L = Distance from the inner side of the box to the pipe center [m]

na, ng, nw, np = Refractive index of air, glass, water and Plexiglas

, respectively [-]

Ri = Inner radius of the circular pipe [m]

Ro = Outer radius of the circular pipe [m]

rf = Position of beams intersection with refraction [m]

ra = Position of beams intersection with-out refraction [m]

r∗ = Normalized radius with the inlet of pipe radius R, r/R [m]

tp = Thickness of the circular pipe, Ro-Ri [m]

tg = Thickness of the glass [m]

t = Distance between pipe outer radius and box inner surface, L-Ro[m]

U = Axial velocity [m/s]

Ur = Radial velocity [m/s]

Uθ = Tangential velocity [m/s]

U∗ = Normalized mean axial velocity , U/VT [-]

U∗
r = Normalized mean radial velocity, Ur/VT[-]

U∗
θ = Normalized mean tangential velocity, Uθ/VT[-]

u∗θ,u
∗
r ,u

∗ = Normalized RMS, uθ/VT,ur/VT,u/VT [-]

V = Transversal velocity [m/s]

VLDA = Uncorrected fluid velocity [m/s]

VCf = Corrected fluid velocity [m/s]

VT = Bulk velocity, flow rate per area of the inlet pipe, Q/πR2[m/s]

V∗ = Normalized mean transversal velocity, V/VT [-]

W = Vertical velocity [m/s]

W∗ = Normalized mean Vertical velocity, W/VT [-]

Δ = Refracted laser beam position during tangential velocity

measurement [m]

Δx = Fringe spacing [-]

θi = Half angle between the laser beams [rad]

Φ = Half angle of refracted laser beams [rad]

δ, θ, ξ, ζ = Angle between the refracted laser beam and the normal line [rad]

λ = Wavelength [m]
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Introduction

Hydropower is a versatile, renewable source of power generation that is
able to rapidly change operating conditions. Today’s hydropower plants
may work over a larger operating range than they were designed for
due to the introduction of renewable sources of energy and the deregu-
lation of the electricity market. Such operating conditions may involve
unacceptably large stresses on the system and losses due to complex un-
steady flow phenomena. The use of computational fluid dynamics (CFD)
in the design and refurbishment process is becoming increasingly popu-
lar due to its flexibility, detailed flow description and cost-effectiveness
compared to model testing, which is usually used in the development of
turbines. However, there are still issues to resolve due to the combined
flow physics involved in hydropower machines, such as the presence of
partly separated flow at curved surfaces, vortices, unsteady phenomena,
swirl flow, strong pressure gradients, convoluted geometry and numerical
artifacts. Therefore, experimental data in such complicated systems are
required to validate numerical simulations and develop more accurate
models.

Several groups have investigated turbine models with advanced mea-
suring techniques to validate numerical simulations. The research groups
at École Polytechnique Fédérale de Lausanne (Switzerland) and Norwe-
gian University of Science and Technology (Norway) both on a Francis
type of turbine and Laval University (Canada) on a propeller type of
turbine, carried out a number of experimental investigations, see Cio-
can et al. (2007), Vekve & Sk̊are (2002) and Gagnon et al. (2008), re-
spectively. Lule̊a University of Technology and Vattenfall Research and
Development (Sweden) also performed extensive experimental studies on
a Kaplan model. The available data bank has served as a benchmark to
validate the ability of CFD to predict the flow features and engineering
quantities of a draft tube model at three consecutive Turbine-99 work-
shops (1999, 2001 and 2005)(see Andersson (2009)). The research group
is now focusing on the Porjus U9 model because the corresponding full
scale machine is available for similar measurements. Furthermore, the
design of the U9 is more modern. It is composed of 6 runner blades, 20
guide vanes, 18 stay vanes and has a runner diameter of 1.55 m. The
draft tube does not have any sharp heel as the Turbine-99 test case. The
model is geometrically similar to the prototype turbine at a 1:3.1 scale.

The objectives of the U9 model project are to study the phenomenon
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of a complex unsteady three-dimensional flow caused by its rotor-stator
interaction and to build a data bank to validate numerical simulations
and future scale-up studies. The investigation was initially carried out
at three different loads: at the best operating point and two off-design
operating points (left and right side of the propeller curve) with the
presence of a vortex breakdown. Three locations were selected for laser
Doppler anemometry (LDA) measurements: the inlet of the spiral cas-
ing, in the spiral casing before the guide vanes and at the draft tube
cone. Measurements at the inlet of the spiral casing are essential to
obtain the necessary boundary conditions to perform numerical simula-
tions because a bend is present upstream. Inadequate inlet boundary
conditions are expected to influence the results, see e.g., Mulu & Cer-
vantes (2007). The application of the LDA technique did not present
any specific problems because most of the windows were planar with the
exception of the spiral casing inlet, which was circular. However, it is
essential to make sure that the optical axis intersects the plane wall at
a right angle to avoid any optical aberration; for instance the effect of
astigmatism, which is associated with the off-axis alignment of the LDA
probe (Zhang & Eisele (1995)and Zhang & Eisele (1996)).

Flow measurements in a circular pipe made using the LDA technique
may be prone to error resulting from the laser beam refraction at the
pipe surfaces. This is due to the surface curvatures, both inside and
outside, of the pipe and the differing refractive indices of the media.
This leads to unwanted displacement, rotation, and misalignment of the
laser beams resulting in a loss of the Doppler signal. However, the signal
quality can be considerably improved by matching the refractive index
of the fluid to that of the pipe. Eventually, with ray tracing techniques,
a correction factor for the position and velocity magnitudes could be
made base on geometrical considerations and Snell’s law. Previously,
researchers tried to overcome this problem with different methods. For
instance, Broadway & Karahan (1981) and Bicen (1982) derived a cor-
rection factor to adjust the location of the measurement volume and
the velocity using ray tracing. The scope of their work was limited to
circular pipes in air, and they also assumed small angle approximation.
Durst et al. (1988) used a container with flat walls around the pipe that
was filled with a quiescent matching fluid. The working media also had
the same refractive index. Gardavsky & Hrbek (1989) conducted their
research by placing a circular pipe in a rectangular optical box. They
derived a series of equations, using the ray tracing method, to deter-
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mine the position of the laser beams intersection and the fringe spacing,
without making small angle approximation. Recently, Zhang (2004)
tried to improve the optical performance by making the outside of the
pipe planar without using refractive index matching. He performed a
comprehensive analysis of ray tracing with small angle approximation
and presented a detailed operating guideline with respect to the shift of
the measurement volume, their optical properties and the beam waist
dislocation.

The current research was performed by placing the circular pipe in
a square optical box that was filled with water as a refractive index
matching liquid. Ray tracing calculations, based on the aforementioned
literature, were also performed to correct the position of the measure-
ment volume and velocity.

This paper focus on the mean velocity results at the spiral casing inlet
and in the spiral casing before the guide vanes measurements. The draft
tube cone mean velocity measurements results were reported previously;
see Mulu & Cervantes (2009).

Experimental set up and techniques

The full scale unit of the hydropower plant that was investigated is
situated on the Lule River in northern Sweden. The present measure-
ments were performed on the homologous model with a runner diameter
D = 0.5 m. The turbine model was mounted in the test rig between
high-pressure and low-pressure tanks (Figure 1). The water level was
controlled by increasing the absolute pressure in the low-pressure tank
to avoid cavitation. The measurements were carried out in a closed loop
system. For further description of the power plant and the test rig, see
Mulu & Cervantes (2009).

The investigations were carried out at three different loads, with a
constant runner blade angle: at the best operating point of the turbine
(BEP) and two off-design operating points (left and right side of the
propeller curve). The operational net head H = 7.5 m and a runner
speed N = 696.3 rpm were used throughout the measurement period.
The guide vane angles were 20, 26 and 32◦ for the chosen operational
points left, BEP and right, respectively. The corresponding volumetric
flow rate of the three working conditions were 0.62, 0.71 and 0.76 m3/s;
see Mulu & Cervantes (2009).
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1. High pressure tank
2. Low pressure tank
3. Spiral casing
4. Optical correction box
5. Draft tube cone

Figure 1: Test rig with U9 Kaplan turbine model.

Measurement techniques

A two-component LDA with an 85 mm optical fibre probe from Dantec
was used. The probe uses a backscatter configuration with an upper-
lower beam arrangement to measure the velocity components. The basic
configuration of the system consists of a 20 W continuous wave Argon-
Ion laser, transmitting optics, a photodetector and a signal processor.
To resolve the directional ambiguity, a Bragg-cell with a frequency shift-
ing capacity of 40 MHz was used to create the second shifted incident
beam for each pair. Two front lenses of 800 mm and 600 mm focal
length with respect to the location of the measurement were used. For
the 600 mm focal length lens, the resulting measurement volume sizes,
based on the e−2 Gaussian intensity cut-off point, were estimated to be
2.229× 0.140 (length and diameter) and 2.426× 0.147 mm for both laser
beams. Likewise, for the 800 mm focal length lens, the estimated control
volume sizes were 4.310× 0.196 mm and 4.088× 0.186 mm, respectively.

The signal analyzer was of the type BSA 57N21 and 35 made by
Dantec. BSA Flow software, implementing the burst mode spectrum
analysis method, was used for data acquisition. The total sampling
time was set to 300 s for each measurement point. This corresponds to
20,000-300,000 bursts at each measurement point, which was a function
of the measurement point locations. The seeding particles used in the
investigation were made of Polyamide powder with an average diameter
of 5 μm.
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Locations of measurements

To obtain boundary conditions, which are needed to perform numerical
simulations and to validate the numerical results before the runner, mea-
surements were made at the spiral casing inlet and in the spiral casing
before the guide/stay vanes.

The inlet of the spiral casing was a circular pipe with an inner radius
of 316 mm. A 290 mm long Plexiglas pipe was mounted between the
inlet of the spiral casing and the penstock for optical access, see Fig-
ure 2. LDA measurements in the circular pipe are challenging due to
the surface curvatures. These curvatures result in lower signal quality
and different measurement volumes due to laser beam refraction at the
surfaces. Without refractive index matching and/or placing an optical
box outside the pipe, the available velocity signal quality and thus the
signal rate could be achieved only within a depth of about one-third of
the pipe diameter. However, if the pipe is placed in an optical box or
the outside of the pipe is made planar, high quality velocity signals can
be obtained even at a depth of about two-thirds of the pipe diameter.
Performing coincident velocity measurements using four laser beams was
inconvenient, as the four beams do not intersect at a single point in the
flow due to the optical aberration. Thus, measurements of the velocity
components were not carried out in coincidence mode. To obtain the full
velocity profile across the pipe, measurements were performed from both
sides of the pipe. Table 1 presents the location of the profiles measured;
Py 3 and Pz 1 are the profiles through the y and z-axis of the circular
section, respectively.

In the current study, a square optical box was placed around the
circular pipe filled with index matching liquid to improve the optical
performance. Glass windows were mounted on two sides of the box to
have a homogenous texture, see Figure 2. To determine the appropriate
liquid to fill the box, experiments on a channel flow with a diameter of
100 mm were made. Three different types of liquid were investigated;
water (n = 1.33), paraffin oil (1.46) and an 80% sugar in water solution
(1.49). Water and paraffin gave almost the same signal quality but with
paraffin the signal quality was slightly better. The sugar water solution
gave the worst result because of the thin film created by the dissolved
sugar on the surface of the pipe and box. For small scale, laboratory
experiments, paraffin may be preferable; however, at a larger scale as in
the current investigation, water was the best choice because it is easier
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to manage.
In the spiral casing, two Plexiglas windows were installed, on the

lower side at the angular position -56.25◦ (SI) and -236.25◦ (SII) to
perform the LDA measurements, see Figure 3. Correspondingly, the
position of the windows from the central axis of the guide vane to the
bottom of the spiral casing was 294.7 and 197.1 mm. The windows
were also placed at the center of the casing 224.52 mm (SI) and 74.01

Table 1: Location of profiles in the circular section.

Profiles Py 1 Py 2 Py 3 Py 4 Py 5 Pz 1

y[mm] - - - - - 0
z[mm] 100 50 0 -50 -100 -

.

Py_2

Py_1

Py_4Py_5

Pz_1

Py_3

Figure 2: Inlet section of the spiral casing: the square glass box was
filled with refractive index matching liquid, water.
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A

A

SI

SII

Figure 3: Location of the windows on the spiral casing and the measure-
ment axis z at the section A-A.

mm (SII) away from the stay vanes. Here, the LDA measurements were
straightforward because the windows were planar.

Data Evaluation

The total uncertainty in a measurement can be found by combining ran-
dom (precision) and systematic (biases) errors. Most of the bias errors
were small compared to the precision errors and were thus neglected.
The bias errors, which can be of the same order of magnitude as the
precision errors, are velocity bias and system noise. These two biases
and precision errors were considered; see Mulu & Cervantes (2009).

In the LDA system, the fluid velocity is directly determined from the
fringe spacing of the measurement volume and the Doppler frequency of
the scattered light from the particles passing through the measurement
volume. The fringe spacing can be calculated from the wavelength of
the laser beams and their half angle if the spacing is assumed to be
uniform. A necessary condition for accurate LDA measurements is that
the crossing position of the incident laser beams must coincide with their
beam waists. If this condition is not satisfied, fringe distortion in the
measurement volume may occur and thus, the maximum intensity of
the laser beams will not be at the measurement volume, resulting in a
poor signal-to-noise-ratio and non-uniform fringe spacing. This situation
might occur when the incident beams travels through optical media of
different refractive indices and the media interfaces are curved surfaces,
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for instance in pipe flow. Therefore, the difference in refractive indices
and the curved surfaces affect the half angle and the intersection point of
the beams. Owing to that, LDA measurements in circular pipes need to
be corrected for fluid velocity and the position of the beams intersection.

In the current work, when the measurements were performed along x-
, y- and z-axis the velocity components were refers as the axial, transver-
sal and vertical components or tangential, radial and vertical compo-
nents.

The formula necessary to determine velocities and beams intersection
positions for the measurements performed at the inlet of the spiral casing
are presented in the appendix.

Results and Discussion

For three different operating conditions, the LDA results of the mean
velocities and RMS are presented to investigate the flow before the run-
ner and at the inlet of the spiral casing. Because the flow is influenced
by the existence of a bend before the inlet. The measurements carried
out at the inlet pipe are corrected for the exact location of the laser
beams intersection and the velocity according to formulas presented in
the appendix. The location of the measurement volume error arising
from the curved surface of the pipe is in the range of 0.02-0.7%. The
difference between the incoming ray incident half angle θi and the half
angle of refracted laser beams Φ is less than 0.7%. The bias in the veloc-
ity magnitude due to the refraction of laser beams at curved interfaces,
is considerably low; this is due to the large inlet pipe diameter compared
to the spacing and diameter of the laser beams.

The spiral casing velocities and RMS are normalized by the bulk
velocity, VT, obtained from the flow rate and the area of the inlet pipe.
In the spiral casing at sections SI and SII, the positive direction for
the axial velocity and radial velocity are defined in a manner similar
to the stream flow direction and toward the center of the spiral casing,
respectively.

The results at the different sections from all guide vane openings
show similar velocity profiles but different magnitudes. The velocity
profiles at each section for all guide vane openings collapse to a single
profile after normalization by the bulk velocity. This indicates that
the draft tube does not influence the high pressure flow despite strong
unsteady flow phenomena at off-design operation. Therefore, only the
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Figure 4: Normalized mean axial velocities and the corresponding RMS
in the inlet of the spiral casing at three measurement locations.

result from α = 26◦ is presented.
Normalized mean axial velocities and the corresponding RMS in the

inlet of the spiral casing at three measurement locations are presented in
Figure 4. The flow rate determined from an integration of the measured
mean velocity profile is within ± 4% of the flow rate determined with
the test rig instrument (± 0.25%). The maximum mean axial velocity
is observed at the bottom region of the inlet pipe. The presence of
the bend in the penstock is pointed out. The velocity decreases toward
the upper part of the pipe. At the central region between r* = -0.25
and 0.25 the velocity decreases when move upward, while the maximum
velocity regions are at r* = ± (0.5 to 0.85). This M-shaped character
in the velocity distribution is due to the pair of counter-rotating Dean
vortices, which are known to occur in a circular bend flow. Because the
axial velocity distribution is not uniform in the plane, due to the lower
velocity close to the upper wall, fluid particles with higher velocity are
forced to move to the outer wall and those with lower velocity to the
center. This is due to the curvature, which causes a positive gradient of
the centrifugal force from the center to the outer wall. This force and
the presence of a boundary layer at the wall, due to the fluid adhesion to
the wall, are responsible for this kind of flow behavior. The fluctuating
quantity shows an inverse trend compared with the mean velocity; when
the mean velocity increases, the RMS decreases.

Normalized mean axial and transversal velocities and the correspond-
ing RMS at measurement location Pz 1 at the inlet are presented in Fig-
ure 5. The average axial velocities measured at Pz 1 also confirmed that
the velocity increases toward the bottom region of the pipe. The square
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Figure 5: Normalized mean axial and transversal velocities and the cor-
responding RMS at measurement location Pz 1 at the inlet.

points shown on the top two plots of Figure 5 are the corresponding axial
velocities and the RMS measured at Py 3, Py 4 and Py 5, indicating a
good repeatability of the measurements. The transversal velocity profile
indicates the presence of a secondary flow. The fluctuation quantity is
larger than the transversal mean velocity.

Normalized mean tangential and radial velocities and the correspond-
ing RMS at the spiral casing measurement locations SI and SII for a guide
vane opening of α = 26◦ are presented in Figure 6. At section SI, the
maximum mean tangential velocity is at the bottom region of the casing
and decreases toward the middle height of the guide vanes. At section
SII, the maximum velocity region is observed between the central level of
the guide vanes and the upper level of the leading edge of the stay/guide
vanes. Above the center of the guide vanes the velocity at location SI
and SII tend to have similar magnitude. The measured RMS at location
SI is slightly higher than at location SII, which indicate that the flow is
more turbulent when it inter the spiral casing due to the bend upstream.

The radial velocity measured at location SI show the presence of
a re-circulation region below the leading edge of the stay/guide vanes.
The secondary flow is not observed at location SII, the radial velocity is
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nearly zero in this region. Starting from z* = -0.41 the radial velocity
has a similar magnitude at both locations, which indicate that an axi-
symmetric flow entered the distributor. The flow rate per unit length
calculated from an integral of the mean radial velocity profile between
the lower edge and the center of the guide vanes yield 0.0010 and 0.0011
m2/s at section SI and SII, respectively. The magnitude of the RMS is
similar for both radial velocities.
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Figure 6: Normalized mean tangential and radial velocities and the cor-
responding RMS at the spiral casing measurement locations SI and SII
for a guide vane opening of α = 26◦. The results from α = 20◦ and
α = 32◦ are similar. From left to right, the bold lines represent the bot-
tom wall of the spiral casing at SI and SII, the lower level of leading edge
of the stay/guide vanes, the center of the guide vanes and the upper level
of leading edge of the stay vanes.
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Conclusions

The flow in a Kaplan spiral casing was investigated using laser Doppler
anemometry at three different working points: part load, BEP and high
load. The inlet pipe was placed within a transparent box filled with
a fluid of the same index of refraction as the fluid within the pipe to
reduce the optical distortions. The fringe spacing and the location of
the measurement volume were corrected using the ray tracing technique.
Because the diameter of the inlet pipe was very large compared to the
spacing and the diameter of the beams, the correction for the velocity
magnitude and location was very small.

The mean values of the axial, transversal and radial velocity compo-
nents were similar independent of the working point when made dimen-
sionless using the bulk velocity. The bend upstream of the spiral casing
strongly influences the flow. Maximum velocities were observed at the
bottom of the inlet pipe and the volute. Nonetheless, an axi-symmetric
flow was delivered to the distributor.

To capture the eventual effect of the runner blades in the upstream
flow, the velocity field needs to be analyzed angularly in the spiral casing
before the stay/guide vanes.
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Appendix

Axial velocity measurements at the inlet of the spiral

Generally, to obtain the best available optical condition for axial velocity
measurements, the optical axis should pass through the circular pipe axis
and intersect the plane at a right angle to avoid any optical aberration.
Thus, the refraction of the laser beams lies in a plane parallel to the
pipe axis, see Figure 7. In this case the half angle between the incident
beams remains unchanged. Therefore, the fluid velocity and the position
of the beams intersection are directly calculated from Eqs. (1) and (2),
respectively.

VLDA =
λ

2 sin θi
∗ fD (1)

rf = k1ra + (k1 − k2)tp + (k1 − k3)tg + (k1 − 1)t (2)

where,

k1 = nw

√
1− sin2 β

1− (nw)2 sin
2 β

k2 =
nw
np

√
1− sin2 β

1− (nw/np)2 sin
2 β

k3 =
nw
ng

√
1− sin2 β

1− (nw/ng)2 sin
2 β

Measurements were also performed at b/Ri = 0.317 and, b/Ri = 0.158
where b is the deviation from the pipe axis. Adequate signal rates
are obtained at these measurement positions. For moderate deviations
b/Ri < 0.5 and an identical fluid on either side of the circular pipe,
correction of beams intersection position and fluid velocity are not nec-
essary; see Zhang (2004) and Bicen (1982).
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Figure 7: Ray tracing for axial velocity measurements. Only one beam
is considered due to symmetry.

Vertical and transversal velocity measurements at the inlet
of the spiral

For measurements of the vertical and transversal velocities, the optical
axis was aligned to pass through the pipe axis, i.e., the optical plane
(the plane containing both beams) is orthogonal to the pipe axis, see
Figure 8. Due to the laser beam refractions on the circular surface of
the pipe, the accuracy of these velocity measurements should be cau-
tiously examined. The main reason for this is that the half angle, and
thus the measurement volume properties depend on the local position of
the laser beams’ intersection point. Indeed, this dependency leads to a
biased estimation of the flow velocity. Ray tracing calculations are nec-
essary to correct the values. The equations are derived by applying the
law of refraction and geometric considerations of the laser beams. The
procedure of the ray tracing equations and derivations are described by
Gardavsky & Hrbek (1989).

The exact position of the measurement volume after beam refraction
can be determined by Eq. (3) or from Gardavsky & Hrbek (1989) by
Eq. 14.

Δ

sin δ
=

Ri

sinΦ
(3)

From the refracted laser beams, the fringe spacing of the control volume
can be calculated by Eq. (4), and thus the transversal velocity can be
corrected by Eq. (5). The upper signs hold when ε1 > ϕ and the lower
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hold when ε1 < ϕ.

Δx =
1

nw

λ

2 sin(Φ∓ δ + θ ± ξ − ζ)
(4)

VCf = kVLDA (5)

where,

k =
1

nw

sin θi
2 sin(Φ∓ δ + θ ± ξ − ζ)

The value of d can be determined experimentally or analytically from
ray tracing. To calculate the values analytically, consider the bottom
figure of Figure 8. From the slope of the first ray (m1) and the equation
of the circle at the intersection point (Y,Z), two equations can be derived
as a function of d:

m1 =
Z− d

Y − L
, Z2 +Y2 = R2

o (6)

Y =
m1s±

√
(m1s)2 − (m2

1 + 1)(s2 − R2
o)

m2
1 + 1

(7)

Z = m1Y+ s (8)

The angle ϕ can be obtained using Snell’s law from the known incoming
ray incident angle θi.

ϕ = arcsin

(
na
nw

sin θi

)
m1 = tanϕ

s = m1L− d

Similarly, from the second slope (m2) and the equation of the circle at
the intersection point(y′, z′), two additional equations are obtained:

m2 =
z′ − Z

y′ −Y
, y′2 + z′2 = R2

i (9)
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Figure 8: Ray tracing for measurements of the vertical and transversal
velocity components, due to the symmetry between the two laser beams
only one beam is considered.

ε1 = arcsin

(
Z

Ro

)
(10)

The slope m2 is obtained from ε1 and ζ:

m2 = tan(ε1 + ζ)
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Using Snell’s Law, ζ is obtained:

ζ = arcsin

(
nw
np

sin(ϕ− ε1)

)

The first d value can be determined when z′ = 0 and y′ = Ri, correspond-
ing to the reference point when the rays lie on the inner wall. Then, one
can determine consecutive values of d as a function of the first value as
the probe is moved toward the pipe center.

Y − Z

m2
− Ri = 0 (11)

A similar procedure is applied to correct the vertical velocity for b/Ri

< 0.5, where the optical axis remains parallel with the pipe axis. If
measurements are conducted beyond this limit, the above approach for
correcting the vertical velocity is no longer true because the optical axis
is not parallel with the pipe axis, which introduce some inclination angle
into the control volume.
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Abstract

This paper presents an experimental investigation of a Kaplan
turbine model of the Porjus U9. The study aims to investigate the
complex unsteady three-dimensional turbulent flow in different re-
gions of the machine to build a data bank to validate numerical
simulations and study scale-up efficiency between model and pro-
totype. A two-component LDA technique was used to measure the
velocity profiles at different locations in the turbine in coincidence
mode. An encoder pulse was used to resolve the measurements an-
gularly. The investigation was carried out at three different loads:
at the best operating point and at two off-design operating points
(left and right side of the propeller curve). Vortex breakdown was
present at off-design points, at the inlet of the draft tube cone. The
axial and tangential mean velocity profiles and the corresponding
RMS at the draft tube cone are presented for the investigated
loads.

Keywords: Kaplan turbine, draft tube, LDA, hydropower
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Nomenclature

VT = Q/πR2 Bulk velocity, flow rate/area of the runner
U∗ = U/UT Normalized mean axial velocity
V∗ = V/VT Normalized mean tangential velocity
u∗ = u/VT, v

∗ = v/VT Normalized RMS
r∗ = r/R Normalized radius with the runner radius R

Introduction

In the current project, three locations were selected to investigate the
flow in a modern Kaplan turbine using laser Doppler anemometry (LDA)
technique. To obtain boundary conditions, which can be used to per-
form numerical simulations and to study the flow before the runner,
measurements were made at the spiral casing inlet and in the spiral cas-
ing before the guide vanes. The third location was in the draft tube
cone. Previous studies have shown that the flow in a draft tube is com-
plex due to swirling, partly separated flow at curved surfaces, flowing
against an opposing pressure gradient and the geometry; see e.g. Vekve
& Sk̊are (2002) and Andersson & Cervantes (2008). The measurements
were performed in the draft tube cone at four angular positions, at the
best efficiency point (BEP) and two off-design points with the presence
of a vortex rope. This paper focuses on the mean results of the draft
tube measurements.

Test rig and measurement method

The full scale unit of the hydropower plant Porjus U9 is situated on the
Lule River in northern Sweden. The machine is composed of 6 runner
blades, 20 guide vanes and 18 stay vanes and has a runner diameter
of 1.55 m. The operational head is 55 m with a discharge capacity of
20 m3/s for a maximum power of 10 MW. The present measurements
were performed on the homologous model in 1:3.1 scale of the prototype
turbine with a runner diameter D = 0.5 m.

Test rig

The test rig is located at the hydraulic machinery laboratory of Vatten-
fall research and development in Älvkarleby. The test rig facility was
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well described by Marcinkiewicz & Svensson (1994). The archetypical
uncertainty in the flow rate measurement and in the total hydraulic
efficiency is ±0.13% and ±0.20%, respectively. The water level was con-
trolled by increasing the absolute pressure in the low-pressure tank to
avoid cavitation. The measurements were carried out in a closed loop
system.

Operation conditions

The measurements were carried out at three different loads: at the best
operating point of the turbine and two off-design operating points (left
and right side of the propeller curve). The operational net head H = 7.5
m, a runner blade angle β = 0.8◦ and a runner speed N = 696.3 rpm (unit
runner speed, DN/

√
H = 127.1) were used throughout the measurement

period. The working guide vane angle and the volume flow rate of the
three working conditions are summarized in Table 1.

Table 1: Operational condition parameters.

Operating point Left BEP Right

Guide vane angle αgv (degree) 20 26 32
Volume flow rate Q (m3/s) 0.62 0.71 0.76

Unit flow rate Q/D2
√
H [−] 0.255 0.277 0.332

Efficiency η − ηBEP (%) -5.2 0.0 -1.0

Measurement method

The measurements presented were made using LDA technique. The
system used was a two-component set-up from Dantec with an 85 mm
optical fibre probe and a front lens of 600 mm focal length. The basic
configuration of the system consists of continuous wave of a 20 W Argon-
ion laser, transmitting optics including a beam splitter Bragg-cell, a pho-
todetector and a signal processor. To resolve the directional ambiguity
two of the incoming beams were shifted by 40MHz using a Bragg-cell.
The resulting measurement volume size, based on the e−2 Gaussian in-
tensity cut-off point, was estimated to be ≈ 2.229× 0.140 mm (length
and diameter) for the axial velocity component and 2.426× 0.147 mm
for the tangential velocity component. Polyamide particles with a mean
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diameter of 5 μm were used for seeding. The technique uses a backscat-
ter configuration with an upper-lower beam arrangement to measure
the velocity components corresponding to the particles pass through the
control volume.

The signal analyzer was of the type BSA 57N21 and 35 made by Dan-
tec. BSA Flow software with burst mode of spectrum analysis method
was used for data acquisition. The probe was fixed on a three axis
traverse system, which was controlled by the software with a possible
smallest step of 0.01 mm. The total sampling time was set to 300 s for
each measurement point. This corresponds to 20,000 - 300,000 bursts
at each measurement point, which was a function of the measurement
point locations.

The measurements were performed through four different windows
with angular positions (AP) of 0◦, 90◦, 180◦ and 270◦, see Figure 1. The
radii of the upper and lower circles of the cone were 252.1 mm and 322.58
mm, respectively. The cone angle was 6.1o. Three velocity profiles at
section (S) I, II and III were measured for each angular positions and
working points. Radial profile I, was located below the runner cone in the
upper part of the draft tube cone, which was 334.3 mm below the runner
hub center for all angular positions. Profile II and III were located in
the middle and near the end of the draft tube cone, respectively. Table
2 presented the exact location of the three profiles for all windows, with
a reference datum of runner hub center.

Table 2: Location of profile I, II and III from the runner hub center.

Profiles Location(mm)

a(0◦) b(90◦) c(180◦) d(270◦)
I 334.3 334.3 334.3 334.3
II 492.6 492.6 492.6 492.6
III 716.2 691.3 691.3 716.2
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Section x-x

Runner hub center

I
x
II

III

x a
c

b

d

Figure 1: Windows location at the draft tube cone: a is at 0◦, b at 90◦,
c at 180◦ and d at 270◦. I, II and III are the sections where velocity
profiles were measured in each window perpendicular to the draft tube
cone wall.

Data evaluation

The total uncertainty in a measurement can be found by combining
random (precision) and systematic (biases) errors. Biased errors in-
clude errors from laser beam geometry, signal processor bias, seeding
bias, calibration uncertainty, probe alignment bias, angular bias, gradi-
ent broadening bias, velocity bias and system noise; see Albrecht et al.
(2003). Most of the bias errors were very small compare to the precision
errors and were thus neglected. The bias errors which can be of the
same order of magnitude as the precision errors are velocity bias and
system noise. These two biases and precision errors were considered in
this paper.

In a uniformly seeded fluid, velocity bias error may occur in the
LDA measurements when particles with a large velocity travel through
the measurement volume more frequently than particles moving with a
small velocity. Taking an arithmetic average of these random measure-
ments over a given period of time will, therefore, result in an overesti-
mated mean velocity; this error was first acknowledged by McLaughlin &
Tiederman (1973). The estimated velocity variance may also be biased.
To determine statistical moments for each measurement point, velocity
and residence time of each particle that pass through the control volume
were recorded. To avoid velocity bias, weighting method based on the
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residence time (g) of signal bursts, which is inversely proportional to the
modulus of the velocity vector was used. Thus, the time averaged mean
velocity component and the RMS were obtained from Eqs. (1) and (3),
respectively.

〈U〉i =

n∑
j=1

gjuij

n∑
j=1

gj

(1)

〈u2〉i =

n∑
j=1

gj (uij − 〈U〉i)2

n∑
j=1

gj

(2)

ui,rms =
√

〈u2〉i (3)

Where, uij is the j:th particle velocity determined from the corre-
sponding Doppler frequency and gj the corresponding residence time. n
is the total number of samples contributing to the value.

Special care was taken in terms of instrumentation and measurement
procedures to keep noise as low as possible. However, vibration of the
test rig induce a small amount of movement of the wall at the measure-
ment sections orthogonal to the probe. The system noise was estimated
by a velocity measurement on the surfaces of the test section. The mea-
sured noise contribution to the velocity was subtracted from the velocity
data.

The precision errors in the LDA measurements are data processing
errors, which result from averaging a finite number of data samples at
each measurement point. Currently, this error was estimated by a re-
peatability test. Owing to turbulence, the velocity being measured does
not remain constant during the sampling period. Thus, the estimated
precision error (P) of the mean values, at the probability of 95% confi-
dence interval, was calculated by P = t ∗ s, where t is the coefficient of
Student t-distribution with the corresponding degrees of freedom and s
is standard deviation of the sample data Coleman & Steele (1999).

A great care was paid to eliminate the error arise from the opera-
tional mode of the test rig during each measurement and at different
operating days. However, the overall estimated error of the operational
parameters lie between 0.1-0.35% throughout the entire measurement
period.
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Results

The LDA results of the mean velocities and the RMS are presented to
investigate the flow symmetry below the runner and the flow develop-
ment in the draft tube cone for the different operating conditions. The
velocities and RMS are normalized using the bulk velocity, VT, obtained
from the flow rate and the area of the runner. The positive direction
for the axial velocity and tangential velocity are defined vertically down-
ward through the draft tube cone and in the clockwise direction viewed
from the top of runner, respectively.

For all angular positions, the mean axial velocity profile at section
I, has a minimum and maximum value below the runner cone. The
minimum is in the center while the maximum axial velocity is observed
around r* = 0.2, see Figure 2a.

The tangential velocity decreases linearly from the draft tube cone
wall up to r* = 0.45, like a solid body, which indicate that a well function
runner. From r* = 0.45 to nearly the center of the cone the velocity
increases steadily, which indicate that a free vortex phenomenon, such
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Figure 2: Normalized mean axial and tangential velocities and the corre-
sponding RMS at section I for α = 26◦ at 4 angular positions (AP). The
bold dash dot-lines represent the lower and upper edges of the runner
hub cone and the position of the draft tube cone wall, from left to right.
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as V∗ = k/r∗ where k is constant. Then, the velocity start to decrease
again toward the center, like a forced vortex, see Figure 2c, which is
similar to a Rankine vortex behavior.

The RMS values have similar behavior for both velocities but differ-
ent magnitude. The RMS decreases gradually from the wall up to r* =
0.45 and increases toward the center due to the runner cone rotation,
see Figures 2b and 2d.

Theoretically, the values should be identical at r* = 0 for each vari-
able. However, possible misalignment in the LDA probe or the windows
may create variations in the control volume position and, therefore, in
the values.

The results show a symmetric flow. The flow symmetry also hold
true for off-design points, their velocity profiles are presented in Figure
3.

The shape and development of the mean velocities for BEP and
overload (highest guide vane angle) at S I, II, and III are similar with a
different magnitude, see Figures 3. The magnitudes of the axial velocity
are almost equal close to the draft tube cone wall. However, a significant
amount of variation appears toward the center of the runner. For α =
20◦, the axial velocity in the region r* = 0-0.5 has a low magnitude.
This low magnitude region propagates toward the wall downstream as
seen in S II and III. The high velocity region has a nearly constant
velocity independently of the section, which indicate that a low pressure
recovery, i.e., the draft tube is not working properly.

For all operating points and sections the mean tangential velocity
increases close to the wall, while the mean axial velocity drop off rela-
tively. For α = 20◦, the mean tangential velocity decreases toward the
center. It gets weaker from S I to III, the vortex rope spreads out from
the center. For α = 26◦, the solid body rotation like, from the wall near
the middle of the draft tube cone is not altered by the area variation.
The Rankine vortex in the region r* = 0-0.4 decreases in amplitude. For
α = 32◦, a contra rotating flow is observed at S I for r* = 0.13-0.72, at
S II for r* = 0.15-0.70 and at S III for r* = 0.2-0.66, see Figures 3.

The RMS for α = 26◦ and 32◦ at all sections have similar pattern
from the center to the wall. For α = 20◦, the effect of the vortex rope
for r* = 0.14 - 0.8 is very high below the runner hub cone and decreases
downstream to the draft tube elbow with increment in value toward the
wall, see Figures 3. For the partial load operation the RMS that corre-
spond to the tangential velocity is higher than the RMS that correspond
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to the axial velocity, this is due to the pulsation of the vortex rope, see
Figure 3. The RMS values are high at S I close to the runner center
and decreases toward S III, which is due to the additional fluctuations
of the vortex rope. This effect also propagates in the radial direction to
the wall from S I to III where the velocity increases, see Figures 3. The
radius of the vortex rope increases downstream.
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(b) Normalized mean axial and tangential velocities and RMS at S II
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(c) Normalized mean axial and tangential velocities and RMS at S III

Figure 3: Normalized velocities and the corresponding RMS at angular
position d for different guide vane angles (α) and sections (S).
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Conclusions

AKaplan model was investigated using laser Doppler technology at three
different working points. The mean values of the axial and tangential
velocity were presented as well as their corresponding RMS values.

The results were similar at BEP and overload, i.e., α = 26 and 32◦.
The tangential velocity can be decomposed as a forced vortex and a
Rankine vortex. The RMS values were important near the runner cone
due certainly to its rotation. For the partial load operation the effect of
the pulsating frequency of the vortex rope was significant on the RMS
and mean values. A low velocity region was identified below the runner
cone.

To investigate the vortex breakdown in detail regarding the forced
and free vortex regions, its periodic phenomena and the effect of the
blade wakes, a detailed phase resolved analysis will be made.
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Abstract

Flow in hydropower axial turbines of the Kaplan type is com-
plex because of various flow phenomena that can occur simultane-
ously, such as strong adverse pressure gradients, vortices, swirling
flow, turbulence, unsteadiness and separation. Study of the draft
tube dynamics is further complicated by the presence of the run-
ner hub, which directly affects flow conditions at the draft tube in-
let. Therefore, phase-resolved velocity measurements are of great
interest when trying to characterize such a flow type and when
attempting to validate numerical code, flow models, and scale-up
formulas.

The work presented herein deals with the experimental investi-
gation of a Kaplan turbine that is a 1:3.1 scale model of a geomet-
rically similar prototype turbine. A two-component laser Doppler
anemometry apparatus was used to measure velocity profiles at
different locations in the turbine and in particular at three dis-
tinct locations in the draft tube cone. Investigations were carried
out with a constant runner blade angle at the following three loads:
the best operating point and two off-design operating points with
the presence of a vortex breakdown. An encoder was mounted on
the runner shaft to synchronize the angular position of the runner
with instantaneous velocity measurements. Phase-resolved veloc-
ities and the corresponding fluctuations are presented. Effects of
the runner blade wake on flow distribution and development in
the draft tube cone at three positions along the flow stream are
presented and discussed.

Keywords: Kaplan turbine, phase-resolved velocity, LDA
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Introduction

Hydraulic turbines convert the potential energy of water stored in a dam
into electrical energy. In reaction turbines water leaves the runner with
remaining kinetic energy. Part of this kinetic energy may be recovered by
slowing down the water. This slowing is achieved by attaching a diffuser,
called a draft tube, to the runner outlet. The function of the draft tube
is to convert kinetic energy into pressure energy with minimum hydraulic
losses.

The current study was performed on a Kaplan turbine, which is a
low-head turbine. The overall efficiency of low-head turbines is signifi-
cantly affected by the performance of the draft tube, because the kinetic
energy leaving the runner represents a substantial amount of the total
head. The draft tube used in this experiment was an elbow daft tube. It
was composed of a conical diffuser followed by an elbow and a straight
diffuser. Flow in such an axial turbine is complex because of the vari-
ous flow phenomena appearing simultaneously, such as vortices, swirling
flow, turbulence, unsteadiness, strong adverse pressure gradients, and
separation. The study of the draft tubes is further complicated by the
presence of the runner hub, which directly affects flow conditions at the
draft tube’s inlet. Therefore, phase-resolved velocity measurements are
important when characterizing such a flow type and in the support of
numerical simulations.

Several groups have investigated turbine draft tube models with ad-
vanced measuring techniques, such as laser Doppler anemometry (LDA)
and particle image velocimetry (PIV) at design and off-design operating
points. The objectives in these studies were to analyze flow phenomena
and to build a database for manufacturers and utilities (e.g., to validate
numerical code and to develop more accurate models).

At École Polytechnique Fédérale de Lausanne, Iliescus et al. [1]
presented phase-resolved measurements obtained from a Francis turbine
model. Their study showed that runner blade-to-blade sheared flow
follows the same decay as the far wake of the blades and that sheared
flow mixing is similar to the dissipation of a far turbulent wake. The
behavior of the vortex rope in the draft tube was also studied, and a
parametric model of the rope was proposed. The geometric parameters
for a conical helix rope were also obtained.

At the Norwegian University of Science and Technology, Vekve [2]
also presented phase-resolved velocity measurements of a Francis tur-
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bine model. The author’s work focused on part load, and he extracted
the periodic behavior of the flow field in the draft tube cone by phase-
averaging the velocity data with respect to the phase of the rotating
vortex rope. This analysis technique enabled the author to locate the
angular and radial placement/orientation of the rotating vortex rope.

More recently, Gagnon et al. [3] at Laval University, Canada, pre-
sented phase-resolved velocity measurements of a propeller turbine model.
Their result shows that the main flow phenomena in the draft tube can
be captured when both LDA and PIV are utilized. Their study focused
on the blade-tip vortices, swirl, wakes and non-uniformities in the flow.
Furthermore, they investigated analytical solutions for velocity profiles.

Andersson and Cervantes [4] at Vattenfall Research and Develop-
ment and Lule̊a University of Technology, respectively, presented phase-
resolved velocity measurements of a Kaplan turbine model with a sharp
heel draft tube. In this case, runner blade wakes were very well de-
fined and clearly visible, based on phase-averaged velocities and RMS,
at the outlet of the runner. Moreover, this study revealed the presence
of a dominant periodic energy at the draft tube inlet; the significance
of this energy was lost further downstream. These data have served
as a benchmark to validate the ability of CFD to predict flow features
and engineering quantities of a Kaplan draft tube at three consecutive
workshops [5, 6].

The project contained herein investigates the Kaplan turbine model
known as Porjus U9. It aimed to study the phenomenon of complex
unsteady three-dimensional flow caused by, e.g., rotor-stator interaction,
build a data bank for validation of numerical codes and scale-up formulas
studies. A two-component LDA apparatus was used to measure velocity
profiles. The following three distinct locations were selected: the inlet
of the spiral casing, in the spiral casing before the guide vanes, and in
the draft tube cone below the runner hub. An encoder was mounted
on the runner shaft to synchronize the angular position of the runner
with instantaneous velocity measurements. Experimental investigations
were carried out with a constant runner blade angle and at the following
three loads: the best operating point of the turbine and two off-design
operating points at which a vortex breakdown occurs. Such a vortex
breakdown is usually not present in Kaplan turbines because they are
doubly regulated; however, it is of interest for CFD developments.

This paper focuses on the phase-averaged methodology and results
of draft tube measurements at the best efficiency point (BEP) of the
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machine. The mean velocity and RMS measurement results at three
measuring locations were reported previously by Mulu and Cervantes
[7, 8].

Experimental set up and methodology

The full-scale unit of the hydropower plant investigated in this paper
is situated on the Lule River in northern Sweden. This plant’s turbine
is composed of a spiral casing, 18 stay vanes, 20 guide vanes, 6 runner
blades and an elbow draft tube; its runner diameter is 1.55 m. The ex-
perimental study presented herein was performed on a 1:3.1 scale model
of the prototype turbine. The turbine model was mounted in a test rig
between high-pressure and low-pressure tanks. The water level was con-
trolled by increasing the absolute pressure in the low-pressure tank to
avoid cavitation. Measurements were carried out in a closed-loop sys-
tem. Further description of the test rig may be found in Marcinkiewicz
and Svensson [9]

Tests were conducted at a constant runner blade angle and at the
following three loads: the best efficiency point and two off-design oper-
ating points (i.e., to the left and right side of the propeller curve). An
operational net head H = 7.5 m and a runner speed N = 696.3 rpm were
used throughout the measurement period. Guide vane angles of 20, 26
and 32◦ for operational points to the left of the BEP, at the BEP, and
to the right of the BEP, respectively, were utilized. The corresponding
volume flow rate of the three working conditions were 0.62, 0.71 and
0.76 m3/s [7, 8].

Measurement method

Presented measurements were made using the LDA technique. This
technique is non-intrusive and uses the Doppler frequency shift of scat-
tered light to determine instantaneous velocity at a single point [10].
This method is suitable for performing time-resolved measurements.
Furthermore, this measurement technique has comparatively high spa-
tial and temporal resolution. A two-component LDA with an 85 mm
optical fiber probe from Dantec was used. The probe uses a backscatter
configuration with an upper-lower beam arrangement to measure ve-
locity components. A 600 mm focal length front lens was used. The
measurement volume size, based on the e−2 Gaussian intensity cut-off
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point, was estimated to be 2.229× 0.140 mm, length and diameter, and
2.426× 0.147 mm for both components.

A type BSA 57N21 and 35 signal analyzer made by Dantec was used
in all experimentation. BSA flow software with a burst mode of spectral
analysis method was used during data acquisition. The total sampling
time was set to 300 s for each measurement point. This corresponded
to 20,000-300,000 bursts at each measurement point and was a function
of the location of the measurement point. The seeding particles used
in the investigation were made of Polyamide powder with an average
diameter of 5 μm. A magnetic encoder was mounted on the runner shaft
to synchronize the rotational pulse with angular measurements, which
gives the angular position of the runner relative to each instantaneous
velocity measurement.

Measurement Positions

Phase-resolved measurements were made in the conical diffuser of the
draft tube to investigate the effect of the runner blade wakes and to
analyze the periodic behavior of the flow field after it left the runner.
Measurements were performed through four windows with angular posi-
tions (AP) a, b, c and d around the circumference with a 90◦ apart (see
Fig. 1). Plexiglas windows were used to assure adequate optical access.
Radii of the upper and lower circles of the cone were 252.1 and 322.58

Figure 1: Schematic of the U9 Kaplan turbine and conical diffuser with
the measurement locations.
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mm, respectively, and the cone angle was 6.1◦. Three velocity profiles at
sections (S) I, II, and III were investigated for each angular position and
operating point. Radial profile I was located below the runner cone in
the upper part of the draft tube cone (i.e., z* = -1.34 below the runner
hub center for all angular positions). Profiles II and III were located
around the middle and close to the end of the conical diffuser, respec-
tively. The exact locations of the three profiles are reported in Mulu
and Cervantes [7].

Data processing

A periodic turbulent velocity resulting from the runner is present in
draft tube flow. In periodic turbulent flow, the instantaneous quantity
describing the flow can be decomposed by Reynolds triple decomposition
into the following components: time-averaged velocity, organized oscil-
lations and random fluctuations [11]. This decomposition is represented
as,

ui(t) = ū + ũ(t) + u′(t) (1)

where ui (t) is the instantaneous velocity, ū is the time-averaged ve-
locity, ũ(t) is the periodic fluctuation (oscillation), and u′(t) is the ran-
dom turbulent fluctuation. Organized velocity oscillation is defined as
ũ = 〈ui〉(t)− ū , whereas random fluctuations are defined as u′(t) = ui(t)
−〈ui〉(t), where 〈ui〉(t) is the phase-averaged velocity over the cycles
(ū + ũ(t)). An example of triple decomposition is shown in Fig. 2.
Passages of the six runner blades are observed.

The arrival time of each particle is related to the runner blades’ ro-
tational position α which was determined with the help of an encoder
signal that resolves data into one runner revolution. One runner rotation
was divided into a number of phase intervals or bins. The data within
the phase interval [αo −Δα/2, αo +Δα/2], where αo is the central an-
gular position of the evaluation window and Δα is the size of the phase
averaging window, were considered for calculating the phase-averaged
value and RMS of the flow velocity at the center of each interval.

The number of samples contained within each phase-averaging win-
dow and the size of the evaluation window affected the measured quan-
tities, particularly the RMS. To determine the RMS accurately, phase-
averaging window sizes must be made as small as possible, especially
when the unsteady mean flow exhibited a large temporal gradient [12].
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Figure 2: Illustration of a triple decomposition of the velocity for one
runner revolution.
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If the size of intervals is too large, then the variation in phase-averaged
velocities will be significant over a finite-time window. Furthermore, the
variation in each phase interval may contribute to the phase-resolved
mean and RMS values, leading to an over- or under-estimation of values.
This gradient effect can be reduced by interpolating the phase-averaged
velocity in each evaluation window. Jakoby et al. [13] and Zhang et
al. [12] applied a gradient correction for the calculation of RMS values,
which increased the accuracy of the estimated RMS values. However,
their gradient correction was applied after mean and RMS values were
calculated in each interval.

In the current investigation, a gradient compensation method pre-
sented by Glas et al. [14] was used. Glas et al introduced two gradient
compensation methods, the linear and the parabolic regression methods,
to estimate the phase-averaged velocity and RMS in each evaluation win-
dow as well as the confidence intervals of these parameters. The main
strength of their method is its ability to be used in the estimation of
turbulent quantities.

Velocity data were sorted over a runner rotation (i.e., 360◦). The in-
fluence of phase-averaging window size was investigated at a number of
runner rotational positions and measurement volume locations. Figure
3 shows an example of the effect of window size on RMS value at a rota-
tional position of α = 44◦ for different methods. RMS varies from 0.3026
to 0.3089 m/s for tangential velocities and from 0.226 to 0.2309 m/s for
axial velocities, as function of the evaluation window size. RMS is nearly
independent of window size for Glas et al. methods. Calculations for
a window size Δα ≤ 2◦ were not reliable due to the limited amount of
data available in each interval and the resolution of the magnetic en-
coder, which was 1◦. Hence, for the computation of the phase-resolved
velocity data, a circumferential resolution of 3◦ was used, which is a
good compromise between statistical uncertainty and phase resolution.
Phase-averaging window size is a trade-off between phase resolution and
statistics for each interval. Thus, it is advised to choose an optimal win-
dow size accordingly because there are no available criteria for window
size selection. Nonetheless, temporal gradients are better captured with
a window that is as small as possible.

LDA measures flow velocity indirectly from small particles travelling
within the flow. Because, particles are arbitrarily distributed in space,
the arrival time of each particle is random. Sampling time unevenness
precludes the use of standard methods of analysis which are used for
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uniformly spaced intervals, such as the Fast Fourier Transform (FFT).
A common approach to overcome this constraint for spectral estimation
from irregularly sampled data is signal reconstruction or interpolation.
The essence of theses reconstruction methods is to replace the unevenly
sampled data with regularly sampled data, allowing a spectral analysis
to be carried out with standard methods.

Spectrum analysis was performed to estimate the frequency content
of recorded velocities. Although other frequencies are present, the fol-
lowing frequencies were utilized in the analysis: runner frequency, blade
passage frequency, and rotating vortex rope frequency. First, spectral
analysis of LDA signals was carried out by re-sampling the time series
through a linear interpolation with a minimum time interval of the mean
data rate. The Welch method with a Hanning window was then used for
spectral analysis. The Welch method of periodogram type is a suitable
means for analyzing data suffering, from noise, shift in periods, etc., and
it provides a good approximation of amplitudes and frequencies in data
measured [2]. This method divides the original data set into overlap-
ping segments of data; data overlap was set to 50%. Second, spectral
analysis was carried out with a Lomb-normalized periodogram method,
where the evenness of the date is not compulsory. This spectral analysis
method for non-uniformly sampled data was developed by Lomb and
evaluates the data only at times when raw data was actually measured
[15]. Lomb showed that his periodogram is the same as the standard
periodogram for evenly sampled data [16]. The same dominant fun-
damental frequency and harmonics were identified with both spectrum
analysis methods. Therefore, only the result obtained from the first
method is presented.

Results

Mean velocity results were previously reported by Mulu and Cervantes
[7]. Phase-averaged axial and tangential velocity as well as the corre-
sponding turbulent quantities (i.e., RMS) are presented to investigate
effects of runner blade wakes on draft tube cone flow. Phase-resolved
velocities and RMS are normalized by bulk velocity, which is obtained
from the flow rate and the area of the runner. The positive direction for
the axial velocity and tangential velocity are defined vertically down-
ward through the draft tube cone and clockwise from the top of the
runner, respectively.
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Figure 4 presents the phase-averaged data at section I for four angu-
lar positions through one revolution (r* = 0.84). Velocity profiles have a
phase shift corresponding to the angular position of measurement win-
dows. Therefore, the curves for angular positions a, b, and d in Fig. 4
are shifted by the phase shift corresponding to angular position c. All
curves follow the same pattern, which suggests a flow independent of
angular position.

Axial velocity peaks vary for each blade passages (see Fig. 4), which
indicates that blade profiles might not be exactly identical for all runner
blades. Hence, this variation may arise from the kinetic loss resulting
from shear friction against the blades. Runner wobbling contributes to
axial velocity variations. Based on pressure measurements, runner wob-
bling has previously been observed [17]. Tangential velocity amplitudes
are similar, except in the case of one blade (indicated by an arrow). In
this case, the lower amplitude might be caused by a small difference in
the runner blade angle at that particular blade. Amplitude variation is
also visible in the phase-averaged axial velocity profile.
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Figure 4: Phase-resolved axial and tangential velocity at section I for
angular positions a, b, c and d (r* = 0.84).
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In Fig. 5, the peaks on the frequency spectrum correspond to the
runner frequency fn and blade passage frequency fb = Nb × fn, (i.e.,
the fundamental frequency and harmonics), where Nb is the number
of blades. Figure 5a shows the frequency spectrum at section I for all
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Figure 5: Frequency spectrum analysis of the tangential velocity. (a)
Frequency domain analysis for all measurement window positions at
section I (r* = 0.84) (b) Frequency domain analysis of angular position
d at section I along the radius.
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angular positions at r* = 0.84. The amplitude of the blade passage
frequency, 6× fn, is similar for all measurement positions. Figure 5b
shows the frequency spectrum of section I for angular position d along
the measurement profile. The extent of the blade effect here, in terms of
radius, is in the range r* = 0.43-0.92, where all harmonics are present.
However, some runner passage frequencies are also observed below r* =
0.45; this will be discussed later in the paper.

In an attempt to study flow symmetricity after the runner, phase-
averaged contours of axial and tangential velocities for BEP at section
I and positions a and d are presented in Fig. 6. From the contour plots
of the velocity components and RMS at both angular positions, and the
frequency spectrum (see Fig. 5a), the flow is found to be symmetrical
when it leaves the runner. The blade wakes are clearly visible from
the phase-resolved axial and tangential velocity components and RMS.
At measurement section I and for the axial velocity component, blade
wakes correspond to the lower axial velocity region (see Fig. 6). For the
tangential velocity component, blade wakes are delineated by the higher-
magnitude region. This delineation is a result of shear friction against
the blades causing momentum loss for the axial velocity component and
momentum gain for the tangential velocity component. The relative
amplitude variation of the tangential velocity component is more affected
by the blade wakes (see Fig. 4)

The phase-averaged RMS value of the axial velocity component de-
creases at the blade passages, whereas it increases in the blade wakes.
The maximum value of the axial velocity component appears slightly
ahead of the RMS value. When a blade passes, the tangential velocity
component of the RMS increases instantly behind the suction side of
the blade, then decreases due to the blade wakes, then increases again
after the flow leaves the pressure side of the blade, and finally decreases
at the blade passage. This phenomenon is repeated for all blades (see
Figs. 6 and 7).

As mentioned, the blade wake radius, r*, ranges from 0.43-0.92 (see
Fig. 6). However, in the region between the upper and lower radius of
the runner hub cone, an additional effect of the blades is noticed, and
the axial velocity has a periodic behavior similar to that of large-scale
blade wakes. This effect is also present in the RMS contour plots. Such
behavior is attributed to a combined effect of flow passing through the
gap between the blade and the hub and a sudden gradient change in the
hub geometry.
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Figure 9: Normalized phase-averaged velocities and RMS at sections I, II
and III for measurement location d. (a) Normalized phase-averaged axial
velocity and RMS. (b) Normalized phase-averaged tangential velocity
and RMS.
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Maximum axial and tangential velocity components are mapped be-
low the runner hub cone (see Figs. 6 and 9). For both components,
higher RMS values are also seen below the hub; this is due to the sharp
velocity gradients leaving the hub and the solid body rotation.

Kaplan turbine runners are designed to deliver a flow with some
swirl to the draft tube. Figure 8 presents the flow angle contour plot.
The flow angle decrease between the blades, i.e., in the blade passages,
and increases at the blade wakes (i.e., the flow is pulsating and at the
same time rotating around the rotational axis). The flow is almost axial
between the blades.

To investigate flow development from the inlet to the outlet of the
conical diffuser, phase-resolved axial and tangential velocity components
and the corresponding RMS contour plots at measurement angular po-
sition d for sections I, II and III are presented in Fig. 9. Velocity magni-
tudes decrease from sections I to III. This suggests that flow decelerated
in the draft tube cone and recovered pressure energy, indicating that
the draft tube functioned properly. High tangential velocity regions are
seen in section I of Fig. 9. This may be due to the combined effect
of the trailing tip clearance and the runner rotation. At section II, the
effect of blade wakes is still present despite being weaker. At section
III, blade wakes are dissipated and mixed. Frequency spectrum analysis
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also shows the disappearance of the blade wakes further downstream
(see Fig. 10).

The phase-resolved RMS value is decreased significantly downstream,
from section I to II (see Fig. 9). The velocity has low RMS value at
section III, except beneath the runner cone where this feature’s impact
is still substantial.

Conclusions

Flow investigation on a Kaplan draft tube model was performed using
laser Doppler anemometry technology. Phase-averaged axial and tan-
gential velocities as well as corresponding random turbulent quantity
contour plots were presented. Different methods were investigated to
determine an appropriate window size and interpolation method. The
method presented by Glas et al. was the most satisfactory. A circumfer-
ential resolution of a 3◦ was determined to be most suitable in evaluating
the presented data.

Flow was nearly axisymmetric and axial as it left the runner. A
clear effect of the runner blade wakes on the phase-averaged and RMS
of flow velocity around the inlet of the conical diffuser was observed.
Blade wakes were dissipated and mixed further downstream. Flow was
less turbulent as it exited the draft tube cone. The blade-hub clearance
and the sudden gradient change in the hub geometry created a specific
flow below the runner cone, which was highly turbulent. Furthermore,
wobbling of the runner is believed to affect the draft tube flow.

In the current phase of the project, all the measurements were per-
formed below the runner hub. Thus, it could be fruitful to investigate
flow above the hub and between the blade channels giving that most of
the interesting features of the flow originate in these locations.
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Nomenclature

Ap Angular position
BEP Best efficacy point
BSA Burst Signal Analyzer
FFT Fast Fourier Transform
fn Runner frequency [Hz]
f∗ Normalized frequency [f/fn]
H Net head [m]
LDA Laser Doppler Anemometry
N Runner speed [rpm]
PIV Particle Image Velocimetry
Rref Runner radius [m]
r* Normalized radius [r/Rref]
U Phase averaged axial velocity [m/s]
U* Normalized phase averaged axial velocity [U/VT]
VT Bulk velocity [m/s]
V Phase averaged tangential velocity [m/s]
V* Normalized phase averaged tang. velocity [V/VT]
v*,u* Normalized RMS [v/VT , u/VT ]
z* Normalized measurement position [Z/Rref]
α Runner angular position [degree]
αo Central angular position [degree]
Δα Phase averaging window size [degree]
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Abstract

Hydropower, originally designed as a base electrical power, is
now used to balance grid fluctuations that are primarily produced
by market deregulation and the introduction of other renewable
energy resources. New turbine designs must account for such con-
straints while also achieving high efficiency. Computational fluid
dynamics, now an integrated tool in the hydraulic industry, re-
quires accurate and detailed experimental data for validation pur-
poses.

The present work presents the investigation of a modern Ka-
plan turbine model combined with laser Doppler anemometry and
flush-mounted pressure sensors, with a focus on the draft tube at
the best turbine efficiency. Mean and phase-resolved quantities are
presented for the velocity and pressure at several locations. The
results demonstrate the strong influence of the swirl leaving the
runner for a well-functioning draft tube as well as the negative im-
pact of the draft tube cone. The blade-hub clearance is also found
to have an impact on the flow beneath the runner cone.

Keywords: Kaplan, hydropower, LDA, pressure recovery, phase-
average
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Introduction

Hydropower is the most abundant renewable energy resource in the
world and has the largest energy payback ration [1]. It accounts for
about 20% of the electricity production worldwide. The actual tech-
nology used to produce hydropower is the result of 100 years of devel-
opments that have resulted in very high efficiency; up to 96% for large
Francis turbines. Most of the hydroelectric potential is already exploited
in Europe and North America, and many hydraulic machines are in need
of refurbishment. Throughout the rest of the world, much economically
feasible potential is still available for exploiting.

Initially built to run as a base load, the role of hydropower has
changed over the last decade due to the deregulation of electricity mar-
kets as well as the introduction of other renewable energy sources such as
wind power. These changes have involved a substantial increase in load
variations and start-stops for which the plants were not initially built.
These new market conditions must be taken into account in turbine
design while still improving efficiency. For this purpose, model testing
and computational fluid dynamics (CFDs) are the main tools available.
CFD was introduced to the hydropower industry in the beginning of the
1980s [2] and has significantly contributed to the development of hy-
draulic turbine efficiency. Initially, CFD was expected to replace model
testing within one to two decades because it is much cheaper and faster.
However, the complexity of the flow in hydraulic turbines has restricted
the use of CFD in design and troubleshooting. Model testing is usu-
ally performed to control the performance of large projects, as it allows
for efficiency measurements with a precision below 0.2%. Thereafter,
scale-up formulas are used to estimate the prototype efficiency. Never-
theless, CFD is still being developed and requires accurate and detailed
hydraulic flow measurements for validation in order to reach model test
accuracy.

Much work has been dedicated to Francis turbines and more re-
cently, to propeller turbines and Francis-type pump-turbines, whereas
Kaplan turbines have received less attention. The Laboratory of Hy-
draulic Machinery, École Polytechnique Fédérale de Lausanne (EPFL),
Switzerland, has been a pioneer in the use of advanced experimental
methods to investigate Francis models, e.g., Arpe [3]. Recently, they in-
vestigated Francis-type pump-turbines, Zobeiri [4], with a focus on the
rotor-stator interaction and the vortex rope. The Waterpower Labora-
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tory at the Norwegian University of Science and Technology in Norway
has also contributed significantly to our understanding of Francis tur-
bines at the model and prototype scales, e.g., Vekvet and Koboro [5, 6].
More recently, the research group at the Laboratory of Hydraulic Ma-
chinery at the University of Laval in Canada has begun investigating a
propeller turbine, e.g., Gagnon [7].

Compared to other turbine types, Kaplan turbines have received less
attention. The main experimental contributions to this topic are those
of Andersson [8] and Lövgren [9]. Time-resolved velocity and pressure
measurements were performed on an old design Kaplan turbine with a
trapezoidal half spiral. The focus was on the sharp heel draft tube. The
draft tube is an essential element of Kaplan turbines, as a significant
amount of kinetic energy, relative to the head, leaves the runner. This
energy has to be recovered as pressure to ensure good efficiency. The ve-
locity measurements of Andersson led to three workshops [10–12] aiming
to determine state-of-the-art Kaplan draft tube flow simulations. The
workshops outputs demonstrated the difficulty involved in performing
accurate simulations of the draft tube due to numerous simultaneous
flow phenomena such as turbulence, blade wakes, strong adverse pres-
sure gradients, separation, vortex breakdown and unsteadiness. The
measurements of Andersson were conducted at and near the best tur-
bine efficiency. The Kaplan turbine investigated by Andersson has a
design dating from the 1950s. The design philosophy has since evolved
to more compact machines with a higher specific speed. Furthermore,
sharp heel draft tubes are no longer used in modern designs.

The present work presents an experimental investigation of a mod-
ern Kaplan turbine model known as U9. The turbine was designed at
the end of the 1990s by Kvarner AB, now Andritz Hydro AB, and a
corresponding prototype was built in Porjus, Sweden. The investigation
was performed at three working points with a constant blade angle: the
part load point, the best efficiency point (BEP) and the high load point.
The BEP and high load point are common operating points for Kaplan
turbines. Part load operation with a constant and inappropriate blade
angle is unusual because creating a vortex rope that does not occur dur-
ing standard operation. However, start-stop of the turbine may trigger
such flow phenomena even in Kaplan turbines, and therefore, a study
of this regime is still of value. The reported results are consequently
divided into two consecutive papers. Paper I deals with a presenta-
tion of the materials, methods and results related to the BEP. Paper II
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concentrates on the results for the part load and high load points.

Experimental apparatus and procedures

The measurements were performed in the draft tube of a 1:3.1 scale
model of the U9 Kaplan turbine. The prototype turbine is situated at
the Lule River in northern Sweden. The operational head is 55 m, which
is near the upper limit for Kaplan turbines, with a maximum discharge
capacity of 20 m3/s for a power of 10 MW. The turbine is composed of
a spiral casing, 18 stay vanes, 20 guide vanes, 6 runner blades and an
elbow draft tube; its runner diameter is 1.55 m.

The turbine model has a runner diameter of D = 0.5 m, and an
operational net head of H = 7.5 m and a runner speed of N = 696.3
rpm were used throughout the measurement period. The present work
investigated the turbine at BEP, which corresponds to a guide vane angle
of 26◦. The corresponding volume flow rate was Q = 0.71 m3/s.

Test rig

The investigation was performed at the Vattenfall Research and Devel-
opment model test facility in Älvkarleby, Sweden. The test rig is a closed
loop system for testing Kaplan, bulb, and Francis turbines. The uncer-
tainty in the flow rate measurement and the total hydraulic efficiency
were ±0.13% and ±0.18%, respectively. A further description of the
test rig can be found in Marcinkiewicz and Svensson [13]. The turbine
model was mounted between high-pressure and low-pressure tanks, see
Fig. 1. The pressure difference between the two tanks was adjusted to
set the desired head for the test case. The absolute pressure of the two
tanks can be adjusted to either trigger or avoid cavitation. Cavitation
was not present for this case.

The measurements were performed in the draft tube cone and elbow.
The cone angle was 6.1◦. Figure 2 presents the locations of the laser
Doppler anemometry (LDA) and pressure measurements. The positions
of the measurements are either expressed as the section/sensor number
or as the position along the normalized center line, L∗. The centerline
has its origin at the runner hub center, and increases in the direction of
the draft tube.

For all measurements, a magnetic sensor was placed on the runner
shaft to obtain a reference time for each runner revolution (i.e., time



Draft tube flow – best efficiency point 159

Figure 1: Test rig with the U9 Kaplan turbine model.

stamps were used to angularly resolve the data). The magnetic sensor
has a measurement accuracy of ±0.5◦.

Velocity measurements

Velocity measurements were performed using the LDA technique. A
two-component LDA with an 85-mm optical fiber probe from Dantec was
used. The probe uses a backscattering configuration with an upper-lower
beam arrangement. A 600-mm focal length front lens was used. The
measuring volume size, based on the e−2 Gaussian intensity cut-off point,
was estimated to be 2.229× 0.140 mm, and 2.426× 0.147 mm for both
components. The burst mode of the spectral analysis method was used
during data acquisition; one velocity was registered for each particle.
The total sampling time was set to 300 s for each measurement point.
This corresponded to 20,000 - 300,000 bursts at each measurement point,
which was a function of the location of the measuring point. The seeding
particles used in the investigation were made of polyamide powder with
an average diameter of 5 μm. Measurements were performed at four
windows at angular positions a, b, c and d, with 90◦ spacing around
the cone circumference (Fig. 2b). Three locations along the vertical
direction were investigated at each angular position: sections I to III
(Fig. 2a). Radial profile I was located below the runner cone in the
upper part of the draft tube cone. Profiles II and III were located near
the middle and close to the end of the conical diffuser, respectively. The
exact locations of the three profiles can be found in Mulu and Cervantes
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[14]. Plexiglass windows were used to assure optical access. Due to
access limitations, a high-quality mirror was used at angular position c.

Pressure measurements

Twenty pressure taps were mounted in the draft tube cone: five taps
equally spaced in the vertical direction at four positions around the
cone circumference (Fig. 2). The angular placement follows the same
positions used for the LDA sections (a–d). Seven taps were placed at
the inner radius and six taps at the outer radius of the elbow (Fig. 2a).
However, due to a welded joint the taps on the inner radius were placed
25 mm in the counterclockwise direction from position c. A pressure tap
for a reference sensor was placed on the upper wall near the outlet of
the draft tube (L∗ = 11.52). Membrane-type pressure transducers from
Druck (PDCR810) with an accuracy of 0.1% were used for the pressure
measurements.

The data acquisition system used for the pressure measurements was
a PXI chassis consisting of 24-bit (Ni-4472) cards. Each card has eight
channels with a built-in anti-aliasing filter and is capable of simultaneous
(all cards coupled) sampling with a frequency of up to 102.4 kHz. The
investigation was performed with a sampling frequency of 5 and 2 kHz,
for a sampling time of 120 s and 240 s, respectively. The higher sampling
frequency was chosen to capture the runner passage with high resolution.
The lower frequency data was used for the time-averaged calculations;
hence, the longer sampling time generated a more reliable mean value.
The procedure for the pressure measurements follows that presented in
Jonsson and Cervantes [15] and Lövgren et al. [9].

Data processing

The instantaneous velocity is directly determined from the fringe spac-
ing of the measurement volume and the Doppler frequency. The time-
averaged mean and the Reynolds stress component of the flow velocity
were analyzed using the weighting method based on the residence time
of the signal bursts, which reduces the bias [14].

A periodic turbulent flow resulting from the runner is present in the
draft tube flow. For periodic turbulent flows, the instantaneous quantity
describing the flow can be decomposed by a Reynolds triple decompo-
sition into the following components: the time-averaged quantity, orga-
nized oscillations and random fluctuations [16]. This decomposition is
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(a)

(b)

Figure 2: U9 draft tube with measurement locations. (a) The positions
for the pressure taps are marked by red dots. In the paper, the pressure
taps are numbered from 1–5 in the cone (starting from the top) and 6–
11 and 6–12 along the outer and inner radius of the elbow, respectively.
Sections I to III correspond to the LDA sections. (b) Circumferential
positions for pressure and LDA measurements in the draft tube cone.

represented as follows:

Φ(x, t) = Φ̄(x) + Φ̃(x, t) + Φ′(x, t) (1)

where Φ(x, t) = 〈Φ(x, t)〉+Φ′(x, t) is the instantaneous quantity, Φ̄(x, t)
is the time-averaged quantity, Φ̃(x, t) is the periodic fluctuation quantity
and Φ′(x, t) is the random fluctuation quantity. 〈Φ(x, t)〉 is the phase-
averaged quantity over the cycles. An example of triple decomposition is
shown in Fig. 3. The passages of the six runner blades can be observed
on the velocity decomposition plot. The velocity and pressure data were
averaged over one runner rotation (i.e., 360◦).

The velocity and pressure measurements are related to the runner
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Figure 3: Illustration of triple decomposition of the velocity for one
runner revolution.

angular position α, which was determined with the help of an encoder
signal. One runner rotation was divided into a number of phase intervals
or bins. The data within the phase interval [αo − Δα/2, αo + Δα/2],
where αo is the central angular position of the evaluation window and
Δα is the size of the phase-averaging window, were considered when
calculating the phase-averaged mean value and RMS of the flow velocity
and the phase-averaged pressure at the center of each interval.

The number of samples contained within each phase-averaging win-
dow and the size of the evaluation window both affect the measured
quantities, particularly the RMS. To accurately determine the RMS, the
phase-averaging window sizes should be as small as possible, especially
when the unsteady mean flow exhibits a large temporal gradient [17]. If
the interval size is too large, then the variation in the phase-averaged
velocities will be significant over a finite-time window. Furthermore, the
variation in each phase interval may contribute to the phase-averaged
mean and RMS values, leading to an over- or under-estimation. This
gradient effect can be reduced by interpolating the phase-averaged ve-
locity for each evaluation window.

The phase-averaging window size represents a trade-off between the
phase resolution and statistics for each interval. Thus, the optimal win-
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dow size should be carefully chosen because there are no available crite-
ria for window size selection. Nonetheless, temporal gradients are better
captured by a window that is as small as possible. The influence of the
phase-averaging window size for different analysis methods was investi-
gated and reported by Mulu and Cervantes [18]. In the investigation,
the gradient compensation method (parabolic regression) presented by
Glas et al. [19] was found the most appropriate for LDA data analy-
sis. For the phase-resolved velocity data, a circumferential resolution of
3◦ was used, which gives a good compromise between statistical uncer-
tainty and phase resolution. Results for a window size of α ≤ 2◦ were
not reliable due to the limited amount of data available in each interval
and the resolution of the magnetic encoder. For the pressure data anal-
ysis, a circumferential resolution of 3◦ was also used due to the magnetic
encoder resolution. The pressure data were also analyzed using the Glas
and Fourier averaging method [20]. The phase-averaged pressure value
at each evolution interval was calculated, and then a Fourier series was
fitted to the values of all phase intervals.

LDA indirectly measures the flow velocity from small particles trav-
elling within the flow. Because particles are arbitrarily distributed in
space, the arrival time of each particle is random. Spectral analysis
of LDA signals was carried out by re-sampling the time series through
a linear interpolation with a minimum time interval of the mean data
rate. Welch’s method with a Hanning window was then used for spectral
analysis. The result was also cross-checked with a Lomb-normalized pe-
riodogram method, where evenness of the data is not compulsory. This
spectral analysis method evaluates the data only at times when the
raw data are actually measured [21]. The same dominant fundamen-
tal frequency and harmonics were identified by both spectrum analysis
methods [18].

The pressure data were uniformly sampled, which allows a spec-
tral analysis to be carried out with standard methods, such as the
Fast Fourier Transform (FFT) method. For pressure spectral analy-
sis, Welch’s method with a Hanning window was also used. It can be
difficult to obtain good approximations of amplitudes and frequencies
in measured data due to noise, period shifts, and other factors. Welch’s
method is suitable for this propose [22]. This method divides the orig-
inal data set into overlapping segments of data; the data overlap was
set to 50%. Further details of this method can be found in Proakis and
Manolakis [23] and Vekve [22].
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Engineering quantities

The performance of the draft tube is defined by the amount of kinetic
energy that is converted to pressure energy. The pressure recovery is
one way to quantify the amount of kinetic energy recovered along the
draft tube (i.e., the ratio of the pressure difference (outlet-inlet) to the
dynamic pressure of the mean axial velocity at the inlet). The pressure
recovery factor based on the wall pressure (Eq. 2) was calculated to
quantify the performance of the draft tube [24].

Cpw =
Pwall − Pwall inlet

ρ
2(

Q
Ainlet

)2
(2)

where Pwall inlet and Ainlet are the pressure and cross-sectional area at
position 1 in the cone and Pwall is the pressure along the draft tube.
Cpw is, however, an estimation of the pressure recovery because it only
considers the wall pressure rather than the average pressure across the
whole cross section. It is also based on the average kinetic energy at the
inlet. A swirling motion and non-uniform velocity profiles at the inlet
will result in a larger kinetic energy value; hence, Cpw may over-estimate
the pressure recovery. Cpw is a common experimental parameter used
to characterize draft tubes because it is difficult to obtain the average
pressure over the cross-section along the radius.

The ideal performance (i.e., without losses) of the draft tube is given
by:

Cpideal = 1−
(
Ainlet

Ai

)2

(3)

where Ai is the cross-sectional area at different locations throughout the
draft tube.

For a non-uniform velocity distribution and swirl flow, the actual
kinetic energy can be determined if the correction factors αax and β are
known. The kinetic energy correction factors at each measuring section
in the draft tube were calculated using time-averaged velocities and the
area corresponding to each section. The fluxes of the axial and tangential
kinetic energy were calculated using the coefficients αax and β (Eq. 4
and 5) [25]. They represent the outcome of the actual kinetic energy due
to axial velocity non-uniformity and swirling of the flow, respectively.

αax =
1

AŪ3

∫
A

U3dA (4)
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β =
1

AŪ3

∫
A

V 2UdA (5)

Intensity of the swirl, Sw, (i.e., the ratio of the angular momentum flux
to the axial momentum flux times the equivalent radius) was calculated
as [24]:

Sw =
1

R

∫ R
0 UV r2dr∫ R
0 U

2rdr
(6)

Error analysis

The total uncertainty in a measurement can be found by combining
random (precision) and systematic (bias) errors. For the velocity mea-
surement, most of the bias errors were small as compared to the precision
errors and were thus neglected. The velocity bias and system noise errors
may be on the same order of magnitude as the precision errors. These
two biases and the precision errors were thus considered; see Mulu and
Cervantes [14].

The precision error for the LDA measurements was estimated by a
repeatability test with a 95% confidence level. The magnitude difference
for the replicated measurement points was calculated for each measured
variable, and the variance was determined from all of the replicated
points in each section. The overall random error was calculated by
taking the average of all of the individual standard deviations. The
estimated random errors for the mean axial and tangential velocity were
±0.02 m/s and ±0.03 m/s, respectively. The random error estimated
for the RMS values is lower than that of the corresponding mean values,
which means that the RMS values are less influenced over longer time
scales but not the mean components.

Even though the weighting method, which is based on the residence
time, was applied to correct the velocity bias, uncertainty still existed
and was estimated as [26]:

Bv =

√√√√(
Ū − 1

n

n∑
i=1

Ui

)2

(7)

where Ū is the weighted mean, n is the sample number and Ui is the
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instantaneous velocity. The estimated bias for the axial and tangential
velocity component was 0.02 and 0.006 m/s, respectively.

The uncertainty for the pressure measurements was calculated in a
manner similar to that for the LDA. The points were measured twice
(except for a few due to malfunctioning transducers), and the pressure
transducers were randomly switched between the positions. The pres-
sure in the test rig tanks was monitored by absolute pressure transducers
and regulated by compressors. The static pressure in the draft tube suf-
fered from long periodic swings that may have been caused by the test
rig regulation system. The error induced from the swings was reduced
by subtracting the simultaneously measured pressure at the reference
position from that at the positions in the draft tube elbow and cone.
This was only done for the time-averaged values because the reference
pressure may enhance or reduce some phenomena in the phase analysis.
However, the difference of the two repeated pressures, for all positions,
was used in calculating the overall uncertainty. The uncertainty at the
95% confidence level for the mean was ±165 Pa. The uncertainty for the
phase-resolved data was calculated using the same procedure employed
for the mean, but using the difference in each bin between the two rep-
etitions, with the mean value subtracted prior to the calculation. The
uncertainty of the dynamical pressure in the top of the cone was ±16
Pa at the 95% confidence level.

Results and discussion

The time-averaged and phase-resolved velocities and turbulent quanti-
ties were made dimensionless by using the bulk velocity obtained from
the flow rate and the area at section I. The measured radii were made
dimensionless with respect to the runner radius, unless otherwise men-
tioned. The positive directions for the axial velocity and tangential
velocity are defined as vertically downward through the draft tube cone
and clockwise from the top of the runner, respectively.

Time-averaged quantities

Velocity profiles

The velocity profiles investigated at section I for the four angular po-
sitions showed a nearly axisymmetric flow exiting the runner (Fig. 4a)
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[14, 18]. This reflects a well-functioning spiral casing upstream from
the runner. The maximum mean axial velocity is measured below the
runner cone leading edge. The mean axial velocity approaches zero near
the draft tube cone axis (Fig. 4). The rotating runner cone creates a
vortex below because there is a higher angular velocity there as com-
pared to the adjacent fluid. At the vortex center, high velocities and
large velocity gradients are present (Fig. 4). The flow leaving the run-
ner cone trailing edge is directed to the draft tube cone axis and pushed
out radially from the rotational axis by the centrifugal force, leading to
a deceleration of flow near the axis. The mean axial velocity is constant
in region Rc except near the draft tube cone wall, where it decreases.

In region Rc and in all sections, the tangential velocity was not al-
tered by the area variation. The tangential velocity increased linearly
in the radial direction towards the draft tube cone wall, like a solid
body rotation. In region Rb, the tangential velocity increases toward
the center like a free vortex flow, i.e., the fluid close to the center of
the vortex circulates faster than the fluid far from the center. Then,
in region Ra, the velocity decreases again towards the center, similar
to a forced vortex, due to a decay of the free vortex near its center by
viscous shear; see Fig. 4. The central part of the vortex created by
the runner cone tends to rotate as a solid body, thus forming a forced
vortex surrounded by a free vortex, like a Rankine vortex. The runner
cone rotation effect decreases along the draft tube cone (Fig. 4). The
maximum velocity position moves towards the draft tube cone wall, and
the tangential velocity magnitude decreases in regions Ra and Rb.

The flow angle obtained from the axial and tangential velocity is
presented for the three sections in Fig. 5. A minimum separating two
regions is identified. The flow angle in region Rc is the result of the
runner rotation, whereas the flow angle in regions Ra and Rb is mainly
caused by the runner cone creating a tangential velocity due to shear.
The tangential velocity in region Rc allows for an improved draft tube
performance by avoiding separation on the draft tube cone. The tangen-
tial velocity in regions Ra and Rb counteracts the function of the draft
tube by pulling fluid from the cone center, thus creating a low-velocity
region in the central cone region. In fact, the rotation of the runner cone
is not beneficial to the overall turbine efficiency because it adds angular
kinetic energy to the fluid. Furthermore, the runner cone significantly
increases the turbulence in the draft tube.
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Figure 4: Mean tangential and axial velocity profiles at sections I (a),
IId (b) and IIId (c).
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Figure 5: Flow angle, i.e., arctan (V/U), at sections Id – IIId.

Reynolds stresses

In the analysis of the Reynolds stresses, the mean and periodic fluctua-
tion components were removed, i.e., only the random fluctuations were
used. In region Rc, the Reynolds normal stresses at section I increase
slightly toward the draft tube cone wall due to the blades. At sections
II and III, the stresses remain virtually constant. In regions Ra and
Rb at all sections, the axial normal stress has slightly larger magnitude
than the tangential normal stress; due to large axial velocity gradients
(Fig. 6). The Reynolds shear stress is almost zero, independent of the
measurement section (Fig. 6). At region Rc and sections II and III,
the turbulence is nearly isotropic (Figs. 6b and 6c). In regions Ra and
Rb, the Reynolds normal stress components increase toward the center
because of the shear created by the runner cone angular rotation. At
the center, high velocities and velocity gradients are observed, and thus,
a large viscous shear is present, causing fluctuations. The production of
turbulence decreases along the draft tube cone, as expected, because it
is not sustained by any means (Fig. 6).
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Figure 6: Reynolds stresses u∗2, v∗2 and uv∗ at sections Id (a), IId (b)
and IIId (c).
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Engineering quantities

The measured engineering quantities are presented in Tab. 1. The flow
is less uniform at the outlet of the draft tube cone, where the non-
uniformity coefficients of the flow are larger than that for the inlet (αax

and β). Swirl plays a vital role in the transformation of kinetic energy to
pressure energy in the draft tube cone, as it can prevent flow separation
at the cone wall [24]. The flux of the angular momentum (

∫ R
0 UV r2dr)

is presented in Fig. 7. It increases from the center to the wall cone. The
flux of the angular momentum is conserved, i.e., the tangential velocity is
nearly unaltered by the diffuser, cf. Fig. 4. The flow entering the elbow
will have a large swirling motion and will thus give rise to more losses
in comparison to a flow without swirling. On the other hand, the axial
velocity decreases substantially along a small distance due to the cone
geometry and the tangential velocity. The curvature of the elbow has a
gyroscopic effect on the low velocity fluid at the cone center, which will
be pushed toward one part of the straight diffuser, where the velocity is
low, altering its function [27].

Table 1: Calculated flow quantities.

Quantity Id IId IIId

αax 1.012 1.012 1.112
β 0.017 0.015 0.029
Sw 0.255 0.277 0.332
FAM 0.019 0.019 0.020
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Figure 7: Angular momentum flux at sections Id, IId and IIId. The
radius is normalized by the radius at each section.
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Figure 8a shows the pressure recovery along the centerline in the
cone. Cpw increases in the downstream direction and is over-estimated
for all sections (a-d), compared to Cpideal for L∗ < 2.3. The pressure
recovery is based on the mean axial kinetic energy at the inlet. In reality,
the flow at the inlet exhibits a non-uniform velocity profile (cf. Fig. 4)
and a swirling motion (cf. Tab. 1)) that generates a kinetic energy
higher than that used in the calculation. Thus, Cpw is over-estimated.
However, Cpw is still a good parameter for quantifying the efficiency of
draft tubes.

The highest recovery is obtained for section a, especially at the end
of the cone. This is expected because the flow decelerates towards the
outer radius of the elbow and thus, the static pressure becomes larger.
At section c, the recovery is low due to the acceleration of the flow
towards the inner radius of the elbow. It is noted that section b gives
a smaller value than section d (i.e., the flow has a higher axial velocity
at section b as compared to d). Thus, the elbow affect the flow in the
draft tube cone.

Figure 8b shows the pressure recovery based on the change in dy-
namic pressure obtained from the axial velocity component near the
cone wall (r∗ ≈ 0.8). It follows the ideal pressure recovery rather well,
but with a slightly lower value for b and c. Furthermore, the behavior
is similar to that of Cpw.

Figure 9 shows Cpw along the upper and lower path in the draft
tube. The two lines diverge as they approach the elbow. Cpw is low at
the beginning of the inner radius of the elbow, which indicates that the
flow is accelerated in that area (cf. Fig. 9b). The pressure then increases
along the radius. The opposite behavior occurs along the outer radius,
where instead it follows a shape similar to that of the ideal Cp. Just
after the elbow, the lines seem to approach a similar value. At the
reference position, Cpw is about 0.1 lower than the ideal. The result
shows behavior similar to that for a sharp heel Kaplan draft tube [28].
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Figure 8: (a) Pressure recovery, Cpw, in the cone at sections a to d. (b)
Pressure recovery obtained from the dynamical pressure of the mean
axial (parallel to the wall) velocity near the cone wall. The start point
is matched to the ideal pressure recovery. The black line corresponds to
the ideal pressure recovery.
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Figure 9: Pressure recovery (b) along the upper and lower path (a) in
the cone and elbow. The circle at L∗ = 11.52 is the pressure recovery
at the reference position. The error bars show the uncertainty at the
95% confidence level. The black line corresponds to the ideal pressure
recovery.

Periodic quantities

The velocity and pressure distribution in the draft tube are periodic in
nature. The runner (e.g., the runner hub, blades) strongly affects the
flow in the draft tube cone. Velocity wakes from the blades propagate
downstream from the runner in a circular motion. The pressure and ve-
locity fluctuations were estimated using Welch’s method. The data were
also phase-resolved at the runner frequency, fn, to capture synchronous
phenomena.
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Amplitude spectra

The amplitude spectrum for the dynamical pressure obtained from the
tangential and axial velocity component at section Id and the amplitude
spectrum for the wall pressure at position 1d are shown in Fig. 10. Com-
paring the pressure from the axial and tangential velocity components,
the fluctuations at the blade passage frequency, 6 · fn, for both compo-
nents have almost equal amplitudes, while the fluctuation at the runner
frequency, fn, is only visible for the axial component (Fig. 10a). Thus,
the axial flow varies with the angular position of the runner. Both the
runner and the synchronous (blade passage) frequency are visible for the
wall pressure measurements (Fig. 10c), but with a smaller amplitude
than for the dynamical pressure.

The amplitude at 0.8 · fn originates from pressure pulsation induced
by the pumps in the test rig [15, 29]. The source of the other small
amplitudes has not yet been identified.

Figure 11 shows that the effect from the runner blades dissipates
in the top part of the cone. The pressure fluctuation at the runner
frequency is transported along the draft tube cone to the elbow, but with
a lower magnitude. This indicates that the runner induces a pulsation
of the flow in the axial direction.
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Figure 10: Amplitude spectrum for the dynamical pressure obtained
from the axial (a) and tangential (b) velocity components near the wall,
at section Id. Amplitude spectrum for the wall pressure (c) at position
1d.
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Figure 11: Amplitude spectra along the upper (a) and lower (b) sensor
paths. Positions 1 – 5 are in the draft tube cone, 6 – 11(12) are in the
elbow and ref corresponds to the reference position (cf. Fig. 9a).

Synchronous analysis

The velocity and pressure were phase-resolved with respect to the run-
ner frequency. Figure 12 presents the phase-resolved dynamical pressure
from the velocity and the wall pressure measurements for one runner
revolution at the top of the cone. The amplitude at 6 · fn and the
amplitude for fn are visible for both the dynamical and wall pressure
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Figure 12: Phase-resolved dynamic and wall pressure at the runner fre-
quency, fn. A value of 360◦ corresponds to one runner revolution. The
red curve (curve fit to the phase-averaged data) corresponds to the dy-
namical pressure (1/2ρU2

r ) from the resultant of the tangential and axial
velocity components parallel to the wall at section Id (r∗ = 0.84). The
black curve is the wall pressure at section 1d. The mean pressure is
subtracted for each curve for comparison.

measurements. The magnitudes of the amplitudes for the wall pressure
measurements at 6 · fn are, however, lower than for the dynamical pres-
sure, as the velocity fluctuation at the measurement location (r∗ = 0.84)
is higher than that close to the wall (cf. Fig. 13). The amplitudes at
6 · fn show approximately a half-period (30◦) phase shift between the
dynamical and wall pressure; hence, a decrease in static pressure follows
an increase in velocity.

Figures 13, 14 and 15 present contour plots of the phase-averaged
axial and tangential velocity as well as corresponding turbulence quan-
tities (in this case, the RMS) to study the effects of runner blade wakes
and flow development from the inlet to the outlet of the conical diffuser.

The blade wakes are clearly visible in the phase-resolved axial and
tangential velocity components and RMS. At measurement section I, for
the axial velocity component, blade wakes correspond to the lower axial
velocity region (Figs. 13 and 14). For the tangential velocity component,
the blade wakes are delineated by the higher-magnitude region (Figs.
13 and 15). This delineation is a result of shear friction against the
blades, causing a momentum loss for the axial velocity component and
a momentum gain for the tangential velocity component.
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The phase-averaged RMS value of the axial velocity component de-
creases at the blade-to-blade passages, whereas it increases in the blade
wakes. The maximum value of the axial velocity component appears to
be slightly ahead of the maximum RMS value. When a blade passes, the
tangential velocity component of the RMS increases instantly behind the
suction side of the blade, decreases due to the blade wake, then increases
again after the flow leaves the pressure side of the blade, and finally de-
creases at the blade-to-blade passage. This phenomenon is repeated for
all blades at section I (Fig. 15).

The blade wake is extended from r∗ = 0.43− 0.92 at section I (Fig.
13). In the region between the upper and lower radius of the runner
cone (i.e., region Rb), an additional effect of the blades can be noted; the
axial velocity has a periodic behavior similar to that of the blade wakes.
This effect is also present in the RMS contour plots. Such behavior is
attributed to a combined effect of flow passing through the blade and
the hub clearance and runner cone rotation (Fig. 13). The blade-hub
clearance acts like a nozzle, where the flow is ejected as a jet flow moving
in the direction of the runner rotation. This jet-like effect contributes
to the maximum mean axial velocity obtained in this region (Fig. 4),
allowing for high momentum in the boundary layer, which may prevent
early separation.

The maximum axial and tangential velocity components are mapped
below the runner cone. For both components, higher RMS values are
also obtained below the hub; this is due to the sharp velocity gradients
leaving the hub and the runner cone rotation, which increases the pro-
duction of turbulence. The velocity magnitudes decrease from sections
I to III (Figs. 14 and 15). This confirms that the flow decelerates in
the draft tube cone and recovers the pressure energy, indicating that the
draft tube is functioning properly without separation.

High tangential velocity regions are shown in section I close to the
draft tube cone wall. This may be due to the combined effect of the blade
trailing tip clearance and the runner rotation. At section II, the effect
of the blade wakes is still present, although weaker. At section III, the
blade wakes are dissipated and mixed. The phase-resolved RMS value
decreases significantly downstream, from section I to II. The velocity has
a low RMS value at section III, except beneath the runner cone, where
impact of runner cone rotation is still substantial (Figs. 14 and 15).
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Figure 13: Phase-resolved axial and tangential velocity and correspond-
ing RMS values at section Id for one runner revolution.
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Figure 14: Phase-resolved axial velocity (a) and corresponding RMS (b)
values at sections Id – IIId for one runner revolution.
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Figure 15: Phase-resolved tangential velocity (a) and corresponding
RMS (b) values at sections Id – IIId for one runner revolution.
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Kaplan runners are designed to deliver a flow with some amount
of swirl to the draft tube. Figure 16 shows contour plots of the phase-
resolved flow angle (i.e., the angle between the tangential and axial veloc-
ity components) for sections Id–IIId. In the top section, large variations
in the flow angle occur due to effects from the blades. The flow angle
decreases in the blade channels, and the flow is almost axial. In contrast,
the flow angle has its maximum in the blade wakes. The effect of the
blades decreases further down in the cone and is dissipated in section
III (cf. Figs. 14 and 15).

Figure 17 presents streamlines calculated from the time-averaged
flow angle near the wall, at the four sides of the cone (a–d). At circum-
ferential position a (Fig. 17a), the streamlines are almost linear, and
thus, the elbow has a negligible influence on the flow angle. On either
side of the cone, perpendicular to the direction of the elbow (Figs. 17b
and 17d), the streamlines bend towards the direction of the elbow (i.e.,
the acceleration of the flow at the inner radius of the elbow affects the
flow angle). The flow angle is a minimum at section IIIc (Fig. 17c),
which is closest to the inner radius of the elbow.
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Figure 16: Phase-resolved flow angle at sections Id – IIId for one runner
revolution.
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(a) (b) (c)

(d)

Figure 17: Streamlines along the side of the draft tube cone, measured
near the wall. (a) to (d) correspond to the circumferential positions of
the measurements.

Conclusions

Flow investigation of a Kaplan draft tube model was performed using
laser Doppler anemometry technology and wall pressure measurements.
Time- and phase-averaged axial and tangential velocities as well as cor-
responding turbulence and engineering quantities were presented for the
best efficiency point of the turbine. The flow is nearly axisymmetric and
axial as it leaves the runner. The maximum axial and tangential veloc-
ities occurred below the runner cone. A clear effect of the runner blade
wakes on the phase-averaged velocity and RMS values around the inlet
of the conical diffuser was observed. The blade wakes were dissipated
and mixed further downstream. Similar results were observed for the
wall pressure, where the blade effect is only visible in the top part of
the cone. Furthermore, the flow was less turbulent as it exited the draft
tube cone. The blade-hub tip clearance and the runner rotation created
a specific flow below the runner cone, which was highly turbulent.

At the inlet of the draft tube cone, the Reynolds stress of the tangen-
tial velocity was affected by the pressure and suction side of the runner
blade. The Reynolds shear stress was nearly zero, independent of the
measurement section, indicating a nearly isotropic flow, except below
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the runner cone. The vortex created by the hub cone rotation formed a
forced vortex surrounded by a free vortex.

The pressure recovery was shown to be close to the ideal value in
the draft tube cone. This indicates a well-functioning conical diffuser
without separation. The pressure recovery is high in the cone and shows
a slight decrease in the elbow. It increases again in the outlet diffuser.
However, most of the pressure recovery takes place in the cone (about
70%).
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Nomenclature

α Phase, degree

Φ Instantaneous quantity

Φ̄ Time-averaged quantity

Φ̃ Periodic fluctuation quantity

Φ′ Random fluctuation quantity

αax Kinetic energy correction factor for the axial component

β Kinetic energy correction factor for the tangential compo-
nent

A Cross-sectional area, m2

Bv LDA bias uncertainty, m/s

Cpw Pressure recovery coefficient based on the wall pressure

Cpideal Ideal pressure recovery coefficient

D Runner diameter, m

f∗ Normalized frequency (f/fn)

fn Runner frequency (11.59 Hz), Hz

FAM Flux of angular momentum, m5/s2

H Head of the turbine, m

L∗ Normalized length (by R)
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N Runner speed, rpm

n Number of samples

Q Discharge, m3/s

R Runner radius, m

r′ Normalized radius with respect to the corresponding section
radius

r∗ Normalized radius (r/R)

Sw Swirl intensity

U, V Axial and tangential velocity, m/s

U∗,V ∗ Normalized velocities (U/UT ,V/UT )

u∗2, v∗2,uv∗ Normalized Reynolds stress components (u2/U2
T , v2/U2

T ,
uv/U2

T )

u∗, v∗ Normalized RMS (u/UT , v/UT )

Ui Instantaneous velocity, m/s

Ur Resultant velocity of the axial and tangential components,
m/s

UT Bulk velocity, m/s

Ū Mean velocity, m/s

BEP Best efficiency point

CFD Computational fluid dynamics

LDA Laser Doppler anemometry
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Abstract

Off-design conditions of hydropower turbines are becoming more
frequent with the deregulation of electricity markets and the intro-
duction of renewable energy resources. Originally, turbines were
not built to operate under such conditions. It is evident that there
is a need to develop turbines that can operate under off-design con-
ditions while attaining high efficiency. This may be achieved with
computational fluid dynamics (CFD). However, the complexity of
Kaplan turbine flows is challenging to treat using CFD. Therefore,
detailed experimental investigations are necessary to validate and
develop CFD.

This paper presents an investigation of a modern design Kaplan
turbine model. The measurements were performed in the draft
tube with laser Doppler anemometry and flush-mounted pressure
sensors, with a focus on the part load and high load operation of
the turbine. Mean and phase-averaged quantities are presented for
the velocity and pressure along several sections. A contra-rotating
flow region was observed under high load operation. Under part
load operation, a rotating vortex rope (RVR) develops due to vor-
tex breakdown. The presence of the RVR significantly reduces the
draft tube performance.

Keywords: Kaplan, LDA, pressure recovery, Phase-averaged, RVR
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Introduction

Part load operations as well as start/stop of the turbines are becom-
ing more frequent with the deregulation of electricity markets and the
introduction of renewable energy resources. Doubly regulated reaction
turbines of the Kaplan type are the best adapted for such a scheme be-
cause they offer a wide operating range with relatively high efficiency.
Nevertheless, they are not designed to operate under unfavorable flow
conditions. Away from the best efficiency region, vibrations increase,
leading to wear and eventually failure. There is a need to develop tur-
bines that can operate outside the best efficiency region. This may be
achieved with the help of computational fluid dynamics (CFD). How-
ever, the complexity of Kaplan flows is challenging to treat using CFD.
Detailed experimental investigations are necessary to validate and de-
velop CFD.

The available literature on detailed experimental investigations of
Kaplan turbines is limited. Andersson [1] and Lövgren [2] investigated
in detail the flow in a Kaplan draft tube, whose design dated from the
1950s, near the best efficiency point (BEP). More recently, the research
group at Laval University, Canada investigated a propeller turbine model
at design and off-design operational points [3]. The results were used to
validate CFD and develop an understanding of the turbine behavior un-
der off-design conditions. There is an evident need for the investigation
of turbines under part load and high load operations to better predict
transient turbine behavior.

This paper is the second of two consecutive papers reporting the
experimental investigation of a modern Kaplan turbine design known
as U9. The investigation was performed at three working points with a
constant blade angle: the part load point, BEP and the high load point.
Paper I [4] dealt with a presentation of materials, methods and results
related to the BEP. The present paper concentrates on the results for
the part load and high load points.

Experimental apparatus and procedures

The investigation was performed using a 1:3.1 scale model of the U9
Kaplan turbine. The prototype turbine is situated in the Lule River
in northern Sweden. The U9 prototype operates under a head of 55
m and produces 10 MW at maximum discharge (Q = 20 m3/s). It
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Table 1: Operational parameters.

Operating point Part load High load

Guide vane angle [◦] 20 32
Discharge [m3/s] 0.62 0.76
Unit discharge [-] 0.9 1.1

consists of a spiral casing, 6 runner blades and an elbow draft tube.
The prototype unit was built solely for research, developmental and
educational purposes.

The studied model has a runner diameter of 0.5 m. The head was
set to H = 7.5 m and the runner speed to N = 696.3 rpm. The present
paper reports measurements of the turbine under off-design conditions:
under part load operation and near the maximum discharge. For both
loads, the runner blade angle was held constant and equal to that for
BEP, i.e., the turbine was operated in off-cam mode. The guide vane
angle was 20◦ and 32◦ for the part load and high load, respectively. An
overview of the operational parameters is provided in Tab. 1

The measurements were performed at the Vattenfall Research and
Development model test facility in Älvkarleby, Sweden. The test rig
used for the measurements was a closed-loop system, and the turbine
was placed between two pressurized tanks. The pressure difference be-
tween the two tanks was adjusted to the desired head, and the absolute
pressure of the two tanks was set high enough to avoid cavitation. For
all measurements, a magnetic encoder was used to capture each run-
ner revolution for phase analysis. Further details of the test rig and its
layout are found in Part I [4].

Velocity measurements

A two-component laser Doppler anemometer (LDA) with an 85-mm op-
tical fiber probe from Dantec was used to measure the velocity. The
probe uses a backscatter configuration. A front lens with a 600-mm fo-
cal length was used. The basic configuration of the system consisted of
continuous wave 20-W argon-ion laser and transmitting optics, includ-
ing a beam splitter Bragg-cell, a photodetector and a signal processor.
The measurement volume size was estimated to be 2.229×0.140 mm for
the axial velocity component and 2.426 × 0.147 mm for the tangential
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velocity component. The burst mode of spectral analysis method was
used during data acquisition. The total sampling time was set to 300
s for each measurement point. This corresponded to 20,000 - 300,000
bursts for each measurement point, which were a function of the loca-
tion of the measurement points. The velocity measurements were made
in coincidence mode. Seeding particles made of polyamide powder with
an average diameter of 5 μm were used. Measurements were performed
through four windows with angular positions a, b, c and d, with a 90◦

spacing, around the cone circumference (Fig. 1b). Three locations along
the vertical direction were investigated at each angular position: sections
I to III (Fig. 1a). For further details, see Part I [4] and Mulu and Cer-
vantes [5].

Pressure measurements

The pressure measurements were performed in the draft tube cone and
elbow: 20 positions in the cone and 13 in the elbow. A reference sensor
was placed on the upper part of the draft tube, near the outlet. Fig-
ure 1 shows the measurement locations in the draft tube. The pressure
taps in the cone were placed at four angular locations around the cone
circumference (a–d), with five taps equally spaced in the vertical direc-
tion (1–5). Six and seven pressure taps were placed on the outer and
inner radius of the elbow, respectively. However, due to a welded joint
the taps on the inner radius were placed 25 mm in the counterclockwise
direction from position c.

Membrane-type pressure transducers from Druck (PDCR810) with
an accuracy of 0.1% were used for the pressure measurements. The
transducers were randomly switched between the pressure taps to cover
all positions twice. For all measurements, the pressure at the reference
position was simultaneous measured. Two sampling frequencies were
used: 5 and 2 kHz, with a sampling time of 120 and 240 s, respectively.
The former was used to accurately phase-resolve the data at the runner
frequency. The latter was used for time-averaging and RVR phase anal-
ysis; thus, longer time series produce a more accurate mean value and
capture more RVR periods for the phase-average. For further details
regarding the measurement procedure, see Part I [4] and Jonsson and
Cervantes [6].
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(a)

(b)

Figure 1: U9 draft tube with measurement locations. (a) The positions
of the pressure taps are marked by red dots. In the paper, the pressure
taps are numbered from 1–5 in the cone (starting from the top) and 6–
11 and 6–12 along the outer and inner radius of the elbow, respectively.
Sections I to III correspond to the LDA sections. (b) Circumferential
positions for pressure and LDA measurements in the draft tube cone.

Data processing

A time-dependent turbulent flow was created at the draft tube inlet
due to the runner rotation. The frequencies were related to the runner
frequency and its synchronous frequencies, such as the blade passage
frequency. At part load, a precessing helical vortex rope developed due
to vortex breakdown. In hydropower applications, this phenomenon is
usually referred to as an RVR and usually has an asynchronous frequency
(∼ 0.2 − 0.4 · fn). In periodic turbulent flows, any variable can be
decomposed following a Reynolds triple decomposition [7], such as:

Φ(x, t) = 〈Φ(x, t)〉+Φ′(x, t) = Φ̄(x) + Φ̃(x, t) + Φ′(x, t) (1)
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where Φ(x, t)) is the instantaneous quantity, Φ̄(x, t) is the time-averaged
quantity and Φ′(x, t) is the random fluctuation quantity. 〈Φ(x, t)〉 is the
phase-averaged quantity over the cycles. Φ̃(x, t) is the periodic fluctua-
tion and this component may contribute to the generation of turbulence
but does not contribute to the Reynolds stress [8].

The synchronous periodic fluctuations can be phase-averaged with
respect to the runner frequency. Details regarding the decomposition of
the signal with respect to the runner frequency are provided in Part I
[4].

Another approach is required to phase-average the signals with re-
spect to the RVR frequency because it is asynchronous with the runner
and is therefore filtered out when phase-averaging at the runner fre-
quency. A reference pressure sensor mounted in the spiral casing was
used as a trigger for the phase-averaging of the wall pressure data. To
obtain accurate phase intervals, the reference signal was band-pass fil-
tered around the RVR frequency. Thereafter, the mean was subtracted
and the phase period (TRV R) was defined as the time between the zero
passage of the signal, from negative to positive. TRV R was used as the
phase period for the corresponding pressure signal in the draft tube (Fig.
2). The phase for the RVR was defined as: α ∈ [0, TRV R[, and averaging
was performed by dividing the period TRV R into a number of bins of
size Δα. In each bin, a phase interval, [αo − Δα/2, αo + Δα/2], was
defined, where αo was the center. The mean values within the bins were
calculated, providing the phase average over the period.

The same procedure was used for the LDA measurements, but be-
cause all points were measured independently and no pressure reference
was simultaneous measured, each point used its own signal as a trigger.

However, large gradients and/or curved shapes of the raw data in
each bin can induce error in the mean value. To overcome this, methods
developed by both Glas et al. [9] and Sonnenberger et al. [10] were used.
The Glas method [9] uses parabolic regression of the estimate in each
bin to compensate for curvature and high gradients. This method shows
good results with respect to the LDA measurements [4, 11]. The method
presented in Sonnenberger et al. [10] instead expresses the periodic
fluctuation as a Fourier series. First, an estimate of the mean value and
the corresponding phase angle in each bin is calculated. Thereafter, a
direct Fourier transform is applied over the phase α:
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ΦM (θ) = a0 +

M∑
m=1

(am cos(mθ) + bm sin(mθ)) (2)

where M is the number of harmonics and θ is the phase angle of α
(between 0 and 2π). The Fourier coefficients are calculated as follows:

a0 =
1

N

N∑
n=1

ε(θn) (3)

am =
1

N

N∑
n=1

ε(θn)(cos(mθn)) (4)

bm =
1

N

N∑
n=1

ε(θn)(sin(mθn)) (5)

where θn is the phase angle of bin n and ε(θn) is the estimated value of
the bin at θn. The number of harmonics M chosen must be high enough
to capture the shape of the fluctuations. All fluctuations at higher fre-
quencies are filtered out. Both the Glas and the Fourier method were
tested for the phase-averaging of the pressure. They showed similar
results, but the Fourier method produced slightly smoother curves and
was, therefore, chosen for the analysis. Figure 3 shows an example of the
decomposition and phase-average of the wall pressure data with respect
to the RVR frequency using the Fourier method.

Engineering quantities

The performance of a draft tube can be quantified by the amount of
dynamical pressure that is converted to static pressure. This can be
quantified by the pressure recovery coefficient, Cp, which is the ratio of
the pressure difference (outlet - inlet) to the dynamic pressure of the
mean axial velocity at the inlet. Ideally, the average pressure in the
cross-section should be used, but because it is difficult to measure, the
wall pressure recovery is used [12]:

Cpw =
Pwall − Pwall inlet

ρ
2(

Q
Ainlet

)2
, (6)
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Figure 2: Construction of phase intervals. The top curve is the triggering
signal with the RVR frequency isolated and phase period TRV R. The
lower curve is the raw data from the investigated position (position 1a
in this case).
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cedure (Fig. 2).
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where Pwall inlet and Ainlet are the pressure and cross-sectional area at
position 1 in the cone, respectively, and Pwall is the pressure along the
draft tube. The ideal performance of the draft tube (i.e., without losses)
can be calculated as follows:

Cpideal = 1−
(
Ainlet

Ai

)2

(7)

where Ai is the cross-sectional area at location i throughout the draft
tube.

The intensity of the swirl, Sw, (i.e., the ratio of the angular mo-
mentum flux to the axial momentum flux times the equivalent radius)
is calculated as follows [12]:

Sw =
1

R

∫ R
0 UV r2dr∫ R
0 U

2rdr
(8)

Error analysis

The uncertainty in the mean values of the pressure measurements was
estimated from repeated measurements. The difference between two rep-
etitions was calculated, and the uncertainty at a 95% confidence level
[13] was calculated for all repeated positions, except for a few due to mal-
functioning transducers, to obtain the overall error. The uncertainty at
part and high load was estimated to be ±260 Pa and ±334 Pa, respec-
tively. This was larger than that at the BEP, where the uncertainty was
±165 Pa (cf. Part I [4]). The high uncertainty under high load corre-
sponds to low-frequency disturbances in the outer and inner radius of the
draft tube elbow, which generate large deviations in the mean between
the repetitions. The development of the RVR with high-amplitude os-
cillations generates a higher uncertainty in the mean values than at the
BEP.

Results and discussion

The turbine was operated under the off-cam mode, which means that the
runner blade angle optimized for the BEP was kept constant for all loads
(i.e., for part and high load). The blade angle and the runner rotational
speed were the same for all loads. The parameters varied in the velocity
parallelogram according to the load were the relative velocity (wi), the
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Figure 4: Parallelogram of velocities at the trailing edge of the runner
blade.

absolute velocity (vi), the angle (γi) between peripheral (c) and absolute
velocity and the vertical velocity (ui), where i = 1, 2 and 3 correspond
to part load, BEP and high load, respectively (Fig. 4).

A qualitative reasoning allows estimating the mean behavior of the
tangential velocity at the outlet of the runner. When the flow rate
increases, the relative velocity, the absolute velocity and the angle γ
increase. When the flow rate decreases, the inverse occurs. For part
load, the flow rotates in the same direction as the runner, i.e., γ is less
than 90◦. On the other hand, at high load, the flow rotates in the
opposite direction, i.e., γ is greater than 90◦. The only case where the
swirl will be zero is when the angle γ is equal to 90◦ (Fig. 4).

The flow entering the draft tube has both a tangential and axial
velocity component, i.e., swirl. The magnitude of the swirl is, for fixed
blade runners (Francis), usually a function of the discharge. A Kaplan
turbine can adjust the level of swirl at each operating point because it is
doubly-regulated (runner blades-guide vanes). However, in the present
study, the constant blade angle used for all loads produced conditions
similar to those for Francis turbines. At part load, the swirl is rather
large, which gives rise to vortex breakdown below the runner cone.

Different types of vortex breakdown exist, but in turbines, helical
vortex breakdown is a common phenomenon at part load, especially in
Francis turbines [e.g., 14, 15]; in such cases, it is almost inevitable due to
the fixed blades. Helical vortex breakdown occurs due to instabilities in
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Figure 5: (Left) Picture of the RVR visualized using air injection.
(Right) Schematics of the RVR in the draft tube cone. ω1 is the angular
velocity of the precession and ω2 is the angular velocity of the vortex
rotation around its own axis. rRV R denotes the precession radius.

the central region of the vortex (i.e., forced vortex region), which starts
to precess around the symmetry axis [16] and forms a large-scale vortex
(vortex filament). This type of vortex breakdown is often referred to
as a precessing vortex core (PVC) and in hydropower applications as
an RVR. Figure 5 shows both a picture of the RVR in the U9 model,
visualized using air injection, and a schematic of an RVR. The vortex
precesses about the symmetry axis in the draft tube (ω1) as it rotates
around its own axis (ω2).

The visualization of the RVR shows that the precession radius (rRV R)
at sections II and III was about half the draft tube cone radius. Both
ω1 and ω2 proceeded along the same direction as the runner rotation.
After the air was injected, it stayed in the RVR core for a few minutes,
i.e., the air was trapped due to the low pressure and recirculation that
existed in the core.

Throughout this paper, the time-averaged and phase-averaged veloc-
ities and turbulent quantities are made dimensionless by using the bulk
velocity obtained from the flow rate and the area at section I. The mea-
sured radii are made dimensionless with respect to the runner radius.
The positive directions for the axial velocity and tangential velocity are
defined as vertically downward through the draft tube cone and clock-
wise from the top of the runner, respectively.
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Engineering quantities

Table 2 presents the swirl intensity for part load and high load. For
comparison, the swirl intensity for the BEP [4] is included in the table.
At high load, a contra-rotating flow region was found in the draft tube
cone. The standard definition of the swirl intensity (Eq. 8) will give a
lower swirl intensity in the case of a contra-rotating flow region. Thus, to
overcome this problem, the absolute value of the tangential velocity was
used [17]. The swirl intensity is higher at part load while it is lower at
high load compared to that for the BEP. The swirl intensity is increasing
along the draft tube cone at both the high load and the BEP.

Table 2: Swirl intensity at different sections and loads.

Section Part load BEP High load

Id 0.642 0.255 0.119
IId 0.615 0.277 0.130
IIId 0.625 0.332 0.156

The performance of the draft tube at the two off-design points is
determined by the wall pressure recovery. Usually, most of the pressure
recovery takes place in the draft tube cone (conical diffuser), approxi-
mately 70% at the best efficiency point (Part I [4] and Andersson [1]).
The pressure recovery along the draft tube cone, at angular positions a
– d, is shown in Fig. 6a. At part load, the pressure recovery is low in
the cone. The pressure recovery based on the dynamical pressure, Cpd,
has a similar shape, with a small deceleration in the flow (near the wall)
in the downstream direction of the cone (Fig. 6b).

At high load, however, Cpw increases in the cone, which indicates
a high recovery of kinetic energy near the wall. Cpw is greater than
what is considered ideal. This is expected for a well-functioning diffuser
because Cpw is based on the average axial dynamical pressure at the
inlet. The presence of swirl and non-uniform velocity profiles at the
inlet generates larger kinetic energy, and thus, the pressure recovery
will be overestimated. Cpd shows similar behavior as Cpw (Fig. 6b).
Furthermore, Cpw and Cpd along the cone in the direction of the elbow
(position c) give the lowest value (Fig. 6) because the flow accelerates
towards the inner radius of the elbow.

By comparing Cpw for part and high load along the lower and upper
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Figure 6: Pressure recovery in the cone at part load (blue) and high
load (red) for sections a to d. (a) Cpw and (b) pressure recovery ob-
tained from the dynamical pressure of the mean axial (parallel to the
wall) velocity near the cone wall. The start point is matched to the
ideal pressure recovery. The black line corresponds to the ideal pressure
recovery.

path in the cone/elbow, the poor performance of the draft tube at part
load is clearly observed (Fig. 7). Cpw increases slightly in the cone
and decreases drastically in the elbow, even to values below zero. At
the reference position, Cpw is just below zero. The poor performance of
the draft tube is due to the precessing vortex that develops below the
runner cone. The high load condition shows similar behavior as that for
the BEP (cf. Part I [4]), where Cpw is high at the outer radius and low
at the inner radius of the elbow. The only difference, with respect to
the BEP, is the high peak at L∗ ≈ 6 and the decrease at the subsequent
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position. The position at the high peak probably lies in the region where
high-velocity flow impinges the wall. Moreover, Cpw at the two paths
seems to converge after the elbow and is slightly below the ideal value
at the reference position.
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Figure 7: Pressure recovery along the upper (circles) and lower (plus)
path in the cone and elbow at part load (blue) and full load (red). The
circles at L∗ = 11.52 indicate the pressure recovery at the reference
position. The error bars show the uncertainty at a 95% confidence level.
The black line corresponds to the ideal pressure recovery.
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Time-averaged quantities: high load

Velocity profiles

Under high load operation, the axial velocity profile is similar to that
at the BEP, except that the magnitude is higher because the turbine
discharge is increased (Fig. 8 and Part I [4]). Figure 8a presents the
mean axial and tangential velocity components at section I for the four
angular positions. The flow is nearly axisymmetric when exiting the
runner. This indicates that the spiral casing also functions well at the
high load. For this load, the maximum mean axial velocity was measured
below the runner cone trailing edge. The maximum velocity stays almost
at the same position in all measuring sections. This may be due to the
large magnitude of the axial velocity compared to the tangential velocity.

A contra-rotating flow region is observed in the mean tangential ve-
locity component, i.e., high relative velocity leaves the runner blades,
which leads to a counter-rotating swirl below the runner (Fig. 8). The
size of the contra-rotating region decreases downstream. In region Rc

and at all sections, regardless of the presence of the counter-rotating
swirl, the tangential velocity increases almost linearly in the radial di-
rection towards the draft tube cone wall.

Reynolds stresses

In region Rc, the Reynolds normal stresses at section I increase slightly
toward the draft tube cone wall due to the blades. The stresses decrease
along the cone from sections I to III, with a maximum near the wall. In
regions Ra and Rb, the Reynolds normal stresses components increase
towards the center due to the shear created by the runner cone angular
rotation and the large velocity gradients that cause fluctuations. In
addition to the runner cone angular rotation, the shear stresses are also
affected by the two contra-rotating vortices (Fig. 9). Large velocity
gradients enhance turbulence production.

In region Rc, the Reynolds stress profiles have the same shape and
magnitude as those at the BEP, which indicates that the Reynolds
stresses are not affected by the opposing motion of the swirl (Fig. 9).
In regions Ra and Rb, the normal stresses have nearly the same shape
as those at the BEP but are smaller in magnitude. However, the shear
stress has a different shape and magnitude due to the contra-rotating
vortices.
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Figure 8: Mean axial and tangential velocity profiles for sections Id (a),
IId (b) and IIId (c) at high load.
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Figure 9: Reynolds stresses u∗2, v∗2 and uv∗ for sections Id (a), IId (b)
and IIId (c) at high load.
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Periodic quantities: high load

Amplitude spectra

At high load, the main fluctuation is induced by the runner (Fig. 10).
It is visible at almost all points, though each presents a slightly different
magnitude. At the outer radius of the elbow outlet, low-frequency noise
appears. This might be due to a time-dependent impinging flow on the
wall. In the same region (positions 10 and 11), the amplitudes at the
runner frequency reach their maximum. In Part I [4], it was argued
that the flow pulsation at the runner frequency was purely axial. This
axial pulsation might, therefore, be stronger with a high-velocity flow
impinging the wall.

Low-frequency noise is present at the elbow inner radius. This may
be due to the separation of the flow. The effect from the blade passage
(6 · fn) is barely visible at the top of the cone and dissipates below
position 1. The synchronous fluctuations are almost identical to those
at the BEP, except for the high peaks at positions 10 and 11 (cf. Part
I [4]).

Synchronous analysis

Figures 11, 12 and 13 present contour plots of the phase-averaged axial
and tangential velocity as well as the corresponding RMS.

In Part I [4], the effect of the runner blade wakes at the BEP was
discussed. In the case of high load, the effects of the blade wakes are
more visible because there is a higher discharge. The blade wakes are
represented by the lower- and higher-velocity regions of the axial and
tangential velocity components, respectively (Fig. 11). At the draft
tube inlet, the intensity of the swirl under this mode of operation is less
compared to that at the BEP and part load.

Figure 13 and 14 show the contra-rotating flow regions. In the runner
blade profile, the peripheral velocity decreases toward the center from
the blade tip to the hub. As the tangential component (wi cos(δ)) of
the relative velocity becomes larger than the peripheral velocity, the
flow starts to swirl in the opposite direction (Fig. 13). Close to the
cone axis, the flow swirls in the same direction as the runner due to the
runner cone rotation (Figs. 8a and 13). The different swirl direction
can be observed from the streamline plot, where the streamlines in the
contra-rotating region move in the opposite tangential direction than the
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Figure 10: Amplitude spectrum for the wall pressure along the upper
(a) and lower (b) sensor paths at high load. Positions 1 – 5 are in the
draft tube cone, 6 – 11(12) are in the elbow and ref corresponds to the
reference position.

streamlines near the cone wall (Fig. 15). The cross-sectional area of the
contra-rotating flow decreases toward the outlet of the conical diffuser,
i.e., this contra-rotating vortex has a funnel-like shape (Figs. 8 and 14).

A maximum axial velocity component is observed below the runner
cone. The velocity magnitude decreases from sections I to III, i.e., the
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flow decelerates in the draft tube cone and recover kinetic energy (Fig.
12). Due to the combined effect of the blade trailing tip clearance and
the runner rotation, a region of high tangential velocity is observed in
section I close to the draft tube cone wall. In region Rb, the effect of
the blade-hub tip clearance and the runner rotation creates a specific
periodic flow similar to the large-scale blade wakes. The magnitude is
larger compared to that in the BEP case, i.e., there is more flow ejected
through the blade-hub clearance. This agrees with a large flow rate.
The effect of the blade wakes is also observed at section II; however, the
wakes are dissipated and mixed at section III (Figs. 12 and 13).

The phase-averaged RMS value of the axial velocity component in-
creases in the blade wakes, whereas it decreases at the blade channels.
There is a twofold effect of the runner blade, at the pressure and suction
side of the blade, on the RMS of the tangential velocity component (Fig.
11).
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ing RMS values at section Id for high load and one runner revolution.
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Figure 12: Phase-averaged axial velocity (a) and corresponding RMS
(b) values at sections Id – IIId for high load and one runner revolution.
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Figure 13: Phase-averaged tangential velocity (a) and corresponding
RMS (b) values at sections Id – IIId for high load and one runner revo-
lution.



212 P. P. Jonsson, B. G. Mulu and M. J. Cervantes

Figure 14: Tangential velocity phase-averaged with respect to the runner
frequency for sections Id–IIId at high load.

Figure 15: Streamlines near the draft tube cone wall (blue) and in the
Rb region (red) at high load



Draft tube flow – off-design conditions 213

Time-averaged quantities: part load

Velocity profiles

The velocity profiles investigated at section I for the four angular posi-
tions showed nearly axisymmetric flow exiting the runner (Fig. 16a). At
part load, the spiral casing upstream of the runner was working properly.

Under part load operation, helical vortex breakdown occurred due
to the instability of the central vortex core (Fig. 5). High swirl intensity
was observed for the flow leaving the runner (cf. Tab. 2). Due to
the emergence of this vortex breakdown, the mean velocity profiles are
completely different than those for the BEP and high-load condition.
The maximum mean axial velocity was measured close to the draft tube
cone wall. The high axial velocity region was observed to have a nearly
constant velocity independent of the measuring section, indicating low
pressure recovery, i.e., the draft tube was not functioning properly (Fig.
16)). The axial velocity component below the runner cone (r∗ < 0.3)
increases from sections I to II because the RVR moves towards the draft
tube cone wall (Figs. 16a and (b), and cf. Fig. 23). The axial velocity
profile at section III is similar to that for section II.

At section I, in regions Ra and Rb, the tangential velocity has a
large magnitude because the RVR rotation around its own axis (ω2)
contributes to the total circumferential velocity component (Fig. 16a).
Further downstream, in regions Ra and Rb, the tangential velocity de-
creases because of the increase in RVR eccentricity from the axis of
symmetry (i.e., rRVR increases). Thus, ω2 provided a negative contri-
bution to the total circumferential velocity component (Fig. 16 and cf.
Fig. 22).
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Figure 16: Mean axial and tangential velocity profiles for sections Id (a),
IId (b) and IIId (c) at part load.
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Fluctuations at part load

Turbulent fluctuations are expected to be significant in the region of the
RVR where high velocity gradients are found. However, estimations of
the Reynolds stresses are difficult with the presence of the RVR because
of the methodology used for the analysis and possible variation of the
velocity due to the RVR shape and movement.

The RVR precesses at an asynchronous frequency to the runner fre-
quency. The RVR and the runner periodic velocity fluctuations cannot
be removed simultaneously. Depending on which periodic fluctuation
is removed, the other contributes to the estimation of the Reynolds
stresses. The Reynolds stresses (in this case referred as combined fluc-
tuations) estimated by removing either the RVR or the runner induced
periodic fluctuation are shown in Figs. 17b and 18, respectively. The
contribution from the RVR periodic fluctuations is significant on all vari-
ables, up to one decade larger compared to that induced by the runner.

Furthermore, the RVR develops due to vortex breakdown and pre-
cesses due to instabilities [16]. It is assumed from visual observation,
that the RVR can alter shape and precession radius. Even though the
change of these properties might be small, the contribution may be large
on the Reynolds stress estimates due to large velocity gradients in the
vicinity of the RVR. The influence of the RVR shape and motion are
further discussed later in the paper.

Figure 17 shows the estimations of the combined fluctuations which
incorporate contribution from turbulent fluctuations, periodic fluctua-
tions of the runner rotation, and the RVR random movement and shape
altering. At section I, the fluctuations (u∗2 and v∗2) are high below the
runner cone (regions Ra and Rb) and decreases towards the draft tube
wall. At sections II and III, the fluctuations (u∗2 and v∗2) are instead
rather constant along the draft tube cone radius with slightly larger
values at the radii near the RVR center (about half cone radius).
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Figure 17: Combined fluctuations for sections Id (a), IId (b) and IIId
(c) at part load. The periodic fluctuation from the RVR is subtracted.
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Figure 18: Combined fluctuations for section II at part load. The peri-
odic fluctuation from the runner rotation is subtracted.

Periodic quantities: part load

Amplitude spectra

At part load, an RVR develops below the runner cone, with precessional
movement in the draft tube cone. The precession frequency is about
0.175 · fn, and the pressure amplitude is up to 10 times larger than
that for fn (Fig. 19). Usually, the precession frequency of a RVR is
in the range 0.2 − 0.4 · fn for Francis turbines. Kaplan turbines have
a different design and operate under different conditions than Francis
turbines; thus, a different frequency is expected. Figure 19 shows a
difference in the amplitudes along the lower and upper path in the draft
tube. Along the upper path, the amplitude decreases along the draft
tube cone and disappears in the elbow. It is not visible at the reference
position.

Along the lower path, the amplitude decreases substantially in the
cone to increase again in the elbow (Fig. 19b). At position 9, the
amplitude is high, and 5 harmonics are visible, while it is almost zero at
the subsequent positions.

The low-magnitude harmonics at the top of the cone indicate a nearly
sinusoidal shape for the pressure field. The increased number and mag-
nitude of the harmonics downstream of the cone suggest that the RVR
generates pressure peaks with sharper gradients than in the top of the
cone.

Figure 20a presents the amplitudes of the RVR estimated by Welch’s
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Figure 19: Amplitude spectra along the upper (a) and lower (b) sensor
paths at part load. Positions 1 – 5 are in the draft tube cone, 6 – 11(12)
are in the elbow and ref corresponds to the reference position.

method together with the maximum amplitude (absolute value) from the
raw data. At position 1, Welch’s estimate is close to the raw maximum
amplitude; thus, each revolution of the rope follows similar motion. In
the elbow, the raw amplitudes diverge from Welch’s estimate. This
shows that the position of the rope is random between each revolution,
though it still has the same rotational frequency (0.175 · fn). The max-
imum amplitude is found at position 9 for the lower path. Figure 20b
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Figure 20: (a) Maximum amplitudes along the upper and lower sensor
path from approximation by Welch’s method and maximum amplitude
of raw data (absolute value) at part load. (b) Time history of pressure
at lower position 9.

shows a window of the pressure trace of the raw data at this position.
The amplitudes of the pressure peaks differ a lot between each RVR rev-
olution. The RVR core may passes close to or even touches the sensor.
The magnitude of the pressure peaks from the raw data decreases signif-
icantly in the elbow outlet (positions 11 and 12), which is also observed
from Welch’s estimated amplitudes (Fig. 20a). This indicates that the
vortex precesses in the cone towards the elbow outer radius, where it
dissolves close to the wall.

Figure 20b shows that the pressure in the vortex core can be as low
as -35 kPa compared to the ambient pressure. This amplitude is about
half of the operational head (∼ 75 kPa).
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Vortex rope

The movement of the RVR can be visualized by phase-averaged velocity
and pressure contours. For the pressure analysis, the contour plots were
created from simultaneous measured pressures, where all points used the
same trigger signal.

Figure 21 shows the pressure field induced by the RVR on the draft
tube cone wall for one precession revolution. The pressure field is sim-
ilar for all four locations around the cone circumference, with a slight
difference in magnitude. The low-pressure region is observed when the
vortex core is closest to the measurement location (indicated by an ar-
row in Fig. 21a). This indicates the helical shape of the vortex. The
largest difference between the low-pressure field from the vortex and the
largest pressure of the ambient flow is found at position c. The opposite
is found for position a, where the difference in maximum and minimum
pressure is smaller and seems slightly dispersed. This correlates well
with the result from the amplitude analysis (cf. Fig. 19), where high
amplitudes are found at position c and low amplitudes with relatively
large harmonics at position a.

For the LDA analysis, no reference pressure was simultaneously mea-
sured. Another approach was developed. The visualization (via air

0
π /2 π 3 π /2

2 π

(a)
�
���

Vortex core

0
π /2 π 3 π /2

2 π

P [kPa]

−2
−1
0
1
2
3(b)

0
π /2 π 3 π /2

2 π

(c)

0
π /2 π 3 π /2

2 π

P [kPa]

−2
−1
0
1
2
3(d)

Figure 21: Contour plots of phase-averaged wall pressure for one RVR
revolution (i.e., θ between 0 and 2π) in the draft tube cone. The pressure
was simultaneously measured at five positions (1–5) in the axial direction
along the draft tube cone. The letters a,b,c and d correspond to the
measurement sections along the wall in Fig. 1.
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injection) of the RVR (cf. Fig. 5) roughly showed the precession dis-
placement as well as the RVR rotation around its own axis. Both rotate
in the same direction as the runner, and the precession radius was about
half the cone radius. Therefore, the tangential velocity increases when
approaching the RVR center from the cone wall in the radial direction
due to ω2 (cf. Fig. 5). The tangential velocity decreases when ap-
proaching the rope from the draft tube cone center because it receives
a negative contribution from ω2. Thus, the total tangential velocity in-
creases and decreases on either side of the RVR center compared to the
ambient velocity.

The tangential velocity components were phase-averaged with their
own signals as the triggers. The RVR passage gave a maximum or
minimum peak in the phase-averaged velocity depending on the radial
position. The curve that corresponds to the RVR center had an almost
constant tangential velocity. Thus, it was not suitable to use the tan-
gential velocity component as the triggering signal; instead, the axial
velocity component was used for that particular position because the
axial velocity has a significant peak in that region due to recirculation.
The phase angle for the tangential velocity peaks was matched for all
curves. For the curve that was triggered with the axial velocity, the
phase angle at the minimum axial velocity peak matched the peak of
the neighboring curve (nearest measurement point). For both velocity
components and the random fluctuations, the same phase relation be-
tween the curves was used because the measurements were performed in
coincidence mode. This method shows similar results as those reported
in Vekve [14], where a pressure signal was used as the trigger.

Figure 22 shows a contour plot of the phase-averaged tangential ve-
locity. The position of the RVR (i.e., the precession radius, rRV R) was
found by analyzing the high- and low-velocity regions. Between these
two regions (dark-red and dark-blue), the center of the RVR is found.
The rRV R was found to be approximately the cone half-radius at mea-
surement sections II(a–d) and III(a–d).

Figure 23 shows a contour plot of the phase-averaged axial veloc-
ity. The recirculation region is visible near the RVR core. The RVR
center lies near the boundary of the recirculation region. The RVR is
helical in shape (thus, not parallel with the cone axis), and the axial
velocity component cannot capture the recirculation zone in the RVR
core without the effect of ω2. Between the wall and the RVR center, ω2

provides a positive contribution to the axial component, while between
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Figure 22: Contour plot of the tangential velocity phase-averaged with
respect to the RVR frequency at section IId.

r* [−]

r*  [−
]

U* [−]

−1 −0.5 0 0.5 1

−1

−0.5

0

0.5

1

−0.5

0

0.5

1

1.5

�
�
�
�
�
�
���

RVR
center

��

Figure 23: Contour plot of the axial velocity phase-averaged with respect
to the RVR frequency at section IId.

the cone center and the RVR center, ω2 provides a negative contribu-
tion. Thus, the zone of the recirculation in the axial direction is shifted
slightly towards the cone center.

A high-velocity field between the rope and the cone wall is observed.



Draft tube flow – off-design conditions 223

This is due to the contribution from ω2 and the fact that the rope acts
as a bluff body and forces the axial velocity to accelerate in the narrow
space between itself and the wall.

The low-velocity fields in the central part of the cone (r∗ < 0.7)
reduces the effect of the diffuser, and the efficiency of the draft tube
becomes low (cf. Fig. 7b).

As mentioned earlier, the turbulent fluctuations are expected to be
significant in the region of the RVR. The turbulent fluctuations are com-
bined with fluctuations of the RVR arising from its time dependent shape
and movement. Figure 24 shows contour plots of the phase-averaged
combined fluctuations u∗2 and v∗2. In this case, u∗2 and v∗2 represent
all fluctuations (i.e., the combined contribution from turbulent fluctua-
tions, periodic fluctuations of the runner rotation, and the RVR random
movement and shape altering). Both u∗2 and v∗2 show high fluctuations
around the RVR and follow similar behavior, with the highest value in
the regions where large velocity gradients are found (cf. Figs. 22 and
23). In these regions, the turbulent fluctuations are expected to be larger
than in the ambient flow. Also, contribution from the fluctuations due
to change in the RVR properties might be significant. However, the
contribution from either the turbulent or the other fluctuations cannot
be isolated; this is the limitation of the present method.
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Figure 24: Contour plots of the combined fluctuations u∗2 (a) and v∗2

(b) Phase-averaged with respect to the RVR frequency at section IId.
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Conclusions

The flow through a Kaplan draft tube model was investigated using
laser Doppler anemometry and wall pressure measurements. Time and
phase-averaged axial and tangential velocities as well as corresponding
turbulence and engineering quantities were presented for the part load
and high load operations of the turbine.

At high load, maximum axial velocities occurred below the runner
cone. The flow was nearly axisymmetric and axial as it left the runner.
A clear effect of the runner blade wakes on the phase-averaged velocity
and RMS around the inlet of the conical diffuser was observed. The
blade wakes were mixed and dissipated further downstream of the draft
tube cone. The blade-hub tip clearance and the runner rotation created a
specific flow below the runner cone, which was highly turbulent. Contra-
rotating swirling flows also occurred. The draft tube obtained similar
pressure recovery as that for BEP despite the contra-rotating swirl.

At part load, a strong swirl occurred below the runner cone, which
resulted in a helical vortex breakdown. The RVR had precessional move-
ment in the draft tube cone and dissolved near the elbow outer radius.
Due to the RVR, the maximum axial velocities were measured close to
the draft tube cone wall and not altered by the cross-sectional area vari-
ation along the draft tube cone. The performance of the draft tube was
poor due to the presence of the RVR. Furthermore, it was determined
that the pressure in the vortex core can be as low as -35 kPa compared
to the ambient pressure.
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Nomenclature

α Phase, s

Φ Instantaneous quantity

Φ̄ Time-averaged quantity

Φ̃ Periodic fluctuation quantity
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Φ′ Random fluctuation quantity

ΦM Quantity expressed as Fourier series of M harmonics

δ Relative exit flow angle, rad

ε Estimated value mean value

γi Flow angle, rad

θ Phase angle, rad

A Cross-sectional area, m2

a0, am, bm Fourier coefficients

c Peripheral velocity, m/s

Cpw Pressure recovery coefficient based on the wall pressure

Cpideal Ideal pressure recovery coefficient

f∗ Normalized frequency (f/fn)

fn Runner frequency (11.59 Hz), Hz

H Head of the turbine, m

L∗ Normalized length (by R)

M Number of harmonics

N Runner speed, rpm

P Pressure, Pa

Q Discharge, m3/s

R Runner radius, m

r∗ Normalized radius (r/R)

rRV R Precession radius, m

Sw Swirl intensity

U, V Axial and tangential velocity, m/s

U∗,V ∗ Normalized velocities (U/UT ,V/UT ), m/s

u∗2,v∗2,uv∗ Normalized Reynolds stress components (u2/U2
T , v

2/U2
T , uv/U

2
T ).

For part load, u∗2, v∗2 and uv∗ correspond to combined fluc-
tuations due to turbulence, and the random movement and
shape variations of the RVR)

u∗,v∗ Normalized RMS (u/UT , v/UT )

ui, vi, wi Vertical, absolute and relative velocity, m/s

UT Bulk velocity, m/s

BEP Best efficiency point

LDA Laser Doppler anemometry

RVR Rotating vortex rope
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Abstract

In low-head machines of Kaplan type, the draft tube plays an
essential role in the global efficiency of the turbine. The analysis
of the draft tube for such axial machines is however quite challeng-
ing, because of the various flow phenomena that may simultane-
ously appear; swirling flow, turbulence, unsteadiness, strong ad-
verse pressure gradient and separation. The analysis of the draft
tube is further complicated by the presence of the runner hub,
which directly affects flow conditions at the inlet of the draft tube.

An experimental investigation of a Kaplan turbine model, 1:3.1
scale of a geometrically similar prototype turbine, has been per-
formed. A two-component laser Doppler anemometry apparatus
was used to measure the velocity profiles at different locations in
the draft tube cone.

The present work aims to compare three approaches for the
simulation of the flow inside the model draft tube and to validate
these simulations through comparisons with experimental velocity
measurements. Velocity profiles at several measurement sections
in the draft tube are compared with the simulation results and
conclusions are drawn regarding the effectiveness of each simula-
tion approach. The ability of the turbulence models to predict
flow phenomena in the draft tube is discussed.

Key words: Kaplan turbine, draft tube, stage calculation, LDA
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Introduction

In the present world environment, where the demand for energy con-
stantly increases, the capacity and efficiency of electric production facil-
ities are continuously being challenged and pushed to the limit of their
operational envelop. In this context, rehabilitation of aging hydraulic in-
stallations often appears as a way to increase electric production capacity
that is both economically advantageous and socially acceptable. From
an engineering design perspective, however, rehabilitation projects carry
enormous challenges. Designers must adapt new components to site op-
erating conditions, but also to existing components for which replace-
ment is not economically justifiable. The recourse to accurate analysis
and simulation tools; therefore, constitutes an important competitive
advantage in this fast moving market. However, very short design cycle
times also impose severe constraints on the acceptable duration of sim-
ulations, often preventing analysts from using the most accurate highly
resolved unsteady, turbulent viscous flow models to simulate complete
turbines. Currently, access to large computer clusters by analysts and
designers allow considering Reynolds Averaged Navier-Stokes (RANS)
simulations in multiple turbine components as an acceptable compromise
between computational cost and prediction accuracy. These simulations,
however, do not permit to capture the full complexity of hydraulic tur-
bine flow, especially in axial machines, such as propellers and Kaplan
turbines, and even more so when only some components of the turbine
are analyzed. There is consequently a need to calibrate RANS simula-
tions in turbine components against precise model measurements carried
out in the laboratory.

While comparisons between numerical simulations and experiments
have been carried out for Francis turbines [1, 2] and are underway for
propellers [3], very few experimental results are currently available to
allow comparisons in Kaplan turbines, with the notable exception of
the turbine-99 test case [4], where the draft tube geometry together
with experimental results have been published describing the flow. The
experimental results include velocity inlet boundary condition near the
runner cone leading edge and velocity profiles in the draft tube cone and
diffuser. These results, along with several comparisons with numerical
simulations, indicate that boundary conditions at the draft tube inlet
have a large influence on flow prediction accuracy. Indeed, flow com-
putation in a Kaplan draft tube is challenging due to the different flow
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phenomena appearing simultaneously. Of special interest is the region
near the runner cone where a strong adverse pressure gradient coupled
to strong swirl co-exists, along with turbulence and unsteadiness. Slight
variations in the numerical prediction of the flow separation point along
the runner cone produces important variations in the flow prediction and
overall performance estimation of the turbine. The problem was inves-
tigated numerically by Nilsson [5], where the runner was included in the
simulation, i.e., he did not use the turbine-99 test case inlet boundary
conditions. The trailing blade hub clearance was found to be of impor-
tance to keep the flow attached to the runner cone, because energizing
the boundary layer.

The present paper aims to further investigate the influence of bound-
ary conditions at the draft tube inlet on the flow prediction accuracy
downstream of a modern Kaplan runner, through detailed comparison
of RANS simulations with experimental results. Influence of the mesh
resolution and turbulence model are investigated, as well as the impact
of the flow quantity averaging process at the draft tube inlet. The nu-
merical simulations are performed at the best operating point of the
turbine. Based on the runner diameter and the flow rate, the Reynolds
number is approximately 2× 106.

Test case

The experimental investigation was performed in a modern Kaplan tur-
bine model known as U9. The measurement was made in the draft tube
of a 1:3.1 scale model of the prototype turbine. The turbine model has
a runner diameter 0.5 m, and an operational net head H = 7.5 m and
a runner speed N = 696.3 rpm were used throughout the measurement
period. The experiment was conducted under a constant runner blade
angle and at the following three loads: the best efficiency point (BEP)
and two off-design operating points (part load and high load). Guide
vane angles of 20, 26 and 32◦ for operational point’s part load, BEP and
high load, respectively, were utilized. The corresponding volume flow
rates of the three working conditions were 0.62, 0.71, and 0.76 m3/s [6].
The experiment was performed at the Vattenfall Research and Develop-
ment model test facility in Älvkarleby, Sweden. The uncertainty in the
flow rate measurement and the total hydraulic efficiency were ±0.13%
and ±0.18%, respectively [7].

A two-component LDA with an 85-mm optical fiber probe from Dan-
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tec was used to measure the velocities. The burst mode of the spectral
analysis method was used during data acquisition; one velocity was reg-
istered for each particle. The total sampling time was set to 300 s for
each measurement point. This corresponded to 20,000-300,000 bursts
at each measurement point, which was a function of the measurement
point locations.

The measurements were performed through four windows with an-
gular positions a, b, c and d, with a 90◦ spacing around the cone cir-
cumference (see Fig.1). Three locations along the vertical direction were
investigated at each angular position and operating point: sections I-III
(see Fig. 1). Radial profile I was obtained below the runner cone in
the upper part of the draft tube cone, i.e., 335 mm below the runner
hub center for all angular positions. Profiles II and III were obtained at
the middle and close to the end of the conical diffuser, respectively. At
angular positions a and d, two additional profiles were measured per-
pendicular to the cone axis (BC in Fig. 1), to be used as inlet boundary
condition for numerical simulation. A detailed description of the test rig
and the experiment results can be found in Mulu et al. [8] and Jonsson
et al. [9].

Figure 1: U9 draft tube with the LDA measurement locations and cir-
cumferential positions.
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Numerics

Turbulence model

RANS based two-equation as well as Reynolds Stress turbulence models
were used to evaluate their capability to reproduce the flow in a Kaplan
turbine at BEP: k-Epsilon, RNG k-Epsilon, SST, SSG Reynolds stress
and BSL Reynolds stress.

The standard k-Epsilon is widely used in the industry because of its
robustness. However, its prediction capability for separated and rotating
flow is limited. The results of the RNG k-Epsilon are also presented.
The shear stress transport (SST) model is a two-equation model with
a weighting of the coefficient function of the zone, near wall and bulk
flow. The SST model has shown a good ability to predict separation
in an adverse pressure gradient according to Bardina et al. [10]. The
results obtained by Marjavaara et al. [11] also confirm the ability of the
SST model to perform well in a Kaplan draft tube.

Reynolds stress models (RSM) are computationally more demanding
than two-equation models because a transport equation is solved for each
Reynolds stress components. They should perform better in complex
flow. The SSG Reynolds stress model uses the epsilon formulation, while
the BSL Reynolds stress model is omega based, allowing resolution of
the near wall boundary.

Computational domains and Boundary conditions

Two types of simulation were performed; draft tube alone and stage,
using the commercial code ANSYS CFX (version 13). The code uses
the finite volume method and has a coupled unstructured solver.

The draft tube domain inlet is found immediately below the run-
ner cone at BC, see Fig. 1. The mesh used for the draft tube alone
calculation is composed of ≈ 3.7 millions hexahedral cells. The mesh
proprieties, such as minimum angle, aspect ratio and y+ values are pre-
sented in Table 1. The axial velocity, tangential velocity and turbulence
values for inlet boundary condition were experimentally measured at two
angular positions (a and d). The average of these profiles was used. For
the RSM, the same profile was used at the inlet. In addition, turbulence
intensity of 1% at the inlet was used. The radial velocity was not ex-
perimentally determined. Thus, two approaches were assumed; first the
radial velocity was assumed equal to zero, and second the radial velocity
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extracted from the stage simulation was used. This assumption will be
further discussed in the result section. The outlet boundary condition
was set assuming an average static pressure with zero relative pressure
and zero pressure profile blend factor. All walls were assumed smooth
and no-slip walls specified.

The computational flow domain for the stage calculation consists of
one guide vane flow channel, one runner blade flow channel and the draft
tube, see Fig. 2. The draft tube inlet is found at the leading edge of the
runner cone. General grid interface for mixing plane was used between
the guide vane/runner domain and runner/draft tube domain. Mesh
density and proprieties are presented in Table 1. A mass flow with flow
angle 28◦ was set at the inlet of the stage domain. Periodic boundaries
were specified for the runner and guide vane domains because only one
runner blade flow channel and one guide vane flow channel were used.
The turbulence intensity was set to 1% at the inlet. Outlet and walls
were treated similarly to the draft tube calculation.

For the draft tube numerical calculations, a second order specific
blend factor (β = 1) discretization scheme was used for the continuity
and momentum equations. For the turbulence numerical simulation,
a high resolution scheme was used. The high resolution scheme has
a blend factor that varies between first and second order accuracy as
a function of the variable gradients in the flow regions. For the stage

Figure 2: U9 stage domain with one runner blade, one guide vane and
draft tube.
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simulations, a high resolution scheme was used for all equations. In both
case, i.e., draft tube and stage simulation, a wall function was used for
all turbulence models.

Convergence was achieved for all simulations. For the draft tube
simulations, the maximum residuals were between 10−5 − 10−8, while
the rms values were between 10−7 − 10−10. For the stage simulations,
the maximum and rms residual values were below 10−4 and 10−5, re-
spectively. Using a specific blend factor (β = 1) or the high resolution
scheme yields no difference in the results for the draft tube simulation.
However, for the stage calculation, convergence was not achieved with
the specific blend factor.

Table 1: Mesh proprieties used for the simulations.

cells Face angle Aspect ratio y+

(min) [deg] (max) [deg] (min/avg/max)

Draft tube 3675945 31 111.2 15/39.8/83.5

Guide vane 320970 14 483.3 0.7/91.6/320.5

Runner 368240 9.8 128.3 2.3/56.7/816.2

Draft tube stage 5294902 30.5 865.4 0.6/29.8/192.5

Results and Discussions

The mean velocities were non-dimensionalized using the bulk velocity
obtained from the flow rate and the area at section I, unless otherwise
mentioned. The measured radii were made dimensionless with respect
to the runner radius. The positive directions for the axial velocity and
tangential velocity were defined as vertically downward through the draft
tube cone and clockwise from the top of the runner, respectively.

The following results present plots of the axial and tangential ve-
locity at three different sections: I, II, and III, see Fig. 3 and 5. The
experimental axial velocity obtained at the sections I–III is slightly dif-
ferent from the true axial velocity because parallel to the draft tube cone
wall. The same component was extracted from the simulations and is
presented in the different figures. The difference between the true ax-
ial velocity and the one presented is marginal. Furthermore, different
methodologies were used to obtain the average experimental and nu-
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merical profiles. With LDA, the average profile is obtained after several
rotations of the runner at a fixed radial position. The average in the sim-
ulation was obtained over the conical plane containing the radial profile
of the LDA. The experimental values have shown that the flow is nearly
axisymmetric at these sections and thus the difference was expected to
be negligible.

Draft tube simulations

Figure 3 presents the results obtained from the simulations of the draft
tube alone. The axial and tangential velocities at sections I–III for the
different turbulence models investigated; together with the correspond-
ing experimental data are presented. All turbulence models capture the
main flow. Using the turbulence intensity of 1% at the inlet or the
experimental values yields no difference in the results.

The results in region Rc are all similar independently of the tur-
bulence model used. This region corresponds to the blade wake (hub-
shroud), where the effects of viscosity are negligible after the runner
cone. Some difference appears near the draft tube cone wall for the ax-
ial velocity at section II for the first case (zero radial velocity), see Fig.
3b. All models underestimate the axial velocity. For the second case
(inlet radial velocity extracted from the stage calculations) at section
III, all models overestimate the axial velocity. The radial velocity is
found to influence the cone wall boundary layer. Its knowledge is neces-
sary for an accurate simulation of the flow. Furthermore, wall functions
are used. Measurements performed by Berca [12], point out that the
cone boundary layer is three dimensional and standard logarithmic for-
mulation does not hold. Resolving the boundary layer up to y+ = 1
may improve the results. Some differences appear at section III between
regions Rb and Rc with the two-equation model due to the mismatch
appearing near the draft tube cone center at section II and propagat-
ing downstream. In regions Ra and Rb, the RSM models capture well
the flow development, while the two-equation models quickly underesti-
mate the tangential velocity. The discrepancy is significant at section II,
where the eddy-viscosity models cannot capture the transition from the
central forced vortex to the free vortex. In these regions, applying the
radial velocity from the stage simulation shows no difference compared
to zero radial velocity assumption.

In region Ra at section I, the RSM models underestimate the tangen-
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Figure 3: Experimental and simulated mean axial (U*) and tangential (V*)
velocity, comparison between the experimental and the draft tube simulation
results with zero radial velocity (a) at section I, (b) at section II, (c) at section
III. The experimental results are presented with bars representing the velocity
fluctuations: colors correspond to the angular positions: red - a, blue - b, green
- c and black - d. The numerical results are presented with the solid lines for
the different turbulence models utilized.
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tial velocity and slightly overestimate the maximum axial velocity. The
only turbulence model that seems to adequately predict the tangential
velocity at this section is the SST model, see Fig. 3a.

Figure 4 presents the axial velocity contour plots at mid plane, sec-
tion II and section III for the k-Epsilon and SSG turbulence models.
Both models capture the main flow except at the center of the draft
tube cone. The vortex created by the rotation of the runner cone is
well predicted with the RSM model, while in the case of the k-Epsilon
model the vortex is mixed and dissipated further downstream. The BSL
Reynolds stress model has predicted the central vortex as for the SSG
Reynolds stress model. The RNG k-Epsilon and SST are better than
the k-Epsilon model to predict the vortex, however, not as good as the
Reynolds stress models.

(a) (b)

Figure 4: Axial velocity contour plots at mid plane; section II and section III
(a) k-Epsilon. (b) SSG turbulence model. The velocity is not normalized.
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Stage simulations

Figure 5 presents the average axial and tangential velocities at sections
I–III for the different turbulence models investigated, together with the
corresponding experimental data for the stage simulations. In regions
Ra and Rb at section I and II, all turbulence models fail to predict the
onset and the amount of flow separation due to strong adverse pressure
gradient.

The tangential velocity is well predicted at all sections. Some dis-
crepancies appear in region Ra and Rb at section I where the vortices
are underestimated. Furthermore, the tangential velocity near the draft
cone wall is slightly overestimated. The signature of the blade-tip clear-
ance is more pronounced in the simulation than in the experimental
result.

Figure 6 represents the velocity contour plot at the draft tube mid
plane, section II and section III for the k-Epsilon turbulence model.
The flow simulation shows back flow under the runner hub. The hub
wake propagates further downstream. The size of the back flow region
is overestimated by the numerical simulations, as shown in Fig. 5a,
compared to the measurements. With a closer look at the flow near the
hub region (Fig. 6a), a flow detachment right after the sharp change of
hub geometry slope is observed. The rapid slope change could initiate a
premature flow detachment creating a hub wake downstream. This large
flow deficit results in the overestimation of the axial component in region
Rc. The numerical result matches better with the experimental data for
the other two downstream sections; II and III. The effect of turbulence
modeling is negligible, contrary to the draft tube computation alone.

From Fig. 4a and 6b, the central vortex region propagates further
downstream into the elbow for the draft tube simulation, however, in
case of the stage simulation this low velocity region was better predicted.
The size of the vortex has a larger diameter in the stage simulation. The
axial velocities have almost similar contour plots except that the stage
simulation has lager magnitude. The velocity contour plots show also
the presence of secondary flow for the stage simulation at the back of
the elbow which is not seen on the draft tube simulation, see Fig. 4 and
6.
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Figure 5: Experimental and simulated mean axial (U*) and tangential (V*)
velocity, comparison between the experimental and the stage simulation results
(a) at section I, (b) at section II, (c) at section III. The experimental results are
presented with bars representing the velocity fluctuations: colors correspond to
the angular positions: red - a, blue - b, green - c and black - d. The numerical
results are presented with the solid lines for the different turbulence models
utilized.
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(a) (b)

Figure 6: Axial velocity contour plots from k-Epsilon stage simulation (a)
Flow near the runner cone at mid plane (b) Draft tube at mid plane; section
II and section III. The results from the other turbulence models utilized are
similar, see Fig. 5, and thus not presented. The velocity is not normalized.

Conclusions

In the present paper, a numerical study was performed on a Kaplan draft
tube model with different RANS turbulence models (k-Epsilon, RNG k-
Epsilon, SST, SSG Reynolds stress and BSL Reynolds stress). Two com-
putations were performed: draft tube without the hub cone and stage
simulation with guide vane, runner and draft tube. For the draft tube
simulations, the swirl was generated by imposing experimental mean
velocity profiles and turbulence values at the inlet of the simulation do-
main. A mass flow was used for the stage computations. Comparisons
between the numerical and the experimental results were presented for
the best operating point of the turbine.

Draft tube computations with experimental inlet boundary condi-
tions point out the difficulty of two-equation models to capture the draft
tube cone central vortex produced by the runner cone. The RSM models
capture most of the flow and is de facto found more appropriate than
the two-equation models for such flow.

Stage calculations results were surprisingly insensitive to the turbu-
lence model used. All turbulence models predict an earlier separation
on the runner cone, overestimating the draft tube cone central vortex
size below the runner cone. Further downstream, the numerical results
match better the experimental ones due most probably some numerical
diffusion.
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From comparison of the velocity contour plots of the draft tube RSM
simulation and the stage simulation, the central vortex region propagates
further downstream into the elbow for the draft tube RSM simulation.
However, for the stage simulation this low velocity region was well pre-
dicted. In addition, the velocity contour plots showed the presence of
secondary flow in the case of the stage simulation at the back of the
elbow, which was not observed in the draft tube simulation.

Future study of the U9 project will comprise performing a numerical
computation of the entire turbine and comparison with the stage simu-
lation and the experimental results. The cause of the early separation
of flow on the runner cone is unclear and needs further investigation.
The influence of the GGI interface between the runner and draft tube
domains needs also to be quantified. In the draft tube simulation, an op-
timal radial velocity assumption together with phase resolved axial and
tangential velocities at the inlet might improve the prediction of the
central vortex size for the RSM models. For the two-equation models,
it might improve the prediction of the transition between the free and
forced vortices. Fine mesh (y+ < 1) may also be of interest to study the
influence of the blade-tip clearance and flow features close to the wall,
for the RSM models. Furthermore, detailed 3D experimental investiga-
tions, such as PIV, are needed in the near hub region to refine results in
the center of the draft tube cone.
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Abstract

This paper presents a detailed comparison of steady and un-
steady turbulent flow simulation results in the U9 Kaplan turbine
draft tube with experimental velocity and pressure measurements.
The computational flow domain includes the guide vanes, the run-
ner and the draft tube. A number of turbulence models were stud-
ied, including the standard k − ε, RNG k − ε, SST and SST-SAS
models. Prediction of the flow behavior in the conical section of
the draft tube directly below the runner hub is very dependent on
the prediction of the location of the flow separation from the hub.
The results demonstrate a significant increase in precision of the
flow modeling in the near hub region by using unsteady flow simu-
lations. The prediction of the flow in the near hub region, however,
remains delicate, and no turbulence model currently allows to ac-
curately predict the complex phenomena observed experimentally.

Keywords: Kaplan turbine, Hydropower, Boundary condition,
CFD, Experimental validation
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Introduction

Over the last decade, the constant increase in demand for energy has
pushed current electric production facilities to their operational lim-
its. In this context, the rehabilitation of aging hydraulic installations
often appears as a way to increase the production capacity in a way
that is both economically advantageous and socially acceptable. From
an engineering design perspective, however, rehabilitation projects carry
enormous challenges. Designers must either modify existing components
or develop new components that are both highly specific to site oper-
ating conditions, and well adapted to existing components, for which
replacement cannot be economically justified. An accurate analysis of
existing installations, therefore, constitutes a central competitive tool
both during feasibility studies, to determine which components should
be replaced, as well as during the engineering design phases, to ensure
that contractual guarantees can be met. Short design cycle times may
impose severe constraints on the acceptable duration of those analyses,
and may prevent analysts from resorting to laboratory tests. Even when
available, model tests are very expensive and mainly offer integral values,
such as efficiency, and parameters at a limited number of measurement
points. Such information is crucial for design validation but is restrictive
in its ability to support design optimization. Numerical simulations, on
the other hand, provide detailed values everywhere in the computational
domain.

The fidelity of flow simulations currently varies from the most inex-
pensive potential flow models to the highest fidelity LES and DNS sim-
ulations. In this spectrum, high fidelity unsteady, turbulent viscous flow
models constitute a powerful alternative to understand existing turbine
characteristics, predict the global system behavior and optimize specific
flow regions, offering detailed information over the entire flow field. The
current performance of large computer clusters allows for consideration
of unsteady Reynolds averaged Navier-Stokes (URANS) simulations in
multiple turbine components at the highest level of model fidelity cur-
rently available to analysts in production environments. These simu-
lations, however, still fall short in their attempts to capture the full
complexity of hydraulic turbine flow. This deficiency, is especially true
in axial machines, such as propellers and Kaplan turbines, and is even
more obvious when only some components of the turbine are analyzed.
There is, consequently, a need to validate the RANS and URANS simu-
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lations in axial turbines against precise model measurements carried out
in the laboratory.

Comparisons between numerical simulations and experiments in draft
tubes have been carried out for Francis turbines [1, 2], for instance, as
part of the FLINDT project, which took place at EPFL and involved
several turbine manufacturers. High fidelity simulations, both steady
and unsteady, have shown very good agreement between the experimen-
tal and simulation results. Similar work is currently also underway for
propellers [3] as part of the Axial-T project conducted at Laval uni-
versity. There are, however, very few experimental results currently
available that allow comparisons in Kaplan turbines, with the notable
exception of the turbine-99 test case [4], where the draft tube geometry
together with the experimental results have been published describing
the flow and the geometry. These experimental results include the ve-
locity inlet boundary conditions immediately after the runner and the
velocity profiles in the draft tube cone and diffuser. These results, along
with several comparisons using numerical simulations, indicate that the
boundary conditions at the draft tube inlet have a large influence on the
flow prediction accuracy. Swirling flows that are subject to a strong ad-
verse pressure gradient are difficult to simulate accurately because they
are very sensitive. It is important to feed the draft tube with the correct
swirl to be able to capture the correct draft tube flow. In addition to the
problems associated with the inlet boundary conditions, the flow compu-
tation in a Kaplan draft tube is also challenging due to the different flow
phenomena appearing simultaneously. The region near the runner cone
is of fundamental importance. In this area, a highly unsteady turbulent
swirling flow is affected by a strong adverse pressure gradient. Slight
variations in the numerical prediction of the flow separation point along
the runner cone produces important variations in the flow prediction in
the cone region, which may affect the overall performance estimation of
the turbine. This problem was investigated numerically by Nilsson [5],
where runner simulations without the draft tube were performed in the
turbine-99 test case. The trailing blade-hub clearance was found to be
important in keeping the flow attached to the runner cone because the
flow was feeding momentum to the boundary layer.

As part of an ongoing large scale research project carried out at
Lule̊a University of Technology, the Kaplan turbine model known as
Porjus U9 is being investigated both experimentally and numerically.
Experimental measurements have recently been published for both the



252 B. G. Mulu

best efficiency operating point [6] and two off-design points [7], i.e., at
the part load and the full load. In a recent paper, Mulu et al. [8]
have investigated the influence of the boundary conditions at the draft
tube inlet on the flow prediction accuracy downstream of the Porjus U9
runner using a detailed comparison of the RANS simulations and the
experimental results at the best efficiency point. The influence of the
mesh resolution and turbulence model were investigated, as well as the
impact of the flow quantity averaging process at the draft tube inlet.
Two types of computations were carried out: the first involved the draft
tube alone, and the second computation used stage averaging between
the runner and the draft tube. The computations of the draft tube with
the experimental inlet boundary conditions demonstrated the difficulty
of the two-equation models to capture the draft tube cone central vor-
tex that is produced by the runner cone. The Reynolds stress models
(RSM) performed satisfactorily and demonstrated the anisotropy of the
flow. As for the stage calculations results, they were found to be surpris-
ingly insensitive to the turbulence model used. All turbulence models
predicted an early separation on the runner cone and over-predicted the
size of the draft tube cone central vortex below the runner cone. Further
downstream, the numerical results better matched the experimental re-
sults likely due to some numerical diffusion. These results and other
investigations using the Porjus U9 draft tube carried out by Petit et al.
[9, 10], have allowed to determine that unsteady analysis of the turbine,
including the guide vanes, the runner and the draft tube, are needed to
better capture the complex flow behavior below the runner cone.

This paper presents the URANS simulation results and a detailed
comparison with the experimental results of the U9 model turbine at
the best efficiency operating point. The computational flow domain
includes the guide vanes, the runner and the draft tube. This paper
is structured as follows: the next section describes the turbine model,
followed by a section describing the numerical models and the evaluation
method used. Section 4 presents the results and comparisons, and the
paper ends with the discussions and conclusions.

Test case

The experimental investigation was performed in a modern Kaplan tur-
bine model known as U9. The measurements were made in a draft tube
that was built at a 1:3.1 scale model of the prototype turbine. The tur-
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bine model has a runner diameter of 0.5 m. An operational net head H
= 7.5 m and a runner speed N = 696.3 rpm were used throughout the
measurement period. The experiment was conducted under a constant
runner blade angle and at the three following loads: the best efficiency
point (BEP) and two off-design operating points (part load and high
load). Guide vane angles of 20, 26 and 32o were used for the part
load, at the BEP and for the high load, respectively. The corresponding
volumetric flow rates for the three working conditions were 0.62, 0.71,
and 0.76 m3/s [11]. The experiment was performed at the Vattenfall
Research and Development model test facility in Älvkarleby, Sweden.
The uncertainty in the flow rate measurement and the total hydraulic
efficiency were ± 0.13% and ± 0.18%, respectively [12].

A two-component LDA with an 85-mm optical fiber probe from Dan-
tec was used to measure the velocities. The spectral analysis burst mode
method was used during the data acquisition; one velocity was registered
for each particle. The total sampling time was 300 s for each measure-
ment point. This corresponded to 20,000 - 300,000 bursts at each mea-
surement point, which was a function of the measurement point location.

The LDA measurements were performed through four windows with
angular positions a, b, c and d, with a 90o spacing around the cone

(a)

BC

(b)

Figure 1: U9 draft tube with measurement locations. (a) The positions
for the pressure taps are marked by red dots. In this paper, the pressure
taps are numbered p1–p5 in the cone (starting from the top) and p6–p11
and p6–p12 along the outer and inner radius of the elbow, respectively.
Sections I to III correspond to the LDA sections. (b) Circumferential
positions for the pressure and LDA measurements in the draft tube cone.
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circumference (Fig. 1). Three locations along the vertical direction
were investigated at each angular position: sections I to III (Fig. 1).
Radial profile I was obtained below the runner cone in the upper part of
the draft tube cone, which was 335 mm below the runner hub center for
all angular positions. Profiles II and III were obtained at the middle and
near the end of the conical diffuser, respectively. At angular positions a
and d, two additional profiles were measured perpendicular to the cone
axis (BC in Fig. 1), which were used as inlet boundary conditions for
the numerical simulations. A detailed description of the test rig and the
experimental results can be found in Mulu et al. [6] and Jonsson et al.
[7].

The pressure measurements were performed using membrane-type
pressure transducers from Druck (PDCR810) with an accuracy of 0.1%.
Several pressure taps were mounted along the draft tube. Twenty taps
were mounted in the conical diffuser, i.e., five taps equally spaced in the
vertical direction at four angular positions around the cone circumfer-
ence (Fig. 1). The angular placement follows the same positions used for
the LDA sections (a–d). Seven taps were placed along the inner radius,
and six taps were places along the outer radius of the elbow (Fig. 1).
A reference pressure tap was placed on the upper wall near the outlet
of the straight diffuser. The positions of the measurements are either
expressed as the section/sensor number or as the position along the nor-
malized center line, L∗. The centerline origin is at the runner hub center
and increases in the direction of the draft tube (Fig. 1). The pressure
measurements were performed by Jonsson [7].

Numerics

In a previous study, Mulu et al. [8] investigated two steady numeri-
cal cases related to the Porjus U9 model. First, draft tube simulations
were performed without the upstream geometry, and experimental ve-
locity profiles were used as the inlet boundary conditions. The inlet
was located below the runner hub, as shown by the line BC in Fig. 1.
The RANS two-equation eddy-viscosity turbulence models ((k− ε, RNG
k− ε and SST) and the Reynolds stress models (SSG and BSL) were
used in the study. The results showed that the Reynolds stress models
predicted the flow well when compared with the two-equation turbu-
lence models. The second case was stage simulations with a domain
comprising one guide vane flow channel, one runner blade flow chan-
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nel and the draft tube. The stage interface approach gave the general
characteristics of the draft tube flow; however, the turbulence models
predicted an early separation on the runner cone. All the turbulence
models investigated gave similar results. Furthermore, the effect of the
blade wake and the hub-blade clearance were not accurately predicted.
A detailed description of the two above cases can be found in [8]. In the
current study, a transient rotor-stator simulation is performed with the
entire turbine assembly, i.e., twenty guide vanes, six runner blades and
the draft tube. Such a configuration allows for capturing the effect of
unsteadiness in the simulations and should be more accurate than stage
simulations, which neglect the effect of unsteadiness.

Flow solver

The commercial software ANSYS-CFX-13.0 was used in this study. CFX
is a code that is based on the finite volume method with several dis-
cretization schemes. CFX uses a coupled solver, in which all the gov-
erning equations are solved as a single system. All computations were
performed using the high resolution discretization scheme for the conti-
nuity equation and the advection term in the momentum equation, and
the first order upwind scheme was used for the advection terms in the
turbulence equations. The transient term in the Navier-Stokes equations
was solved using a second order backward Euler scheme. This scheme
is implicit and conservative in time and, therefore, does not require a
Courant number stability limit. However, to achieve accurate resolu-
tion of the time behavior of the flow, and for numerical stability reasons
as well, the time step needs to be small enough to resolve the relevant
details. The time step was set to 0.0002 s, which corresponds to approx-
imately 1◦ of revolution of the runner, for a total simulation time of 10
s.

Interfaces and boundary conditions

In low-head hydraulic turbines, there is a strong interaction between the
runner and the draft tube. It is necessary to introduce this interaction
into the simulations to achieve accurate results. During the Turbine-
99 workshop, Cervantes and Engström reported the importance of the
runner cone region for the flow simulation in the draft tube [4]. They
also noted the importance of the runner cone in estimating the pressure
recovery in the Kaplan elbow draft tube.
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Generally, the entire turbine assembly should be used for the CFD
simulation of the flow in water turbines. However, using the entire tur-
bine assembly might require excessive computer resources and simula-
tion time. Additionally, it is nearly impossible to generate one complete
mesh for the entire turbine. The flow domain is usually divided into
several flow domains that are connected through interface connections
between the domains. As the flow in the distributor is accelerating and
is well defined in a 345◦ wrap angle spiral casing, the guide vanes region
represents a satisfactory inlet region. The flow domains used in the cur-
rent investigation were the guide vane, the runner and the draft tube
domains (Fig. 2). There are three interface connection techniques: the
frozen rotor, the stage interface and the rotor-stator interface.

The frozen rotor method is a steady state formulation where the ro-
tor and the stator are modeled at a fixed position relative to each other,
and different frames of reference are used in the stationary and rotat-
ing part. This approach partially accounts for the interactions across
frame boundaries, but the transient effects are neglected. The stage ap-
proach is also a steady state formulation in which the flow quantities
are circumferentially averaged at the interface connections. In the tran-
sient rotor-stator method, the relative motion between the rotor and
the stator is simulated using a sliding grid technique in which the rel-
ative positions of the components are re-calculated at each time step.
The transient rotor-stator approach accounts for all the interaction ef-
fects between components that have different relative motions, but this
method requires knowledge of the entire geometry.

In this work, unsteady simulations are performed. Therefore, a tran-
sient rotor-stator interface is used. The frozen rotor interface calculation
is used to initialize the simulations performed with the rotor-stator in-
terface because it is numerically robust. Previously, Mulu et al. [8]
investigated the Porjus U9 draft tube with a stage interface. Because
the effect of the circumferential quantities are filtered through the aver-
aging process using a stage approach, the use of a single guide vane flow
channel and one runner blade flow channel was possible. This reduced
the computational domain substantially. The authors noted that the
stage interface approach gives a general understanding of the draft tube
flow; however, this approach fails to accurately predict the effect of the
blade wakes and the hub-blade clearance. Furthermore, the turbulence
models predicted an early separation on the runner cone (Fig. 7).

In the current study, the complete geometry of the guide vanes and
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Figure 2: The computational domains, i.e., the guide vanes, the runner
blades and the draft tube, and the boundary conditions.

the runner is used for the simulation, i.e., twenty guide vanes and six
runner blades, together with the elbow draft tube. Because the three
domains are connected to each other (i.e., the guide vanes, the runner
and the draft tube) in a non-node-connected manner, a general grid
interface (GGI) is used. The mesh density used for the entire assembly
is composed of approximately 11 million hexahedral cells. The mesh
density and proprieties, such as the minimum angle, the aspect ratio
and the y+ values, are presented in Table 1. At the inlet, the mass
flow rate with a flow direction is imposed. Previously, Mulu et al. [8]
performed a sensitivity study on the turbulence intensity for the draft
tube and the stage simulations with different intensity values (i.e., 1%,
5% and 10%). They found that the turbulence intensity did not play
a significant role. Therefore, a turbulence intensity of 5% at the inlet
was used in the current study. All walls were assumed to be smooth,
and a no-slip wall condition was imposed for all solid surfaces. The wall
velocity for the runner hub in the draft tube is set to 696 rev min−1. At
the outlet, an average static pressure over the entire outlet was specified
to be 0 Pa. The transient solution at a given time step was considered
converged when the value of the root mean square (RMS) residuals for
each equation solved was less than 10−5. A wall function was used for
all turbulence models.
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Table 1: Mesh proprieties used in the simulations.

cells Face angle Aspect ratio y+

(min) [deg] (max) [deg] (min/avg/max)

Guide vane 6419400 14 483 1.2/83.2/421.8

Runner 1594080 9 138 3.0/98.8/578.3

Draft tube 2879350 31 372 4.4/41.3/93.2

Turbulence models

The governing equations are solved using the Reynolds average method
and assuming an incompressible and isothermal fluid. This method is
based on a statistical approach where time averaging of variables are
carried out to separate the mean from the fluctuations. The unsteady
Reynolds averaged Navier-Stokes continuity and momentum equations
are given as:

∂ūi
∂xi

= 0 (1)

∂ūi
∂t

+ ūj
∂ūi
∂xj

= −1

ρ

∂p̄

∂xi
+ ν

∂2ūi
∂xj2

− ∂(u′iu
′
j)

∂xj
(2)

where ūi is the time-averaged velocity, p̄ is the time-averaged pressure,
ρ is the fluid density, ν is the fluid kinematic viscosity, t is the time and
u′i is the fluctuating component.

As a result of the Reynolds averaging, in Eq. (2), there is an ad-
ditional stress term acting on the mean flow due to the fluctuating ve-
locity, which is known as the Reynolds stress (τij = −u′iu

′
j). This term

represents the effect of the turbulence on the mean flow. The Reynolds
stress term introduces six unknown variables in the governing equations,
which must be modeled. Generally, the RANS turbulence models can
be broadly divided into two types: eddy-viscosity models and Reynolds
stress models. The eddy-viscosity models are based on the Boussinesq
hypothesis, which relates the Reynolds stresses to the mean velocity
gradients via the eddy viscosity:

τij = −u′iu
′
j = νt
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∂ūi
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∂ūj
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)
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(
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)
δij (3)



Numerical Investigation of a Kaplan Draft Tube 259

where k = 1
2(u

′
iu

′
i) is the turbulent kinetic energy, δij is the Kronecker

delta, and νt is the turbulent viscosity (also known as the eddy viscosity)
and has to be modeled. The drawback of this hypothesis is that it as-
sumes an isotropic flow, which is seldom the case, especially in swirling
flows. In the two-equation eddy-viscosity models, the turbulent proper-
ties of the flow are represented with the inclusion of two extra transport
equations: one equation for the turbulent kinetic energy, k, and one
equation for the turbulent dissipation rate, ε, or the specific dissipation
rate, ω. This means that both the velocity and turbulent length scale
are solved using separate transport equations.

The flow prediction in the runner and draft tube are very sensitive to
the boundary conditions applied and the turbulence model selected [13,
14]. In this situation, the flow exhibits characteristics (e.g., streamline
curvature) that are outside the scope of the experiments for which the
turbulence models have been calibrated [14]. Different two-equation
RANS models were used in the present work to evaluate their capability
to reproduce the flow in a Kaplan turbine at the BEP (k−ε, RNG k−ε
and SST) and the scale adapted simulation (SAS) model.

In the standard k − ε model, the eddy viscosity is related to the
turbulent kinetic energy and the dissipation rate using the following
assumption: νt = Cμ

k2

ε , where Cμ is a model constant [15, 16]. The
standard k−εmodel has proven to be robust and relatively accurate for a
large number of engineering flows and is widely used in industry because
it can be solved relatively fast compared with other turbulence models.
However, this model performs poorly for complex flows involving a large
adverse pressure gradient, separation, rotation, and a strong streamline
curvature. Another major drawback associated with this model is the
over prediction of the eddy viscosity near the wall; thus, this model
requires special treatment at the wall [16–18].

The RNG k − ε model is based on the renormalization group anal-
ysis of the Navier-Stokes equations and attempts to overcome some of
the limitations of the standard k− ε model. The transport equation for
the turbulent kinetic energy is the same as the equation in the standard
k − ε model. The major difference between these models is that the
model constants of the transport equations for the dissipation rate vary.
Additionally, the constant coefficient related to the turbulence produc-
tion term due to the viscous forces is replaced with some specific function
in the case of the RNG model. This function includes the effect of rapid
strain and the streamline curvatures. The RNG model also includes the
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effect of the swirl on the turbulence, which enhances the accuracy for
swirling flows [15, 18]. Furthermore, the RNG model takes into account
the different turbulent length scales [19].

In the near-wall boundary layer, the Wilcox model (k − ω) is more
accurate than k − ε. However, the Wilcox model has the disadvantage
of a strong sensitivity to the value of ω in the freestream outside the
boundary layer [18, 20]. This problem can be overcome by combining
the k − ω in the near-wall region with the freestream independence of
the k − ε model far from the wall, which is the base for the zonal shear
stress transport (SST) model. In the SST model, blending functions
are used to ensure a proper selection of k − ε and k − ω zones. The
main advantage of the SST model is its ability to accurately predict the
onset and the amount of flow separation under high adverse pressure
gradients. This is because the model accounts for the transport effects
of the turbulent shear stress [21]. Bardina et al. [22] have shown the
ability of the SST model to predict separation in an adverse pressure
gradient. The results obtained by Marjavaara et al. [23] also confirm
the ability of the SST model to perform well in a Kaplan draft tube.

The SST-SAS turbulence model is used for transient cases. The SST-
SAS model differs from the URANS SST model by adding an additional
source term (SAS) in the ω transport equation. The SST-SAS model
uses the von Karman length scale for the turbulence scale equation to
detect the unsteadiness. For flows with transient behavior, the SAS
model dynamically adjusts to resolve the turbulent structures based on
the information provided by the von Karman length scale and results
in a LES-like behavior in unsteady regions of the flow field. The model
provides the standard RANS model in stable flow regions. More details
about the SST-SAS model can be found in [24].

The Reynolds stress models solve the transport equations for each
Reynolds stress and for the ε or ω that provide the length and time
scale of the turbulence [17]. The isotropic eddy-viscosity hypothesis
is avoided. However, some terms must still be modeled, such as the
pressure-strain, the dissipation rate, and the turbulent diffusion. The
RSM models have the potential to accurately predict complex flows be-
cause they account for the effects of the streamline curvature, the swirl,
rapid changes in the strain rate and the anisotropy of the turbulent
stress. A drawback of the model is that it demands more computer re-
sources because more equations are solved, and the model is less robust
than the linear eddy-viscosity models. Mulu et al. [8] show that the
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RSM model performs well in a draft tube simulations without includ-
ing the upstream geometry. However, in the current study, it was very
difficult to achieve convergence using the RSM models. A very small
time step was necessary to avoid divergence, and made the simulation
convergence impossible in a reasonable period of time, i.e., less than one
week using 100 cores.

Engineering quantities

The performance of the draft tube is defined by the amount of kinetic
energy that is converted to pressure energy. The pressure recovery is
one way to quantify the amount of kinetic energy recovered along the
draft tube, i.e., the ratio of the pressure difference (outlet-inlet) to the
dynamic pressure of the mean axial velocity at the inlet. The pressure
recovery factor based on the wall pressure (Eq. 4) was calculated to
quantify the performance of the draft tube [25], because this value is
experimentally available from [6].

Cpw =
Pwall − Pwall inlet

ρ
2(

Q
Ainlet

)2
(4)

where Pwall inlet and Ainlet are the pressure and the cross-sectional area
at position p1 in the cone, Pwall is the pressure along the draft tube and
Q is the flow rate (Fig.1).

Cpw is, however, an estimation of the pressure recovery because it
only considers the wall pressure rather than the average pressure across
the whole cross section, which is a function of the radius. Cpw is also
based on the average kinetic energy at the inlet. Cpw is a common
experimental parameter used to characterize draft tubes because it is
difficult to obtain the average pressure over the cross-section along the
radius.

At the runner exit there is a residual swirl, depending on the oper-
ating conditions and the runner type. Some swirl may be advantageous
in the conical diffuser. Swirl can also cause instability that leads to vi-
bration, noise, fatigue failures, power swings, vertical movements of the
turbine, and reversed flow at the center of the draft tube. Hydraulic
turbines are usually designed to have an optimal swirl at the exit of the
runner when operating at the BEP, which allows high pressure recovery
and no flow separation at the draft tube cone wall [25]. The intensity
of the swirl is characterized by the swirl number, which is determined
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by the ratio of the axial flux of the angular momentum to the axial
momentum flux times the equivalent radius, as shown in Eq. 5 [26].

Sw =

∫ R

0
UVr2dr

R

∫ R

0
U2rdr

(5)

where U is the axial velocity component, V is the tangential velocity
component and R is the equivalent exit radius.

Data reduction

The experimental measurements were performed using a laser Doppler
anemometry (LDA) technique. The velocity data was collected at sev-
eral points along the radius because LDA is a point-wise measurement
method. The time-averaged profile was obtained after several rotations
of the runner at a fixed radial position. The phase-resolved veloci-
ties were obtained by decomposing the instantaneous velocity with a
Reynolds triple decomposition method (Eq. 6).

Φ(x, t) = Φ̄(x) + Φ̃(x, t) + Φ′(x, t) (6)

where Φ(x, t) = 〈Φ(x, t)〉+Φ′(x, t) is the instantaneous quantity, Φ̄(x, t)
is the time-averaged quantity, Φ̃(x, t) is the periodic fluctuation quantity
and Φ′(x, t) is the random fluctuation quantity. 〈Φ(x, t)〉 is the phase-
averaged quantity over the cycles.

The relationship between the runner angular position and the veloc-
ity measurements was determined with the help of an encoder signal.
One runner rotation was divided into a number of phase intervals or
bins. The data within the phase interval [αo−Δα/2, αo+Δα/2], where
αo is the central angular position of the evaluation window and Δα is
the size of the phase-averaging window, were considered when calculat-
ing the time-averaged velocities at the center of each interval. For the
phase-resolved velocity data, a circumferential resolution of 3◦ was used,
which is a good compromise between the statistical uncertainty and the
phase resolution. A detailed description of the method can be found in
[6].

In the case of the CFD, the velocity and pressure information were
obtained at every time step for a complete rotation of the runner. The
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simulation time step corresponds to approximately 1◦ of runner rota-
tion. The time-averaged velocities in the simulation were obtained in a
similar fashion as in the experiments, i.e., the velocity information at
a fixed radial position was used to calculate the averaged and angular
velocities. Because the experimental values are obtained with a circum-
ferential resolution of 3◦, the simulation results are also phase-resolved
with the same circumferential resolution. The experimental axial ve-
locity obtained at sections I–III is slightly different from the true axial
velocity because the LDA probe was orthogonal to the draft tube cone
wall. The same component was extracted from the simulations and is
presented in various figures.

For the CFD calculations, the wall pressures are extracted over a
period at the same point where the experimental measurements were
performed (Fig. 1).

Results and discussions

The simulated time-averaged and phase-resolved pressures and velocities
are presented at different locations in the draft tube and compared to the
experimental results. The time-averaged and phase-resolved velocities
are non-dimensionalized using the bulk velocity obtained from the flow
rate and the area at section I, unless otherwise mentioned. The mea-
sured radii are non-dimensionalized with respect to the runner radius.
The positive directions for the axial velocity and tangential velocity are
defined as vertically down through the draft tube cone and clockwise
from the top of the runner, respectively.

Engineering quantities

Fig. 3 presents the wall pressure recovery of the conical diffuser obtained
experimentally and numerically using four different turbulence models
at four angular positions (Fig. 1). The wall pressure recovery is defined
by Eq. 4. The pressure recovery factor indicates the degree of conversion
of the kinetic energy into static pressure, and a higher value indicates
a higher efficiency of the region considered. Both the experimental and
the numerical pressure recovery Cpw increases in the downstream direc-
tion, which indicates the correct operation of the draft tube cone. The
numerical results show similar values of Cpw at all angular positions
compared with the experimental results. From both the experiments
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Figure 3: Wall pressure recovery, Cpw, of the draft tube cone obtained
from the experimental measurements and the CFD calculations (a) An-
gular position a. (b) Angular position b. (c) Angular position c. (d)
Angular position d (Fig. 1).



Numerical Investigation of a Kaplan Draft Tube 265

and the simulations, the highest pressure recovery is obtained at sec-
tion a, specifically at the end of the conical diffuser (Fig. 3a). This is
expected because the flow decelerates towards the outer radius of the
elbow, and thus, the static pressure increases. At section c, the recov-
ery is low due to the acceleration of the flow toward the inner radius
of the elbow and, as a result, the static pressure decreases (Fig. 3c).
The wall pressure recovery is well predicted with all turbulence models
in this part of the draft tube. The largest discrepancies between the
experimental and the numerical results occur at section b (Fig. 3b). At
approximately L∗= 3.2, the wall pressure recovery is overestimated in
the simulations, except when using the SAS model, compared with the
experiment.

Fig. 4 shows the wall pressure recovery Cpw along the upper and
lower paths in the draft tube for the four turbulence models together
with the experimental results. The results from both the experiments
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Figure 4: (a) Positions along the upper sensor path in the draft tube
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and the simulations show that Cpw along the upper path is low at the
beginning of the inner radius of the elbow because the flow accelerate
in that area. Then, the pressure recovery increases along the radius
from L∗= 4 to L∗= 7 (Fig. 4b). Conversely, Cpw along the lower path
continues increasing up to L∗= 5 and starts to decrease along the elbow
radius. In the elbow of the draft tube, all the turbulence models predict
the same behavior as the experiments with slight differences between
each model. These differences may be attributed to how each turbulence
model handles the strong streamline curvatures.

Figs. 3 and 4 indicate that most of the pressure recovery occurs in
the conical diffuser in both the experiments and the simulations. From
the results presented, all the investigated turbulence models did not
experience any difficulty predicting the pressure distribution along the
draft tube.

Fig. 5 presents the flux of the angular momentum (
∫ R
0 UV r2dr)

obtained from the experiments and the RNG k − ε turbulence model.
The results from the other turbulence models are similar to that of the
RNG k−ε model; therefore, the results are not presented here. The flux
of the angular momentum increases from the center to the draft tube
cone wall in both the experimental and the simulation results. The flux
of the angular momentum is conserved, i.e., the tangential velocity is
nearly unaltered by the diffuser, cf. Fig. 6. The experimental and the
numerical results are similar from the center until r′= 0.75. However,
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Figure 5: Experimental and numerical (RNG k− ε model) angular mo-
mentum flux at sections Id, IId and IIId. The radius is normalized by
the radius at each section.
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Table 2: Experimental and numerical swirl numbers.

Sw Id IId IIId

Experiment 0.255 0.277 0.332
k− ε 0.255 0.277 0.316
RNG k− ε 0.254 0.272 0.294
SST 0.253 0.273 0.310
SAS SST 0.250 0.271 0.300

there is a difference close to the draft tube cone wall.
Swirl plays a vital role in the transformation of kinetic energy into

pressure energy in the draft tube cone, because it can prevent flow sepa-
ration at the cone wall. The swirl numbers calculated, using Eq. 5, from
the experiments and the simulations are presented in Table 2. The swirl
numbers obtained from each turbulence model at each measurement
section are approximately equal to the experimental values. However,
there are small differences between the results of the different turbulence
models. The k − ε model seems to predict the swirl number best.

Time averaged quantities

The time-averaged velocity profiles obtained using the unsteady state
computations are compared to the experimental data at three different
sections (I, II and III) in the draft tube cone below the runner hub.

As shown in Fig. 6, the results from the four turbulence models (k−ε,
RNG k − ε, SST and SAS-SST) are compared with the experimental
data. The CFD results fit well with the measurement in the region Rc

for all turbulence models used. This region corresponds to the blade
wake (hub-shroud) where the effects of the viscosity are negligible. The
axial velocity is somehow overestimated in measurement section III. The
major differences appear in the regions Ra and Rb for the axial and
tangential velocity at section I, II and III. In measurement sections I and
II, the k−ε and RNG k−ε models overestimate the axial and tangential
velocity components in region Ra, whereas the SST and SAS-SST models
underestimate these velocities. In the section III, all turbulence models
underestimate the axial and tangential velocities.

For this application, the unsteady state computation yields a signif-
icant improvement over the steady state stage computation, as shown
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(V*) velocities (a) Section I, (b) Section II and (c) Section III. The
experimental results are presented with bars representing the velocity
fluctuations at angular position d.
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Figure 7: Experimental and simulated mean axial (U*) and tangential
(V*) velocities (a) Section I, (b) Section II and (c) Section III. The
experimental results are presented with bars representing the velocity
fluctuations at angular position d. The stage simulations were performed
with one guide vane flow channel, one runner blade flow channel and the
draft tube. The transient rotor-stator simulations were performed with
the entire turbine assembly, i.e., twenty guide vanes, six runner blades
and the draft tube. A detailed description of the stage simulation can
be found in [8].
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in Fig. 7 [8]. In the previous stage simulations, the computational flow
domain comprised one guide vane flow channel, one runner blade flow
channel and the draft tube. However, in the present transient rotor-
stator simulation, the flow domain comprises all twenty guide vanes, six
runner blades and the draft tube. The simulation results obtained with
the k − ε model are similar to that of the RNG k − ε model; therefore,
only the k − ε results are presented.

In the stage computation, the flow recirculation occurs early in the
hub region, which explains why the axial and tangential components are
underestimated in the Ra and Rb regions for sections I, II and III.

Fig. 8 shows a comparison of the computational with the measured
mean flow angle at section Id, IId and IIId. The experimental flow angle
is compared with those obtained with the k− ε, the RNG k− ε and the
SST model. All turbulence models demonstrate similar results except
the SST model in region Ra at section IIId.
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Figure 8: Flow angle, i.e., arctan (V/U), at sections Id – IIId, from the
experiment and the simulation.

Periodic quantities

The experimental and numerical results of the phase-resolved axial and
tangential velocities are presented in Figs. 9 and 10, respectively. The
results of two turbulence models, SST and RNG k − ε, are presented
because they are representative of the results obtained from the other
turbulence models.

In Fig. 9, the blade wakes, which are low velocity regions, are clearly
discernible at section I for both the experiments and the simulations.
The blade wakes signatures are, however, more pronounced in the simu-
lations than in the experiments, where they are smeared out to joint each
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Figure 9: Phase-resolved axial velocity for one runner revolution.(a)
Section Id (b) Section IId and (c) Section IIId.
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other. This phenomenon may be attributed to the isotropic modeling
of the turbulence. The velocity is slightly lower below the blades in the
experiments compared with the simulations, because higher velocities
are obtained below the runner cone. The main difference between the
SST and the RNG k− ε turbulence models is found near the boundary.
The effect of the blade tip clearance is visible in the SST model, whereas
it is nonexistent in the RNG k − ε model.

The small wakes that were counter rotating below the runner cone
due to the blade-hub clearances are also captured in the simulations.
However, the large axial velocity beneath the runner cone is not captured
by any turbulence model. The reason for this may be attributed to
the inability of the turbulence models to predict flows with a strong
streamline curvature [14].

At section II and III, the blade wakes have disappeared in both the
experiments and the simulations. The results are now similar to the
mean results presented in Fig. 6. The figures pointed out an over-
estimation of the velocity below the blades by the simulations and an
underestimation below the runner cone. The results are similar for both
turbulence models.

The phase-resolved tangential velocity results obtained from the sim-
ulations are in better agreement with the experiments than for the axial
velocity (Fig. 10). The blade wakes are represented by high velocity,
dark red regions. The amplitudes are similar, independent of the tur-
bulence model used with few noticeable differences. The blade velocity
deficit, which is the dark blue regions, near the hub is larger in the simu-
lations. Furthermore, the higher tangential velocity spots are the blade
trailing edge near the draft tube cone, which are difficult to discern in
the experiments. This difference may be attributed to an insufficient
number of samples in each bin in the experiment, which may affect the
phase value.

At section II, the blade wakes are still present in the simulations
and are function of the turbulence model used. Furthermore, the ampli-
tude of the tangential velocity at section II is higher in the simulations,
similarly to section III, where all wakes have disappeared.
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Figure 10: Phase-resolved tangential velocity for one runner revolution.
(a) Section Id (b) Section IId and (c) Section IIId.
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The phase-resolved flow angle at section I is presented in Fig. 11.
The results at the other two sections are not presented because they
are similar to the graph presented in Fig. 8. The lower flow angles,
blue region, are found between the blade wakes where the flow is nearly
axial. The large tangential velocity is found in the blade wake due to
high shear, which results in a large tangential velocity and, thus flow
angles. These three figures are found to be similar with a smaller angle
in the inter-blade wakes for the simulation.

Conclusion

URANS simulations of a Kaplan model were performed at the BEP.
The numerical domain was comprised of the guide vanes, the runner
and the draft tube and was discretized with a high density mesh. The
simulations were performed for four different turbulence models: k − ε,
RNG k−ε, SST and SAS SST. The RSM was tested but, unfortunately,
convergence was not achieved in an appropriate amount of time.

A comparison of the engineering quantities, the mean velocity pro-
files and the phase-resolved velocities obtained from the simulations with
the experimental results show the ability of such simulations to capture
the main draft tube flow characteristics. A generally good agreement
was obtained independently of the turbulence model used. The method-
ology used, transient rotor-stator simulation, is a step forward compared
to previously presented stage simulations.

The numerical wall pressure results presented the best agreement
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with the experiments. Some discrepancies appeared at the draft tube
elbow inlet.

The numerical mean velocity profiles are similar in the blade wake
region. The numerical results slightly overestimate the axial velocity,
while the tangential velocity is well predicted and matched the experi-
mental results. The main discrepancies appear below the runner cone.
The experimental bump in the axial velocity is not captured by any tur-
bulence model. The k − ε and RNG k − ε models best fit the results,
while the SST and SAS SST models clearly underestimate the axial
velocity. Further down the draft tube, the discrepancy between the ex-
periments and the numerical results is amplified. The discrepancy may
be attributed to the difficulty in predicting flows with strong streamline
curvature for the turbulence models used.

The blade wake signatures are clearly visible in the numerical phase-
resolved axial velocity at the inlet of the conical diffuser. These wakes
are mixed and dissipated further downstream, as in the experimental
results. However, the blade wake signatures are more pronounced for
the simulations than for the experiments. Beneath the runner cone,
the main effect of the blade-hub clearance is captured by the simu-
lations. However, all turbulence models have difficulties predicting the
high axial velocity region produced by the blade-hub clearance to ensure
an attached flow to the runner cone. Independently of the turbulence
model used, the phase-resolved tangential velocity results are in better
agreement with the experiments when compared with the axial velocity.

The turbulence models are able to predict the behavior of the free
and forced vortexes with the exception of the SAS SST model. The
k − ε and RNG k − ε models underestimate the effects of blade tip
clearances, while the SST model captures this effect much better. The
reason for this may be attributed to its ability to perform better under a
strong adverse pressure gradient. Even if the RNG k−ε model accounts
for the effect of the rapid strain, the strong streamline curvature and
the swirling motion (vorticity), the numerical results demonstrated no
significant gain over the k − ε model. The SAS SST model performed
poorly in predicting the phase-resolved velocity compared with the other
models.
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