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Abstract

Hydropower is a clean and sustainable energy resource that has been
developed and used since the late 19th century. In Sweden, power plants
have been constructed over the entire 20th century, with a peak in the
period of 1950–1970. Currently, many of the older plants are in need
of refurbishment. A modern hydropower turbine can have efficiency up
to 95%. By upgrading older turbines, substantial gain can be achieved.
As part of this thesis, a detailed experimental investigation of the flow
in a Kaplan turbine model has been performed with a main focus on
the draft tube. Besides the goal of describing the flow, the result will
serve as validation data for CFD simulations and for scale-up studies
(corresponding prototype is available for similar measurements). The
investigation is performed with time-resolved pressure measurements in
which different periodic flow phenomena are captured. The turbine is
investigated at three different loads: part load, best efficiency point and
near full load.

During the refurbishment of a turbine, site efficiency tests are com-
mon practice to verify the improvements. A key feature of many methods
regarding efficiency tests is flow rate measurements. Several commonly
used methods exist for this task, such as current meter, Gibson’s and
ultrasonic (acoustic) methods. These methods can provide trustworthy
results, but the difficulty to obtain satisfactory accuracy for low-head
machines, below 50 m, is common to most of them. Gibson’s method is
rather economical and is easily performed on site. However, it has some
limitations that make it difficult to apply to low-head turbines, such as
short and non-uniform water passages. This thesis also aims to extend
Gibson’s method for use on low-head machines, i.e., outside the crite-
ria stated in the IEC 41 standard. The investigation is performed with
both numerical and experimental methods. In the numerical investiga-
tion, the physical quantities in rapidly decelerated flows are studied in
detail. Unsteady friction terms are implemented in Gibson’s method to
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enhance the accuracy under non-preferred conditions. A test rig was de-
veloped at the Norwegian University of Science and Technology in Nor-
way for investigation with Gibson’s method outside the criteria stated
in the standard, as well as the validation of the numerical model and
the updated Gibson method.
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Chapter 1

Introduction

”Don’t be afraid, then you will always be afraid.”

– Emil Berggren

1.1 Hydropower

Since ancient times, mankind has explored the possibility of using the
energy from moving water to facilitate labor. Water wheels have been
shown to have been used thousands of years ago at, e.g., Hwang Ho in
China and the Nile in Egypt. These simple wooden wheels were used
to elevate water, grind grain, etc. (Mosonti, 1987). The first known
water mills in Sweden date from circa 300 A.D. and were small un-
dershot wheels (Sidén, 2009). Over time, the wheels were developed,
and more sophisticated mills were constructed, e.g., with artificial falls,
breast-shot wheels and overshot wheels. In the late 19th century, modern
hydraulic turbines, with the purpose of producing electricity, were devel-
oped. The first plants were constructed at that time, such as in Vulcan
Street Plant 1882 at Fox River in Appleton, Wisconsin. In Sweden, hy-
dropower plants have been constructed since the early 20th century, and
construction peaked around 1950–1970.

In 2010, hydropower in Sweden generated 66 TWh, which repre-
sents approximately 45% of the total electricity produced (Svensk energi,
2011). Worldwide, hydropower generated approximately 3300 TWh in
2008, which corresponds to 16% of the electrical energy and 2.2% of
the total energy balance (IEA, 2011). There are over 2000 hydropower
plants in Sweden, and approximately 500 are rated 1.5 MW or higher
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4 1. Introduction

Figure 1.1: Drawing of a hydropower plant (TVA, 2011).

(Sidén, 2009). Figure 1.1 shows a drawing of a typical low-head hy-
dropower station. Hydropower is a clean and sustainable energy re-
source in which the potential energy of elevated water (usually stored
in a reservoir/dam) is converted into electricity. The water from the
reservoir is guided through channels/conduits to a turbine that converts
the potential energy to mechanical energy. The turbine is connected by
a shaft to a generator, which produces the electrical energy.

Most hydropower plants in Sweden were constructed in the mid-20th

century, and at that time, hydropower was the base electricity resource.
Currently, the combination of new energy demands with the deregu-
lated energy market means that machines are often running as a reg-
ulator for the fluctuations in the grid (i.e., more starts and stops are
needed and operating at off-design loads). This situation put new de-
mands on the turbines and forced the market to develop new and more
efficient/reliable turbines. Furthermore, because the power plants are
rather old, they are also in need of refurbishment, or refurbishing is in
progress. Usually, a turbine improves its efficiency by several percentage
points after refurbishment, and in addition to the gain of increased pro-
duction, the company can be awarded green certificates for the increased
power output (beneficial certificate for renewable energy).
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1.1.1 Hydraulic turbines

The key variables governing the power output of a hydraulic turbine are
the available head and discharge. An increase in either the head or the
discharge generates an increase in the power output. Turbines designed
for lower heads are generally geometrically large (up to several meters)
relative to the rated power output (generally designed for high discharge
flows). In contrast, high-head machines are instead geometrically small
relative to the power output. As a function of the available head and
discharge, one or two types of turbines may be appropriate. Turbines
can be divided in two main categories with the following most common
turbine types:

• Impuls turbines

– Pelton

• Reaction turbines

– Francis

– Kaplan

– Propeller

– Bulb

For high-head machines (head above 500 m), the Pelton turbine/wheel
(named after its inventor Lester A. Pelton) is most common and is of
the impulse type. An impulse turbine is placed in open air and is driven
by the kinetic energy of the water. The water is accelerated through a
nozzle and, with high kinetic energy, impacts the buckets on the runner.

A reaction turbine is instead completely submerged in water and
works under pressure. The turbine utilizes both the pressure and the
kinetic energy of the water. In the category of reaction turbines, there
exists several different runner types for use under different conditions.
The two of the most common are the Francis and Kaplan turbines.
Kaplan turbines are of the propeller type with adjustable blades. The
concept was initially designed by Viktor Kaplan in 1913. The adjustable
blades allow its use over a wider range of discharge with a high efficiency.
It is used under low-head conditions (up to 70 m). The adjustable blades
make it less sensitive to head and discharge variations and, therefore,
more suitable for low-heads in which the relative change in head and
discharge can be large compared to high-head conditions. Francis tur-
bines (named after James B. Francis) are placed at heads between that



6 1. Introduction

1 2 5 10 20 50 100 200 500 1000

10

20

50

100

200

300

500

800

1300

2000
H

 [m
]

Q [m3/s]

Pelton
turbine

Francis
turbine

Kaplan
turbine

1 MW

4
10

40
100

400

1000 MW

Figure 1.2: Application chart for the three main turbine categories.
The power lines are calculated assuming an efficiency of η = 0.8 (Dixon,
1998).

used for Kaplan and Pelton with a bit of overlap at both ends. Francis
turbines have a fixed blade design and combines both radial and axial
velocity components, i.e., the flow enters the runner radially and exits
the runner axially. A variation of the Francis turbine is the reversible
pump turbine. Pump turbines are used to pump water up to reservoirs
if cheap excess electrical energy is available (storage of energy) and are
used as turbines when electricity is needed. An application chart for
the most common turbines with the range of their operational head and
discharge is shown in Figure 1.2.

A drawing of a reaction turbine (Kaplan) is shown in Figure 1.3.
The water in a reaction turbine (Kaplan or Francis) is delivered to the
runner by a spiral casing. The spiral casing is designed to distribute the
water equally around the circumference of the runner. Between the spiral
casing and the runner there are stay and guide vanes. The stay vanes
act as support for construction and the guide vanes are the discharge
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Runner

Draft tube

Spiral casing

Shaft
Guide vanesStay vanes

Figure 1.3: Schematic of a Kaplan turbine.

controlling device in a turbine. The angle of the guide vanes determines
the discharge and guides the flow with a proper angle to the runner.
Because flow around submerged objects can cause large losses, the stay
vanes and guide vanes are designed with a wing profile. (Krivchenko,
2000).

The draft tube is an integral part of a reaction turbine. The flow
that exits the runner has a velocity, i.e., kinetic energy. The draft tube is
basically a diffuser that decelerates the water and converts the dynamic
pressure into static pressure, thus increasing the available head over the
runner (i.e., pressure difference between the upstream and downstream
sides of the runner). On low-head machines, a well-designed draft tube
is, therefore, of importance because the converted pressure in the draft
tube (relative to the head) becomes larger with lower heads. A basic
draft tube consists of a conical diffuser followed by an elbow (bend) and
another diffuser (Gubin, 1973). The conversion of the energy takes place
in the two diffusers. The elbow is only constructed for the purpose of
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merging the draft tube with the tailrace in a smooth way and to extend
the diffuser without the need to excavate too much. The elbow may
also be constructed with a slight contraction to avoid separation at the
inner radius due to adverse pressure gradients. A Kaplan turbine is
usually designed to have some swirl at the runner exit. With an optimum
amount of swirl, the pressure recovery in the diffuser can be increased
(Senoo & Kawaguchi, 1978). The swirl prevents the loss of momentum at
the cone wall and, thus, the separation. However, the flow in a draft tube
is complex, and different flow phenomena may occur simultaneously, e.g.,
instabilities from the runner/blades, vortex breakdown and separation.
It is important to design and manufacture a draft tube that has minimal
losses and a high pressure recovery. Older draft tubes, such as the sharp-
heel draft tube, were designed in a way that simplifies the construction
and installation.

Computational fluid dynamics (CFD) has become a substantial part
of research and development in many industries. This point also ap-
plies to hydropower applications but mostly for the design of runners
and seldom to draft tubes or whole turbines. The flow through a tur-
bine gives rise to different flow phenomena. To predict these phenomena
with CFD simulation, boundary conditions have to be determined, and
models have to be validated for the different flow regimes. CFD mod-
els are generally calibrated at simpler flows and geometries than those
found in hydraulic machinery. Therefore, the CFD tools for hydraulic
machinery need to be validated to be considered trustworthy.

Many investigations have been performed on Francis turbines, in-
cluding at the Ecole Polytechnique Fédérale de Lausanne (EPFL) in
Switzerland and at the Norwegian University of Science and Technology
(NTNU) in Norway. EPFL was the first to accurately study the flow in
draft tubes with a project named FLINDT (FLow Investigation in Draft
Tubes). They used both pressure and laser Doppler anemometry (LDA)
measurements to characterize the flow in a Francis draft tube model
(e.g., Nicolet et al., 2004; Arpe & Avellan, 2002; Arpe et al., 2009). At
NTNU, Dahlhaug (1997) investigated swirling flow in a Francis draft
tube, Vekve (2004) presented an experimental investigation of the flow
in a Francis draft tube model with a focus on part load and, recently, Ko-
bro (2010) performed pressure measurements on Francis runner blades
of both models and prototypes.

Moreover, a few research projects have been conducted on Kaplan
turbines. Turbine-99 is one of the larger research projects, open to the
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research community, which uses a Kaplan draft tube. The investigated
draft tube, Hölleforsen, is a sharp-heel type (Gebart et al., 2000). The
project aimed to validate CFD simulations made by different research
groups and to evaluate the different models. The project resulted in
three workshops (Gebart et al., 2000; Engström et al., 2001; Cervantes
et al., 2005). Another project, named AXIAL T, with the goal of char-
acterizing a propeller turbine, is being performed at Laval University,
Canada. It aims to extend the knowledge of the flow in the turbine and
to build a database for manufactures and utilities (e.g., Duquesne et al.,
2010).

1.1.2 Flow measurements

There are many reasons for performing flow measurements in hydropower
plants, e.g., to optimize the production, index tests, verify the turbine
hydraulic efficiency, etc. In the case of efficiency test, the measurement
needs high accuracy, uncertainty below 0.5%. There exists several meth-
ods for site efficiency tests and they can be characterized in two groups
(IEC 41, 1991):

• Direct methods

– Termodynamic method

• Indirect methods

– Gibson’s method

– Ultrasonic

– Current meters

– Tracer methods

The thermodynamic method is the only direct method for efficiency
tests. It is based on thermodynamic laws, and basically, it estimates the
efficiency of the turbine by measuring the temperature increase of the
water due to frictional losses. The indirect methods are based on flow
measurements and estimate the power plant efficiency by the discharge
and the operational head together with the power output. To obtain
the turbine efficiency, the losses from, e.g., the generator needs to be
subtracted. All methods have their limitations in terms of the conditions
under which they are applicable, and common to all of them are either
low accuracy or limitations due to geometrical properties in low-head
power plants. For the thermodynamic method, one major criterion is
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that the head must be at least 100 m (IEC 41, 1991). At lower heads,
the energy transfer from the fluid to heat due to losses is too small. High
discharge and large structural dimensions also make it more difficult to
obtain the correct mean value of the temperature. For the methods
based on flow measurement, similar problems arise due to short and
non-uniform water passages in low-head machines. Gibson’s method
is one of the most commonly used indirect methods and is approved
by IEC 41 (1991). The advantages of the method are that it is easily
installed at sites and is rather economical. It is highly accurate when the
measurement is performed under good conditions. However, the major
criterion that needs to be fulfilled for a method to achieve acceptable
accuracy is at least 10 m of straight conduit with, preferably, a uniform
cross-section IEC 41 (1991). This criterion is seldom fulfilled in low-head
machines.

Initially, the measurements were performed with mercury manome-
ters and photographic paper, and all calculations were made by hand
(Gibson, 1923). Since the method was first presented, some improve-
ments have been made not only by highly accurate equipment but also
to the calculation procedure. Mollicone (1983) made suggestions for
finding the proper endpoint (i.e., the integration endpoint), which was
adopted in the IEC 41 standard. Recently, Adamkowski & Janicki (2010)
presented a modification of the calculation procedure of the endpoint.
Bortoni (2008) suggested an alternative way of measuring the leakage
flow (i.e., the leakage between the closed guide vanes). Dahlhaug et al.
(2006) made comparative measurements under low-head conditions in
which the thermodynamic method and Gibson’s method were compared.

When performing a Gibson’s measurement, the flow undergoes a
transient sequence. Gibson’s method, described in IEC 41 (1991), fol-
lows the assumption of steady-state friction, and thus, it may not be
appropriate under all conditions. Furthermore, research regarding the
influence of unsteady friction in Gibson’s method is absent and might
be one reason for poor accuracy under certain conditions.

1.2 Scope of the thesis

This thesis deals with issues of low-head hydropower. The investiga-
tion focuses on both the first step in the production chain of a turbine
(characterizing the flow in Kaplan turbine models) and the last step
(efficiency determination of newly installed turbines).
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Too few research projects and investigations exist regarding the flow
in Kaplan turbines, and the earlier projects were conducted with tur-
bines of rather old designs. The first part of this thesis aims to charac-
terize the flow in a modern Kaplan turbine to establish a database for
validation of CFD tools under different operating conditions.

After the refurbishment or installation of a new turbine, an efficiency
test is performed to verify whether the turbine meets the stated guar-
anties. Unfortunately, this requirement is hard to meet in low-head
machines, and thus, one needs to rely on model tests through scale-up
formulas. The second part of this thesis aims to characterize the key
phenomena in Gibson’s method in an effort to suggest an improvement
of the method, under conditions outside of the IEC 41 (1991).

The main technique for the investigations, which is used throughout
the thesis, is pressure measurements. However, different types of main
pressure events occur in both cases, and different methods are evaluated.

This thesis is paper based. Part I presents a summary of the work,
and Part II consists of the appended papers. Chapter 2 in Part I presents
a summary of the investigations performed on the U9 turbine model
(Papers A–D). Chapter 3 in Part I presents a summary of the investi-
gations of Gibson’s method (Papers E–G). Chapter 4 describes future
work.
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Chapter 2

Measurements in the U9

Kaplan turbine model

”Success is not the key to happiness.
Happiness is the key to success.
If you love what you are doing,

you will be successful.”

– Herman Cain

In turbines, several pressure phenomena occur simultaneously. Many of
these phenomena may change, disappear or occur when changing the
load. At the best efficiency point (BEP), fluctuations induced by the
runner, such as blade passage, wobbling of the runner and other rotor-
stator interactions (RSI) dominate. For the high load and part load
scenarios, these RSI-induced pressure fields are also present but with ad-
ditional phenomena due to vortex breakdown, separation around curved
surfaces, etc. These off-design procreated pressure phenomena can have
large amplitudes that may cause structural fatigue and/or cavitation.

A phenomenon studied in detail during past years is the rotating
vortex rope (RVR) that arises at part load. The RVR mainly arises in
Francis turbines due to the fixed blade design. For a Kaplan turbine, the
RVR does not occur in the same manner because the adjustable blade
allows for adjusting the runners’ outlet swirl. However, under certain
circumstances, the turbine may be running in an unfavorable regime in
which a RVR is present. This project aims to investigate the complex
phenomena that appear or may appear under certain conditions in a
Kaplan turbine. Because an RVR does not usually appear in a Kaplan

13



14 2. Measurements in the U9 Kaplan turbine model

turbine, but is of interest in the study, the turbine operated in an off-
cam mode at part load, which triggers this phenomenon. In addition to
the part load point, the investigation includes BEP and one high load
point.

This chapter summarizes Papers A–D, whereas Papers A and
Paper B present the dominating phenomena that occur for the three
operating points in the draft tube and spiral casing, respectively. Pa-

pers C and D couple the pressure and LDA measurements performed
by B. Mulu and partly presented in Mulu & Cervantes (2009, 2011).

2.1 U9 turbine model

The Porjus U9 turbine (prototype) is situated at the Porjus hydropower
plant in Lule River. Lule River is located in northern Sweden. It has
15 large hydropower plants and is the largest contributor to the total
electricity produced by hydropower: 12.7 TWh of the total 66 TWh in
2010 (Svensk energi, 2011). The Porjus U9 turbine is a Kaplan turbine
with six runner blades and a runner diameter of 1.55 m. It is operated
under a head of 55 m and produces 10 MW at maximum load (discharge
of ≈ 20 m3/s). The turbine was exclusively built and used for the
purposes of research, development and education.

The turbine under investigation in this thesis is the 1:3.1 scale model
of the Porjus U9 turbine. The whole turbine, including the inlet tube
and the draft tube, has been scaled down to keep it geometrically similar
to the prototype. The draft tube has been the main focus during this
project. The draft tube is of interest because up to 50% of the losses in
the Kaplan turbine can originate in the draft tube (Andersson, 2009).
The U9 draft tube is rather modern and consists of a conical diffuser
followed by an elbow and a straight diffuser. The elbow merges the
circular cross-section of the cone with the rectangular cross-section of
the straight diffuser. Figure 2.1 shows a CAD drawing and the area
ratio of the draft tube.

2.2 Experimental setup

2.2.1 Test rig

The measurements on the U9 model were performed in the test rig at the
Vattenfall research and development (VRD) research facility, Älvkarleby,
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Figure 2.1: (a) U9 draft tube. The red dots correspond to positions for
pressure measurements. (b) Area ratio of the draft tube

Sweden. Figure 1 in Paper B shows a schematic of the test rig with the
U9 model. The model was mounted between two pressurized tanks in
which the absolute pressure can be regulated to either trigger or avoid
the cavitation. In this project, cavitation was not present. At the VRD
test rig, the discharge is adjusted with an accuracy of ±0.13%, and the
hydraulic efficiency is adjusted by ±0.18%. A study of the accuracy of
the VRD test rig can be found in Marcinkiewicz & Svensson (1994).
Figure 2.2 shows a picture of the Porjus U9 model mounted in the test
rig.
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Figure 2.2: Picture of the U9 turbine model at VRD.

2.2.2 Measurement positions and procedure

The measurements were performed with flush mounted pressure trans-
ducers of the membrane type. Three types of transducers were used de-
pending on the location and pressure quantity to be measured (Papers
A and B). The draft tube was equipped with 34 pressure taps, 20 in
the draft tube cone, 13 in the elbow and 1 near the draft tube outlet;
see Figure 2.1(a). The pressure transducers were shifted between the
pressure taps to cover all positions twice, except for a few due to mal-
functioning sensors. Certain positions were measured simultaneously to
cross-correlate the signals or phase-resolve the data to characterize the
pressure field.

The spiral casing was equipped with 8 pressure taps, 6 around the
spiral casing ring (between and downstream of the guide vanes) and 2
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on the outer part of the spiral casing; see Figure 2 in Paper B. A
reference sensor was mounted at the spiral casing inlet. Unfortunately,
due to water leakage around the guide vane shafts, all positions were not
repeated twice. For a detailed view of the pressure tap positions and
measurement procedure, refer to Papers A and C for the draft tube
and Paper B for the spiral casing.

During all measurements, a magnetic sensor was used to capture
each revolution of the runner. The sampling of the data was performed
at 5 kHz and 2 KHz with sampling times of 120 s and 240 s, respectively.
The former was used for phase-resolved data to accurately capture the
angular position of the runner, and the latter was used to capture the
mean pressures.

2.2.3 Turbine operating points

The turbine was investigated at three different loads: BEP, near full load
and at part load (i.e., at the top of the propeller curve, on the right and
on the left leg of the propeller curve, respectively). The operational head
was set to 7.5 m and the runner speed to 696.3 rpm. For the off-design
points, the turbine was set in off-cam mode with the same runner blade
angle as that for BEP. Table 2.1 shows an overview of the operational
parameters.

Table 2.1: Operational parameters.

Operating point Left BEP Right

Guide vane angle [◦] 20 26 32
Discharge [m3/s] 0.62 0.71 0.76
Unit discharge [-] 0.9 1.0 1.1
Normalized efficiency [-] 94 100 99

2.2.4 Error analysis

The uncertainty for the mean values of the pressure measurements was
estimated from two repeated measurements, except for a few positions
due to malfunctioning transducers. The difference in the two repetitions
was calculated, and the uncertainty at the 95% confidence level IEC 41
(1991) was calculated for all repeated positions to obtain an overall
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error. The uncertainty for the best efficiency point, part and high load
were calculated to ±165, ±260 and ±334 Pa, respectively. The high
uncertainty for the high load is due to low frequency disturbances in
the outer and inner radii of the draft tube elbow, which generates large
deviations of the mean value. At part load, the RVR generates high
amplitude oscillations and, thus, larger uncertainty of the mean value
compared to the uncertainty for BEP.

2.3 Data evaluation

There exist different flow phenomena in turbines, such as rotating peri-
odic pressure fluctuations. The fluctuations can be studied with different
time dependent methods. Furthermore, the mean values are of interest
to characterize the non-fluctuating pressure distribution in the turbine.
The pressure can be analyzed using the following:

• Time average

• Spectrum analysis

• Phase-average

• Cross-correlation

The time averaged analysis is performed to evaluate the performance
of the draft tub (i.e., the pressure recovery) and the pressure distribu-
tion in the spiral casing. The frequency and amplitude of the periodic
fluctuations can be estimated by amplitude spectrum analysis.

With phase-resolved analysis, the periodic pressure fluctuations can
be studied, e.g., RSI induced pressures and vortex precession. The shape
and movement of a pressure pulsation along a surface can be determined
with simultaneous measurement at selected positions.

Cross-correlation of signals at different positions is also a useful tool
to determine the shape and origin of different phenomena (Vekve et al.,
2001; Jacob et al., 1994) and is adopted in Paper B.

2.3.1 Pressure recovery

The pressure recovery factor, Cp, is used to determine the performance
of draft tubes. Cp is the ratio of pressure difference (outlet − inlet) to
the inlet dynamic pressure of the mean axial velocity at the inlet section.
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The pressure recovery coefficient used in these calculations is based on
the wall pressure, Cpw (Senoo & Kawaguchi, 1978);

Cpw =
Pwall i − Pwall inlet

ρ
2 (

Q
Ainlet

)2
(2.1)

where Pwall inlet and Ainlet denote the wall pressure and cross-sectional
area at the draft tube cone inlet, respectively, and Pwalli is the wall
pressure along the draft tube. Ideally, the average pressure in each
cross-section should be used, but this value is difficult to measure. The
pressure recovery is also based on the average (axial) kinetic energy at
the inlet. Swirl and non-uniform velocity profiles at the inlet will give a
larger value of the kinetic energy, and thus, Cpw may be overestimated.

The wall pressure recovery is compared to the ideal performance of
the draft tube, i.e., without losses:

Cpideal = 1−
(
Ainlet

Ai

)2

(2.2)

where Ai is the cross-sectional area at point i through the draft tube (i
follows the centerline in the draft tube).

2.3.2 Spectrum analysis

Amplitude spectrum analysis is a useful technique for finding and esti-
mate the frequency and amplitude of periodic fluctuations. Fast Fourier
transform (FFT) is a fast and simple way to find frequencies and an
estimate of their amplitudes (used in Paper A). The plain FFT can be
improved by applying a window and overlapping segments that decrease
the variance in the PSD and the spectral leakage. This procedure gives
a more accurate estimation of the amplitude. Welch’s method (Proakis
& Manolakis, 1992) follows these improvements in which the data are
divided in overlapping segments and different windows can be applied.
This method was adopted for the analysis inPapers B toD. A Hanning
window and an overlap of the segments with 50% were used.

2.3.3 Phase-average

Periodic pressure fluctuations can be analyzed by using phase-averaging
methods. Consider a pressure fluctuation with the phase period α0. The
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pressure can then be decomposed into three parts for the given phase α
(0 < α ≤ α0) (Telionis, 1981):

P (α) = 〈P (α)〉 + P ′(α) = P̄ + P̃ (α) + P ′(α) (2.3)

where, P (α) is the instantaneous pressure, P̄ is the time averaged pres-
sure, P̃ (α) is the periodic fluctuation and P ′(α) is the random fluctua-
tion. The quantity 〈P (α)〉 is the phase-average pressure over α and is
defined by the following:

〈P (α)〉 = lim
N→∞

1

N + 1

N∑
n=0

P (nα0 + α) (2.4)

The actual averaging is made by dividing the phase period α0 into a
number of bins, each with the size Δα. The average in each bin is
thereafter calculated and forms the phase-average (i.e., bin average).
Several methods exist to estimate the averaged value in each bin. One
can just calculate the mean value, but large gradients or curved shapes
of the raw data in the bin might induce large errors in the averaged
value. Two different methods were used in the present study: a method
presented by Glas et al. (2000), where the mean value is estimated with
a parabolic regression to compensate for curvature in each bin, and a
method based on the Fourier series (Sonnenberger et al., 2000).

The method presented in (Sonnenberger et al., 2000) expresses the
periodic fluctuation in the Fourier series. Before the Fourier series can
be fit, the estimate of the bins needs to be calculated. Thereafter, a
direct Fourier transformation can be applied over the phase α:

PM (θ) = a0 +

M∑
m=1

(am cos(mθ) + bm sin(mθ)) (2.5)

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

a0 =
1

N

N∑
n=1

ε(θn) (2.6)

am =
1

N

N∑
n=1

ε(θn)(cos(mθn)) (2.7)

bm =
1

N

N∑
n=1

ε(θn)(sin(mθn)) (2.8)

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 needs to be high
enough to capture the shape of the fluctuations. All fluctuations at
higher frequencies are filtered out.

Both methods (Glas et al., 2000; Sonnenberger et al., 2000) have been
developed for LDA evaluations because the calculation of the RMS value
can be critical in the sense of bin size, i.e., a tradeoff between statistical
and mean accuracy. However, the methods can also be applied to data
other than LDA, such as pressure measurements.

The phase-averaging with respect to the runner frequency is straight-
forward. The magnetic sensor provides a pulse when the runner is at a
certain angular position. The phase period is determined by the time
between each pulse. For this case, the phase is expressed as angular
position of the runner (0◦ < α ≤ 360◦). This approach captures the
fluctuations at the runner frequency and the synchronous frequencies
(Papers B and C).

To phase-resolve the RVR, another approach was needed because
the RVR is asynchronous with the runner. Instead, a reference pressure
transducer was used in the spiral casing to capture the RVR revolutions.
The reference signal must be simultaneously measured as the considered
signal. The reference signal is band-pass filtered with a narrow band
at the RVR frequency, and the mean value is subtracted. Thereafter,
the time between every passage of the curve, from negative to positive,
determines the period α0 (Paper D).

Figure 2.3 shows the decomposition of the pressure with respect to
the runner and the RVR frequency in the draft tube cone. One can
notice that the oscillation at the synchronous blade passage frequency
is visible in Figure 2.3(a).
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Figure 2.3: Illustration of the decomposition and phase-averaging of the
raw pressure data with respect to the runner frequency (a) and the RVR
frequency (b). The black dots are raw data, the red line is the mean
pressure and the white line is the phase-averaged data obtained with the
Fourier method. The dashed blue line corresponds to the bin size. The
mean value differs in the figures because different loads are investigated.
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2.4 Draft tube measurements

At the three investigated operating points, different phenomena affect
the performance of the turbine. The flow that enters the draft tube
has non-uniform velocity profiles and an amount of swirl. Swirl plays a
vital role in transforming kinetic energy to pressure energy in the draft
tube cone because it prevents flow separation at the cone wall (Senoo
& Kawaguchi, 1978). However, swirling flow also contributes to losses
and might trigger non-desirable flow phenomena. The swirl number, Sw
(Equation 6 in Paper C), is a common parameter to quantify the swirl
intensity entering the draft tube cone. Sw in the top part of the draft
tube cone was 0.64, 0.26 and 0.12 for part load, BEP and high load,
respectively (Papers C and D). The swirl decreases with the turbine
discharge because the runner blade angle is held constant (i.e., equal for
all three loads). The high swirl at part load occurs because the runner
blade angle is too large for the actual discharge. This situation gives rise
to vortex breakdown below the runner cone; see Chapter 2.4.3. At high
load, a contra-rotating flow region was found in the draft tube cone.
The contra-rotating flow develops because the blade angle near the hub
is too small in relation to the discharge and the runner angular frequency
(Paper D). At BEP, neither a vortex breakdown nor a contra-rotating
flow exists (Paper C).

2.4.1 Performance of the draft tube

The performance of the draft tube is quantified with the pressure recov-
ery coefficient. Figure 2.4 shows Cpw along the upper and lower sensor
path in the draft tube at the three different loads. Cpw follows a similar
pattern for BEP and high load with a high pressure at the outer radius
of the elbow and a lower value at the inner radius. The flow is acceler-
ated along the inner radius and decelerated at the outer radius. Both
paths seem to converge to the same value after the elbow. Furthermore,
as expected, Cpw is overestimated compared to Cpideal in the cone. The
values are almost similar at the reference position and approximately
0.1 below the ideal value. However, most of the pressure recovery takes
place in the draft tube cone (approximately 70% (cf. Andersson, 1999)).

At part load, Cpw shows poor performance of the draft tube. Cpw is
below zero for both paths at the end of the elbow. After the elbow, in the
outlet diffuser, Cpw increases with almost the same slope as to that for
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Figure 2.4: (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 to the upper path. Red, blue and green colors correspond
to BEP, high load and part load, respectively. L∗ is the normalized
centerline in the draft tube (Paper C).

BEP and high load. Cpw is slightly below zero at the reference position.
This poor performance is due to the RVR that forms at part load; the
consequences of this formation on the flow will be discussed later in
Chapter 2.4.3. Further details and analysis of the pressure recovery are
discussed in Papers A, C and D.
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2.4.2 Synchronous pressure fluctuations

The pressure distribution in the draft tube is of a periodic nature due
primarily to the rotor (at design conditions). The runner (i.e., runner
hub and blades) strongly affects the pressure distribution and induces
pulsations with the same frequency (fn) as its angular frequency of rota-
tion. This pulsation dominates for both BEP and high load conditions.
Figure 2.5 shows the amplitude spectrum along the lower sensor path
and for the reference position, at BEP and high load. fn is visible for
almost all measurement positions, with similar behavior for both loads,
except at positions 10 and 11. It was showed in Paper C that this fluc-
tuation is induced by the runner and is purely axial, which may generate
higher amplitudes at high load due to the high velocity flow impinging
the elbow. For high load, low frequency noise appears at the inner and
outer radii of the elbow due to instabilities in the flow (Figure 2.5(b)
and cf. Paper D) Furthermore, one notes the blade passage frequency
(6 · fn) in the top of the cone for both loads. This frequency rapidly
disappears along the draft tube cone.

Figure 2.6 shows phase-averaged pressure at the top of the cone at
4 angular positions with 90◦ spacing. The curves are phase-shifted with
their geometrical position. Both the fluctuations at the runner and the
blade passage frequency are visible. All curves have similar amplitudes
and phase, which indicates that the runner induces pulsations that are
almost equal around the cone circumference and dependent on the an-
gular position of the runner.
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Figure 2.5: Amplitude spectrum along the lower sensor path (positions
1–11) and for the reference position, at BEP (a) and high load (b). The
frequency is normalized with the runner frequency (f∗ = f/fn).
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Figure 2.6: Phase-averaged wall pressure at the runner frequency fn.
The measurements are made at the top of the cone at four angular
positions (a–d), with 90◦ spacing. The curves for position a, b and d are
phase-shifted with their angular positions to match position c.

2.4.3 Rotating vortex rope

Swirling flows can be found in many applications in addition to turbines,
such as combustion systems. In draft tubes, the swirl can increase the
performance of the draft tube because it prevents separation at the cone
wall (Senoo & Kawaguchi, 1978), i.e., the diffuser angle in the cone can
be sufficiently large. However, if the flow that enters the draft tube cone
has high swirl intensity, a vortex breakdown might occur.

Different types of vortex breakdown exist, but in turbines, at part
load, helical vortex breakdown is a common phenomenon, especially in
Francis turbines (e.g., Vekve, 2004), where it is almost inevitable due
to the fixed blades. In the present study, this phenomenon is triggered
by an off-cam adjustment of the runner blades. This helical vortex
breakdown occurs due to instabilities in the center region of the vortex
(i.e., in the reversed flow region), which starts to precess around the
draft tube cone axis (Lucca-Negro & O’Doherty, 2001). This type of
vortex breakdown is often referred to as a precessing vortex core (PVC)
or, in hydropower applications, as an RVR. Figure 2.7 shows both a
picture of the RVR in the U9 model, visualized with air injection, and
a schematic of an RVR.

Figure 2.8 shows the amplitude spectrum along the lower sensor path
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and for the reference position in the draft tube. The precess frequency of
the RVR is 0.175 ·fn, which is rather low. Usually, the precess frequency
lies in the range of 0.2−0.4 ·fn, but that range is for Francis turbines. It
can be noted that the amplitude decreases along the cone (positions 1–5)
and increases again in the elbow (positions 6–9). The amplitude almost
vanishes in the elbow outlet (positions 10 and 11) and is zero at the
reference position. In Paper D, it was shown that the RVR precesses
in the draft tube cone and continues in the downward direction until it
dissolves close to the outer radius of the elbow. At some locations in the
elbow, the RVR passes close to the sensors. The pressure in the vortex
core is measured as low as -35 kPa compared to the ambient pressure.
This amplitude is approximately half that of the operational head (≈ 75
kPa).

Figure 2.9 shows a contour plot of the phase-averaged wall pressure
in the cone for one precess revolution. The low pressure area (dark blue)
is when the vortex core is closest to the measurement location and shows

ω2

rRVR

ω1

Figure 2.7: (Left) Picture of the RVR visualized with 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.
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Figure 2.8: Amplitude spectrum along the lower sensor path (positions
1–11) and for the reference position at part load. The frequency is
normalized with the runner frequency (f∗ = f/fn).

the helical shape of the rope.
The center of the RVR at different angular positions in the cone

can be estimated by analyzing the phase-averaged tangential velocity
component (LDA measurements are described in Papers C and D);
see Figure 2.10. As a matter of fact, the tangential velocity, when ap-
proaching the RVR from the cone wall in the radial direction, increases
when the rope passes the measurement position due to RVR rotation
around its own axis (ω2). If, instead, approaching the rope from the
draft tube cone center (in the radial direction), the tangential velocity
receives a negative contribution from ω2. Thus, the total tangential ve-
locity increases and decreases on either side of the RVR center compared
to the ambient velocity. Between these two regions (dark red and dark
blue in Figure 2.10), the estimated center of the RVR is found. The
precess radius, rRV R, was approximately half the radius of the cone in
the middle and near the outlet of the cone.

Figure 2.11 shows the phase-resolved axial velocity for one precess
revolution of the RVR. The recirculation region is clearly visible in/near
the RVR center. One can also notice the high velocity field between
the rope and the cone wall. The rope acts as a bluff body and forces
the axial velocity to accelerate in the narrow space between the rope
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Figure 2.9: Contour plot of the wall pressure, phase-resolved with re-
spect to the RVR frequency. The pressure was simultaneous measured
at 5 positions, in the axial direction, along the draft tube cone.

and the wall. The low velocity field in the axial direction reduces the
effect of the diffuser, and the efficiency of the draft tube becomes low
(cf. Figure 2.4(b)). Further details of the part load operation and the
RVR are discussed in Paper D.
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Figure 2.10: Contour plot of the tangential velocity, phase-resolved with
respect to the RVR frequency. The measurements were performed in the
middle of the draft tube cone.
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Figure 2.11: Contour plot of the axial velocity, phase-resolved with re-
spect to the RVR frequency.

2.5 Spiral casing measurements

The function of the spiral casing is to deliver the flow to the runner, uni-
formly distributed around the inlet circumference (Krivchenko, 2000).
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By measuring the pressure at the runner inlet (i.e., between the guide
vanes and the runner) at different angular positions, the uniformity of
the flow distribution can be quantified. Figure 2.12 shows that the pres-
sure distribution is rather uniform around the inlet circumference for all
three loads investigated (Paper B).

The RVR, present at part load, generates a periodic and high am-
plitude pressure field in the draft tube. Upstream of the runner, in the
spiral casing, the precession in the draft tube generates a pressure pul-
sation with the same frequency but lower amplitude (∼ 1/5) as those
of the RVR in the top of the cone; see Figure 2.13 and cf. Figure 2.8.
The pressure pulsation was found by phase analysis to have acoustic
propagation in the spiral casing. Further results from the spiral casing
measurements are discussed in Paper B.
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Figure 2.12: Mean pressure at 4 different angular positions around the
spiral casing ring. A reference pressure at the spiral casing inlet is sub-
tracted for all loads. Refer to Paper B for details of the pressure tap
positions.
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Figure 2.13: Amplitude spectrum at different positions in the spiral
casing at part load. Refer to Paper B for details of the pressure tap
positions.

2.6 Discussion and conclusions

The measurements in the U9 turbine model were performed at three
different operating points: the best efficiency point and two off-design
conditions. The measurements were mainly performed to quantify the
flow in the turbine to build a database for CFD validation purpose.
The main periodic fluctuations were quantified for each load, as was
the performance of the draft tube. At BEP and high load, the draft
tube works well with high pressure recovery, even though at a high load,
low frequency noise occurs at the curved surfaces in the elbow, and a
contra-rotating flow region is found in the center of the draft tube cone.

At part load, the performance of the draft tube is rather poor, with
zero pressure recovery. At this operating point, the swirl that leaves
the runner is too large and induces a vortex breakdown below the run-
ner cone (i.e., a precessing vortex rope (also known as RVR)). The pre-
cess movement of the rope was quantified with amplitude/phase-resolved
analysis of the pressure field, as well as with phase-resolved LDA mea-
surements. The vortex rope was found to precess in the draft tube and
most likely dissolve in the draft tube elbow.

The main periodic fluctuations for BEP and high load were induced
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by the runner and its blades. These fluctuations have, however, small
amplitudes compared to the fluctuations induced by the RVR.

The flow in the spiral casing is similar for all loads, except for an
acoustic pressure pulsation that is induced by the RVR at part load.
The mean pressure distribution around the runner inlet was shown to
be fairly uniform for all loads, indicating a well-functioning spiral casing.



Chapter 3

Gibson’s method

”Everything should be made as simple as possible,
but not simpler”

– Albert Einstein

Gibson’s method was developed almost 100 years ago. Even at the
present time, with our highly precise measuring equipment, this method
has some limitations, as do all methods. The IEC 41 Standard states
that Gibson’s method can, under good conditions, provide results within
an uncertainty of 1.5–2%. Hulaas & Dahlhaug (2006) performed an
uncertainty analysis and concluded that this method can achieve higher
accuracy than that stated in the standard. However, the predicament
with low-head machines and efficiency tests still exist.

3.1 Description of the method

Gibson’s method was developed in 1923 by N. R. Gibson (Gibson, 1923)
and is based on Newton’s second law, i.e., the change in momentum of
a known volume of water. Consider a pressure conduit containing water
with the flow rate Q and two cross-sections in the conduit, separated
with the distance L. The cavity between the sections is denoted as the
test section. By performing a rapid deceleration of the flow, a pressure
increase will occur in the conduit, i.e., a water hammer. The difference in
the pressure between the two cross-sections corresponds to the force that
acts on the water enclosed in the test section. The flow rate before the
retardation sequence is then determined by integration of the differential
pressure over time (IEC 41, 1991):

35
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Q =
A

ρL

t∫
0

(ΔP + ξ)dt+ q , (3.1)

where Q is the discharge, A is the cross-sectional area, L is the distance
between the cross-sections, ρ is the water density, ΔP is the differential
pressure, ξ is the pressure loss due to friction, t is the time and q is the
leakage flow after the closure. The procedure follows an iterative scheme
to find the pressure loss for each step. Figure 3.1 shows a schematic of
a Gibson’s installation.

Figure 3.2 shows the differential pressure from a simulated valve clo-
sure with the corresponding velocity calculated with Gibson’s method.
The integration is rather straightforward, but there are two parameters
that need to be considered: the frictional losses during the closure (red
line) and the end point of the integration.

The frictional losses in Gibson’s method are treated as quasi-steady
with a friction factor calibrated from the initial flow. The friction factor
is assumed to be constant during the whole integration, and the pressure
loss at each time step is calculated by the following:

L

P1

P2

Q

1

2

Figure 3.1: Schematic of a Gibson’s setup at a hydropower plant. L is the
measuring length, Q is the discharge and P1 and P2 are the pressures at
the corresponding cross-sections. The differential pressure in Equation
3.1 is calculated using ΔP = P1 − P2.
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Figure 3.2: Gibson’s integrated velocity with corresponding differential
pressure and pressure losses. The green line is the differential pressure,
the red line is the pressure loss and the black line is the calculated
velocity. Pressure data were obtained from a simulation.

Ploss = kQ2
i , (3.2)

where k is the frictional constant calibrated from the initial pressure
loss and Qi is the discharge at each time step during the integration.
An investigation of the quasi-steady assumption of the pressure loss in
Gibson’s method is presented in Paper G and summarized in Chapter
3.4.2.

The integration start and end points need to be identified prior to the
integration. The start point is simply when the closure sequence starts.
However, the end point is dependent on the pressure swings after the
closure (green line for t > 4 s in Figure 3.2). In IEC 41 (1991), the
integration limit is chosen in a way that the integration after the end
point becomes zero (IEC 41, 1991; Mollicone, 1983). The calculation
procedure is based on damped harmonic oscillations for which the end
point is determined by the damping ratio and the period time of the
oscillation; thus, the peaks and zero passages of the signal must be
found (two subsequent peaks with decreased amplitude). However, a
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noisy signal or pressure oscillations with non-harmonic damping will
add uncertainty to the calculation.

In the case of the pressure data where the pressure swings have small
amplitudes or where the amplitudes are rapidly damped out, one can
perform the integration over all peaks. In cases with high amplitudes
and/or noisy signal, the calculations of the flow rate can be performed
over a wide range of peaks and averaged to obtain a more reliable result.
Additionally, the signal can be filtered out to find the correct pressure
peaks to use, i.e., zero passages and peak amplitudes. The end points
obtained from the filtered signal are thereafter used in the integration
of the original signal, which provides a correct integration limit without
losing information due to filtration (Ramdal et al., 2010). This process
is implemented in Gibson’s method, where a script automatically cal-
culates several end points, which takes a much shorter time than would
manually calculating the flow for several points. This process also has
the advantage of allowing easy identification of calculation errors and
corrupted data series.

Figure 3.3(a) shows an example of a filtered and original signal with
the calculated end points. The signal is obtained from laboratory mea-
surements. The signal is not that noisy, but it is still difficult to de-
termine the exact peak amplitudes and zero passages. The calculated
discharge error corresponding to each stop point is shown in Figure
3.3(b). In this case, the spread around the mean value is approximately
±0.1%, which shows that if only one point is considered, the result can
deviate by up to 0.2% in terms of the end point. The standard Gibson’s
procedure (IEC 41, 1991) is used in Paper F, and the filtering method
is adopted in Paper G.

3.1.1 Limitations

The main criteria of the method are that the length, L, of the test
section, must exceed 10 m and that the initial bulk velocity, U, in the
test section times the length of the test section (UL) must exceed 50
m2/s, when the unit operates at full load (IEC 41, 1991). These criteria
are impossible to fulfill in most low-head machines due to short and non-
uniform water passages. Another criterion, stated in IEC 41 (1991), is
that the sum of the head loss and of the dynamic pressure in the test
section should not exceed 20% of the average pressure increase during
the closure sequence.
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Figure 3.3: Illustration of the filtering method for the determination of
the end point. The data are obtained from laboratory experiments. (a)
Pressure trace of the raw data (grey) and the filtered signal (black). The
white squares correspond to the calculated end points. (b) The error of
the estimated flow relative to an accurate reference.

3.2 Experimental setup

3.2.1 Test rig

The laboratory investigation was performed at the Waterpower Labora-
tory at NTNU. The rig consists of an open gravity-driven pipe system
with a maximum discharge of approximately 0.410 m3/s. The test sec-
tion consists of a 26.67 m stainless steel pipe with an internal diameter
of 0.3 m. A hydraulic-driven gate valve was used for the closing se-
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Figure 3.4: (left) Picture of the test section pipe of the test rig in NTNU.
(right) A CAD drawing of the complete system with the test section
marked in red.

quence, and the reference flow was measured with a highly accurate
magnetic flow meter (Krohne IFS 4000). The measurements were per-
formed with both absolute (Druck PTX 1830) and differential (Honey-
well FP2000/FDW) pressure transducers to experimentally investigate
the effect of the connecting tubing (Paper F). Figure 3.4 shows a pic-
ture of the test section pipe and a CAD drawing of the complete system.

The measurements were performed at three lengths, L = 3, 6 and
9 m, and at the three flow rates, Q ≈ 0.16, 0.3 and 0.4 m3/s, which
corresponds to Re ≈ 0.65 × 106, 1.25 × 106 and 1.70 × 106, respectively.
These measurements provide a possible range of UL between approx-
imately 7 to just above 50 m2/s. Further details of the experimental
setup are presented in Paper F.

3.2.2 Uncertainty

The uncertainty of experimental measurements is an essential quantity.
Without knowledge of the magnitude of the errors, the result is not
reliable. The absolute and the differential pressure transducers have a
guaranteed uncertainty from the manufacturer of ±0.1% and ±0.25%,
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respectively. However, the transducers were carefully calibrated with a
high precision dead weight manometer (P3000 Pneumatic Deadweight
Testers) with an accuracy of 0.008% (of reading). The transducers were
calibrated with an uncertainty below 0.1%.

The magnetic flowmeter has a guaranteed accuracy of 0.3%. How-
ever, it was calibrated with the laboratory’s weight-time system, which
has an accuracy of 0.051%. After calibration, the largest deviation of
the reading from the calibration curve never exceeded 0.1%.

The measurements were based on repetitions to obtain a trustworthy
mean value. In Paper G, the uncertainty of the mean at the 95%
confidence level was used to quantify the error (IEC 41, 1991);

e = t0.95
σ√
(n)

, (3.3)

where e is the standard error, t0.95 is the value of the student’s t-
distribution corresponding to the 95% confidence level, σ is the standard
deviation and n is the number of repetitions.

Moreover, the uncertainty of the measurements in Paper F was
calculated by 1.96 standard deviations and is a parameter that describes
the spread of the data. Thus, not representative of the uncertainty of
the mean because the uncertainty does not approach zero as the number
of samples approaches infinity.

3.3 Numerical modeling

Transient flow in pipe systems is complex; fast and high amplitude pres-
sure waves do occur (i.e., water hammer). These transients can be pre-
dicted with numerical simulations. In the present project, simulations
of the valve closures in the test rig were performed to study Gibson’s
method. The simulations were made for the same Q and the pressures
were extracted at the same L as in the experiments. Gibson’s integration
was then performed in same way as that for the experimental data.

3.3.1 Numerical methods

Water hammer flows can be studied with several methods. Recently,
different 2D methods have been improved and validated with experi-
ments (e.g., Riasi et al., 2009; Duan et al., 2009). However, 1D codes
are the most commonly used in water hammer simulations due to their
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simplicity and because they are computationally fast. 1D simulations
are chosen for the simulations herein. The governing 1D equations for
water hammer flows are the momentum and continuity equations and
are defined as follows (Wylie & Streeter, 1993):

∂H

∂x
+

1

g

∂V

∂t
+

fV |V |
2gD

=0 and (3.4)

∂H

∂t
+

a2

g

∂V

∂x
=0 , (3.5)

respectively. V is the bulk velocity, H is the piezometric head, a is the
wave speed, g is the gravitational acceleration, f is the friction factor
and D is the pipe diameter. The convective terms have been neglected
due to the low Mach number (M � 1) and the low compressibility of
water (Ghidaoui et al., 2005).

Different numerical schemes exist for solving the equations. Two
numerical schemes were used in this thesis: MUSCL-Hancock (Zhao &
Ghidaoui, 2004) and the method of characteristics (MOC) (Wylie &
Streeter, 1993). The former is adopted in Papers E and F, and the
latter in Paper G.

The MUSCL-Hancock is of the Godunov type and is based on the
finite volume method. It is of second order, which is preferable when
the Courant number (Cr) is below 1 (Zhao & Ghidaoui, 2004). In water
hammer schemes, the Courant number is the ratio of the physical wave
velocity (a) and the grid velocity (Δx/Δt). It is defined as follows:

Cr = aΔt/ΔL , (3.6)

where Δt and ΔL are the time step and grid length, respectively. To
minimize numerical dispersion in the scheme, the Courant number should
be equal or close to unity but not larger. However, when Cr = 1, the
scheme exhibits no numerical dispersion.

MOC is the most commonly used 1D scheme for water hammer sim-
ulations. MOC converts the partial differential equations (Equation 3.4
and 3.5) to ordinary differential equations along characteristic curves
(Wylie & Streeter, 1993):
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C+ :

⎧⎪⎨
⎪⎩

g

a

dH

t
+

dV

t
+

fV V

2D
= 0

dx

dt
= +a

(3.7)

C− :

⎧⎪⎨
⎪⎩

−g

a

dH

t
+

dV

t
+

fV V

2D
= 0

dx

dt
= −a

(3.8)

The discretization of the equations are made by finite difference and
implemented in a Matlab routine.

3.3.2 Friction model

The model used for the friction is the Brunone friction model (Brunone
et al., 1991). The advantages of the model are that it is easily imple-
mented and computationally fast. It is defined as follows:

f = fq +
kD

V |V |
(
∂V

∂t
− a

∂V

∂x

)
(3.9)

where fq is the quasi-steady friction factor. The coefficient k is a weight-
ing coefficient for the convective and temporal accelerations. Papers E

and F use a modification of Brunone’s model (Bergant et al., 2001). The
modification makes the model applicable to situations with upstream
valve closures, which is, however, not the case in the present study.

The coefficient k is calculated by k =
√
C∗/2, where C∗ is Vardy’s

shear decay coefficient. Vardy’s shear decay coefficient for laminar flow
is C∗ = 0.00476, and for turbulent flow, it is calculated by (Bergant
et al., 2001):

C∗ =
7.41

Relog(14.3/Re0.05)
(3.10)

The coefficients k and fq were set to follow the instantaneous Reynolds
number, i.e., the coefficients were updated for the local velocity at each
grid point and time step. Adamkowski & Lewandowski (2006) showed
this process to provide a good estimate of the integrated pressure trace
(over time) compared to experiments at high Reynolds turbulent flows
(although it was lower than for these simulations).
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When performing simulations, it is important to have a grid inde-
pendent solution. Richardson’s extrapolation was used to check the
grid dependent error (Ferziger & Peric, 2002). The error is checked for
one closure in which the pressure trace at the mid-section of the pipe
was extracted. The considered parameter was the absolute value of the
pressure, integrated over time (I =

∫ t
0 |P |dt). This quantity is strongly

dependent on damping and representative of the approximation of grid
induced error. The Richardson method for three grid densities was used:
N = 50, 100 and 200. Both the approximated and the extrapolated error
were below 0.05%. The finest grid was used for the simulations.

3.4 Laboratory measurements and simulations

The measurements in the NTNU test rig were compared to simulations
of a simplified geometry. The test rig consists of pipes with different
diameters and some bends before the test section. For the simulations,
a pipe with a diameter of 0.3 m (same as in the test section) and a length
of 40 m was used as a model. Comparison of the estimated discharge
for the experiments and the simulations shows that the numerical model
seems to predict the transient phenomenon rather well and is, therefore,
appropriate for a numerical study of Gibson’s method; see Figure 3.5.
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Figure 3.5: Flow estimation error from the measurements and simula-
tions (MOC) for a test section of 9 m in length. The wall roughness in
the simulation is calculated from the head loss in the measurements.
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3.4.1 Conditions outside the standard and the effects of

the connecting tubing

The effects of the tubing between the pressure transducer and the con-
duit were investigated with both experiments and simulations. An
earlier numerical and experimental investigation of Gibson’s method
(Lövgren et al., 2006) showed large errors on the estimated discharge.
The experiments were performed on a small scale test rig with a pipe
diameter of 0.051 m and a total length of 11.6 m. The pressure was
measured with differential transducers connected with plastic tubing,
and the highest tested Reynolds number was 1.9× 105.

Paper E presents simulations with the same geometry as in the
small scale experiments to investigate the effect of the tubing. The
simulations were made with a MUSCL scheme. A simulation of the
valve closure was first performed to obtain the pressure trace at the
locations of the connecting tubing. Thereafter, the pressure trace was
used as the boundary conditions for the simulation of the pressure in the
tubing. The influence of the pressure waves in the tubing on the waves
in the main pipe is, therefore, neglected.

Comparison of the simulated and experimental differential pressures
shows that the high pressure peak is accurately captured in the simula-
tions; see Figure 3.6. The damping of the oscillations after the pressure
peak is, however, slightly overestimated compared to that in the experi-
ments. The experimental and the simulated pressure traces show similar
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Figure 3.6: (a) Comparison of simulated and experimental (Lövgren
et al., 2006) pressure traces. The simulation includes the effects of the
tubing. (b) Closer view of the first few pressure peaks after the closure.
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Figure 3.7: Deviation of the Gibson-estimated flow rate from the initial
discharge, from simulated valve closures with (a) and without (b) the
effect of the tubing. The initial velocity varied from 1.1 to 5 m/s.

behavior with notches in the peaks, due to the interference of the waves
in the tubing and the piping. Even though the pressure trace from the
simulations does not exactly match that of the experiments, the overall
behavior is similar.

Gibson’s calculation of the simulated valve closure, with and with-
out the effect of the tubing, shows that the tubing has only a small
influence on the estimated flow rate; see Figure 3.7. The difference of
the estimated flow rate is likely due to the integration limit, which is
difficult to determine with the presence of notches in the pressure peaks.
By applying the filtering method presented in Section 3.1 or integration
over all peaks, the discrepancy between the two may be reduced.

Experiments in the test rig at NTNU (Paper F) with differential
and absolute pressure transducers show that the effect of the tubing is
almost negligible at a test section length of 9 m; see Figure 3.8. When
decreasing the test section length to 3 meters (Figure 3.9), the esti-
mated flow rate for the absolute sensors deviates significantly at the
lower Reynolds numbers, compared to those with a test section of 9 m.
The estimations for the differential sensors are, however, almost equal
for both lengths. The spread of the estimations are much larger for this
length, and hence, the relative error becomes larger with a smaller test
section length. The absolute sensors are connected to the conduit with
short tubing and a manifold, which might induce some errors. However,
later measurements in which the absolute sensors were mounted directly
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Figure 3.8: Deviation of the Gibson-estimated flow rate from the refer-
ence, for a test section of 9 m in length. The bars correspond to 1.96
standard deviations.
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Figure 3.9: Deviation of the Gibson-estimated flow rate from the refer-
ence, for a test section of 3 m in length. The bars correspond to 1.96
standard deviations.

on the conduit showed similar results of the estimated flow, except for
L = 3 m, where the estimates were closer to the ones for the differential
sensors (Jonsson et al., 2010).
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3.4.2 Unsteady friction approach

From both the numerical study and the experiments, a Reynolds number
or initial velocity dependence in the error of the estimated flow rate was
observed. This finding was thought to originate from the pressure loss
during the closure sequence (red curve in Figure 3.2). Gibson’s method
(according to IEC 41 (1991)) uses a quasi-steady friction factor for the
pressure loss (Equation 3.2) obtained from the initial pressure loss, and
this factor is assumed to remain constant during the whole integration.

Research regarding unsteady friction in decelerating flows shows that
the (wall) friction can both be lower and higher than that for a quasi-
steady flow, depending on the Reynolds number and deceleration rate
(Kurokawa & Morikawa, 1986; Shuy, 1996; Ariyarante et al., 2010). The
numerical model used in the present investigation showed good agree-
ment with the experiments. The influence of each term in Brunone’s
model (Equation 3.9) on the pressure loss was studied by explicitly
adding them in the MOC scheme (Paper G). The quasi-steady term
balances the pressure loss in the case of steady state flow and provides
a large contribution to the friction, while the bulk flow is substantially
large. The temporal acceleration (dV/dt) provides a (negative) contri-
bution to the pressure loss during the closure, which makes the total
friction slightly lower than the quasi-steady term. The convective accel-
eration (dV/dx) was shown to only slightly contribute during the closure,
whereas it represents most of the damping of the pressure oscillations
after the closure. Furthermore, most of the friction from the convective
acceleration is canceled out in a Gibson’s integration.

The constant friction factor in Gibson’s method was replaced by
an unsteady expression consisting of the quasi-steady and the temporal
acceleration term from Brunone’s model:

f = fq +
kD

V |V |
(
∂V

∂t

)
. (3.11)

The constants fq and k are updated in a similar way as in the simu-
lations, i.e., for the local velocity at each time step. The calculation
procedure of the unsteady Gibson follows an iterative routine. First,
an initial guess of the velocity during closure is made by assuming lin-
ear pressure losses. Thereafter, using the calculated velocity, a new
pressure loss curve is calculated using the unsteady expression of the
friction factor. Last, a new Gibson’s integration can be performed with
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Figure 3.10: Procedure of unsteady Gibson’s calculation.

the updated pressure losses. This cycle continues until a convergence
criterion is satisfied. Figure 3.10 shows an overview of the procedure.

Comparisons of the Standard Gibson (SG) (IEC 41, 1991) and the
Unsteady Gibson (UG) were made with the experiments performed at
the NTNU test rig. Figure 3.11(a) and 3.11(c) show the flow estimates
for both methods. It can be seen that UG gives an estimate closer to
the reference for most of the points. The uncertainty bars enclose or are
close to the zero value for most of the tested points. Because the bars
from both models overlap each other, the difference of the estimates for
SG and UG from same event was calculated to evaluate a systematic
behavior. The uncertainty is very small (Figure 3.11(b) and 3.11(d)),
and thus, the difference between SG and UG is systematic. Moreover,
the same behavior was found at a test section length of 3 m but with
a larger deviation from the reference and larger uncertainty; see Paper

G.
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Figure 3.11: Deviation of the standard and unsteady Gibson-estimated
flow rate from the reference (a and c) and the difference between the
estimations (b and d). (a) and (b) correspond to a test section length
of 9 m, while (c) and (d) to a length of 6 m. The bars correspond to the
uncertainty of the mean at the 95% confidence level.

3.5 Full scale measurements

Field measurements were performed at the Statkraft-owned power plant
Anundsjö in Sweden (Jonsson et al., 2010). It was an efficiency test of
the station that at the same time provided an opportunity to perform a
comparative test of Gibson’s method, within and outside of the criteria
stated in IEC 41 (1991). The station has one Francis unit and operates
under a nominal head of 58.5 m. The maximum effect of the unit is
5 MW at a discharge of 10 m3/s. It has a vertical penstock with an
internal diameter of 2.2 m and a length of 50 m. The major part of
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the penstock is placed in an open shaft that makes it accessible for
installation of the Gibson equipment.

The measurements were simultaneously performed with two different
setups: one with a test section length of L = 30 m that satisfies the
criteria (36 < UL < 68) and one with L = 7 m (7 < UL < 19). The
setup with L = 30 m was used for the efficiency test and acted as the
reference for the setup with the shorter length. Figure 3.12 shows a
schematic of the Gibson setup.

The same differential pressure sensors were used as in the laboratory
experiments. Six sensors were available for the test, three for each setup.
These sensors were mounted with 120◦ circumferential spacing around
the penstock circumference. A total of 19 runs were completed over the
tested operational range. Furthermore, because it was an efficiency test
performed with limited time, few repetitions at each load were possible
to cover the whole operational range. From a research perspective, it
would have been preferable to have performed more repetitions with
fewer points.

7 m 30 m

2.2 m

cross-sections

Figure 3.12: Schematic of the Gibson setup at Anundsjö power plant.
Three pressure taps are mounted with 120◦ spacing around the pen-
stock circumference at each cross-section, and three differential pressure
transducers are used for each test section.
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The result is expressed as the difference between the estimated dis-
charge for L = 7 and L = 30 m (simultaneously measured) relative to
the reference (L = 30):

Qe =
Q7 −Q30

Q30 + q
(3.12)

where Qe is the difference, Q7 and Q30 are the estimated discharges and
q is the leakage flow. The leakage flow was determined to be q = 0.2
m3/s using one-path ultrasonic equipment. However, this parameter is
not crucial for the comparative measurements due to its small influence
on the results.

Figure 3.13 presents the difference of the estimated discharges plot-
ted versus the guide vane opening, where 100% corresponds to the high-
est tested load. The difference is randomly distributed over the whole
range, with no visible bias. The maximum difference is 1%, and the
mean difference of all points is calculated to be 0.1%. The deviation
from the mean at the 95% confidence level is ±0.27% and is calculated
from all 19 runs (IEC 41, 1991).

If one treats the measurements at L = 30 m as a precise reference,
the uncertainty satisfies the criterion stated in IEC 41 (1991). However,
the uncertainty in the measurements is true for both setups, and without
an accurate reference, it is impossible to determine the uncertainty for
the estimated discharge for each setup compared to the actual discharge.
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Figure 3.13: Difference between estimated discharge Q7 and Q30 relative
to Q30 + q.
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Regardless, the study shows that the difference between the two is small
with a mean value of almost zero. Furthermore, with an accurate ref-
erence or measurements with another reliable method, trends such as
those observed in the laboratory investigation with initial velocity de-
pendence could emerge. These potential trends are likely canceled out
in the present measurements.

3.6 Discussion and conclusions

Numerical and experimental investigations of Gibson’s method were per-
formed. The experimental part includes both laboratory and full scale
measurements. A numerical model, using Brunone’s friction formula-
tion, was used to evaluate Gibson’s method. For validation of the numer-
ical model and to investigate Gibson’s method under conditions outside
of the criteria (IEC 41, 1991), a test rig was developed and constructed
at NTNU.

Gibson’s measurements can be performed with either absolute or
differential pressure transducers. The advantage of using absolute sen-
sors is that no tubing is needed and the differential pressure is digitally
calculated. However, a drawback is that the transducers need to be ca-
pable of handling, in addition to the pressure increase during closure,
the pressure head in the system. Thus, the range of the sensors might
be much larger than the pressure increase in question, which may add
uncertainty to the results. The numerical study showed that the ef-
fects of the connecting tubing alone (Paper E) has a small influence
on the estimated flow rate, and these effects may be eliminated by an-
other integration procedure. The numerical result was validated with
laboratory measurements (Paper F) in which both absolute and differ-
ential pressure transducers were used. The estimated flow was similar
for both types of transducers, except for the shortest test section length,
where the absolute sensors showed a slightly larger discrepancy from the
reference.

In the experimental and numerical results, a velocity or Reynolds
number-dependent deviation of the estimated discharge from the refer-
ence was found. Because the numerical model showed good agreement
with the experiments, Brunone’s friction model predicts the transient
phenomena in a Gibson’s closure rather well. A detailed evaluation of the
terms in the friction model showed the importance of the temporal accel-
eration, which is absent in Gibson’s method (Paper G). A modification
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of Gibson’s procedure by implementation of the temporal acceleration,
together with a quasi-steady friction factor, allows for a more accurate
estimation of the flow rate compared to the standard Gibson method
procedure. The modified method (unsteady Gibson) was validated with
experiments in which the estimated error was reduced by up to 0.4%.
However, the laboratory experiments have smaller pipe diameters and
Reynolds numbers than do most hydropower plants. Validation of the
unsteady Gibson at higher Reynolds numbers is nonetheless necessary
in well-defined and controlled conditions.

One can imagine that higher pressure losses in the test section will
have a greater influence, due to the unsteady friction, on the result.
The criterion in the IEC 41 (1991), which states that the pressure loss
in the test section should not exceed 20% of the average pressure increase
during the closure, might originate from problems with the calculation
of the friction. This problem could, perhaps, be eradicated with the
unsteady Gibson method.

The full scale measurements showed that the difference between mea-
surements according to and outside of the criteria in IEC 41 (1991) was
within 1%, with a mean value of almost zero. Any velocity or Reynolds
number dependence on the estimated flow rate was not found, and thus,
this potential dependence is most likely canceled out because the same
method is used as a reference.



Chapter 4

Future work

The measurements performed on the U9 Kaplan model aimed to build a
database for CFD validation. The pressure measurements together with
the LDA measurements (presented in Paper C and D) are a good base
for CFD validation. However, several quantities exist that should be
useful for CFD validations and for a deeper understanding of the flow,
such as the following:

• Pressure measurements on both the suction and pressure sides of a
runner blade would provide useful information about the pressure
distribution (e.g., eventually separation points might be found and
guide vane wakes influence on the pressure field).

• The LDA measurements provide boundary conditions for the tan-
gential and axial velocity components. The radial component is,
however, still unknown. Measurements in the draft tube cone us-
ing particle image velocimetry (PIV) may allow the determination
of the radial component.

• The influence of the wall friction in periodic/oscillating flows is
difficult to quantify due to its complexity. Performing wall-shear
measurements would provide a better understanding of the losses
in the draft tube, as well as a good basis for the validation of the
wall functions used in CFD models.

Regarding Gibson’s method, several interesting approaches exist to gain
a better understanding of the phenomena that occur during Gibson’s
measurements, i.e., during rapid deceleration of flows. Furthermore,
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validation of the unsteady Gibson at large scale turbines is needed. The
suggested future work is summarized below:

• The numerical model used in this work predicts the transient phe-
nomena rather well. It limits a deeper survey of the flow field. In
the future, simulations with 2D codes should allow for the study
of velocity profiles and the wall shear stress at different phases in
decelerating flows.

• The transient friction during the rapid deceleration of the water in
Gibson’s measurement follows complex phenomena. To further in-
vestigate the behavior of the friction in rapidly decelerating flows,
measurements of the wall shear stress should be made. Measure-
ments in both decelerating flows and almost instantaneous closures
will provide good validation data for numerical models.

• The unsteady Gibson is shown to perform better at the labora-
tory scale than the standard Gibson. One goal is to validate the
method with full scale measurements for which an accurate refer-
ence can be used. One alternative for this validation is the Porjus
U9 unit, where stationary 8-path ultrasonic equipment is mounted
on the inlet tube. The tube is also equipped with pressure taps
for Gibson’s measurements.



Chapter 5

Division of work

Paper A

Time resolved pressure measurements on a Kaplan model
Pontus P. Jonsson and Michel J. Cervantes

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

Paper B

Pressure measurements in the spiral casing of a Kaplan turbine model.
Pontus P. Jonsson and Michel J. Cervantes

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

Paper C

Experimental investigation of a Kaplan draft tube – Part I: best effi-
ciency point.
Berhanu G. Mulu, Pontus P. Jonsson and Michel J. Cervantes

The pressure measurements and the corresponding error analysis were
performed by Jonsson, while the LDA measurements and the corre-
sponding error analysis were performed by Mulu. The analysis was
performed by Jonsson and Mulu in discussion with Cervantes. All au-
thors wrote the manuscript.
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Paper D

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

The pressure measurements and the corresponding error analysis were
performed by Jonsson, while the LDA measurements and the corre-
sponding error analysis were performed by Mulu. The analysis was
performed by Jonsson and Mulu in discussion with Cervantes. All au-
thors wrote the manuscript.

Paper E

Numerical investigation of the Gibson’s method – Effects of connecting
tubing.
Pontus P. Jonsson, Michel J. Cervantes and Marie Finnström,

The numerical simulations were performed by Jonsson in discussion with
Finnström, while Jonsson and Cervantes wrote the paper.

Paper F

Experimental investigation of the Gibson’s method outside standards.
Pontus P. Jonsson, Jørgen Ramdal and Michel J. Cervantes

The experiments and analysis were performed by Jonsson and Ramdal,
while the simulations were performed by Jonsson. Jonsson and Cer-
vantes wrote the paper.

Paper G

Development of the Gibson method – unsteady friction.
Pontus P. Jonsson, Jørgen Ramdal and Michel J. Cervantes

The experiments were conducted by Jonsson and Ramdal, while the
simulations were performed by Jonsson. The unsteady model was de-
veloped by Jonsson in discussion with Ramdal. Jonsson and Cervantes
wrote the manuscript.
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Vekve, T., Brekke, H., & Skåre, P. E. 2001. Analyzing techniques for
dynamic pressure data applied on Francis turbines. In: Proceedings of the
10th WG Meeting on the Behaviour of Hydraulic Machinery under Steady
Oscillatory Conditions. Trondheim, Norway.

Wylie, E.B., & Streeter, V. L. 1993. Fluid transients in systems. Upper
Saddle River, New Jersey, USA: Prentice Hall.

Zhao, M., & Ghidaoui, M. S. 2004. Godunov-type solutions for water
hammer flows. J. Hydraul. Eng., 130(4), 341–348.



Part II

Papers





Paper A

Time resolved pressure measurements

on a Kaplan model





Time resolved pressure measurements

on a Kaplan model

By Pontus P. Jonsson and Michel J. Cervantes

Division of Fluid and Experimental Mechanics, Lule̊a University of Technology,

SE-971 87 Lule̊a, Sweden

In the Proceedings of the 33 th Congress

of IAHR, Vancouver, Canada, 2009

Abstract

The scope of this paper is time resolved pressure measurements
on a model turbine for validation of numerical simulations and a
survey of scale-up formulas since the corresponding prototype is
available for similar measurements. The measurements were per-
formed on a 1:3.1 scale Kaplan model turbine with a rotational
speed of 696.3 rpm. The pressure sensors were flush mounted at
20 positions around the draft tube cone and 13 positions in the
elbow. A reference pressure in the draft tube outlet was measured
simultaneously during all measurements. An encoder was used to
resolve the angular position of the runner to the sensors. Three
different loads were investigated with a constant blade angle: at
peak efficiency, part load and near the full capacity. Vortex break-
down was present at off-design in both cases.

At the peak efficiency point the main frequency is the runner
rotational frequency. The blade passage frequency is also present
in the upper part of the cone. High pressure peaks are present in
the draft tube at part load due to the vortex rope existence at this
regime. The vortex rope has a frequency of about 0.175·fn.
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Nomenclature

f∗ Dimensionless frequency, (f/fn) [-]
fn Runner rotational frequency [Hz]
Cp Pressure recovery [-]
D Runner diameter [m]
H Head [m]
N Runner speed [rpm]
Q Discharge [m3/s]
α Guide vane angle [◦]
η∗ Normalized efficiency [-]
BEP Best Efficient Point
CFD Computational Fluid Dynamics
RVR Rotating Vortex Rope

Introduction

Nowadays, numerical computations are an important and common part
in development of turbines. By implementing Computational Fluid Dy-
namics (CFD) in the early design phase the number of model tests can
be reduced which results in lower manufacturing costs. However, the
flow through a turbine is rather complex and can be hard to reproduce
correctly in numerical simulations. Hence, many models in CFD are
calibrated and validated through simpler geometries and flow patterns.
An ongoing project aimed to create a database of pressure and velocity
measurements for validation of CFD simulations. The measurements
are performed on a 1:3.1 scale Kaplan turbine model.

The measurements are also going to be used to study scale-up be-
tween model and prototype since the corresponding prototype is avail-
able for similar measurements in the north of Sweden. It is operated
under a head of 55 meter and produces 10 MW at full capacity.

This paper presents pressure measurements made in the draft tube
where the flow can be complex and undergo several flow phenomena
such as rotating vortex rope, especially at off-design, see Vekve (2004)
and Nicolet et al. (2004). Three different operation conditions were
investigated: peak efficiency and two off-design points.
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Measuring setup and method

Test rig and operational conditions

The test rig used for these measurements is situated in Vattenfall Re-
search and Development (VRD) model test facility in Älvkarleby, Swe-
den. It is a closed loop system where the absolute pressure in the down-
stream tank can be regulated to control the presence of cavitation. The
turbine consists of a 6 blade Kaplan runner with a diameter of 0.5 m,
20 guide vanes and 18 stay vanes. The measurements were performed
under a net head of 7.5 m with a runner speed of 696.3 rpm. The in-
vestigated working points were at the best efficiency point (BEP) and
at the left and right of BEP on the propeller curve. An overview of the
operational parameters is presented in Table 1.

Acquisition system and measuring method

The pressure was measured at the wall with flush mounted transduc-
ers (PDCR810) from Druck. Transducers with two different measuring
ranges were used: 0-0.7 bar and 0-1 bar. The data acquisition system
consists of a PXI chassis with 24-bit (Ni-4472) cards. Each card has 8
channels with anti aliasing filters and a simultaneous sampling frequency
up to 102.4 kHz. For all measurements a sampling frequency of both 2
kHz and 5 kHz were used.

The draft tube cone was equipped with 20 pressure taps. 5 taps
equally spaced in vertical direction at 4 different positions around the
circumference: 0◦, 90◦, 180◦ and 270◦. Where 0◦ is in the direction of
the draft tube elbow, see Figure 1. In the draft tube elbow 13 pressure
taps were placed: 6 taps equally spaced (n◦ 6-11) at 180◦ and 7 (n◦ 6-12)
taps at 0◦, see Figure 1. Unfortunately, due to a welded joint the taps on

Table 1: Operational parameters.

Operating point Left BEP Right

Guide vane angle [◦] 20 26 32
Discharge [m3/s] 0.62 0.71 0.76

Unit discharge Q/D2
√
H [-] 0.9 1.0 1.1

Normalized efficiency [-] 94 100 99
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Figure 1: (a) Side view of the draft tube with lower and upper sensor
path along the draft tube cone/elbow. (b) Top view of the draft tube
cone with position of the sensors at 0◦, 90◦, 180◦ and 270◦ around the
cone circumference.

the upper part of the elbow were placed 25 mm in the counterclockwise
direction from 0◦. A reference pressure tap was placed on the upper
part near the draft tube outlet. A drawing of the draft tube and the
pressure taps is presented in Figure 1.

Measuring procedure and data evaluation

The measuring procedure follows as presented in Lövgren (2006). 6-
10 transducers were simultaneous used and each position was measured
twice. This implies that the transducers needed to be relocated in order
to cover all positions. To minimize systematic errors the transducers
were randomly switched between the positions. For each sensor setup
all three investigated working points were measured. Since the dynam-
ical pressure is of interest measurements of the static pressure with the
turbine stopped and constant pressure in the downstream tank were
performed, and then removed for each measured position. The test rig
experiences swings with long periods which causes errors for long time
series. The effects of the swings were minimized by removing the average
(over one runner revolution) from the reference sensor for each measur-
ing position. See Lövgren (2006) for more details about the procedure.

One of the key features of a draft tube, especially for low head tur-
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bines, is to recover as much as possible of the remaining kinetic energy
in the flow. Pressure recovery is a good way to express the conver-
sion from dynamic pressure to static pressure in the draft tube, i.e., the
recovery of kinetic energy. All time averaged pressures are expressed
non-dimensionally in terms of pressure recovery. Cp is defined by the
following equation:

Cp =
P − Pinlet

ρ
2

(
Q

Ainlet

)2 (1)

where P is the measured pressure, Pinlet is the mean wall pressure around
the circumference at measuring section 1 and Ainlet is the cross sectional
area at section 1.

Results

Pressure recovery

Most of the pressure recovery usually takes place in the draft tube cone.
Figure 21 shows the pressure recovery on the cone wall. At part load,
see Figure 2(a), Cp is almost constant. At this working point a non
cavitating RVR is present and is spreading radially with increasing axial
distance which results in a low axial velocity in the center of the cone,
see Mulu & Cervantes (2009). This reduces the pressure recovery since
the velocity is almost constant along the axial direction in the outer part
of the cone. Cp is increasing along the axial direction for both BEP and
high load, see Figure 2(b) and 2(c). The highest Cp is obtained along
the 180◦ path where the elbow does not have any negative consequences.
Along the 0◦ path, Cp decreases near the end of the cone due to the
increased velocity at the inner radius of the elbow. A slight asymmetry
of Cp is noticed at BEP.

Cp in the elbow is higher at the lower path compared to the upper,
see Figure 3. Hence, the flow is accelerated near the inner radius and
decelerated near the outer radius. At part load the same behavior as
for the cone can be observed in the elbow. Similar results were obtained
for a sharp-heel draft tube by Andersson (2000) and Lövgren (2006).

1Note: due to misprint in the published paper, the values for 90◦ and 270◦ are
interchanged in current version.
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(c) High load

Figure 2: Pressure recovery in the draft tube cone at vertical positions
1 to 5 and angular position 0◦, 90◦, 180◦ and 270◦.

However, Cp at the reference position for part load, BEP and high load
are 0, 0.75 and 0.73, respectively.

Frequency analysis

Figure 4(a) shows frequency spectra for measuring position 1 at BEP.
The main frequencies are the runner rotational frequency f∗n = 1, the
blade passage frequency 6·f∗n and 8.2·f∗n . The last one corresponds to f =
100 Hz and is observed in all measurements, even for measurements of
the static pressure but with lower magnitude. This indicates it origins
from the electrical system which is based on direct-current voltage; the
rectifier causes peaks. The frequency spectra for position 2 shows also
the runner rotational frequency but with lower amplitude and the blade
passage frequency amplitude is nearly zero, see Figure 4(b). Similar
behavior has been observed in a Francis draft tube cone, see Arpe &
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Figure 3: Pressure recovery along the lower and upper sensor path on
the draft tube.

Avellan (2002).
Figures 5 to 7 show frequency spectra along the upper and lower

path of the draft tube for all three working points. The frequency of the
RVR (0.175·f∗n) and its harmonics are dominating the spectra at part
load, see Figure 5. The RVR gives high spectral peaks in the cone since
it rotates near the wall. In the elbow the RVR starts to move away from
the upper path towards the lower path. The RVR is barely noticeable
beyond position 9 at both paths of the elbow.

As the load increases to BEP, the RVR disappears and the runner
frequency is the main frequency, see Figure 6. The amplitude differs
along the paths and almost vanishes in the region between the cone
and elbow at the lower path. The frequency just below the runner
frequency (0.8·f∗n) corresponds to the rotational frequency of the water
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Figure 4: Frequency spectra at angular position 0◦ on the draft tube
cone at BEP.

supply pumps in the test rig. It differs between each working point but
matches the pump frequency exactly for each case. For both BEP and
high load a small peak (∼0.7·f∗n) appears in the cone for the lower path
(Figure 6(a) and Figure 7(a)), its origin has not yet been determined.

A similar behavior as for BEP can be seen at high load but with a
lower amplitude of the runner frequency along the lower path, see Figure
7. Furthermore, there are also more low frequency fluctuations at this
working point, especially along the upper path. This ”noise” may be
attributed to the impinging of the high velocity on the outer radius of
the elbow.
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Figure 5: Frequency spectra along the lower and upper path on the draft
tube at part load.
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Figure 6: Frequency spectra along the lower and upper path on the draft
tube at BEP.

0 0.2 0.4 0.6 0.8 1

0
2

4
6

8
10

12
0

200

f* [−]
Position [−]

A
m

pl
itu

de
 [P

a]

(a) Lower path

0 0.2 0.4 0.6 0.8 1

0
2

4
6

8
10

12

0

100

f* [−]
Position [−]

A
m

pl
itu

de
 [P

a]

(b) Upper path

Figure 7: Frequency spectra along the lower and upper path on the draft
tube at high load.
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Conclusions

The present work presents wall pressure measurements in the draft tube
on a Kaplan turbine model. Three different loads were investigated: part
load, BEP and high load. As expected, a RVR was present at part load.
Normally the frequency of a RVR lies in the range of 0.2-0.4·fn but for
this turbine it has a rotational frequency of 0.175·fn. However, the above
assumption is usually associated with Francis turbines. By following Cp

along the draft tube cone and elbow, it is seen that the RVR induces
a velocity region in the centre of the cone which reduces the pressure
recovery since avoiding velocity decay near the wall. At both BEP and
high load the pressure recovery shows similar result where most of the
pressure recovery takes place in the draft tube cone. Cp differs along
the upper and lower path on the elbow due to acceleration of the flow
at the inner radius in the bend. In all cases, the elbow has a negative
effect on the pressure recovery.

The frequency analysis shows the characteristic frequencies along
the draft tube wall for each working point. The amplitudes of the RVR
frequency are about one decade larger than the others. A RVR may
therefore cause large vibration in some cases which may results in struc-
tural damage and fatigue. For BEP and high load the main frequency is
the runner rotational frequency. Even the blade passage frequency can
be observed in the top of the cone but its magnitude decreases rapidly.

A few frequencies, which are not related to the turbine, can be ob-
served for all three loads. They have been coupled with the electrical
system and the supply pumps in the test rig.
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Abstract

This paper presents an investigation of time-dependent pres-
sure measurements in the spiral casing of a Kaplan turbine model.
The work is part of a project with the purpose of investigating un-
steady flow phenomena in hydro-power turbines. Three different
loads were investigated: part load, best efficiency point, and high
load. Several locations on the spiral casing were investigated. The
results are compared with measurements in the draft tube cone.
The mean values of the pressure around the spiral casing outlet in-
dicates a nearly uniform distribution of the pressure to the runner.
The runner frequency is one of the dominating frequencies. The
corresponding amplitude is similar for all loads and decreases on
the outer part of the spiral casing. At part load, a rotating vortex
rope with precessional movement occurs in the draft tube. The
rope generates an acoustic propagation upstream of the runner,
which amplitude is ∼1/5 of the amplitude in the draft tube.
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Nomenclature

f Frequency [Hz]
f* Normalized frequency, (f/fn) [-]
fn Runner rotational frequency [Hz]
g Gravitational acceleration [m/s2]
p* Normalized pressure [-]
ref Reference position [-]
D Runner diameter [m]
H Head [m]
P Pressure [Pa]
Q Discharge [m3/s]
α Guide vane angle [◦]
ρ Water density [kg/m3]

Introduction

Hydropower is a sustainable energy resource that has been developed
since the early 20th century. Many hydropower plants are as old as 100
years, and are in need or in progress of refurbishment. During the re-
furbishment and new construction of large hydro-power turbines, it is
common to estimate the efficiency and, in case of renovation, the ef-
ficiency step up with model tests. Model tests are a costly and time
consuming, yet important step in the construction and refurbishment
process. Accurate simulations of generic fluid flow and certain types
of industrial flow are made with high performance computers and ad-
vanced computational programs. By implementing Computational Fluid
Dynamics (CFD) in the design phase, the number of model tests can be
reduced. A decrease in model tests could lead to a shorter development
time and lower costs. The flow through a turbine is rather complex and
can be difficult to predict numerically, especially at off design. In order
to validate and improve the accuracy of the numerical codes, validation
data for these complex flows is needed.

Over the last 10 to 15 years, a number of advanced experimental
research of model and prototype turbine projects were completed. Ex-
tensive investigations of Francis turbines were performed at the univer-
sities, École Polytechnique Fédérale de Lausanne in Switzerland and the
Norwegian University of Science and Technology in Norway. Pressure
phenomena that occur in Francis draft tubes has been characterized
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by sophisticated methods at these universities, e.g., Arpe & Avellan
(2002), Nicolet et al. (2004) and Vekve (2004). In Sweden, a project
named Turbine-99 investigated the flow in a Kaplan turbine. The mea-
surements were used as boundary conditions and validation data for
subsequent numerical simulations, e.g., Andersson (2009) and Lövgren
(2006). A Kaplan turbine is double regulated and, thus, able to trigger
specific flow phenomena such as vortex breakdown. Therefore, this type
of turbine is ideal for this survey.

An ongoing project, named Porjus U9, aimed to investigate the flow
in both the spiral casing and the draft tube of a Kaplan turbine model.
The investigated turbine is a 1:3.1 scale model and consists of 6 runner
blades, 20 guide vanes and 18 stay vanes. The runner model diameter
is 0.5 m. The prototype turbine, U9, is situated at the Lule̊a River in
Northern Sweden. It operates under a head of 55 m and produces 10
MW at full capacity. The primary purpose of the Porjus U9 project is
to build a database with experimental measurements for the validation
of CFD simulations. Additionally, the database will be used for a survey
of scale-up formulas because similar measurements can be performed on
the corresponding prototype. The experimental part of the project is di-
vided into two components, velocity measurements with LDV technique
and time resolve pressure measurements. Mulu & Cervantes (2009) and
Jonsson & Cervantes (2009) have already presented the measurements
performed in the draft tube.

Present work deals with the pressure measurements in the spiral cas-
ing. The results are discussed with measurements previously collected
from draft tube cone experiments, e.g., Jonsson & Cervantes (2009).
Three regimes are investigated in the present study. The first regime
is part load, where large amplitude pressure oscillations may occur in
the draft tube. The dominating phenomenon at part load is the Rotat-
ing Vortex Rope (RVR), which may cause fatigue and malfunction of
the machine. The Best Efficiency Point (BEP) is also investigated. For
this regime, the machine runs smoothly and the synchronous frequencies
(rotor-stator interaction) are the dominating fluctuations, e.g., runner
frequency, blade passage frequency, etc. Finally, high load is investi-
gated. In this regime, separation at curved surfaces, unsteadiness, and
swirl flow may appear.
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4. Draft tube

Figure 1: Schematics of the test rig.

Experimental setup

The experiments were performed at Vattenfall Research and Develop-
ment (VRD) model test facility in Älvkarleby, Sweden. The test rig is
a closed loop system with a high and low pressure tank. The turbine is
situated between the two tanks (Figure 1). The absolute pressure in the
downstream tank can be adjusted to either trig or to avoid cavitation.
Cavitation was not present in the actual experiment. Throughout all
measurements, the blade angle was held constant. The runner speed
and the net head were set to 696.3 rpm and 7.5 m, respectively. Three
working points were investigated: one on the left of the BEP on the pro-
peller curve (Left), the Best Efficiency Point (BEP) and one on the right
of the BEP on the propeller curve (Right). These points correspond to
a guide vane angle of 20◦, 26◦ and 32◦, respectively. An overview of the
main operational parameters is presented in Table 1.

Table 1: Operational parameters.

Operating point Left BEP Right

Guide vane angle [◦] 20 26 32
Discharge [m3/s] 0.62 0.71 0.76

Unit discharge Q/D2
√
H [-] 0.9 1.0 1.1

Normalized efficiency [-] 94 100 99
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Acquisition system and geometry

Three different types of flush-mounted pressure transducers were used
during the measurements, depending on the measuring location. In the
spiral casing, sensors from Sensotec (M10HT) and Unisensor were used.
The M10HT sensors were of a sealed gauge type with an accuracy of
0.5%. They did not accurately capture the absolute value and therefore
were only used to measure the fluctuations, i.e., for spectral analysis
and cross-correlation. Instead, a transducer from Unisensor was used to
measure the mean values. The transducer is relatively small and suitable
for use on the outlet of the spiral casing, where the narrow mounting
space was problematic. According to the manufacturer, the accuracy of
the sensor is less than 2%. However, the sensor was carefully calibrated
with high accuracy before and after the measurements. It will also be
valuable for the design of future measurements

We chose eight positions in the spiral casing. Six positions were
around the spiral casing outlet, i.e., in the region near the guide vanes
and two of them were on the outer part of the spiral casing. Figure
2 illustrates the position locations. A reference pressure sensor was
mounted in the inlet tube 0.6 m upstream of the spiral casing inlet.

Differential type sensors from Druck (PDCR810) with an accuracy
of 0.1% were used in the draft tube. Four sensors equally spaced around
the circumference were mounted in the top of the draft tube cone (Figure
3). A reference sensor was placed near the draft tube outlet. Jonsson
and Cervantes (2009) provide a further description and more detailed
results from the draft tube measurements.

During all of the measurements, a magnetic encoder was used to re-
solve the angular position of the runner. A data acquisition system with
24-bit PXI cards (Ni-4472) was used. Each card has eight channels with
anti-aliasing filters and a maximum sampling frequency of 102.4 kHz.
In order to acquire simultaneous logging, all cards were coupled in the
chassis. For all measurements, sampling frequencies of 2 kHz and 5 kHz
were used to obtain long time series, i.e., several RVR revolutions, and
accurately phase-resolve the data with respect to the runner frequency.

Measuring method and data evaluation

The measuring procedure in the draft tube follows the methods pre-
sented in Jonsson & Cervantes (2009) and Lövgren (2006). Between
six and ten transducers were used simultaneously. In order to minimize
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Figure 2: Top view of the spiral casing with sensor positions S1 to S8
and side view of the spiral casing with sensor positions S4 to S8.

1

DT2

DT3 DT1

DT4

Figure 3: Side view of the draft tube cone where 1 denotes the position
of the cross section. Top view of the draft tube cone with the sensor po-
sitions DT1 to DT4, placed with 90◦ spacing around the circumference.

systematic errors, the transducers were randomly switched between the
pressure taps covering all positions twice.

All positions in the spiral casing were measured simultaneously with
the M10HT sensors and the positions S1-S6 (randomly switched) with
the other sensors. Due to water leakage and malfunctioning sensors,
some positions were not properly repeated. During all tests, reference
pressures were measured in the draft tube and the spiral casing. For
further details of the practice, refer to Lövgren (2006).

The results are presented in a non-dimensional form, according to
Eq. 1, that normalizes the pressure by the head-pressure. The reference
pressure, pref , is measured in the inlet tube for the spiral casing measure-
ments and near the draft tube outlet for the draft tube measurements.
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p∗ =
p− pref
ρgH

(1)

Spectral analysis in the frequency/amplitude domain followed the
evolution of pressure fluctuations through the machine/water passages
(Vekve et al., 2001; Jacob et al., 1994). It can be difficult to obtain good
approximations of amplitudes and frequencies in measured data because
of noise, shift in periods, etc. The Welch method of periodogram type
is a suitable method for this purpose. The Welch method divides the
signal into overlapping sub-blocks that allows for the use of different
windows. The Welch method, with a Hanning window, was adopted
throughout the spectral analysis. The overlapping of the sub-blocks was
set to 50%. Further details of the method may be found in Proakis &
Manolakis (1992) and Vekve (2004).

The test rig experiences long-period swings, which cause errors for
a lengthy time series. In order to reduce the swing influence, the signal
was high-pass filtered at the frequency 0.043·fn (0.5 Hz).

The origin and the shape of the main fluctuations were investigated.
The frequency was isolated and the signals from the different sensors
were cross-correlated. The nature of a fluctuation, e.g., rotating oscilla-
tion, acoustic propagation and electrical disturbance, is determined by
the magnitude of the phase shift between signals.

The synchronous frequencies (fn and multiples of fn) can be phase-
resolved with respect to the angular position of the runner. The readings
from the magnetic encoder indicate the time of a fixed angular position
of the runner. Then, the time series can be divided into segments with
respect to the angular position of the runner. The data is partitioned
into bins and averaged. The bin size was set to 3◦ and the averaging
method is similar to one used for LDV measurements. Refer to Glas
et al. (2000) for further details.

Results and discussion

Mean values

The purpose of a spiral casing is to deliver the flow to the runner so that
it is equally distributed around the circumference. Non-uniform water
distribution may give rise to lateral forces. An indication of the flow
symmetry delivered to the runner may be obtained by measuring the
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mean pressure in the spiral casing. Mean pressure measurements around
the guide vanes are also important for CFD validation, i.e., checking the
validity of the runner inlet boundary condition.

Figure 4 shows the mean pressure distribution around the outlet of
the spiral casing (S1 - S4). For each operating point, an equally dis-
tributed pressure is noticeable. The maximum variation is less than 2%
of the pressure-head, which is approximately the guarantied resolution
of the sensor.

The pressure at three positions following a line between two guide
vanes is presented in Figure 5. Large differences in pressure, as function
of the load, can be observed at the position S4. The pressure appears
to converge to a single value as the sensor moves upstream toward the
S5 and S6 positions. At position S6, the cross-sectional area (normal to
the flow direction) is almost independent of α. Variation in the dynamic
pressure is small because it is related to the velocity. The cross-sectional
area at the S5 position is almost twice as large for α = 32◦, compared
to 20◦. Thus, the variation in velocity near the guide vanes, as function
of the load, is much larger than the flow rate variation. The variation
in velocity induces large differences in dynamical pressure. Position S4
is in the high velocity field behind the guide vane and adopts a similar
value to the S5 position.

1 2 3 4

−15

−10

−5

0

p*  [%
]

Sensor position [−]

32°

26°

20°

Figure 4: Mean pressure at the positions around outlet of the spiral
casing.
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Figure 5: Mean pressure development between 2 guide vanes.

Frequency analysis

In hydraulic turbines, different types of pressure oscillations arise in-
dependent of the regime. At the highest efficiency, the amplitudes are
usually much lower than at off-design. Figure 6 shows an amplitude
spectrum in the spiral casing at BEP. The machine runs smoothly in
this regime and the runner frequency is predominant. The two syn-
chronous frequencies, blade passage (6·f∗n) and the rotor-stay vane inter-
action (18·f∗n) are barely noticeable. Three non-synchronous frequencies
are observed, 0.8·f∗n , 8.6·f∗n and 12.5·f∗n . The first frequency will be dis-
cussed later in the paper. The second frequency corresponds to 100
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Figure 6: Amplitude spectra for position S4 in the spiral casing at BEP.
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Figure 7: Phase resolved data for position S1 to S4 in the spiral casing
at BEP.

Hz and originates from the rectifier in the electrical system. The last
frequency has not yet been identified.

Figure 7 shows the phase-averaged data over one revolution for the
sensors situated at the spiral casing outlet (S1 to S4). At the runner fre-
quency, the fluctuations have a phase shift corresponding to the angular
position of the sensors. Therefore, each curve in Figure 7 is compensated
by the corresponding phase shift. The curves follow a similar pattern
and indicate a circular movement in the fluctuation indicating differ-
ences in the blades adjustment and/or a wobbling of the runner. The
other synchronous frequencies appear as small fluctuations.

The frequency 0.8·f∗n , observed in Figure 6, varies slightly as a func-
tion of the load. At each load, the frequency corresponds to the rota-
tional speed of the test rig water supply pumps

Figure 8 presents the cross-correlation of the isolated frequency 0.8·f∗n
between different sensors in the draft tube and spiral casing. The phase
shift for all correlations nearly equals zero. Therefore, the pumps gen-
erate pressure pulsations that affect the entire test rig.

Amplitude spectra for all sensors in the spiral casing are presented
in Figure 9 with the left and right sub-figure obtained at BEP and high
load, respectively. The amplitudes are approximately equal for all the
sensors near the guide vanes (S1 to S6), both under BEP and high load.
On the outer part of the spiral casing (S7 and S8), the amplitudes are
slightly lower for f∗n because they are located further away from the
runner and are damped. At part load (Figure 10), the amplitudes at f∗n
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Figure 8: Cross-correlation for the isolated frequency 0.8·f∗n , identified as
the test rig pumps frequency. The correlated positions are: DT4/DT1,
DT4/S1, DT1/ DT2, DT1/S3, S5/S7 and S7/S2.
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Figure 9: Amplitude spectra for the sensors in the spiral casing at BEP
and high load.

show similar values for BEP and high load. Independent of the load and
the measured position, the fluctuation at the pump frequency ( 0.8·f∗n)
is nearly constant in amplitude.

By lowering the discharge and keeping the blade angles constant, a
RVR develops. The frequency of the RVR (0.175·f∗n) dominates the spec-
tra (Figure 10). Two harmonics related to the RVR are also observed in
the draft tube amplitude spectra. The maximum amplitude of the RVR
is equal to approximately 2% of the pressure-head in the draft tube.
This amplitude is about 5 times larger than the maximum amplitude
observed in the spiral casing (∼0.4%). Figure 11 shows a phase shift of
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Figure 10: Amplitude spectra for the sensors in the spiral casing and
the draft tube at part load. Notice, the z-axes are scaled differently.

0.12 s at the RVR frequency for positions with 90◦ angular spacing in
the draft tube at section 1. The cross-correlation of signals, measured
at positions with 90◦ angular spacing, give time delays between 0.08 to
0.165 s. The variation in the phase shift and the difference in the ampli-
tude observed in Figure 10 indicate a wobbling movement of the RVR,
i.e., a precession. The cross-correlation of signals from the sensors in
the spiral casing (S1 to S8) shows approximately zero time shifts (Fig-
ure 11). The zero phase shift and the nearly equal amplitudes observed
in Figure 10 indicate an acoustic propagation.

Conclusions

A survey of time-dependent pressure fluctuations in the spiral casing
of the Kaplan turbine model was made. Three different operational
conditions were investigated, part load, BEP and high load. For all
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Figure 11: Cross-correlation with the isolated RVR frequency at part
load for position DT1/ DT2 in the draft tube cone and for position
S3/S4 in the spiral casing.

cases, a constant runner blade angle was used. A comparison was made
to measurements in the draft tube cone.

According to the sensor accuracy, the mean pressure around the
spiral casing outlet is distributed fairly equally, independent of the load
investigated. This shows a well designed spiral casing.

Two distinct amplitudes are observed when investigating periodic
fluctuations. The runner frequency (fn) occurs for all three loads. The
RVR frequency occurs at part load. The amplitude of the runner fre-
quency shows an equal pattern for all loads, with the lower amplitude
further away from the runner. A cross-correlation and spectral anal-
ysis indicates that the RVR has a precessional movement in the draft
tube cone. The RVR generates an acoustic propagation upstream of the
runner that has an equal frequency and a smaller amplitude (∼1/5).
Periodic fluctuations with small amplitudes have also been observed.
Their origin has been derived to synchronous components (e.g., blade
passage fluctuations), and disturbances from both water supply pumps
and the electrical system. However, many of the measured fluctuations
have amplitudes in the range of the sensor accuracy. It is important to
remember this range when viewing the absolute value of the peaks.
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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 (CFD) 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
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High pressure tank

U9 tubine

Low pressure tank

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

stamps were used to angularly resolve the data). The magnetic senor
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. 2(b)). Three locations along the vertical
direction were investigated at each angular position: sections I to III
(Fig. 2(a)). 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. 2(a)).
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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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 posi-
tions showed a nearly axisymmetric flow exiting the runner (Fig. 4(a))
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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. 6(b) and 6(c)). 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 8(a) shows the pressure recovery along the centerline in the
cone. Cpw increases in the downstream direction and is over-estimated
for all sections (a to 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 8(b) 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. 9(b)). 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. 10(a)). 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. 10(c)), 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. 9(a)).

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. 17(a)), 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. 17(b)
and 17(d)), 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. 17(c)),
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)



Draft tube flow – best efficiency point 129

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-resolved 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-resolved, 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 is a closed-loop system, and the turbine was placed
between two pressurized tanks. The pressure difference between 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 runner 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
focal length was used. The basic configuration of the system consisted
of continuous wave 20-W argon-ion laser and transmitting optics, in-
cluding a beam splitter Bragg-cell, photodetector and signal processor.
The measuring 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 measuring 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 at
four windows with angular positions a, b, c and d, with 90◦ spacing,
around the cone circumference (Fig. 1(b)). Three locations along the
vertical direction were investigated at each angular position: sections
I to III (Fig. 1(a)). For further details, see Part I [4] and Mulu and
Cervantes [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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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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Figure 3: Phase-averaged (RVR) pressure obtained by the filtering pro-
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).

When the flow rate increases, the relative velocity, the absolute ve-
locity 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 run-
ner, 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
the central region of the vortex (i.e., forced vortex region), which starts



Draft tube flow – off-design conditions 145

ω2

rRVR

ω1

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.

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-resolved 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. 6(a). 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. 6(b)).

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. 6(b)).
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. 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 8(a) 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.



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

0 0.2 0.4 0.6 0.8 1 1.2 1.4
−0.5

0

0.5

1

1.5

r* [−]

N
or

m
al

iz
ed

 V
el

oc
ity

 [
−

]
R

a
R

b
R

c

U*

V*

Ia

Ib

Ic

Id

(a)

0 0.2 0.4 0.6 0.8 1 1.2 1.4
−0.5

0

0.5

1

1.5

r* [−]

N
or

m
al

iz
ed

 V
el

oc
ity

 [
−

]

U*
V*

(b)

0 0.2 0.4 0.6 0.8 1 1.2 1.4
−0.5

0

0.5

1

1.5

r* [−]

N
or

m
al

iz
ed

 V
el

oc
ity

 [
−

]

U*
V*

(c)

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
postilion 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. 8(a) 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 two-fold 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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Figure 11: Phase-averaged axial and tangential velocity and correspond-
ing RMS values at section Id for high load and one runner revolution.
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Figure 12: Phase-resolved 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-resolved tangential velocity (a) and corresponding
RMS (b) values at sections Id – IIId for high load and one runner revo-
lution.
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Figure 14: Tangential velocity phase-resolved 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
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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. 16(a)).
At part load, the spiral casing upstream of the runner was working prop-
erly.

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. 16(a) 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. 16(a)).
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. 17(b) 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.



Draft tube flow – off-design conditions 161

0 0.2 0.4 0.6 0.8 1 1.2 1.4
−0.1

0

0.1

0.2

0.3

0.4

0.5

r* [−]

N
or

m
al

iz
ed

 c
om

bi
ne

d 
fl

uc
tu

at
io

n 
[−

] 

u*2

v*2

uv*

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. 19(b)). 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 20(a) presents the amplitudes of the RVR estimated byWelch’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 20(b)



Draft tube flow – off-design conditions 163

2 4 6 8 10 12
0

5

10

15

20

25

30

35

Position [−]

A
m

pl
itu

de
 [k

P
a]

Upper − Welch

Lower − Welch

Upper − raw

Lower − raw

(a)

106 108 110 112 114 116
−35

−30

−25

−20

−15

−10

−5

0

P
 [k

P
a]

Time [s]

(b)

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. 20(a)). This indicates that
the vortex precesses in the cone towards the elbow outer radius, where
it dissolves close to the wall.

Figure 20(b) 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-resolved 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 22 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. 21(a)). 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
injection) of the RVR (cf. Fig. 5) roughly showed the precession dis-
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Figure 21: Contour plots of phase-resolved wall pressure for RVR revolu-
tion (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.



Draft tube flow – off-design conditions 165

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 show 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
the cone center and the RVR center, ω2 provides a negative contribu-
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Figure 22: Contour plot of the tangential velocity phase-resolved 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-resolved with respect
to the RVR frequency at section IId.

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.
This is due to the contribution from ω2 and the fact that the rope acts
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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. 7(b)).

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. 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 con-
tribution 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-resolved 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 operation 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 order to calculate the efficiency of a hydro power plant some
quantities needs to be measured. One of them is the flow rate,
which can be difficult to measure with good accuracy. There are
several methods for that task. Gibson’s method is one of them
and has the advantage to be economical and easily installed at
the site. In order to achieve accurate results with this method,
some criterions must be fulfilled. Two of these criterions are the
measuring length must be larger than 10 m and the mean initial
velocity times the measuring length should be larger than 50 m2/s.
These criterions are rarely fulfilled in low head hydro power plants.

This paper presents a numerical analysis of the effects of the
connecting tubing between the pressure taps at the conduit and the
differential pressure sensor. A one dimensional code programmed
in Matlab is used for the numerical simulations where the govern-
ing equations, continuity and equation of motion, are discretizised
with a second order Godunov-type scheme. The simulations are
made for different initial flow rates and different valve closures.

The result shows that the tubing has an overall small influence
on the calculated flow rate error. A positive bias error appears in
all tested cases and has a maximum (1.2 to 1.3% depending on the
test case) at the smallest Reynolds number.
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Introduction

Most of the hydropower plants in Sweden were built before the 70’ies
and many of them are in need of renovation. In this processes many
improvements of the plants are made. In order to verify those improve-
ments the efficiency needs to be measured. To achieve a reliable value of
the efficiency the flow rate must be measured with good accuracy. This
can be a rather difficult task and there are a couple of different meth-
ods that can give a trustworthy result. The most common methods for
site efficiency tests are thermodynamic, ultrasonic, current meter and
Gibson’s method. The Gibson’s method, also known as the pressure-
time method, has the advantages to be easily installed at the site and
is economical. It is derived from Newton’s law and uses the relation be-
tween the decelerated flow and the pressure that forms when the guide
vanes are closed rapidly. The flow rate is calculated with the following
relation:

Q =
A

ρL

∫ t

0
(Δp+ ξ) dt+ q (1)

The disadvantage of the method is that some criterions have to be ful-
filled in order to achieve an accurate result, see IEC 41 [1]. A ma-
jor criterion is the length between the pressure measuring sections (L),
which should be at least 10 m. Furthermore, the mean velocity times
the distance between the pressure measuring sections (UL) should be
larger than 50 m2/s. These criterions are rarely fulfilled in Swedish hy-
dro power stations, due to low head machines. It is shown by Almquist
et al. [2] and Lövgren et al. [3] that the error of the discharge can be as
large as 20% when measured outside these criterions, see Fig. 1.

The error is increasing as both the measuring length and the dis-
charge is decreasing. This discrepancy has not yet been explained. Some
of the factors that may cause this are the pressure sensors, the system
that connects the pressure conduit to the measuring device or/and the
evaluation method.

The way to model the pressure loss in the pipe during the closing
sequence may not be valid for a small L and U. The pressure sensors
and acquisition system may also be affected by some phenomenon that
appears when measuring at a low L and U, i.e. the equipment may not
be suitable at this condition due to response time etc. When the flow
rate in a pipe system is reduced, by a valve or similar device, a pressure
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Figure 1: Flow rate error for Gibson’s measurements from Lövgren et
al. [3].

wave occurs and will travel up and down in the pipe until it has been
damped out. The pressure wave will also have the same behavior in the
system that connects the pipe to the measuring system, which can cause
unreliable measurements.

This paper presents a numerical analysis which evaluates the effects
of the connecting tubing between the taps on the conduit and the pres-
sure gauge. To understand the behavior, numerical simulations of the
water hammer are made at different Reynolds numbers and with differ-
ent pipe configurations, i.e. various lengths between the pressure taps.
Simulations with and without the tubing are compared with experimen-
tal results from Lövgren et al. [3].

Numerical method

Theory

A water hammer occurs in a system where the flow is decreasing or
increasing rapidly. In this kind of transients the fluid is treated as com-
pressible and due to its elasticity a pressure wave propagates trough the
system at the speed of sound. The wave travels up and down in the
pipe until it has been damped out due to friction. Momentum and con-
tinuity are the governing equations in water hammer applications. In
a piping system where the flow expects to only have an axial direction,
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such as in the experiment of Lövgren et al. [3], it can be treated as one
dimensional. These equations can be expressed in one dimensional form
as follows (for detailed derivation see Wylie and Streeter [4]):

∂u

∂t
+ u

∂u

∂x
+

1

ρ

∂p

∂x
+

fu|u|
2d

= 0, (2)

∂p

∂t
+ u

∂p

∂x
+ ρa2

∂u

∂x
= 0. (3)

The propagation speed of the wave is governed by the characteristics of
the fluid, the pipe dimensions and material properties. It is given by the
following equation:

a2 =
1

ρ

(
K

1 + dK/Ee

)
. (4)

The friction factor f is delicate to model. It has received much attention
and still a lot of research is going on. Ghidaoui et al. [5] presents a
review of water hammer theory which includes different ways to treat
the friction. Bergant et al. [6] showed that Brunone’s model agree well
with experiments. In this paper Brunone’s model with the Vitkovsky
formulation is used,

f = fq +
kd

u |u|
(
∂u

∂t
+ a · sign(u)

∣∣∣∣∂u∂x
∣∣∣∣
)
. (5)

Numerical scheme

These equations are difficult to solve analytically. There are a couple of
different numerical methods to solve such system of equations. In this
study a scheme called MUSCL-Hancock is used. It is of a second order
Godunov-type and is based on the finite volume method (FV). Equation
(2) and (3) are made non-dimensional and discretized, see appendix.
The boundary condition used for the inlet is constant pressure. For the
outlet, at the valve, both a closing function derived from experiments
made by Lövgren et al. [3] and a linear closure which can be seen in
Fig. 2 are used as boundary condition. The time scale is arbitrary on
the figure for comparison. In the following, they referrers as closure 1
and closure 2.
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Figure 2: Valve closure functions, the solid line represent an experimen-
tal derived function and the dashed line a linear closure.

Scheme order and mesh effect

When using FV it is important that the Courant number Cr does not
exceed 1, i.e. the pressure wave should not travel more than 1 cell for
each time step. Furthermore it should be close to 1 to prevent numer-
ical dissipation. The exact solution is reproduced when it is equal to
1. But since the wave speed differs in a system with various pipe sizes
and materials, it is impossible to hold it equal to one. The numerical
dissipation is minimized by using a higher order scheme. Figure 3 shows
an example of the difference in numerical dissipation between first and
second order Godunov-type schemes. The test is made for Cr = 0.5 in a
pipe without any physical friction and with an instantaneous valve clo-
sure. The figure shows how the pressure trace for Cr = 0.5 is dissipated
compared to the exact solution (Cr = 1.0).

It is commonly known that a smaller grid size gives a more accurate
result but with the cost of more numerical operations which results in
a high requirement on computer performance. Different sizes of the
grid are compared to achieve a mesh independent solution that needs
minimum computer performance.



180 P. P. Jonsson, M. J. Cervantes and M. Finnström

0 0.05 0.1 0.15 0.2
−60

−40

−20

0

20

40

60

Time [s]

P
re

ss
ur

e 
[b

ar
]

Exact

2nd order

1st order

Figure 3: Pressure traces at the valve (outlet). Number of cells is 40.
The exact solutions is represented for Cr = 1.0. The 1st and 2nd order
simulations are made for Cr = 0.5.

Code validation with experiments and simulations

The numerical code is tested with a rapid closure, 0.009 seconds, to
validate it with experiments and simulations from Bergant et al. [6].
The comparison is made with the same grid size and pipe properties.
The results show good agreement for the pressure trace at both the
valve and at the midsection of the pipe. Figure 4 shows pressure trace
at the midsection of the pipe. For comparison see Bergant et al. [6].

Results

The numerical results are compared to laboratory experiments made by
Lövgren et al. [3]. The experiments show an increasing error on the flow
rate for both a decreasing U and L. The simulations are made with the
same pipe configurations as in the experiments. The pressure conduit is
10.63 meter long and is made of a 2 inch (51 mm) copper pipe with a
wall thickness of 1.5 mm. The connecting tubing is made of 4 mm nylon
(Polyamide) tube with a wall thickness of 1 mm. The tubing on each
side of the differential pressure gauge has a length of half the measuring
length plus 0.1 m. Simulations for five different initial mean velocities
U0 = 1.1, 1.9, 3, 3.8 and 5 m/s (which corresponds to Reynolds number
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Figure 4: Pressure head at midsection of the pipe following Bergant et
al. [6].

from 55 000 to 250 000) are made. Both the valve closure 1 and 2 are
tested, cf. Fig. 2.

Tube effect and influence on Gibson’s method - closure 1

Lövgren et al. [3] showed that closure 1 had the best agreement with ex-
periments at an initial mean velocity of 1.1 m/s. A comparison between
an experimental and a numerical (with the tubing) derived differential
pressure wave is shown in Fig. 5. The pressure amplitude and the pe-
riod, except for a few periods after the peak, have good agreement. But
the damping is higher in the experiments. A closer view just after the
peak is shown in Fig. 6. There are notches in almost every wave peak.
This is caused by interference between the waves in the pipe and in the
tubing. It appears in both the experiments and the numerical simula-
tion. Except for the inequality of the frequency just after the peak and
the difference in the damping, a similar behavior can be seen.

From the simulated differential pressure the flow rate is calculated
with Gibson’s method and compared to the actual flow rate.

When the pressure is obtained from the pipe without the tubing,
there is a positive bias error for all tested Reynolds number, see Fig. 7.
One can notice a small error increase for an increased measuring length.
The error decreases as the Reynolds number is increases. The minimum
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Figure 5: Comparison between experimental (Lövgren et al [3]) and
numerical differential pressure waves. U0 = 1.1 m/s and L = 5.5 m.
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Figure 6: Closer view of Fig. 5 just after the pressure peak.

error is achieved at the shortest measuring distance and at the highest
Reynolds number. Since the valve closing time has an uncertainly of
±0.18 s in the experiments, the valve closing time dependency is tested
at three different times in that interval. The flow error has a similar
behavior in all three cases.

Figure 8 shows the flow rate error from the pressure obtained with
the tubing. One can see that the positive bias error, that is increasing
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Figure 7: Calculated flow error for different lengths and Reynolds num-
bers. The pressure is obtained directly at the pipe wall without tubing.
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Figure 8: Calculated flow error for different lengths and Reynolds num-
ber. The pressure is obtained with tubing.

as the measuring length is increasing, also appears in this case. The
error is decreasing as the Reynolds number is increasing but it seems to
converge for higher Reynolds number. Except at L = 3.5 m where the
error instead has a larger spreading.
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Tube effect and influence on Gibson’s method - closure 2

The closing function used in the above comparison has a large gradient
and most of the flow is reduced in a short time, this gives quite large
pressures. A linear reduction, see closure 2 in Fig. 2, of the flow is now
tested (closing time of 3 seconds) to see the influence of valve closure on
the flow rate error. This kind of closure is more similar to a quick stop
in a real hydro power plant. In Fig. 9, it can be seen that a positive
bias error also appears with this closure without tubing. The major
difference is that it has an overall larger error than closure 1 but with
the advantage of almost having a measuring length independent result.
It can be noticed that the error is slightly decreasing as the measuring
length and the Reynolds number are increasing.

When calculating the flow rate for the differential pressure obtained
with the tubing the result shows similar behavior, cf. Fig 10, but with a
fluctuating value of the error at different L for higher Reynolds number.
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Figure 9: Calculated flow error for different lengths and Reynolds num-
bers for a linear closure. The pressure is obtained directly at the pipe
wall without tubing.
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Figure 10: Calculated flow error for different lengths and Reynolds num-
bers. The pressure is obtained with tubing.

Conclusions

The experimental and numerical work made by Almquist et al. [2] and
Lövgren et al. [3] states that the error for the discharge measured with
Gibson’s method for small U and L can be as high as 20%. This numer-
ical analysis shows that the flow rate can be measured with errors below
1.5% for all tested cases. The results show that the tubing has just a
small influence on the error. It only makes some small fluctuations at
various measuring lengths. This is probably caused by the integration
limits which are difficult to determine due to the notches in the pressure
peaks. Closure 1 shows good agreement for the differential pressure at a
low initial velocity and a small L. The losses caused by the taps between
pipe/tubing are neglected and can be an explanation of the difference
in frequency and damping.
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Nomenclature

A pipe cross-section area [m2]
Cr = aΔt/Δx Courant number [-]
E Young’s modulus [Pa]
K bulk modulus of the fluid [Pa]
L measuring length [m]
L0 pipe length [m]
Q discharge [m3/s]
Re = U0d/ν Reynolds number [-]
U0 mean initial velocity [m/s]
a speed of the pressure wave [m/s]
d pipe diameter [m]
e pipe-wall thickness [m]
f friction factor [-]
fq quasi steady friction factor [-]
p pressure [Pa]
q leakage flow [m3/s]

t time [s]
u mean velocity [m/s]
x axial coordinate [m]
ρ fluid density [kg/m3]
ν kinematic viscosity [m2/s]
ξ friction losses [Pa]
Δp differential pressure [Pa]
Δr time step [s]
Δx cell size [m]
A coefficient matrix
F flux terms
S source terms
i index for x
n index for t
∗ denotes a normalized variable

Appendix

Momentum and continuity are the main equations in water hammer
analysis and can be expressed in one dimensional form, see Eq. (2) and
(3). By introducing the following dimensionless variables,
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u∗ =
u

U0
(6a)

p∗ =
p

ρU0a
(6b)

t∗ =
ta

L0
(6c)

x∗ =
x

L0
(6d)

Equation (2) and (3) can be rewritten in non-dimensional form as fol-
lows:

∂u∗

∂t∗
+

U0

a
u∗

∂u∗

∂x∗
+

∂p∗

∂x∗
+

fu∗|u∗|U0L0

2da
= 0, (7)

∂p∗

∂t∗
+

U0

a
u∗

∂p∗

∂x∗
+

∂u∗

∂x∗
= 0. (8)

Since a � u∗ in water hammer applications, the convective term in Eq.
(7) and (8) can be neglected. By using conservation laws, Eq. (7) and
(8) can be written in conservative form (see Toro [7]),

∂U

∂t∗
+

∂F(U)

∂x∗
= S, (9)

whereF(U)=AU, U =

(
p∗

u∗

)
,A =

(
0 1
1 0

)
and S =

(
0

− fu∗
|u∗

|U0L0

2da

)
.

Integrating Eq. (9) with respect to x∗ from cell interface i-1/2 to i+1/2
gives

d

dt∗

i+1/2∫
i−1/2

Udx∗ +Fi+1/2 − Fi−1/2 =

i+1/2∫
i−1/2

Sdx∗. (10)

Let Ui = average value of U in the interval [i-1/2, i+1/2], equation (10)
becomes:

d

dt∗
Ui =

Fi−1/2 − Fi+1/2

Δx∗
+

1

Δx∗

i+1/2∫
i−1/2

Sdx∗. (11)
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Riemann problem

The flux Fi+1/2 in Eq. (11) is obtained by solving the following Riemann
problem;

Ut∗ + F(U)x∗ = 0 (12)

and

U(x∗) =

{
UL x∗ < x∗i + 1/2
UR x∗ > x∗i + 1/2

. (13)

An approximation of UL and UR is obtained by the following steps
(Toro [7]). First step: Data reconstruction.

UL
i = Un

i − 1

2
Δi ; UR

i = Un
i +

1

2
Δi, (14)

where Δi is a slope limiter, see Zhao and Ghidaoui [8]. Second step:
Evolution.

U
L
i = UL

i +
1

2

Δt∗

Δx∗
(
F(UL

i )− F(UR
i )
)

(15)

U
R
i = UR

i +
1

2

Δt∗

Δx∗
(
F(UL

i )− F(UR
i )
)

(16)

Let UL = U
R
i and UR = U

L
i+1, the ordinary Riemann problem with

Rankine-Hugoniot condition gives the following solution for all internal
nodes, see Zhao and Ghidaoui [8]:

Ui+1/2 =
1

2

(
u∗L − u∗R + p∗L + p∗R
p∗L − p∗R + u∗L + u∗R

)
, (17)

where subscripts L and R denotes the value to the left and right of cell
interface i+1/2 respectively. The boundary at the inlet is

U1/2 =
1

2

(
p∗1/2

u∗1 − p∗1 + p∗1/2

)
(18)

and at the outlet

Um+1/2 =
1

2

(
p∗m + u∗m − u∗m+1/2

u∗m+1/2

)
. (19)
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Time integration

The time step is obtained with a second order Runge-Kutta solution
from Zhao and Ghidaoui [8]. First update without the source term, i.e.
integration from t∗ = n to t∗ = n + 1:

U
n+1
i = Un

i − Δt∗

Δx∗

(
Fn
i+1/2 −Fn

i−1/2

)
. (20)

Update with the source term by Δt∗/2:

U
n+1

i = U
n+1
i +

Δt∗

2
S
(
U

n+1
i

)
. (21)

Re-update with the source term by Δt∗:

Un+1
i = U

n+1
i +Δt∗S

(
U

n+1

i

)
. (22)
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Abstract

Gibson’s method, also known as pressure time method, is used
to measure the discharge in hydropower plants. It is an accurate
and economical method which is suitable for site efficiency tests.
However, it has some limitations. The present paper presents an
experimental survey of Gibson’s method used outside these limi-
tations, i.e. with a measuring length and an initial flow velocity
that are below the criterions stated by the IEC 41.
In the experiments pressure is measured with two types of sen-
sors; absolute pressure sensors and differential pressure sensors, to
see the influence of the connecting tubing. The measurements are
compared to an accurate reference flow meter and also to calcula-
tions from 1-D water hammer simulations. The results show, for
both types of sensors, a positive bias error of the discharge which
increases with decreasing initial velocity. The uncertainty for most
of the measurements lies within ±1.5% at a 95% confidence level.
The absolute sensors give a slightly larger random error than the
differential. The numerical result shows a similar pattern as the
experiments but with a smaller magnitude of the error.
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Introduction

Hydropower has been in use for more than 100 years. It is an environ-
mentally friendly energy resource and has a high efficiency. There are
many new hydro power projects in progress as well as many old hydro
power plants are being refurbished. In either case there is an interest,
for both the plant owner and the contractor, to verify the turbine effi-
ciency. There are a couple of commonly used methods for this task, e.g.
thermo-dynamic, current meter, Gibson’s and ultra sonic. A common
issue for most of the methods is to achieve satisfactory accuracy for low
head turbines due to the short and inhomogeneous water passages.

Gibson’s method, also known as pressure time method, is an indirect
method that measures the discharge through the turbine. The method
is derived from Newton’s second law, and uses the pressure force that
occurs in the penstock during a rapid deceleration of water flow. To
achieve this it is common to perform a rapid closure of the guide vanes.
The flow rate is calculated with following relation:

Q =
A

ρL

∫ t

0
(ΔP + ξ) dt+ q (1)

where Q is the discharge, A the cross section area, L the length between
the measuring sections, ρ the water density, ΔP the differential pressure
rise during the guide vanes closure, ξ the pressure loss due to friction
and q the leakage flow after the closure. The recovery line, i.e. remain-
ing pressure loss during the closure, is assumed to be quadratic. The
Gibson’s method has the advantage to be rather economical and easily
installed at the site. The drawback of this method is that a couple of
criterions have to be fulfilled in order to provide accurate results. A
major criterion is that the length (L) for which pressure is measured
over should be at least 10 m. Furthermore, the mean velocity times
the measuring length (UL) should be larger than 50 m2/s, see IEC 41
(1991).

Former research such as Lévesque & Néron (1996) and Dahlhaug
et al. (2006) shows that it is possible to achieve good accuracy, with
Gibson’s method when measuring on low head turbines within the un-
certainty limit stated in IEC 41 (1991).

Laboratory experiments performed by Lövgren et al. (2006) shows
that this method can generate large bias errors when measuring outside
the IEC 41 (1991) standard, i.e. UL below 50 m2/s and L below 10 m.
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Figure 1: Schematic of the experimental rig. Four pressure taps are
mounted around the circumference every 90◦ of the pipe at each cross
section. Each section is positioned with 1 m spacing and the first one is
located 3.7 m upstream the valve.

The flow rate error was found to be as high as 15 - 20% for UL<10 m2/s.
The test rig used for those experiments was a pipe with a diameter of
0.05 m and the maximum Reynolds number was 1.9x105. Numerical
simulations by Jonsson et al. (2007) showed that it is possible to obtain
results with error below 1.5% for systems with L<10 m and UL<50
m2/s. It was also shown that the connecting tubing between the pipe
and the sensors only have a small effect on the error and could therefore
be neglected. The discrepancy between the numerical and experimental
results was not clear due to uncertainty concerning the experiments.
In order to validate the simulations and further investigate the method
outside the standard, more accurate experiments are needed.

The scope of the present paper is, with accurate experiments, to
investigate the Gibson’s method with L<10 m and UL<50 m2/s and to
validate the numerical result obtained in Jonsson et al. (2007). Present
paper also investigates the effect of connecting tubing by comparing
results obtained from both absolute pressure sensors and differential
pressure sensors. The laboratory experiments were carried out at the
Waterpower Laboratory at NTNU in Trondheim, Norway.
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Methodology

Experimental setup

A test rig was constructed to examine the uncertainty of the Gibson’s
method outside the IEC 41 standard, i.e. with L<10 m and UL<50
m2/s. A schematic of the rig is presented in figure 1.

The rig is an open system, gravity driven with a constant head of
9.75 m and a maximum discharge of 0.408 m3/s. The measuring section
is 26.67 m and consists of a stainless steel pipe with a diameter of 0.3
m. The bend before the pipe is equipped with guide vanes to minimize
flow disturbances, principally secondary flow.

The closure is made by a sliding valve driven by a hydraulic piston.
The hydraulic pressure for the piston can be set manually for each mea-
suring case and is constant during the closure. The valve closure time
is for these measurements about 4 to 5 s and is repeatable within ±0.23
s, at 95% confidence level. The characteristics of the valve closure is
presented in figure 2 for the three discharges initially used.

Four pressure taps are mounted with 90◦ interval around the circum-
ference of the pipe at each cross section. The first section is located 3.7
m upstream the valve and the 10 remaining sections with 1 m interval.
The initial discharge is adjusted with a throttle located downstream the
valve. It can reduce the discharge down to about 170 l/s without caus-
ing any major disturbances and fluctuations in the flow. The reference
flow was measured with a magnetic flowmeter, IFS 4000 from Krohne
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Figure 2: Normalized valve characteristics for each initial discharge. The
data is obtained from steady measurements.
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which has an accuracy of ±0.3%. The flowmeter was calibrated by the
Waterpower Laboratory’s weighing-time system which has an accuracy
of ±0.051%.

The differential pressures were measured with FP2000/FDW sensors
from Honeyvell. They have an accuracy of ±0.25%, a measuring range
of ±0.5 bar and can handle an overpressure up to 3 times the range. A
sensor was mounted for each position around the circumference of the
pipe, i.e. four sensors were used for each measurement. The sensors
were connected to the pipe with plastic tubing (8 mm outer diameter, 6
mm inner diameter) with equal length of 5 m on both sides. The length
of the tubing was equal for all measurements.

The absolute pressures were measured with PTX 1830 sensors from
Druck. They have an accuracy of ±0.1%, a measuring range of 0 - 5
bar and can handle an over pressure of 5 times the range. One sensor
was used at each cross section. The sensors were connected to manifolds
which collected the pressures from the cross section with four 0.7 m long
plastic tubes.

A data acquisition system from National Instruments was used in the
experiments. It consists of a 16 bit acquisition card (NI-6221) connected
to a PCI chassis capable of logging both voltage and current inputs. A
sampling frequency of 2 kHz without filtering was used. All data was
analyzed with Matlab from Mathworks.

Measurements

The measurements were made for three different measuring lengths,
L=3, 6 and 9 m. The flow rate used was Q=0.408, 0.314 and 0.169
m3/s, which correspond to Reynolds number of about 7.2x105, 1.3x106

and 1.7x106, respectively. This makes it possible to vary UL from about
7 to just above 50 m2/s. Every case was repeated three times at two
different hydraulic pressures for the valve closure, i.e. 6 repetitions for
each discharge/length.

Numerical method

Numerical simulations are made for the same flow rates as the experi-
ments. The method used is a 1-dimensional finite volume scheme called
MUSCL-Hancock, see Toro (1999). It is a Godunov type scheme and
is of second order. The Brunone’s model with Vitkovsky formulation
is used for the friction, see Bergant et al. (2001). The effects of the
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connecting tubing are neglected in the simulations. For further details
of the method, see Jonsson et al. (2007).

The water passage from the valve to the upper reservoir in the exper-
imental rig consists of different pipe dimensions and a couple of bends.
The numerical model is simplified with a straight stainless steel pipe
with a diameter of 0.3 m and a length of 40 m. The valve characteris-
tics obtained from steady measurements, figure 2, are used as boundary
condition. The discharge is calculated according to the procedure stated
in IEC 41 (1991), similarly to the experiments. The remaining friction
losses are assumed to be quadratic. The calculated discharge is com-
pared with the reference flow rate with:

e = (Q−Qref )/Qref (2)

where e is the discharge error and Qref is the reference flow rate.

Results

Valve closure

The effect of the valve closure time was first investigated. It was per-
formed at full discharge, Qref=0.408 m3/s with a measuring length of 6
m. The tested closure times were between 4 and 6.5 s. A closure time
below 4 s was not adequate due to the high pressure peaks appearing,
which may exceed the pressure sensor range. In figure 3 the error is pre-
sented. It is randomly distributed and lies for all measurements within
±1%.

Figure 4 shows the differential pressure for both the absolute (dif-
ference between 2 sensors) and the differential (average of 4 sensors)
sensors. To reduce noise and make the curves clearer they are smoothed
with a 5 points moving average. The curves show good agreement dur-
ing closure. The major difference is the pressure peaks after closure;
they are much higher for the differential sensors. Interference between
pressure waves in the pipe and tubing could be one of the reasons of the
high peaks for the differential sensors. The small fluctuations that occur
for the absolute sensor are instead damped out due to the long tubing.
The phase shift between both curves is explained by the different tub-
ing, which is longer for the differential sensors and delay the time for
the pressure wave to reach the sensors.
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Figure 3: Discharge error for different closure times, L=6 m and
Q=0.408 m3/s.
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Figure 4: (a) Pressure trace during and after the valve closure for L=9
m and Q=0.408 m3/s with differential and absolute pressure sensors and
(b) a closer view of the five peaks after closure.

Influence of UL

In order to achieve good accuracy, the IEC 41 (1991) standard states
that the measuring length times the initial velocity should not be below
50 m2/s. Figure 5 shows the discharge error for UL below this limit.
The measuring lengths are L=3, 6 and 9 m and the initial velocities are
U=2.4, 4.4 and 5.8 m/s. The result shows a positive bias, increasing
as UL decreases. The behavior is similar to earlier work but with a
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Figure 5: Discharge error for different UL.

much lower magnitude of the error compared to Lövgren et al. (2006).
The error increases for both the absolute and the differential sensors as
UL decreases. The maximum error is around 2.5% and 1.3%, respec-
tively. One explanation of the larger error for the absolute sensors, at
UL between 7 and 12 m2/s, is the difficulty to find the end point in the
integration due to the small fluctuations, see figure 4(b), which become
relatively large at small UL.

The uncertainty of the discharge

The errors on the flow rate obtained numerically and experimentally
are presented in figures 6 to 8, the corresponding length over which the
pressure is measured is L=9, 6 and 3 m, respectively. The uncertainties
for the measurements are calculated at the 95% confidence level, i.e. 1.96
standard deviations, and relative to the reference flow rate, see equation
2. The bars represent the uncertainty and the circles the mean. The
errors calculated from the simulations are almost zero with U0 greater
than 4 m/s for all lengths. At U0≈2.4 m/s, the error is approximately
0.4%. The measurements also show a positive systematic error which
increases with decreasing U0.

In figure 6 for L=9 m, the mean error agree well between the absolute
and the differential sensors. The highest U0 gives an error almost equal
to the numerical value. The error is slightly higher for lower U0. The
random error is rather small and lies within ±0.5%. The maximum
uncertainty is ±1% and occurs for the lowest U0.
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When decreasing the measuring length down to 6 m, figure 7, the
mean error for the differential sensors is the same as with L=9 m. The
error becomes slightly larger for the absolute sensors. The random error
has increased. However, the uncertainty is anyway within ±1.3%.

The measurements made with L=3 m shows a discrepancy between
both types of sensors; see figure 8. The differential sensors still have
a similar error, while the absolute sensor has an error larger than 1%.
Moreover, the random error has increased for both sensors and is around
±1%. The large increase in mean and random error for the absolute
sensors can be explained by the difficulty to find the end point in the
integration due to the small fluctuations, see figure 4(b), that become
large relative to the small differential pressure. The differential pressure
increases linearly with L, so other sources of error gets relatively large as
the measuring length is shortened. For L=3 m, there was also a larger
discrepancy in the stationary pressure loss between the different posi-
tions around the circumference, but the mean of all sensors showed good
agreement with theory, see table 1. This could be due to asymmetry in
the flow profile caused by the downstream bend or by a badly drilled
pressure tap. However, the uncertainty is within ±2% for the differential
and ±3% for the absolute sensors.
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Figure 6: Discharge error for 3 different initial velocities at a measuring
length of 9 m. The bars represent the uncertainty at the 95% confidence
level.
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Figure 7: Discharge error for 3 different initial velocities at a measuring
length of 6 m. The bars represent the uncertainty at the 95% confidence
level.
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Figure 8: Discharge error for 3 different initial velocities at a measuring
length of 3 m. The bars represent the uncertainty at the 95% confidence
level.

Conclusions

The IEC 41 (1991) standard states that an uncertainty of 1.5% to 2%
can be expected when L>10 m and UL>50 m2/s. Present laboratory
experiment for L>10 m and UL>50 m2/s show that similar accuracy
can be achieved both with differential and absolute pressure sensors.

The random error in the measurements is found to increase as the
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Table 1: Stationary pressure loss for Q=0.408 m3/s. Positions 1 to 4
correspond to pressure from each differential sensor around the circum-
ference. The theoretical values are calculated for a smooth pipe.

Reynolds number [-] 3 6 9

Position 1 [Pa] 2230 5470 5150
Position 2 [Pa] 2370 3740 6360
Position 3 [Pa] 240 3220 5300
Position 4 [Pa] 2000 4110 5640
Mean [Pa] 1710 4140 5610
Theoretical [Pa] 1780 3570 5350

measuring length decreases. An explanation for both absolute and differ-
ential sensor may be that the error gets relatively larger, as the measured
differential pressure decreases as the length decreases. Furthermore, the
end point for the integration is more difficult to find precisely, especially
for the absolute pressure sensors.

Both types of sensors show comparable results with the sole differ-
ence for the measurements at L=3 m. At this length the absolute sensors
give a larger error than the differential sensors. But it is not straight
forward to find the end point for the integration for the absolute sensors.
The reason for this can be that the fluctuations in the following pressure
peaks are relatively large.

The simulations and the measurements show similar behavior, with
an increasing systematic error with a decreasing U0, but with a difference
in magnitude. This systematic error may occur due to how the remaining
pressure loss is treated during the closure, and may be compensated for
by empirically determining the exponential factor in the pressure loss
expression. Both types of sensors give, for all measurements at the
highest initial velocity, a mean error close to zero, which is according to
the simulated value.
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Abstract

The Gibson method is commonly used for discharge measure-
ments at hydropower plants to estimate turbine efficiency. This
paper presents a detailed numerical study of this method in order
to estimate the physical quantities of importance in the method.
Additionally, a modification of the Gibson method is proposed that
adds temporal acceleration to the calculation procedure. The mod-
ification is numerically and experimentally validated for Reynolds
numbers ranging from ≈ 0.6× 106 to 1.7× 106. Using both sim-
ulations and experimental data, it is shown that the modified
method, the unsteady Gibson method, can reduce the flow esti-
mation error by as much as 0.4% compared to the standard Gib-
son method. Depending on the conditions, the unsteady Gibson
method corrects, or partly corrects, both under- and overestima-
tions of the flow rate that are calculated when using the standard
Gibson method.

Keywords: Gibson’s method, pressure-time method, discharge,
hydropower, transient friction
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Introduction

The Gibson method, also known as the pressure-time method, is a com-
mon method used for efficiency tests in hydropower plants. The method
was developed in the early 20th century, see Gibson [1]. The method
measures the discharge through turbines (for the case of hydropower
plants) and is, therefore, an indirect method for efficiency tests. Gib-
son’s method is based on Newton’s second law. The retardation of water
during valve closure generates a pressure force in the conduit. The dif-
ferential pressure between the two cross-sections is measured during the
deceleration. The discharge is then calculated by integrating the differ-
ential pressure over time [2, 3, 4];

Q =
A

ρL

t∫
0

(ΔP + ξ)dt+ q (1)

where Q is the discharge, A is the cross-sectional area, L is the distance
between the cross sections, ρ is the water density, ΔP is the differential
pressure, ξ is the pressure loss due to friction, t is the time and q is the
leakage flow after the closure. Fig. 1 shows a schematic of a Gibson
setup in a hydropower plant. The conduit, between the cross-sections
(1 and 2) should, for optimal accuracy, consist of a straight section with
a uniform cross-sectional area.

Site tests are usually performed on new installations or after refur-
bishments to determine if the efficiency meets contractual guarantees.
In either case, it is important to measure with high accuracy to as-
sure that reliable results are obtained. However, the method has some
limitations, which make it difficult to achieve the required accuracy for
certain conditions. One major limitation is that the measuring length
(distance between the cross-sections, see Fig. 1) must be greater than
10 m. Another major limitation is that the measuring length times the
initial velocity must exceed 50 m2/s, see IEC 41 [2]. These two criteria
are especially difficult to satisfy in low head machines due to short and
non-uniform water passages.

Since the Gibson method was developed [1], there have been sev-
eral investigations into this method. Mollicone [5] suggested methods
for finding the correct integration limits. Jonsson et al. [6, 7] made
both numerical and experimental investigation using the Gibson method
for situations when the measurement criteria were outside the optimal
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Figure 1: Schematic of a penstock with Gibson cross sections. L is the
measuring length, Q is the discharge, and P1 and P2 are the pressure at
the corresponding cross sections. The differential pressure in Eq. 1 is
calculated using ΔP = P1 − P2.

parameters. Bortoni [4] presented an alternative method used to de-
termine the leakage flow (the flow rate through the turbine after the
closure sequence). Dahlhaug et al. [3] made comparative measurements
and uncertainty calculations when comparing the Gibson method to the
thermodynamic method for low head turbines.

Using the Gibson method, Jonsson et al. [7] found, through labo-
ratory measurements and numerical investigation, a Reynolds number
or a velocity-dependent error for the estimated flow when compared to
an accurate reference (one pipe diameter was investigated). When in-
creasing the initial flow rate from a Reynolds number of ≈ 0.6 × 106 to
1.7× 106, the calculated flow rate error decreased from positive to zero
or negative. Both the numerical and experimental results followed the
same trend.

This systematic discrepancy is assumed to originate from the calcu-
lation of the zero-line (pressure losses). An example of a Gibson calcu-
lation is shown in Fig. 2. The Gibson method uses a quasi-steady state
assumption for the pressure loss calculation during the closure, i.e., the
pressure losses are calculated at each time step, assuming a steady state
(red curve in Fig. 2). Furthermore, the friction factor, obtained from
the initial flow, is assumed constant throughout the closure. This type of
assumption is only valid for a rough pipe and a very slow closure. How-
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Figure 2: Gibson’s integrated velocity with corresponding differential
pressure and pressure losses. Pressure data obtained from a simulated
valve closure.

ever, deceleration is an unsteady phenomenon and, therefore, should be
treated as one. The effect of unsteadiness may be non-negligible on the
losses [8] and, thus, included in the Gibson method.

Research on friction for decelerating flows has been presented in sev-
eral papers. Shuy [9] and Kurokawa and Morikawa [10] found that the
unsteady wall shear stress was greater than the quasi-steady shear stress
in decelerated flows. However, Ariyarante et al. [11] showed that the
unsteady wall friction can either under-shoot or over-shoot the quasi-
steady friction, depending on the flow conditions. The overestimation
and underestimation of the calculated flow rate, as shown by Jonsson et
al. [7], indicates that the assumption of a constant friction factor may
not be appropriate.

This paper presents a quantification of the different physical quanti-
ties involved in the Gibson method with the help of numerical simulation.
After the analysis, a modification of the Gibson method, with the addi-
tion of unsteady friction, is proposed. The modified method is referred
to as ”unsteady Gibson” (UG) and the unmodified method as ”stan-
dard Gibson” (SG). Using both numerical simulations and laboratory
experiments, the standard Gibson and the unsteady Gibson methods
are compared. The test cases follow the same conditions as those used
by Jonsson et al. [7].
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Experimental setup

Geometry

Laboratory tests using the pressure time method were performed at the
Waterpower Laboratory at NTNU. An outline of the test rig is shown
in Fig. 3. The rig consists of an open gravity driven pipe system with
a maximum discharge of approximately 0.410 m3/s. The available head
for the system, measured from the reservoir down to the measuring sec-
tion, is 9.75 m. The test section consists of a 26.67 m stainless steel pipe
with an internal diameter of 0.3 m. For the experiments, measurement
sections were made at 11 positions along the pipe. The first section is
located 3.7 m upstream from the valve, and the 10 remaining sections
were placed at every meter further upstream. At each measuring sec-
tion, 4 pressure taps are mounted with 90 degree spacing around the
circumference. A hydraulic driven gate valve is used for the closing se-
quence. The closing time can be adjusted down to 2.5 s, but it is kept
at around 4-5 s due to safety reasons. Repeatability of the closing time
and the effect of different closing times are presented in [7]. The initial
discharge is adjusted with a throttle downstream from the gate valve.

The measurements analyzed in this paper were performed at L =
3, 6 and 9 m. Three discharges were chosen for the survey; Q ≈ 0.16,
0.3 and 0.4 m3/s. This corresponds to Re ≈ 0.65 × 106, 1.25 × 106 and
1.70 × 106, respectively. Measurements with higher Reynolds numbers
could not be performed due to the limitations of the test rig. Flows
with lower Reynolds numbers induced instabilities in the system that
were caused by the downstream throttle used for flow control.

Measuring system

The tests were performed with differential pressure transducers (Honey-
well FP2000/FDW). The transducers have a range of ±0.5 bar and an
accuracy of 0.25%. The sensors were calibrated with an uncertainty be-
low 0.1%. A total of 4 sensors are used; one each between 2 pressure taps,
which are situated at 2 different sections with the same angular position.
A magnetic flow meter from Krohne (IFS 4000) is used as a reference
for all tests. The magnetic flow meter is calibrated with a weighing-time
system. The specification from the manufacturer states an accuracy of
0.3%, though it has been calibrated with less than a 0.1% deviation from
the reference. A 16-bit data acquisition system (Ni-6221) from National
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Figure 3: Schematic of the experimental rig, at NTNU, Norway.

Instruments was used in the measurements. The sampling frequency
was set to 2 kHz, and the logging was performed without filtering.

Numerical method

The governing equations in water hammer flows in simple pipelines are
the continuity (Eq. 2) and the momentum (Eq. 3) equations [12]. These
one-dimensional, non-linear, hyperbolic equations are discretized using
the method of characteristics (MOC) [12]. The MOC is suitable and the
most commonly used method for simulation of water hammer transients.

∂H

∂t
+

a2

g

∂V

∂x
= 0 (2)

∂H

∂x
+

1

g

∂V

∂t
+

fV |V |
2gD

= 0 (3)

where V is the bulk velocity, H is the piezometric head, a is the wave
speed, g is the gravitational acceleration, f is the friction factor and
D is the pipe diameter. The convective terms in the equations have
been neglected due to the low Mach number (M � 1) and the low
compressibility of water [13].

Several friction models are available for implementation with the
MOC [13, 14, 15, 16]. Brunone’s friction model is one of the most
widely used in one-dimensional codes. As are most of the models,
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Brunone’s friction model is calibrated and/or validated by experiments
that have sudden valve closures at lower Reynolds numbers compared
to the present case [15, 14]. However, because earlier simulations with
Brunone’s friction model [7] show good agreement with experiments, it
was chosen for the following simulations:

f = fq +
kD

V |V |
(
∂V

∂t
− a

∂V

∂x

)
(4)

where fq is the quasi-steady friction factor. The coefficient k is a weight-
ing coefficient for the convective and temporal accelerations introduced
in the friction factor. It can be calibrated empirically for certain flows.
Another approach is to use Vardy’s shear decay coefficient C∗, which is
related by k =

√
C∗/2 (empirically calibrated [15]). Vardy’s shear decay

coefficient for laminar flow is C∗ = 0.00476. For turbulent flow it is as
follows:

C∗ =
7.41

Relog(14.3/Re0.05)
(5)

The quasi-steady friction factor, fq, is found by Darcy’s friction factor
in the laminar flow regime (fq = 64/Re) and Haaland’s equation for
the turbulent regime. The coefficients k and fq are set to follow the
instantaneous Reynolds number, i.e., the coefficients are updated for
the local velocity at each grid point and time step.

The simulations modeled the cases performed at the NTNU labora-
tory and are described in Sec. . In addition to the straight pipe under
investigation, the entire test rig has pipes with other diameters and
some bends (Fig. 3). The model is, therefore, simplified to a straight
pipe with a length of 40 m and a diameter of 0.3 m. The wave speed
obtained from the measurements in the test rig is used for the sim-
ulations (a = 900 m/s). The flow rates and measuring lengths used
in the experiments are kept at the same values for the simulations. For
each flow rate and measuring length, the relative roughness is calculated
from the experimental data and thereafter used in the simulations. The
boundary condition at the valve is based on an approximated dynamic
characteristic of the valve. This characteristic is obtained from Gibson’s
integration. Because the dynamics vary with initial flow, separate valve
characteristics have to be found for each flow rate.

The MOC with Brunone’s friction was shown to be sensitive to the
grid size [16]. The simulations herein are made with 200 nodes. Finer
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grids, with up to 400 nodes, have been tested but show no major differ-
ences in the results. From the simulated valve closures, the pressure is
extracted at the same positions as in the experiment.

Implementing transient friction in Gibson’s

method

Both the numerical simulations (with Brunone’s friction model) and the
experiments [7, 17] follow a similar trend when using the same calcula-
tion procedure presented in IEC 41 [2]. They show a Reynolds/velocity
dependence of the flow rate estimation. Hence, the numerical model
seems to capture the transient phenomenon adequately. Based on this
model, a detailed study of the transient phenomenon is now proposed,
where the different physical quantities are quantified in order to explain
the discrepancy between the reference flow rate and the flow rate ob-
tained using the Gibson method, as proposed in the IEC 41 [2].

Unsteady friction - Brunone’s model

In a Gibson measurement, the flow is decelerated rapidly, followed by
a pressure wave with the water hammer velocity. The subsequent pres-
sure wave travels forwards and backwards until it is damped out due
to friction. Fig. 4(a) and Fig. 4(b) show the friction (pressure loss
per unit length) in the midsection of the pipe during the closure for Re
= 0.67 × 106 and 1.7× 106, respectively. They show 3 different cases:
steady, quasi-steady and unsteady. In the steady case, the friction fac-
tor obtained from the initial flow rate is kept for the entire calculation
procedure. The quasi-steady friction factor is updated at every time
step and node with the actual velocity, assuming a steady flow. The
unsteady friction factor is calculated assuming the complete Brunone
model (Eq. 4), where the coefficients are updated at each time step and
node. For the lower Re, the losses obtained with an unsteady friction
factor under-shoot both of those obtained with the constant and the
quasi-steady friction factor. In contrast, for the higher Re, the losses
with the unsteady friction factor lie between the losses obtained with a
constant and quasi-steady friction factor until ≈ 4.5 s, where it decreases
rapidly. For both cases, the unsteady friction changes sign at t ≈ 4.5 s.

To evaluate the importance of the friction terms in Brunone’s model
during valve closure and during the remaining pressure wave after clo-
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Figure 4: Pressure loss per unit length during closure at the pipe mid-
section for 3 different friction factors: quasi-steady, constant f and un-
steady. (a) Re = 0.67x106 and (b) Re = 1.7x106.

sure, each term is explicitly added in the MOC. Fig. 5 presents the
magnitude of the convective acceleration (du/dx), temporal acceleration
(du/dt) and quasi-steady friction. During the closure, the quasi-steady
term contributes, as expected, to the major portion of the positive fric-
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Figure 5: Representation of the 3 different terms obtained with
Brunone’s friction model (Eq. 4) together with the pressure and velocity
during the last part of the closure and a couple of pressure reaches. The
pressure head is normalized by the pipe length and scaled down by 1/5.
The data are extracted at the mid-section of the pipe.

tion, i.e., friction in the direction of the bulk flow. The temporal term
gives most of the negative contribution to the friction, while the con-
vective term is negligible. After closure, the friction from the temporal
term has a 90 degree phase shift with the bulk velocity, while the fric-
tion from the convective term has the same phase as the velocity. Thus,
the temporal term generates only a small phase shift in the pressure
trace, and the damping comes solely from of the convective term (the
sign of du/dx always follows the velocity). The zero contribution to the
damping, from the temporal term, can also be shown using derivation
of the water hammer equations, when the temporal part is included in
the wave equation [16].

A modification of the Gibson method is now proposed, where the
temporal acceleration and the quasi-steady terms are implemented in
the unsteady Gibson (UG). These two terms were found to contribute
the most to the friction. This choice is further motivated by Fig. 5,
where the convective acceleration is found to have a 90 degree phase
shift with the pressure wave. In fact, the integration limit is near the top
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of the peaks, and, therefore, the contribution to the integral is canceled
out. Hence, all terms in Eq. 4, except for the convective term, are
implemented in the updated method.

Calculation procedure

In the standard Gibson method, the friction factor is obtained from the
initial flow. The integration of the pressure then follows an iterative
loop, where the pressure loss curve is determined [2, 3, 4]. The unsteady
Gibson follows a similar iterative procedure, but with the unsteady fric-
tion factor added to the model. The velocity at each time step (black
curve in Fig. 2) is needed for the calculation of fq, k and du/dt. An
initial guess of the velocity during closure is made by assuming linear
pressure loss. Thereafter, using the calculated velocity, a new pressure
loss curve is calculated using the unsteady expression of the friction
factor. Last, a new Gibson integration can be performed with the up-
dated pressure losses. This loop continues until a convergence criterion
is satisfied. Fig. 6 shows an overview of the procedure.

Results

Simulated and experimental results of standard and unsteady Gibson’s
calculations are presented for 3 flow rates and measuring lengths. For
each setup and measuring condition, 12 runs were performed to minimize
experimental random errors.

Comparison of standard Gibson’s and unsteady Gibson’s

Fig. 7 to 9 show the flow estimation rate error ((Q−Qref )/Qref ) for SG
and UG, where Qref is the flow rate obtained with the electromagnetic
flow sensor. The simulated and experimental results show a similar
trend, where the estimation from UG, for most points, is closer to the
reference compared to SG.

At Re = 0.65 × 106, the simulated and experimental results are sim-
ilar for all lengths. SG overestimates the flow by approximately 0.5%,
while UG is closer to the reference, and even equal in some cases (Fig.
8(b)).

At Re = 1.25x106, SG and UG (simulated and experimental) give a
similar estimation of the flow rate. The estimation is also close to the
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Figure 6: Procedure of unsteady Gibson’s calculation.

reference, except for the experimental result at L = 3 m, which produces
an underestimation of approximately 0.5% (Fig. 9(b)).

Increasing Re to 1.7× 106, larger differences in the results between
each length appear. The estimation at L = 9 m is equal to, or close
to, the reference for both SG and UG (Fig. 7). At L = 6 m, the SG
underestimates the flow, while UG is near the reference flow rate. The
setup at this length has a low roughness (calculated from the initial flow),
which gives a quasi-steady friction factor that increases more rapidly
during deceleration, compared to the other lengths. Thus, the quasi-
steady portion gives a larger contribution to the friction, and the total
unsteady friction becomes larger than the friction with constant friction
factor (cf. Fig. 4). Hence, the flow rate estimation for UG becomes
larger than that for SG. Moreover, the simulations and the experimental
data are similar, even for this length. At L = 3 m, the estimation is
approximately −0.5% lower than for the other lengths. The simulated
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Figure 7: Flow estimation error for a measuring length of 9 m. (a)
simulated and (b) experimental.

and the experimental results follow a similar trend, where UG generates
a smaller flow estimation error, see Fig. 9.
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Figure 8: Flow estimation error for a measuring length of 6 m. (a)
simulated and (b) experimental.
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Figure 9: Flow estimation error for a measuring length of 3 m. (a)
simulated and (b) experimental.
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Uncertainty analysis

The results within the present work indicate that UG more accurately
estimates the flow rate compared to SG. The difference shown is up to
0.4%, which is a large value for flow measurements, although it might
be small in the case of uncertainty. The uncertainty is calculated by
the deviation from the mean with the t-distribution at a 95% confidence
level. Tab. 1 lists the deviation from the mean for each length and
Reynolds number (calculated from 12 runs). The deviations for L = 9
m are the lowest, which is expected because the relative uncertainty is
the smallest at this length. For both L = 6 and 9 m, the deviations are
smaller than the largest estimation error. At L = 3 m, the calculated
deviation is much larger, up to 0.7%. However, the flow estimations also
deviate most from the reference at this length, cf. Fig. 9(b).

The difference between SG and UG follows a systematic behavior,
and, therefore, the deviation from the mean of the difference is calcu-
lated. In other words, the difference between SG and UG is calculated
from the same closure event. The random error between each run is
then reduced, and the systematic difference is enhanced. Tab. 2 shows
the deviation from the mean of the difference at a 95% confidence level
(from 12 runs). This deviation is small. Thus, the difference between the
methods follows a systematic behavior and is shown to be significant.

Table 1: Deviation from the mean in percent at 95% confidence level;
calculations made from 12 runs.

Re 0.65× 106 1.25 × 106 1.70 × 106

L = 9 m 0.17 0.09 0.16
L = 6 m 0.19 0.18 0.22
L = 3 m 0.16 0.22 0.70

Table 2: Deviation from the mean of the difference in percent at 95%
confidence level; calculations made from 12 runs.

Re 0.65× 106 1.25 × 106 1.70 × 106

L = 9 m 0.05 0.02 0.04
L = 6 m 0.01 0.02 0.06
L = 3 m 0.04 0.03 0.13
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Conclusions

A realistic numerical model, using Brunone’s friction formulation of the
pressure time method, has been developed and validated with laboratory
experiments. A detailed evaluation of the friction terms demonstrates
the importance of temporal acceleration, which is absent in the standard
Gibson calculation procedure. Modification of the Gibson procedure
by implementation of the temporal acceleration, together with a quasi-
steady friction factor instead of a constant friction factor, allows for
a more accurate estimation of the flow rate compared to the standard
Gibson method procedure. The additional unsteady terms correct both
overestimation and underestimation of the flow, which are functions of
the flow conditions and measuring length. At L = 3 m, the deviations
are larger than the other lengths and, hence, the calculated estimations
are not as reliable as for L = 6 and 9 m.

The estimation error was reduced by up to 0.4% using the proposed
method. Such improvement can be of great importance for site effi-
ciency tests. Furthermore, the new method provides for an extension of
the Gibson method for shorter lengths. Though the laboratory exper-
iments have smaller pipe diameters and Reynolds numbers than most
hydropower plants, validation of the unsteady Gibson at higher Reynolds
numbers is nonetheless necessary in well-defined and controlled condi-
tions.
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