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ABSTRACT

Current study was aimed to investigate the unsteady pressure loading in a model Francis turbine under
variable-speed configurations. Focus was to investigate the time-dependent characteristic frequencies
and the pressure amplitudes. Detailed analysis of both stochastic and deterministic pressure loading in
the vaneless space, runner and draft tube was conducted. Total 12 pressure sensors were integrated in
the turbine, including four sensors in the runner. The runner rotational speed was changed by +30% of
the rated speed, and the guide vanes were at a fixed aperture. Total four operating conditions were
investigated. The measurements showed that, in the vaneless space and runner, amplitudes of unsteady
pressure fluctuations increase with the runner angular speed. Pressure field at the blade trailing edge is
strongly influenced by the draft tube flow at part load and low load. The variable-speed configuration
allowed power generation under the stable condition, where the vortex rope effect is low. However,
this led to high-amplitude stochastic frequencies in the runner and draft tube. Overall, the pressure
measurements indicated that not only efficiency but also detailed study on pressure fluctuations inside
the turbine is vital before designing a runner for the variable-speed configurations.

Keywords.: design; Francis turbine; hydropower, pressure; renewable energy, variable-speed

1. Introduction

Electricity demand of a country is met by both continual and intermittent types of energy sources
[1, 2]. Hence, any variation in the intermittent energy source can affect the grid network and the other
base load turbines [3]. To compensate such variation, counter balance is needed, which is provided by
the hydraulic turbines [4, 5]. Because, the base load units (continual type) respond slowly against the

load change, and the power generation cost is high. The hydraulic turbines provide flexibility of real-
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time load change according to the demand [6]. The turbines respond quickly (less than a second) using
synthetic inertia control to primary (few seconds), secondary (less than a minute) and territory (few
minutes) controls depending on the requirement [7-9]. During low demand, the turbines are operated
at the minimum load or speed-no-load (SNL), which allows energy storage [10-13].

Francis type hydraulic turbines are the most common in use today. The turbines are operated at the
fixed rotational speed governed by the grid frequency of a country [14]. Traditionally, Francis turbines
are designed for a fixed speed and a variable discharge characteristics. Hence, the mechanical power
from a runner is managed by the guide vane aperture (discharge control). Such turbines work well at
the design point, i.e., best efficiency point (BEP), and the turbine efficiency is high. However, when
the electricity demand is low/high, the turbines are forced to operate under off-design condition, and
the turbines experience fatigue due to high amplitude pressure fluctuations, vortex breakdown and
cavitation [15]. Extensive studies have been conducted to investigate the problems during the last
three decades, but it is far from the realistic solutions [16-21]. Variable-speed configuration may be a
better alternative to improve dynamic stability of the turbines.

Turbines are designed for one of three approaches: (1) low flexibility- fixed speed and discharge,
(2) medium flexibility- fixed speed and variable discharge, and (3) high flexibility- variable speed and
discharge [5, 22, 23]. The first approach is used for run of river power plant, where guide vanes are
fixed permanently (or no guide vanes) to reduce the operating/maintenance cost. Such turbines are not
applicable to meet the real-time demand. The second approach is widely used due to high efficiency
and low cost [24]. However, such turbines experience dynamic instability when they are operated at
the off-design load [15, 17, 25]. The third approach provides moderate to high flexibility to meet real-
time demand and stabilize the power grid when wind/solar power fluctuates rapidly [26, 27].
Advantage of this approach is the flexibility of two variables, i.e., rotational speed and discharge,
which enables a wide range of power output and two different combinations for the same load. Thus,

dynamic stability can be maintained unlike the second approach.
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Currently, variable-speed technology is integrated either retrofitting in the existing turbines or
designing a completely new turbine. Retrofitting allows cost saving, but the flow field during the
speed variation is not known clearly [28]. Pressure measurements in a Francis turbine showed that the
amplitudes of unsteady pressure fluctuations are high in the runner during speed variation [29-32].
The amplitudes were strongly associated with the instantaneous rotational speed of the runner. During
speed variation, complex pressure field is developed in the vaneless space due to constant change of
runner tangential velocity. Similarly, in the blade passages, swirls are developed as the runner speed
changes, which further increase the flow instability and cause high amplitude pressure fluctuations
[33-35]. In the Francis turbines, the main challenge is the high amplitude dynamic stresses from the
rotor-stator interaction (RSI) [36]. The dynamic stresses cause fatigue and crack to the runner blades
[37-39]. Sometimes, the stresses induce crack within few months of turbines operation [40, 41].

The variable-speed characteristic allows turbines to adjust the rotational speed independent from
the grid frequency. The problems at off-design load can be reduced without significantly reducing the
turbine efficiency [26]. The turbine can be operated under a stable operating region for the same load.
Very few studies on the variable-speed characteristics have been conducted, and most of them focused
on the global parameters, such as efficiency improvement, head and speed variations [1, 2, 5, 9, 27,
42, 43].

So far majority of studies are focused on constant speed (i.e., synchronous) and discharge (fixed
guide vane opening) conditions, where the frequencies of unsteady pressure fluctuations are nearly
constant. The pressure amplitudes are dependent on the operating load. Expected frequencies and the
amplitudes are well predicted along with the hill diagram of a model/prototype turbine during model
test. But the turbine designs are currently inclined towards variable-speed to improve the power grid
stability [9], where the runner rotational speed is not constant. In this situation, characteristic
frequencies and the pressure amplitudes are no longer constant and those vary with the rotational
speed. State of the art studies under such conditions indicated that the composition of deterministic

and stochastic frequencies vary with the rotational speed. At certain locations in the turbine,
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amplitudes of stochastic component of frequencies may cause heavy fatigue loading to the blades
[44]. Detailed investigation of unsteady pressure loading is essential to understand the characteristic
frequencies and flow field during the speed variation and to make robust design of the future turbines.
The present work is aimed to investigate the amplitudes of unsteady pressure fluctuations at
different locations inside the turbine during speed variation and to investigate the change of pressure
amplitudes with load. The measurements were conducted on a high head model Francis turbine for
different guide vane apertures (GVA) starting from a minimum load to the full load. To account for
the extreme scenario, runner rotational speed was changed up to 30% of the rated speed. The GVA
was fixed during the speed variation. Flush mount pressure sensors were integrated in the vaneless
space, runner and draft tube to acquired unsteady pressure data. Current study showed that both
characteristic frequencies and amplitudes are strongly dependent on the runner rotational speed and
corresponding discharge. Around the rated speed (£10%), amplitudes of deterministic frequencies are
dominant. Away from the rated speed (£20-30%), amplitudes of stochastic frequencies were high,
particularly at the blade trailing edge and the draft tube. The frequencies were seen in the range of 10-

50 Hz and 170-250 Hz.

2. Francis turbine

Test rig available at the Waterpower Laboratory, Norwegian University of Science and Technology
(NTNU) was used for the measurements. The test rig is capable of operating under two different
configurations, close loop and open loop, according to the measurement types. The close loop is
preferred for steady-state measurements, and the open loop is preferred for transient measurements.
The open loop provides identical configurations to the prototype during speed/discharge variations
[45]. Figure 1 shows open loop configuration. Water from the large reservoir (9) is continuously
pumped to the overhead tank (2) and flowed down (gravity) to the turbine (7). The overhead tank acts
as a reservoir. Discharge to the turbine is regulated by the guide vanes. The feed pumps (1) can be
operated at the selected speed to obtain a required head for the measurements. There are two pumps,

each driven by 315 kW variable-speed motor, and the pumps can be operated in either series or
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parallel depending on discharge/head requirements. The draft tube outlet is connected to a
downstream tank (8), where a constant water level is maintained at an atmospheric pressure, and the
water above runner centerline is discharged to the basement (9). The open loop can produce a head up
to 16 m, and the close loop can produce a head up to 100 m (discharge up to 0.5 m? s-!). For the
current measurements, open loop was used, which enabled configurations similar to a prototype. The
turbine is a reduced scale (1:5.1) model of a prototype operating at Tokke power plant, Norway. The
turbine includes 14 stay vanes integrated inside the spiral casing, 28 guide vanes, a runner with 15
full-length blades and 15 splitters, and a draft tube. The runner inlet and outlet diameters are 0.63 and
0.347 m, respectively. The Reynolds number is 1.87x10° at the BEP. The runner and DC generator
rotor are coupled on the same shaft. The DC generator-motor was always connected to the load during
the measurements.

For the variable-speed measurements, a LabView program was developed and integrated into the
governing system for the speed control. The frequency response time of the pressure sensors was
much higher than the data logging rate. The frequency response time of the magnetic flowmeter was
very low (1 Hz) therefore time dependent discharge variation is not discussed in the article. In this

turbine, discharge variation is inversely proportional to the runner rotational speed for fixed GVA.

Figure 1 Open loop hydraulic system at the Waterpower Laboratory, NTNU. (1) feed pump (2) overhead tank-primary, (3)
overhead tank-secondary, (4) pressure tank, (5) magnetic flowmeter, (6) DC generator, (7) Francis turbine, (8) downstream
tank and (9) basement.
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The Francis turbine was equipped with all required instruments to conduct model testing according
to IEC 60193 [46]. Additional 10 pressure sensors were flush mounted at different locations in the
turbine and their locations are shown in Figure 2. Two sensors (VL1 and VL2) are in the vaneless
space; four sensors (R1, R2, R3 and R4) are on the runner crown, between two blades; four sensors
(DT1, DT2, DT3, and DT4) are on the wall of the draft tube cone. Two additional sensors (IN1 and
IN2) are mounted at the turbine inlet conduit to monitor water hammer. Calibration and uncertainty
quantification of all measuring instruments and sensors were conducted. IEC 60193 [46] was followed
for quantifying the uncertainties in the turbine efficiency. The uncertainties obtained from the
calibration are listed in Table 1. The total uncertainty (é;) of £0.2% includes both systematic and
random uncertainties (see Equation (2)). The systematic uncertainty is the root-sum-square of the

uncertainties in discharge (éQ), head (¢é,,), torque (€_) and runner rotational speed (é,) from the

calibration. The maximum uncertainties of the pressure sensors located in the vaneless space, runner
and draft tube were +0.12, £0.26 and +0.14%, respectively. Uncertainty in the guide vane angular

positioning (é,) was +0.7%.

A A2 A2 A2 A2 A2
es—i\/ o Teéy terte te; €))

e =+ let+é )

where é and é_are the systematic and random uncertainties in percentage.
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Figure 2 Locations of pressure sensors in the turbine. Sensors R1, R2, R3 and R4 are in the runner; DT1, DT2, DT3 and
DT4 are in the draft tube cone; VL1 and VL2 are in the vaneless space.

Table 1 Computed uncertainties in the flow measurement through calibration.

éy é, é, é, é,

ér ét

eVL eR eDT o

+0.17 +0.12 +0.15 +0.035 =+0.01

+0.18  +0.2

+0.12  £0.26 +0.14 +0.7

To determine the repeatability of the test rig, measurements were conducted at steady-state BEP,

high load, part load and minimum load before the current measurements. The results were compared

with available benchmark data [47, 48], and the maximum deviation was within the uncertainty (é;)

limit. The BEP was obtained at ¢=9.9°, n_,=0.18, O, ,=0.15, and the hydraulic efficiency was

93.1+0.2%.

nD
Ngp _ﬁ (') 5 (3)
Y 3.
QED - sz/E ( ) 5 4)

where 7 is the runner rotational speed in revolutions per second, D is the runner reference dimeter in

m, E is the specific hydraulic energy in J kg-! and Q is the turbine inlet discharge in m3 s™!.

The pressure data were analyzed for all transient conditions. The data were acquired at a sampling

rate of 5 kHz. Slip-ring mechanism was used to acquire data from the runner sensors. Natural
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frequencies of the pressure sensors were above 25 kHz. Detailed pressure measurements on the
turbine were conducted and key findings are discussed to avoid unnecessary repetition of the same

flow phenomena.

3. Results and discussions

3.1 Global variation

Experiments were conducted for four different GVA, i.e., 8, 70, 100 and 140%, and 2 cases of
speed variation, i.e., runner speed increase and decrease, for each GVA. The GVA of 8 and 140%
correspond to the minimum and maximum load in the turbine, respectively. The GVA of 70%
corresponds to the part load, where the amplitudes of vortex rope are maximum. Variation of the

runner rotational speed was 100 rpm (n,,=+0.05), which is equivalent to +30% of the rated speed. In

addition to the pressure data, torque, rotational speed, friction torque and net head were acquired
during the speed variation.

The torque and power values during the speed variation at 100% GVA are shown in Figure 3. Time
=0 s represents start time of the load change (throughout the paper). Before =0 s, the turbine was

operating at the steady load. The flow parameters are normalized by the corresponding steady value

(X=0),

t=0

(). )

As shown in Figure 3(a), 100% GVA, the speed is increased linearly, and the load is ramping up at a
rate of 9% per second. The speed is increased by 100 rpm during 0-2.5 s, and total power output
(P=Tw) is increased by 22%. The torque is reducing by an approximately same rate because discharge
is reduced. In this turbine, discharge is inversely proportional to the runner speed. Power is
proportional to the runner angular speed () for the constant GVA. The opposite variation can be seen
for the speed reduction case in Figure 3(b), except power. The power increases for the few moments,

0-0.5 s, and then decreases. This may be due to the dominant effect of mechanical inertia (flywheel
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effect). The flywheel effect is sometimes very useful to stabilize the power grid [14]. In the hydraulic
turbines, the flywheel effect is low as compared to the other base load turbines, such as thermal,
nuclear and gas turbines. For a prototype, flywheel effect is estimated at the time of commissioning

using runner acceleration (w), polar moment of inertia of the rotating masses (J) and torque (7).

t start (S) (6)

The flywheel effect is limited by the allowed speed range and the maximum possible torque delivered
by a turbine [43]. Therefore, in some cases, ideal response time may be slower than the expected. The
mechanical start time is dependent on the flywheel effect (GD?) of the rotating masses, runner

acceleration (w?) and power (P),

LCLA ™)
nTp
1.6 : ’
100% GVA
¥*
s S—
n
1 5
—T7
(a
0.6 ) L .
1.6
100% GVA
i
1

5 o (5 10

Figure 3 Variation of runner speed (), power (P) and shaft torque (7) during speed variation at 100% GVA; =0 s
indicates the start time of speed change. The parameters are normalized with the corresponding initial steady value.

For all investigated cases, the trend of parameter variation was similar to the 100% GVA, except
for 8% GVA. Time-dependent variation of the runner speed (n), power (P) and shaft torque (7) at 8%
GVA is shown in Figure 4. Torque (also power) drops significantly (~200%) while increasing the
runner speed (see Figure 4(a)), which is completely different from Figure 3(a). Large fluctuations in
the torque value during speed variation correspond to switching from/to generator/motor mode to

overcome the losses at that instant of time. The opposite variation can be seen for the case of speed
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decrease (Figure 4(b)). However, the generator/motor switching occurs at two points. Discharge to the
runner at this GV A is extremely low, which may not be enough to meet the required torque value.
Such condition is rare for the prototypes. Measurements at 8% GV A were conducted to investigate the

extreme scenario in the turbine at very low discharge.

(a)

Variable-speed (8% GVA)

(b)

t(s)

Figure 4 Variation of runner speed (n), power (P) and shaft torque (7) during speed variation at 8% GVA; /=0 s indicates
the start time of speed change. The parameters are normalized with the corresponding initial steady value.

3.2 Characteristic frequencies
3.2.1 Turbine inlet

Two pressure sensors, IN1 and IN2, were flush mounted at the inlet conduit to acquire unsteady
pressure fluctuations and water hammer during load change. The sensor IN2 was located at the spiral
casing inlet. The sensor IN1 was located 7 m upstream from IN2. Pressure variation at IN1 and IN2
during power ramp-down at 100% GVA is shown in Figure 5. The pressure is normalized by the net
head at BEP [47],

- (PO pg)
HBEP

¢); ®)
where p(f) is the time-dependent pressure acquired during the measurements in Pa, p is the water
density in kg m3, g is the gravity m s2 and Hggp is the net head at BEP in m. As runner speed
decreases, pressure in the conduit drops rapidly due to increase of flow velocity. Total pressure drop is

3.2 and 3.4% at IN1 and IN2 locations, respectively. The pressure recovers slowly as flow stabilizes in

the system. The frequency of oscillations is 0.35 Hz, which is dampened after 10 s. Instantaneous
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pressure fluctuations during load change are shown in Figure 6. Equation (9) [46] is used to normalize
the pressure fluctuations. Factor of pressure fluctuations (p,),

 h0-p0)
- (PE) g 0

(€]
where p(7) is the time-average pressure in Pa and other parameters are similar to those explained
previously. Both high and low frequency fluctuations can be seen. The low frequency fluctuations are
associated with the surging effect in the conduit. The high frequency fluctuations are associated with
the blade passing frequency, which varies with the runner rotational speed (4.7-3.1 Hz), and the
frequency of standing wave. After the speed variation, two dominating frequencies were obtained,
e.g., the blade passing frequency of 92 Hz and the standing wave frequency of 42 Hz [49]. The

pressure variation was similar for the other GVA, except the amplitudes of pressure fluctuations. For

the 140% GVA, the pressure amplitudes were maximum, i.e., p~E=1 2.

1.84

100% GVA S — NI
— INI (average)
1.82 1
1.8
1.78 ' ' ' '
-5 0 S 10 15 20
1.84
—IN2
——IN2 (average)
1.82 J
1.8
1.78

5 0 5 10 15 20
£(s)

Figure 5 Unsteady pressure variation at the turbine inlet conduit during power ramp-down at 100% GVA. Time =0 s is the
start time of load change (or the runner speed change); H"is computed using Equation (8).
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Figure 6 Factor of pressure fluctuations at the turbine inlet (IN1 and IN2) during power ramp-down at 100% GVA. ];E is
computed using Equation (9).

3.2.2 Vaneless space

To investigate the amplitudes of blade passing frequency, two pressure sensors (VL1 and VL2)
were mounted in the vaneless space. A sensor VL1 was located at the trailing edge of a guide vane
and VL2 was located before the trailing edge, where the vaneless space is minimum. Pressure
fluctuations at VL1 during power ramp-down at 100% GV A are shown in Figure 7. Average pressure
in the vaneless space is function of the runner rotational speed. However, the amplitudes of pressure
fluctuations increase because operating point is moving away from the BEP. Gradual increase of
pressure amplitudes can be clearly seen in Figure 7 (right). The high amplitude fluctuations
correspond to the blade passing frequency (f;,), which is dependent on the runner rotational speed (7)

and the number of blades (z),

fo=nz, (Hz). (10)
Spectral analysis [50, 51] of the time-dependent pressure data was conducted to investigate the
characteristic frequencies. Figure 8 shows the spectrogram of the unsteady pressure fluctuations at

VLI during power ramp-down at 100% GV A. The extracted pressure fluctuations (p~E) are also plotted

(not scaled) in the same figure to visualize the amplitude variation. The blade passing frequency (f;)
decreases with the runner rotational speed and stabilized after 2.5 s. The frequency varies from 142 Hz

to 92 Hz, and the root-mean-square amplitudes increases from 1.5 s. The variation of amplitudes is
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0.8-0.9% of pE. Random frequencies with the amplitudes of 0.7-0.8% of pE are appeared as power
reduces from BEP. Random fluctuations and the frequencies are described in section 3.3 Stochastic
frequencies. At VL2 location, pressure amplitudes were similar to those obtained at VL1; however,
the amplitudes of random frequencies were very low. This may be due to the location of the sensor,
which is before the guide vane trailing edge and the effect of vortex shedding from the trailing edge
was very low.

Trend of pressure variation for the other cases of variable-speed was similar to that presented in
Figure 7. Variation in the pressure amplitudes was obtained. At 8% GV A, the amplitudes were low,
and at 140% GVA, the amplitudes were maximum. Figure 9 shows the frequency spectrum at VL1 for
8% and 140% GV A cases. Both cases correspond to the power ramp-down. Amplitudes and

frequencies are normalized using Equations (9) and (11), respectively.

=L o (11)
n

where fis the frequency of pressure fluctuations in Hz and # is the runner rotational speed in
revolutions per second. High amplitudes correspond to the blade passing frequency (f) in the vaneless
space. Dimensionless frequency of 30 represents the number of blades in the runner. Three distinct
frequencies are appeared, i.e., 15, 30 and 60. At 8% GVA, amplitudes of the blade passing frequency
are decreased from 0.3% to 0.12% after the load reduction. However, at 140% GVA, the amplitudes
are increased from 0.26% to 1%. Hence, speed reduction at 140% GV A may induce high-amplitude
dynamic stresses on the blades. Flow field in the vaneless space is dependent on the available space
between the runner and guide vanes, runner tangential velocity and discharge. For the current study,
guide vanes are at constant position; therefore, influencing parameters are the rotational speed and the
discharge. The runner tangential velocity decreased and the flow velocity increased due to increase of
discharge. This has changed the flow angle approaching the runner blades and might resulted in flow
instability, strong effect of vortex shedding from the guide vanes and enhanced fluid-structure
interaction. Overall, at VL2 location, amplitudes of the blade passing frequency before and after the

load change were 0.38% and 1.1 of pE at 140% GVA respectively. The amplitudes are 0.1-0.15%
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300

larger than those of VL1. This is because of reduced vaneless space at VL2 location as compared to
the VL1. The locations of VL1 and VL2 can be seen in Figure 7. During RSI, reflection of the
pressure waves is strong due to presence of guide vane wall near to VL2 sensor. At VL1, pressure

waves can travel upstream through the guide vane passage and the reflection is weak.

1.4 T
100% GVA
1.35
O 1.3
E 1.25
1.2
1.15 - : : : : ‘ - :
-5 0 5 10 15 20 0 0.5 | 1.5 2 25 3
t(s) t(s)

Figure 7 Pressure fluctuations in the vaneless space during power ramp-down at 100% GVA. Time /=0 s indicates the start
time of speed reduction; VL1 and VL2 are the locations of pressure measurements in the vaneless space.

150

100

f(Hz)

50

Time (s) Dy rms (%)

Figure 8 Spectrogram of the unsteady pressure fluctuations (p~E) acquired from VL1 during power ramp-down at 100%
GVA. The scale of I;E is same as shown in Figure 7 (right); Time =0 s indicates the start time of speed reduction.

0.3 T = 0.3 T :
fb 8% GVA (Before load change) — v | 8% GVA (After load change)— VL1
K o02f Wl 02t
A
,Q‘f(].l / 0.1F
0 — ) () bt J b | !
1 T " 1 : T !
140% GVA (Before load change) — vy | fb 140% GVA (After load change) — VL1
T oS5t _ Wy, 105}
0 L 1 | L I / . 0 “ *“d L J -
0 30 () 60 9 0 30 (o 60 90

Figure 9 Frequency spectrum of pressure data at VL1 before and after the load change at 8 and 140% GVA. Y-axis scale is
different for 8 and 140% GVA. The frequencies are normalized using Equation (11).

3.2.3 Runner
Interaction between the vortex shedding from the guide vane trailing edge and the location/size of

the blade stagnation point is important in a high head Francis turbine. Size of the stagnation point
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varies with blade location as runner accelerates/decelerates. Moreover, flow leaving from the guide
vane passages strikes to the blade leading edge at different angle and flow separation takes place due
to mismatch of the inlet flow angle, which develops swirl at the runner inlet [35]. This may result of
high-amplitude pressure fluctuations at the runner inlet. To investigate the pressure fluctuations in the
runner, four pressure sensors were flush mounted on the crown. The runner includes 15 full-length
blades and 15 splitters in alternate arrangement. Sensors R1 and R2 were located between a blade and
a splitter. Sensors R3 and R4 were located between two blades, following the splitter trailing edge.
Sensor R1 was at a distance of 10 mm from the runner inlet and the R4 was at a distance of 20 mm
before the runner outlet edge. Sensors R2 and R3 were at equal distance from R1 and R4, respectively.
The pressure variation at R1, R2, R3 and R4 locations during power ramp-down at 100% GVA is
shown in Figure 10. The pressure data are normalized by the net head at BEP (Equation (8)). Pressure
at all locations decreases gradually as the runner angular speed drops. Pressure drop at R1 is
approximately 25%, which is almost two times that of the VL1. Pressure drop at R2, R3 and R4 is 2-

3%. Extracted pressure fluctuations (;;E) at all locations are shown in Figure 11. Gradual increase of

fluctuations can be seen at all the locations. Peak-to-peak amplitudes considering 2 s window at R1
are ~10% of pE. At R2, R3 and R4 locations, the respective amplitudes are 5, 2.8 and 2.6% of pE.

The dominant RSI frequency in the pressure data is correspond to the guide vane passing (fg),

fgv =1nz,, (Hz). (12)
where z,, is the number of guide vanes. Amplitude of the guide vane passing frequency gradually
increased, which can be seen in Figure 12. The spectrograms show variations of frequencies and the
corresponding amplitudes in time domain. The random noise below 0.1% of pE is filtered out in the
plot. Variation of the guide vane passing frequency (f4,) can be seen clearly as runner speed decreased.
The frequency varies from 132 Hz to 86 Hz. Before the load change, pressure amplitudes at R1, R2,
R3 and R4 are 0.41%, 0.46%, 0.32% and 0.18% of pE, respectively. After the load change, the
respective amplitudes are 1.38%, 0.56%, 0.42%, 0.24% of pE. As the runner angular speed deviates

from the design point, stochastic fluctuations of wide range of frequencies started appearing,
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particularly at R2 and R4 locations. This may be attributed to the flow unsteadiness because R2 and
R4 sensors were located near the trailing edge of the splitter and the blade, respectively. Flow
separation and the strong swirling flow could result in stochastic noise in addition to the system

vibration.
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Figure 10 Pressure variation in the runner (R1, R2, R3 and R4) during power ramp-down at 100% GVA. Location R1 is 10
mm from the runner inlet and R4 is the 10 mm from the runner outlet. Pressure data are normalized by net head at BEP.
Time =0 s indicates the start time of speed reduction.
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Figure 11 Extracted pressure fluctuations at R1, R2, R3 and R4 locations in the runner during power ramp-down at 100%
GVA. Location R1 is 10 mm from the runner inlet and R4 is the 10 mm from the runner outlet; y-axis scale is different for
R1. Time =0 s indicates the start time of speed reduction.
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Figure 12 Spectrogram of the unsteady pressure fluctuations (p~E) acquired from runner locations (R1, R2, R3 and R4)
during power ramp-down at 100% GVA. Time =0 s indicates the start time of speed reduction.

Spectral analysis of the pressure data at R1 location for 8%, 70%, 100% and 140% GVA is shown
in Figure 13. Left and right side plots show frequency spectrum before and after the power ramp-
down, respectively. Pressure amplitudes and the frequencies and are normalized using Equations (9)
and (11), respectively. At 8% GVA, amplitudes of the guide vane passing frequency decreased from
0.29% to 0.17%. At 100% and 140% GVA, variation of the pressure amplitudes is less than 10%,
whereas, at 70% GV A, the amplitudes increased by 74% indicating the effect of RSI become stronger
at this load. Harmonic (0.5%f,,) of the guide vane passing frequency at 140% GV A shows pressure
amplitudes similar to the f,,, and the first harmonic (2%f4,) shows 7% small amplitudes. Unexpectedly,
frequency spectrum at 70% GV A shows a blade passing frequency. The blade passing frequency in
the runner is rare occurrence. Detailed frequency analysis at 70% GVA is shown in Figure 14. A
spectral analysis of the pressure data at R1, R2, R3 and R4 locations is shown. Amplitudes of the
guide vane passing frequency decrease gradually from R1 to R4, but amplitudes of the blade passing
frequency are remain constant at all the locations. This may be due to the hydro acoustic waves
originated from RSI and travelling across the runner after reflecting from the either guide vanes or

draft tube elbow.
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Figure 13 Spectral analysis of the pressure data obtained at R1 location in the runner before (left) and after (right) the
power ramp-down at 8%, 70%, 100% and 140% GVA. The frequencies are normalized using Equation (11).

Time-dependent variation of both guide vane and the blade passing frequencies at R4 location can
be seen in Figure 15. In addition to the guide vane passing frequency (fy), at time /=2 s, the blade
passing frequency (f;) is appeared. Difference between the blade passing frequency and the guide vane
passing frequency is ~10 Hz. Amplitudes of the blade passing frequency are approximately 10%
lower than that of the guide vane passing frequency. For a prototype turbine, small gap between the
RSI frequencies may induce resonance in case of interference between the pressure waves [38, 52]. At
70% GVA and rated speed, the effect of vortex rope is dominant in the turbine. A frequency of vortex
rope (fu) 1s obtained at R4 location, which can be clearly seen in the spectrogram before the load
change. The frequency slowly disappeared as runner angular speed reduced further. Amplitudes of
this frequency are very low as compared to the other deterministic frequencies originated from RSI.

Further analysis of the draft tube flow is discussed in the following section.
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372 Figure 14 Spectral analysis of the pressure data acquired at 70% GVA after the load change. The frequencies are
373  normalized using Equation (11).
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375 Figure 15 Spectrogram of the unsteady pressure fluctuations ([;E) acquired from runner location R4 during power ramp-
376  down at 70% GVA. Time =0 s indicates the start time of speed reduction.

377  3.2.4 Draft tube

378 Four piezoelectric (dynamic) type pressure sensors were integrated on the wall of the draft tube
379  cone. Sensors DT1 and DT2 were located at 0.126 m from the runner outlet and 180°

380  circumferentially apart from each other. DT3 and DT4 were located at 0.376 m from the runner outlet
381  and 180° circumferentially apart from each other. The sensors were piezoelectric type therefore there
382  was no absolute pressure measurements in the draft tube during the speed variations. Due to better

383  dynamic properties of the sensors, accuracy towards amplitude and fluctuation measurements is high.
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Flow field in the draft tube was different from that observed in the vaneless space and the runner
during the load change. There was no significant pressure variation except large fluctuations and
surging effect. Unsteady pressure fluctuations at DT1 for 8%, 70%, 100% and 140% GV A are shown
in Figure 16. The pressure data are normalized using Equation (9). At 8% GVA, amplitudes of
fluctuations are decreased after the load change (or speed reduction). However, at other GVA, the
amplitudes are increased by up to three times from the initial value (before the load change). Peak-to-
peak amplitudes are 0.5%, 1%, 2%, and 5% of pE at 8%, 70%, 100% and 140% GV A, respectively.
At 70% GVA, the turbine was operating at steady part load before the load change; where the pressure
amplitudes were correspond to a vortex rope frequency (f,) of 1.67 Hz. After the load change, the
vortex rope frequency was disappeared, but the stochastic fluctuations were increased significantly,
which can be seen after 2.5 s. The amplitudes of the stochastic fluctuations were up to 0.9% of pE. In
addition, a frequency of blade passing was obtained with the amplitudes of approximately 0.3% of pE.
To investigate the frequency content in the pressure data acquired from the draft tube, spectral
analysis was conducted, and Figure 17 shows frequencies at 8%, 70%, 100% and 140% GVA. The
frequencies are shown for DT1 location in the draft tube. A dimensionless frequency of 30 is the blade
passing frequency. A peak at /*=16.3 and /*=32.6 are the frequencies associated with the power grid
frequencies, i.e., 50 Hz and 100 Hz. At 8% GVA, stochastic frequencies of low amplitudes are
obtained in addition to the blade passing frequency (f;). At 70% GV A, dominant amplitudes
correspond to the blade frequency and the harmonic. At 100% GV A, the dominant amplitudes
correspond to a frequency of runner rotational speed (/*=1) and another frequency (/*=13.6) of
standing waves in the test rig. Low frequency stochastic noise is dominant at both 100% and 140%
GVA in the draft tube. There are no amplitudes of deterministic frequency except the runner rotational

speed at 140% GVA.
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Figure 16 Extracted pressure fluctuations at DT1 in the draft tube during power ramp-down at 8%, 70%, 100% and 140%
GVA. Location DT1 is can be seen in Figure 2; y-axis scale of the plots is different to visualize the pressure fluctuations.

Time =0 s indicates the start time of load change.
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Figure 17 Spectral analysis of the pressure data acquired from DT1 at 8%, 70%, 100% and 140% GVA after the load

change. The frequencies are normalized using Equation (11).

3.3 Stochastic frequencies

Overall analysis of the pressure data showed frequencies of stochastic component after the speed

variation from the rated speed. It is natural that a turbine performs well at the rated speed and design
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load, and amplitudes of the deterministic frequencies, such as blade passing, runner rotational speed
and vortex rope, are dominant. However, after the speed change, amplitudes of stochastic frequencies
are expected due to deviation from the design load. In the current study, unlike other locations in the
turbine, stochastic frequencies are dominant in the draft tube. There may not be gain (runner life) after
changing the runner rotational speed, if the amplitudes of stochastic frequencies are dominant and
induce dynamic stresses [11, 44, 53]. It is important to investigate the source of such fluctuations; e.g.,
are those fluctuations related to any specific flow condition, system vibration or the fluid-structure
interaction? In this section, further analysis of the pressure data is presented, and the focus is to
identify stochastic/deterministic frequencies at different locations in the turbine.

In the current study, the deterministic frequencies are RSI, runner rotational speed, vortex rope,
standing waves, draft tube surging and vortex shedding from the guide vane/blade trailing edge.
Another non-relevant deterministic frequency is the electrical interference from the DC
generator/frequency convertor. The frequencies associated with the stochastic fluctuations may be
associated with the hydro-mechanical interaction, system vibration and other random flow phenomena
during speed variation. A signal-to-noise ratio (SNR) [50, 51] study is carried out for all cases of
speed variation. Figure 18 shows signal-to-noise ratio in the pressure data before and after the load

change. p~E=0.5 indicates the power of deterministic and stochastic frequencies is same at the

measurement location. Pressure data before the load change shows that power of deterministic

frequencies is dominant ([;EEO.S), except DT1 for 8% and 140% GVA. After the load change, pressure

data at DT1 shows very low power of the deterministic frequencies. High SNR values at VL1 for
70%, 100% and 140% GVA indicates the dominant signal power, which is associated with the
amplitudes of blade passing frequency and the harmonics. Pressure data at R1 shows no significant
change for all GVA, which may be due to mixed fluctuations of the guide passing frequency and the

random fluctuations at that location.
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Figure 18 Signal-to-noise ratio in the acquired pressure data from VL1, R1, R4 and DT1 locations in the turbine.

In a hydraulic turbine, the pressure fluctuations are related to either local or global condition or
both. Random flow phenomena, noise and vibration at specific location induce stochastic fluctuations,
which are captured by the nearest pressure sensor. Vibration of a test rig at a particular frequency,
RSI, standing waves and noise from the generator induce deterministic frequencies. Coherence and
cross spectrum analysis [15, 50, 51, 54] is conducted to identify the frequencies, in-phase or out-of-
phase, at different locations in the turbine. The in-phase frequencies indicate the same phenomena at
different locations in the turbine. For example, four pressure sensors (R1, R2, R3 and R4) are located
in the blade passage; a guide vane passing frequency propagates to the runner at the speed of sound
that is captured by all sensors and the resulting coherence has unit value. The out-of-phase frequencies
are associated with the phenomena occurring locally at different time. Figure 19 shows coherence in
the pressure-time signals at 8% and 100% GV A after the load change. In the vaneless space, two
pressure sensors were 120° circumferentially apart from each other. Due to geometrical combinations
of blades and guide vanes, both sensors were experiencing the blade passing frequency (f;,) same time.
Coherence between VL1 and VL2 for the blade passing frequency and harmonics is one. Both, 8%
and 100%, GVA cases show frequencies less than 50 Hz with low coherence, which is random noise
occurring locally at different time. In the runner, coherence between R1 and R2 at 100% GVA is well
established and the deterministic, i.e., guide vane passing, frequency can be seen clearly. For 8%

GVA, several peaks of different frequencies can be seen, which indicates the region around R1 and R2
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experience nearly same flow condition in the blade passage. Analysis of R3 and R4 shows completely
different coherence from that of the R1 and R2. Both deterministic and stochastic frequencies are in-
phase at R3 and R4, including the low frequency noise. The source of both high and low frequency
noise in the region between R3 and R4 may be the fluid-structure interaction, vibration of the runner
(or from the DC generator/shaft), vortex shedding from the splitter trailing edge and influence from
the draft tube. At 8% GVA, almost frequencies are in-phase, which is similar to that observed in the
draft tube. Influence of the draft tube flow is strong at R3 and R4 locations. Coherence of all sensors
located in the draft tube shows similar variation. At 8% GVA, a frequency spectrum is dominated by
the stochastic frequencies. Unsteady vortex breakdown from the runner may be the source for such
disturbing flow field. At 100% GVA, stochastic frequencies above 160 Hz are in-phase, except small
variation between 260 and 300 Hz. To investigate the random fluctuations in the draft tube, cross
spectrum analysis between DT1 and DT2 is carried out. The computed phase difference between the
pressure fluctuations at DT1 and DT2 locations is shown in Figure 20. Figure 20(a) shows phase
between DT1 and DT?2 in radian. Low frequency fluctuations at DT2 location are almost 180° out-of-
phase from that of the DT1, which agrees well with the coherence analysis shown in Figure 19. Such
low frequency fluctuations may be associated with the vortex shedding from the blade/splitter trailing
edge. Above 70 Hz, phase angle is almost zero, which indicates the existence of same frequency
fluctuations at both locations in the draft tube cone. Further, arithmetic mean of DT1 and DT2 is
computed (see Equation (13)), where the out-of-phase fluctuations occurring at exactly 180° will
cancel out. Cross spectrum between DT1 and p(f),, is investigated, which is shown in Figure 20(b).
The result is quite different from that of DT1 and DT2. All remaining pressure fluctuations are in-
phase with DT1, except 3.1 Hz which is related to runner rotational speed. To investigate the opposite
behavior, pressure fluctuations at DT2 location are subtracted from the DT1 as shown in Equation
(14) and cross spectrum analysis is carried out. The phase angle can be seen in Figure 20(c), where the

frequencies from 160 Hz to 210 Hz are out-of-phase. Such high frequencies may be the result of
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coherent vortex structure in the draft tube cone and the vortex shedding from the blade/splitter trailing

edge. There was no frequency related to the vortex rope at this GVA and operating load.
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Figure 19 Coherence in pressure data acquired from different locations in the turbine at 8% GVA (left) and 100% GVA
(right) during power ramp-down.
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Figure 20 Cross spectrum analysis of DT1 and DT2 in the draft tube at 100% GVA during power ramp-down. Figure (a)

shows phase between DT1 and DT2, figure (b) shows phase between DT1 and mean of DT1 and DT2, figure (c) shows
phase between DT1 and difference of DT1 and DT2.

Time-dependent coherence between the runner pressure sensors, R1 and R4, is shown in Figure 21.
We can see that only guide vane passing frequency is in phase all the time and the remaining
frequencies are occurring at different time. This indicates the local flow conditions at R1 and R4 is
completely different, except the RSI frequency. Pressure fluctuations at R4 location are strongly
affected by the stochastic flow field in the draft tube cone. Pressure fluctuations at all locations in the
draft tube were stochastic and no deterministic frequency was obtained except the blade passing
frequency, which had similar amplitudes. To understand the draft tube flow and the corresponding
frequency content in detail, a time-dependent spectral analysis is conducted at DT1 (see Figure 22). A
deterministic frequency (f;) is disappeared soon after the speed change. A frequency of 100 Hz
corresponds to the electric current (50 Hz) induced by the DC generator and rectifier in the test rig.
Time-dependent coherence between DT1 and DT2 at 8% GVA is shown in Figure 23. Before the load
change, almost frequencies are in phase except low frequencies (<45 Hz). Pressure sensor DT1 was
located at 180° circumferential position from the DT2 on the same plane. Pressure fluctuations at both
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locations are in-phase. Transition of coherence can be seen between 0 and 3 s. After /=3 s, the
frequencies are out-of-phase, which indicates the local flow condition is dominant and no
deterministic frequency associated with the global flow condition. In order to assess the ability of a
machine to operate under variable-speed condition before fatigue damage will lead to cracking, a
reasonable prediction method for the pressure loads is required. Due to the stochastic nature of the
loads, an appropriate and efficient conversion of the dynamic pressure loads into deformations and
further analysis is needed. In this turbine, stochastic pressure fluctuations were seen in the range of
10-50 Hz and 170-250 Hz. Majority of the fluctuations were associated to the local flow condition. In
the runner, stochastic fluctuations were dominant at R3 and R4 locations, where the flow is strongly
affected by the inter channel vortices and the draft tube. In the draft tube, change in combinations of
flow velocities, tangential and axial, due to change of runner rotational speed, possibly resulted in
strong vortex breakdown as well as flow separation. This may be investigated numerically and design

optimized for the variable-speed operation.
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Figure 21 Coherence in pressure data acquired between R1 and R4 in the runner at 100% GV A during power ramp-down.
Rectangular box of dash line indicates the time of power ramp-down. Pressure fluctuations (not scaled) at 300 Hz
correspond to the location R1 to visualize the variation.
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Figure 22 Spectral analysis of unsteady pressure fluctuations in the draft tube (locations DT1) during power ramp-up at
8% GVA. Time =0 s indicates the start time of speed reduction.
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Figure 23 Coherence between DT1 and DT2 in the draft tube at 8% GV A during power ramp-up. Pressure fluctuations
(not scaled) at 300 Hz correspond to the location DT1 to visualize the variation.

4. Conclusions

The present work was aimed to investigate the amplitudes of unsteady pressure fluctuations at
different locations inside the turbine during speed variation and to investigate the change of pressure
amplitudes with load. The speed variation was performed for 8%, 70%, 100% and 140% GVA. The
runner rotational speed was changed by +£30% from the rated speed. To acquire unsteady pressure
data, ten pressure sensors inside the turbine and two pressure sensors at the inlet conduit were flush
mounted. In addition to the pressure data, torque, rotational speed, friction torque and net head were
acquired during the measurements. Followings are the observations/findings based on current study:
- At constant GVA, shaft torque is inversely proportional to the runner rotational speed, and the

change of output power is function of the rotational speed (). However, at 8% GVA, both shaft
torque and power are inversely proportional to the rotational speed. Switching to the motor mode
was observed when the hydraulic power was insufficient to meet the required hydraulic energy
during the speed variation.

- Pressure at the turbine inlet was proportion to the speed change. As the speed was decreasing,
discharge to the runner increased, hence the static pressure was dropped. Total pressure variation
was 3-4% during the transients and the frequency of oscillations due to surging was 0.35 Hz,
which was dampened after few seconds. The amplitudes of pressure fluctuations were 0.2-0.5% of

pE.
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Pressure in the vaneless space was linearly following the trend of runner rotational speed. The
pressure amplitudes were increasing as the rotational speed deviates from the rated speed. The
pressure amplitudes of deterministic frequencies were increased by 10-40% from the initial value,
whereas the amplitudes of stochastic frequencies were increased by double. Interaction between
the vortex shedding from the guide vanes and the blade stagnation point may be the source for
high amplitudes of stochastic frequencies. The amplitudes may be strong enough to develop a
fatigue in the prototype runner. This may be the topic of future study.

Four pressure sensors (R1, R2, R3 and R4) in the runner provided quite useful information on how
pressure amplitudes vary during speed variation. Pressure in the runner was linearly following the
runner rotational speed, similar to the vaneless space. The pressure variation at R1 location was
the maximum (up to 28%), and the amplitudes were up to 1.5% of pE, which are 2 times the
amplitudes at VL1. Unexpectedly, at 70% GV A, the blade passing frequency was obtained in the
runner and the amplitudes were similar at all locations in the blade passage. The presence of blade
passing frequency may be the result of hydro acoustic wave reflecting back from the guide vane
wall.

Pressure data analysis from the draft tube showed frequencies of both deterministic and stochastic
pressure fluctuations with nearly same amplitudes after the speed variation. The amplitudes were
0.08%, 0.5%, 0.2%, and 1.3% of pE at 8%, 70%, 100% and 140% GVA, respectively.
Measurements at 70% GV A showed no vortex rope frequency after the speed change. However,
the amplitudes of stochastic frequencies were increased. Similarly, at 140% GV A, amplitudes of
stochastic frequencies were dominant, and no frequency of blade passing was obtained.

During and after the speed variation, stochastic pressure fluctuations were dominant at certain
locations in the turbine. The highest amplitudes of stochastic fluctuations were obtained at 8% and
140% GVA. The amplitudes after the load change were increased by two times than that of the
before load change. The stochastic and deterministic pressure fluctuations at R1 location were

constant for all operating conditions after the load change. This indicates the variation of
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load/discharge has negligible effect on the runner flow field. Moreover, the stochastic pressure
fluctuations were dominant in the draft tube, particularly frequencies less than 50 Hz, and the
amplitudes were similar to those of the RSI frequencies. Cross spectrum analysis, showed that the
stochastic type pressure fluctuations were out-of-phase after the load change reduction from BEP.
Variation of runner angular speed may not give benefit in terms of fatigue loading to the blades
when the stochastic pressure fluctuations are persisting. Unsteady pressure measurements under
such conditions are important (even if the hydraulic efficiency is better than the expected) to
identify the stable operating regions, where the stochastic and deterministic (RSI and vortex rope
frequencies) pressure amplitudes are minimum.

- Two different approaches are generally applied while implementing the variable-speed technology
in hydraulic turbines: (1) introduce in the existing turbine with minor upgrade into generating
system and (2) a completely new design. The current investigation addresses both aspects. For the
case (1), while changing rotational speed of the runner from the rated speed, amplitudes of
stochastic frequencies increase significantly in the runner and draft tube. The speed change beyond
+25% of the rated speed may not be advantageous due to the presence strong amplitudes
associated with the random flow phenomena. For the case (2) of new design implementation,
reliable estimation of the stochastic pressure fluctuations at the blade trailing edge is important.
The runner design should be balanced between the efficiency requirement and the induced fatigue
loading otherwise there may not be the benefit of variable-speed technology in terms of runner life

as compared to the synchronous speed machines.

5. Future work

Numerically investigate the flow field inside the turbine during these transient conditions,
particularly vaneless space and blade passages. Future study will focus in further investigations of
stochastic pressure fluctuations using different techniques, such as rainflow diagram and the time-
dependent techniques. The study will also focus on the stochastic fluctuations and the impact on

runner life considering over 25 load variation cycles per day.
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Nomenclatures

Abbreviations

BEP Best efficiency point

DT1, DT2, DT3, DT4 Locations of pressure sensors in the draft tube
GVA Guide vane aperture

IN1, IN2 Locations of the pressure sensors on the conduit
NTNU Norwegian University of Science and Technology
R1, R2, R3, R4 Locations of pressure sensors in the runner

RSI Rotor-stator interaction

SNL Speed-no-load

SNR Signal-to-noise ratio

VLI, VL2 Locations of pressure sensors in the vaneless space
Variables

D Diameter (m)

E Specific hydraulic energy (J kg!); E=gH

é Uncertainty (%)

f Frequency (Hz); /*=f/n

g Gravity (m s?); g =9.821465 m s

H Head (m)

J Polar moment of inertia (kg m?)

n Runner angular speed (rev s™!)

NED Speed factor (-)

P Power (W)

P Pressure (Pa) N
PE Factor of pressure fluctuations (-); pg=p/pE
0 Discharge (m? s™')

Orp  Discharge factor (-)

T Torque (N m)

t Time (s)

X Variable

z Number of blades/guide vanes

Greek letters

n Efficiency (-)

p Water density (kg m)

a Guide vane angle (°)

y Coherence (-)

10) Angular speed (rad s™')

Subscripts

b Blade
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662
663

664
665
666

667
668

669
670
671

672
673
674

675
676
677

678
679

680
681
682

683
684
685
686

gv Guide vane

h Hydraulic

m Mechanical

r Relative

rh Rheingans frequency/ vortex rope frequency
Systematic

t Total
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Highlights

e Time-dependent pressure amplitudes during speed variation were investigated.
e Pressure amplitudes in the runner are strongly coupled with the runner speed.
e Stochastic frequencies are dominant at the runner outlet and draft tube.

e Variable-speed configuration allows stable power generation at off-design.

e Proper analysis of pressure fluctuations across the operating range is vital.



