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a b s t r a c t

Hydraulic turbines are widely used to meet the real-time electricity demand at moderate to low cost.
Intermittency in the power grid due to high penetration of wind and solar power has raised significant
concerns for grid stability and reliability. The intermittency results in an increase of the startestop cycles
of hydraulic turbines. Each cycle induces fatigue to the turbine runner because it experiences unsteady
pressure loading of high amplitude. The turbine runner accelerates freely due to an instantaneous
transition into no load during shutdown. The amplitude of the unsteady pressure pulsation increases as
the runner accelerates. To investigate the unsteady pressure pulsation, a shutdown slightly different from
the normal shutdown was performed. Guide vanes were closed completely before the generator was
disconnected from the load. The runner was spinning at constant angular speed through the generator.
Amplitudes of the pressure pulsations were 20% and 35% lower in the vaneless space and the runner,
respectively, compared to the normal shutdown of the turbine.

© 2015 Published by Elsevier Ltd.

1. Introduction

Hydropower is one of the most reliable sources of renewable
energy and is extensively used to meet real-time electricity de-
mand. The global hydropower capacity reached more than
1135 GW by the end of 2013, and it increases by 4% every year [1].
The imbalance between electricity demand and generation often
disrupts the power grid. Governmental incitation for alternative
renewable and sustainable energies, such as wind and solar energy,
has also increased grid disruption because they do not produce
electricity according to demand [2,3]. Thus, variable power gener-
ation from wind/solar energies and variable electricity demand
have affected hydraulic turbine operation. The turbines are forced
to pass through transient conditions, such as load variation, start-
stop, and total load rejection. A load peaking hydraulic turbine
experiences 3e5 transient cycles per day [4].

Startup and shutdown follow complex operating sequences of
hydraulic turbines [5,6]. For a normal shutdown of a Francis tur-
bine, power output from the generator is brought down to the
minimum by closing the guide vanes. Then, the generator is
disconnected from the grid/load by opening the circuit breakers.
The guide vanes are closed further, and the transition into no-load
occurs. The angular speed of the runner decreases slowly as the
discharge to the runner decreases. However, during the transition
into no-load, an overshoot of the runner angular speed takes place,
accelerating the runner [7,8]. The speed overshoot depends on the
inertia of the rotating components, including the runner and
instantaneous discharge to the runner. During the speed overshoot,
the amplitudes of the instantaneous pressure pulsations in the
runner increase rapidly [9].

Unsteady pressure measurements on a model Francis turbine
have shown that turbine shutdown is more damaging than startup
[9]. During the shutdown cycle, the turbine passes through critical
conditions and experiences significant vibrations as well as un-
steady pressure loading [4,10]. Each cycle induces fatigue to the
turbine runner equivalent to 15e20 operating hours [11e13].
Furthermore, the guide vane closing law and rate largely affect the
instantaneous pressure loading on the blade surfaces. However, the
closing law is generally defined at the time of turbine
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commissioning, and it is followed during subsequent start-stops of
the turbine [5,6,14e16]. The closing law is defined by considering
the water hammer and surging effects in the water conduits and
not the unsteady pressure loading and rate of runner acceleration
[17,18].

The main objective of the present measurement is to investigate
the unsteady pressure amplitude in the turbine by limiting the
runner acceleration during shutdown. During the shutdown, the
generator was connected to the load until the complete closing of
the guide vanes and was then decoupled from the load. Unsteady
pressure measurements in the vaneless space, runner, and draft
tube were performed during the shutdown and are presented. The
experimental results are compared to the results obtained with a
traditional (normal) shutdown.

2. Materials and methods

Experimental investigations were conducted on a model Francis
turbine. The test rig of the Francis turbine is shown in Fig. 1. The
turbine is a scaled-down (1:5.1) model of the prototype operating
at the Tokke Power Plant, Norway. The turbine includes 14 stay
vanes integrated inside the spiral casing, 28 guide vanes equally
arranged before the runner inlet, 15 splitters and 15 blades inside
the runner, and an elbow type draft tube. The reference diameter at
the runner outlet for the model is 0.349 m. During the measure-
ments, water was pumped to the overhead tank where a constant
level was maintained. Water flowed down to the turbine through
the connected pipelines. Discharge to the turbine was controlled by
the guide vanes only. The outlet of the draft tubewas connected to a
downstream tank where a constant water level was maintained at
the atmospheric pressure. The net head across the turbine was
12 m at the best efficiency operating point (BEP).

The calibrations, experimental measurements and computa-
tions were performed using the procedure and guidelines available
in the IEC standards [20]. Data from the instruments/sensors were
recorded on a computer through a program developed in LabVIEW.
There were two acquisition systems: one to record the data specific
to the test rig, sampled at 1.4 Hz, and another to log the pressure-
time signals of the installed sensors, sampled at 2083 Hz. Fig. 2
shows the locations of the pressure sensors mounted in the
model: on the vaneless space (VL01), the pressure side of the blade
(P42 and P71), the suction side of the blade (S51), and on thewall of
the draft tube cone (DT11 and DT21).

The Summation Research SRI-500e wireless telemetry system
was used to transmit the pressure-time data of sensors P42, P71,
and S51 to the stationary receiver located outside the turbine. The
accuracy and calibration uncertainty of the sensors are presented in
Table 1. A hydraulic dead-weight tester (General Electric Series

3200) was used to calibrate two PTX610 pressure transmitters
(PTX1 and PTX2, for location see Fig. 1) and one PTX1400 pressure
transmitter. The PTX1400 was used as a primary calibration sensor
for the calibration of the Kulite LL080 type strain gauge based
miniature pressure sensors P42, P71, and S51. The estimated un-
certainties were below 0.62%, 0.45%, and 0.22% for P42, P71, and
S51, respectively.

Steady state measurements were performed over the turbine
operating range before the present measurements. Fig. 3 shows the
constant efficiency hill diagram of themodel Francis turbine. A total
of 150 operating points were obtained for guide vane angular po-
sitions varying from 3.9 to 14�. The maximum hydraulic efficiency
of 93.4% was obtained at nED ¼ 0.18, QED ¼ 0.15, and a ¼ 9.9�, the
BEP. The observed net head and hydraulic energy (rE) were 12 m
and 116.84 kPa at the BEP, respectively. The total estimated un-
certainty was ±0.16% in the hydraulic efficiency under the steady
state operating condition at the BEP [19]. The discharge factor (QED)
and speed factor (nED) were calculated using equations available in
IEC 60193 [20] as follows:

QED ¼ Q

D2,
ffiffiffi

E
p ð � Þ (1)

nED ¼ n$D
ffiffiffi

E
p ð � Þ (2)

where Q is the discharge in m3 s�1, D is the reference diameter in m,
E is the specific hydraulic energy in J kg�1, and n is the runner
angular speed in revolutions per second.

Transient pressure measurements were performed during
shutdown from the steady state BEP load. The torque output from
the runner was reduced by closing the guide vanes from 9.9�. The
runner was operating at a synchronous speed of 5.53 Hz until the
guide vanes were completely closed. The generator was then
disconnected. The runner was spinning at no-load, and the angular
speed was decreasing slowly. The runner was not accelerated after
disconnecting the generator from the load as observed for the
normal shutdown scheme because there was no discharge to the
runner.

3. Data reduction

The pressure-time data of all eight sensors were analyzed in the
time domain. The pressure values were correlated with the guide
vane angular movement and the runner angular speed. Spectral
analysis was conducted to investigate the amplitude and corre-
sponding frequency. Apart from the pressure-time data, the
discharge, guide vane angular movement, head, shaft torque,

Fig. 1. Experimental setup of the model Francis turbine [19]. PTX1 and PTX2 are the pressure transmitters used to monitor the pressure variation at the inlet pipeline during
shutdown. Dp is the differential pressure across the turbine. The dotted line in the downstream tank indicates the water level at atmospheric pressure (pamb) during the
measurements.
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