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A B S T R A C T   

The implementation of hydropower to stabilize electrical grids dictates more frequent off-design operations of 
these renewable energy resources. Flow instabilities under such conditions reduce the efficiency of hydro tur-
bines. Part-load operation is particularly detrimental since the development of a rotating vortical structure 
termed rotating vortex rope (RVR) in the draft tube leads to periodic pressure pulsations that jeopardize turbine 
performance. This paper experimentally explores a novel solution involving the protrusion of flat plates into the 
turbine draft tube. Three flat plates equally separated by 120◦ were vertically installed on the draft tube wall. The 
plates were protruded up to 83% of the draft tube local radius under four different part-load conditions. Their 
impact was observed through time-resolved pressure measurements in the draft tube and vaneless space, as well 
as efficiency measurements. The results demonstrated successful RVR mitigation, achieving a maximum 85% 
reduction in pressure oscillation amplitudes. Protruding flat plates disrupted RVR periodicity and coherence, 
confining its orbit to the draft tube center. This approach proved particularly effective at lower part-load con-
ditions, enhancing turbine hydraulic efficiency by increasing torque extraction. Reducing the adverse effects 
under part load, the proposed method appears promising in extending the operational range of hydraulic 
turbines.   

1. Introduction 

Over the recent years, the environmental and sustainability concerns 
associated with electricity production have incentivized countries to 
seek and implement fossil-free solutions. This has paved the way for 
increased integration of clean, renewable energy sources in the power 
grid, which is expected to increase further in the future. Hydropower is a 
critical component in the development and expansion of a clean and 
sustainable production grid. As of 2018, hydropower comprised about 
50% of the renewable electricity generation sources worldwide [1]. 
Moreover, hydropower can rapidly respond to the market’s shifting 
demands. Thus, it is deemed an ideal tool for providing grid stability by 
complementing the intermittent production of wind and solar sources 
[2]. Consequently, more flexibility is expected from hydraulic turbines 
to operate more frequently away from their optimum design point, 
called the best efficiency point (BEP). The operation under off-design 
conditions undermines the performance of hydro turbines and jeopar-
dizes their sustainable use. 

When a single-regulated turbine of Francis or propeller type operates 
under partial discharge known as part load (PL), low-frequency oscil-
lations relative to the runner frequency appear in the draft tube, domi-
nating the hydraulic conduit [3]. The flow developed under such 
conditions affects the turbine’s power output, thus reducing the effi-
ciency [4]. Under the PL conditions, the guide vane opening angle is 
small, which means that the flow enters the runner at high swirls [5–7]. 
In single-regulated turbines, however, this swirl cannot be extracted due 
to the fixed angle of the runner blades. As a result, a residual swirl enters 
the draft tube. Ideally, the flow is supposed to leave the runner blades in 
the axial direction to achieve the highest efficiency at the BEP operation 
[8]. A consequence of the residual swirl entering the draft tube under PL 
condition is a region close to the wall exhibiting a large tangential ve-
locity, which in turn causes the formation of a low-velocity region in the 
center. The high shear between the recirculating and swirling flow re-
gion may lead to the formation of a vortical structure that is typically 
termed rotating vortex rope (RVR) or precessing vortex core (PVC) [9]. 
Here, the former will be used to address the vortical flow structure 
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prevailing in the draft tube at PL. The RVR precession in the draft tube 
increases pressure oscillations, aggravates draft tube losses, and induces 
periodic loadings in the rotational and axial directions [9–11]. While the 
rotating (asynchronous) mode of these periodic oscillations originates 
from the RVR circulation, the axial or plunging (synchronous) mode of 
the latter appears due to the interaction between the RVR and the draft 
tube elbow [11–13]. RVR precession occurs at a frequency range be-
tween 0.15 and 0.4 of the runner rotational frequency, depending on the 
prevailing PL conditions and the investigated turbine characteristics 
[14–16]. The vortical flow with low-frequency precession is the primary 
source of PL pressure oscillations in the turbine draft tube [17]. There-
fore, with the growing demand for the operation of hydraulic turbines 
under PL conditions, it is essential to find solutions addressing the 
adverse effects of the RVR. This way, the negative impact of the PL 
operation on turbine performance and lifetime can be reduced. Ideally, 
hydraulic turbines should operate smoothly and efficiently at any flow 
rate. 

Different means to mitigate the RVR have been proposed throughout 
the years. The investigated RVR mitigation methods can be classified as 
fluid-based and geometry-based [18]. Fluid-based methods include 
water or air injection into the draft tube from different locations. Water 
injection has been successfully used in many investigations to mitigate 
the RVR-induced pressure pulsations and unify the pressure distribution 
in the draft tube [19–23]. Bosioc et al. [20] showed that axial injection 
from the runner cone in a model-sized, free-spinning swirl generator 
improves the pressure recovery along the draft tube. However, while the 
rotating mode of the RVR-induced pressure oscillations was mitigated in 
the draft tube using axial water injection, the plunging mode was 
aggravated. Nowadays, air injection is a widely adopted method with 
mixed results [8]. Aside from air injection at low flow rates, most 
fluid-based approaches are entailed by some efficiency losses [24]. 

Various geometrical modifications have been proposed with diverse 
performance mechanisms. Many of these modifications are applied to 
the shape and design parameters of the runner or draft tube cone to 
ensure a more uniform cross-sectional pressure distribution in the draft 
tube [25–28]. Another type of geometrical modification is imposed in 
the form of installations and extensions on the draft tube wall or the 
runner conical part [29–40]. Wall installations include J-grooves, baf-
fles, fins, adjustable draft tube guide vanes, and rod protrusions. The 
installation of J-grooves in the draft tube is aimed to straighten the 
swirling flow, and the performance of such structures has been studied 
both experimentally and numerically [40,41]. Anup et al. [33] showed 
that J-grooves reduced the swirl strength in the draft tube. Thus, the 
backflow region in the center became narrower. The smaller vortex size 
reduced the amplitude of harmful pressure oscillations by approxi-
mately 50% while reducing the turbine efficiency by only 0.7%. 
J-grooves effectively suppress the swirling flow while inducing a mini-
mal deterioration of the efficiency [8]. Chen et al. [34] numerically 
investigated J-grooves installed in the draft tube. Studying different 
shapes, they found that the increase of the J-groove length results in a 
magnified suppression of the swirling flow while amplifying the draft 
tube losses by up to 10% compared to the case with no J-grooves. 
However, the installation had no impact on the RVR frequency. Zhou 
et al. [35] studied different arrangements of baffles in the draft tube. 
They showed that a decrease of approximately 60% occurs in the 
RVR-induced pressure fluctuations due to the shrinkage of the stagnant 
zone, which is caused by the flow redirection to the draft tube center. 
Installing adjustable draft tube guide vanes (DTGV) is another technique 
that can achieve effective RVR mitigation by aligning and restricting the 
vortex core in the draft tube center [36]. Experimental validations of the 
latter concept in a 1:5.1 model of a high-head Francis turbine showed 
that its adverse effects on turbine performance under the PL operation 
were only about a 0.5% decrement in the hydraulic efficiency. 
Furthermore, the angle of DTGV installation had no added favorable 
impact on the RVR mitigation, and a vertical configuration was found to 
be the most efficient [37,38]. Shiraghaee et al. [39] investigated RVR 

mitigation on a scaled-down turbine with variable-length cylindrical rod 
protrusion. The RVR-induced pressure oscillations were mitigated both 
in the rotating and plunging modes, with maximum reductions of 77% 
and 61%, respectively. Moreover, an optimum protrusion length was 
found where the highest mitigation was obtained. The same concept was 
also investigated on a 1:3.875 scaled model of the U9 Kaplan turbine 
under different PL conditions [42]. The obtained optimum protrusion 
lengths varied between the investigated operating conditions, while the 
optimum mitigation specific to each condition ranged from 10% to 85%. 

DTGVs proved effective in mitigating the RVR under the PL with 
minimal performance losses. However, they demonstrated better miti-
gation under the lower PL condition than that closer to the BEP. On the 
other hand, the concept of rod protrusion does not offer the same 
mitigation levels as the latter; nevertheless, its adjustability means that 
it can be used over a wide range of operating conditions and actively 
optimized with the implementation of a feedback-loop controller. Thus, 
a successful combination of the two methods can provide high mitiga-
tion and improved performance while extending the operational range 
of the turbine under PL operation through adaptive protrusion. The 
current study investigates the effect of radially adjustable flat plates 
-protruded in the draft tube of a propeller turbine- on the pressure os-
cillations and turbine performance under PL conditions. The concept of 
using fixed guide vanes in the draft tube, as investigated in Ref. [38], is 
combined with that of the variable-length rod protrusion introduced in 
Ref. [39]. For this purpose, an arrangement of three flat plates is chosen 
for the draft tube insertion as the latter design was shown effective by 
Joy et al. [36]. The plates are protruded at variable spans under a range 
of PL operations. The pressure oscillations are captured and analyzed 
based on time-resolved pressure measurements performed at two sec-
tions along the draft tube and in the vaneless space. Also, efficiency 
measurements are performed to investigate how the mitigation method 
impacts the turbine performance. 

The layout of the paper is organized as follows. First, the experi-
mental setup used to conduct the experiments is described along with 
the specifications of the turbine model, sensors, mitigation apparatus, 
and data acquisition system. A description of the investigated operating 
conditions and the order of the measurements are also included in this 
section. Next, the tools developed to analyze the captured data are 
elaborated upon for the mean flow parameters and the time-resolved 
pressure data. In the results section, the repeatability of the test rig 
operational parameters, as well as the obtained pressure amplitudes, are 
first investigated. Then, the impact of flat-plate protrusion is quantified 
on the amplitude of the pressure oscillations through spectral analyses. 
Afterward, the underlying mitigation mechanisms are assessed with the 
help of pressure data phase-averaging and statistical analyses. Finally, 
the impact of the flat-plate protrusion system on the turbine’s perfor-
mance is scrutinized through observation of the efficiency and assess-
ment of the losses. 

2. Experimental apparatus 

2.1. Test rig 

The experimental setup used in the present investigation was a 
scaled-down model of the Porjus U9 Kaplan turbine with a scaling ratio 
of 98/1550. The prototype is installed along the Luleå river (Norrbotten, 
Sweden). It operates at a head of 55 m, producing 10 MW of electricity at 
a maximum flow rate of about 25 m3/s. The draft tube in the model 
turbine is geometrically similar to that of the prototype, with a cone half- 
apex angle of 6.3◦. The distributer in the spiral casing consists of 10 
adjustable guide vanes. A 3-D printed runner with six fixed blades at an 
angle of 0.8◦ was installed in the test setup to rotate in the clockwise 
direction. This runner had a diameter of D = 98 mm and used the U9 
turbine as a base design. However, the blades were slightly thickened, 
and the hub was modified to preserve the runner’s structural integrity 
and facilitate printing. The test rig was installed on a closed-loop circuit, 
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as shown in Fig. 1. 
A Grundfos TP65-120/2 A-F-A-B QQE centrifugal pump provided 

flow rates of up to Q = 10 l/s in the hydraulic circuit. Given the fixed 
blade angles of the runner, the turbine acts as a single-regulated ma-
chine, i.e., a propeller. A Magnetic brake system MBL-3.75 magnetic brake 
was installed on the turbine shaft to apply the loads, simulating the 
function of a generator. A Programmable logic controller (PLC) unit was 
developed and implemented to set the operating conditions of interest 
based on the readings of the global flow parameters. The net head (H) 
and the runner rotational frequency (n) were kept constants for all 
measurements at H = 0.3 m and fn = 10 Hz, respectively. The net head 
was calculated based on Eq. (1) as follows: 

H=
ΔP
ρg

+
Q2

2g

(
1

A2
1
−

1
A2

2

)

(1)  

where ΔP, ρ, and g denote the pressure difference between upstream and 
downstream of the turbine, working fluid density, and gravitational 
acceleration, respectively. A1 and A2 are the cross-section area of the 
waterway at the upstream and downstream differential pressure mea-
surement sections, respectively. The pump rotational speed was 
adjusted to provide a constant head, whereas the magnetic brake was 
used to achieve a constant runner rotational frequency. Thus, constant 
values of ned = nD/

̅̅̅̅̅̅̅
gH

√
were provided for the values of Qed = Q/

D2 ̅̅̅̅̅̅̅
gH

√
corresponding to each operating point. The operation of the test 

rig and the plate-protrusion device will be further elaborated in section 
2.3. 

2.2. Flat-plate protrusion setup 

Three flat plates with rounded leading and trailing edges, a chord 
length of 0.63D, and a thickness of 0.02D were installed around the draft 
tube in an equally separated arrangement. Fig. 2 displays a view of the 
elbow draft tube and the relative location and dimensions of the flat 
plates. The leading edges of all the plates were located 0.1D below the 
runner cone and 0.33D above the elbow bend to protrude at adjustable 
lengths into the draft tube. The number and dimensions of the 

protruding plates were chosen based on the results from the investiga-
tion of DTGVs in Ref. [36]. Therein, an optimum design consisting of 
three plates was suggested to be installed immediately below the runner 
hub’s lower end. In addition, small chord lengths did not show signifi-
cant RVR mitigations. In the present study, a large plate chord was 
chosen to cover the distance between the runner hub and the elbow 
bend. This ensures a significant impact of the concept without the need 
for optimizing the dimensions. However, the physical limitations 
imposed by the presence of the spiral casing block and elbow bend block 
(as shown in Fig. 1) only allowed a wall installation with a chord length 
of 0.63D located 0.1D below the runner. The plates were installed 
aligned with the draft tube axis and were inserted at equal lengths 
ranging from 0 to 83% of the draft tube radius at the bottom (RDT =

0.62D) of the plates. 
Three LinMot ps01-23x80 linear motors were used to provide the 

linear force required for the movement of the plates. Under each oper-
ating point, a series of protrusion lengths were investigated with an 
increment interval of ΔL ≈ 0.08 RDT. 

2.3. Measurement and instrumentation 

A total of six pressure sensors were installed on the draft tube wall at 
two sections (see sections A and B in Fig. 2). The axial locations of these 
sections were coincident with the leading and trailing edges of the flat 
plates. Sensors P1, P2, and P3 were installed at section A, and the 
remaining three were installed at section B. The pressure sensors at each 
section were separated by 120◦ to enable the decomposition of the 
recorded signals into plunging and rotating components, as further 
elaborated in section 3.2. Another pressure sensor was installed in the 
vaneless space of the turbine head cover to observe the oscillations and 
their intensity upstream of the turbine moving parts. The turbine dif-
ferential pressure, ΔP, was recorded using a Honeywell FP2000 differ-
ential pressure sensor, and the volumetric flow rate was measured using 
a Krohne Optiflux 2100 electromagnetic flowmeter. Since the turbine 
runner was 3-D printed using a plastic resin, and since the inherent 
inertia of the magnetic brake was small, the runner angular frequency in 
the original configuration of the runner/magnetic brake was susceptible 

Fig. 1. Schematic view of the test rig. The small figure shows the respective location of the spiral casing block, elbow bend block, and draft tube block with the 
protrusion setup installed on the wall. 
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to small variations in the turbine torque. As a remedy to reduce the 
sensitivity of the setup to small variations in the turbine torque, a 10 mm 
high, 200 mm diameter steel flywheel was installed above the magnetic 
brake. This configuration increased the moment of inertia by a factor of 
approximately 40. Close to the rim of the flywheel, 50 equally spaced 
holes had been drilled to measure the turbine runner’s rotational speed. 
An Omron Transmissive photomicrosensor was used to measure the 
passage of the holes. The pulse-train signal of the photomicrosensor was 
converted to an analog signal using a Brodersen PXF-20 frequency to 
analog converter. 

The mechanical torque was measured using an HBM T22 Torque 
transducer mounted on the shaft below the magnetic brake. Thus, the 
turbine efficiency could be measured under the different conditions 
using Eq. (2): 

η= Tω
ρgHQ

(2)  

where T and ω are the mechanical torque and runner angular frequency, 
respectively. Table 1 represents a list of the sensors used, along with 
their range and accuracy. 

A National Instrument (NI) 9049 CompactRIO controller was used to 
collect the signals converted through analog-to-digital converter (ADC) 
cards. Two NI 9215 cards were used to record the time-resolved pressure 
signals, while the other signals were recorded using an NI 9205 ADC 
card. The cRIO was also used to operate the turbine and control the 
linear motors based on a program developed in LabVIEW. Table 2 dis-
plays the names and characteristics of the cards used on the cRIO with 
their function. 

The physical diagram for the operation and control of the test rig and 
protrusion system is presented in Fig. 3. The cRIO receives the sensor 
signals from the connected ADC cards. The data is saved when mea-
surements are taken, while the readings are continuously fed to the PLC 
subsystem during the turbine operation. The PLC actively compares the 
mean flow parameters from the cRIO data to those corresponding to the 
demanded operating point (OP). Thus, the required commands are 
transferred to the flow regulation tools, and the flow conditions are 
adjusted through the frequency of the pump, engagement of the mag-
netic brake, and control of the guide vane opening (GVO). Moreover, the 
cRIO feeds the position commands to the linear actuators using the NI 
9264 cards to move the rods. 

For the RVR mitigation measurements, four OPs were selected, 
which will be described in the upcoming sections. Under each OP, 11 
protrusion lengths were investigated. For each case, after the stabiliza-
tion of the mean flow parameters, the signals were recorded for 60 s. The 
experiments were organized in a GVO and protrusion length increasing 

Fig. 2. Schematic of the turbine draft tube with the measurement and plate locations. The plates are installed 0.33 D above the elbow bend. Sensors P1, P2, and P3 are 
located in section A while P4, P5, and P6 are installed at section B. 

Table 1 
The sensors used in the experiments with their descriptions and uncertainties.  

Measured 
variable 

Sensor type location Range Accuracy 

P1,…,P4 UNIK 5000 Draft tube 
±7 kPa 
(gauge) 

±0.2% 

P5,P6 Druck PDCR 810 Draft tube 7 kPa (gauge) 
±0.1% 

Pvs UNIK 5000 Vaneless 
space ±35 kPa 

(differential) 
±0.04% 

Q Krohne Optiflux 2100 Waterway 
±12 m/s ±0.3% 

ΔP Honeywell FP2000 Turbine 
unit ±50 kPa 

(differential) 
±0.25% 

T HBM T22 Turbine 
shaft ±0.5 N m ±0.5% 

n Omron Transmissive 
Photomicrosensor 
EE-SX461-P11 

Turbine 
shaft 

3 kHz   

Table 2 
Description of the ADC and DAC cards used for the data acquisition and test rig 
operation.  

Module name Function Range Resolution accuracy 

NI 9215 Analog input ±10 V 16-bit 0.02% 
NI 9205 Analog input ±10 V 16-bit 0.03% 
NI 9264 Analog output ±10 V 16-bit 0.05%  
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order. Henceforth, the investigated protrusion lengths were first 
increased at a constant GVO angle corresponding to OP1. Once the OP1 
measurements were performed for all the protrusion lengths of interest, 
the GVO was increased to higher OPs, and the increasing sweep of 
protrusion length was repeated. The data acquisition was performed at a 
frequency of 1 kHz, and each sweeping measurement was repeated at 
least three times, with the test rig being stopped between the repetitions. 

3. Data analysis 

3.1. Global flow parameters and repeatability 

The global flow parameters presented for the investigated operating 
conditions and their respective repetitions were averaged as follows: 

X=

∑k
i=1Xi

k
(3)  

where k is the number of samples or repetitions, Xi is the value of the 
sample or repetition i. The standard deviations for both the averaged 
values as well as instantaneous data of different repetitions were 
calculated as follows: 

σ=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑k

i=1(Xi − X)
2

k − 1

√

(4)  

3.2. Time-resolved pressure data 

The raw pressure signals were subtracted by their time-averaged 
value to obtain the fluctuating part as follows: 

P̂i(t)=Pi(t) − Pi (5)  

where Pi(t) is the instantaneous raw pressure recorded with the i-th 
sensor, and Pi is the time-averaged pressure amplitude of the same 
sensor. Aside from the analyses of P̂i(t), the signals were also decom-
posed into plunging and rotating modes, respectively, as follows [43]: 

Pp(t)=
1
M
∑M

i=1
P̂i(t) (6)  

Pr,i(t)= P̂i(t) − Pp(t) (7)  

where M is the number of sensors in each section. Pp(t) and Pr,i(t) are the 
plunging mode at the section of interest and the rotating mode at the 
location of the sensor Pi. Discrete Fourier transform (DFT) was per-
formed on both the non-decomposed and decomposed signals to study 
the spectral content of the pressure signals. All the time-resolved pres-
sure amplitudes and frequencies presented in this study are normalized 
based on the net head and runner frequency (n), respectively: 

P∗ =
P

ρgH
(8)  

f∗ =
f
n

(9)  

3.2.1. Statistical analyses of the RVR periodic characteristics 
To investigate the periodic behavior of the RVR from the pressure 

data, a method proposed by Shiraghaee et al. [44] was used. This 
method is graphically demonstrated in Fig. 4. The fluctuating part of 
pressure signals (Fig. 4a) was first band-pass filtered at a range of about 
±0.15n around the RVR frequency, and the peak values were deter-
mined, as shown by the star symbols in Fig. 4b. The data between each 
two consecutive peaks corresponds to those of one vortex rope rotation. 
The duration between two consecutive peaks indicates the period of a 
single vortex rope precession. The difference between the maximum and 
minimum amplitude in each period is designated as the period’s 
peak-to-peak (P2P) amplitude. Then, the P2P and the corresponding 
frequencies for each period are extracted, as illustrated in Fig. 4c and d, 
respectively. Each P2P point is then mapped against their respective 
frequencies (Fig. 4e). The resulting map can be obtained for the RVR 
under the different protrusion lengths. Thus, the impact of the protru-
sion can be studied on the RVR periodicity through a comparison of how 

Fig. 3. Physical diagram for the operation of the test rig and the protrusion system. The blocks indicate the hardware involved. The solid and dashed arrows 
represent the reading input and command output, respectively. 
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scattered the distributions become after the protrusion. 

3.2.2. Pressure data phase-averaging 
To study the phase-averaged data from each pressure sensor with 

respect to the others, the pressure data of the first pressure sensor at each 
section were first filtered around the RVR frequency, similar to section 
3.2.1. These sensors were P1 at section A, and P4 at section B. Fig. 5 
schematically displays the phase-averaging process of the filtered pres-
sure data. After filtering the pressure data, the peaks were extracted as 
the beginning point of each period, as indicated by the star symbol in 
Fig. 5a. The time-resolved data points between every two consecutive 
peaks -that correspond to an RVR rotation period- were rearranged into 
a single window. Each window starts at a phase of φ = 0◦ and ends at 
φ = 360◦, as presented in Fig. 5b. Next, the phase-resolved data were 
divided into equal bins with a size of Δφ = θ = 1◦, as schematically 
represented by the vertical dotted lines in Fig. 5b. Each bin in the time- 
series data (vertical dotted lines in Fig. 5a) contains the RVR pressure 
amplitude between φ = φ0 and φ = φ0 + θ. Thus, the data of the 
different periods that are within the same bin represent the RVR-induced 
pressure amplitudes at a particular phase for the different periods 
(vertical dotted lines in Fig. 5b). Then, the data points within each bin 
were averaged to extract the phase-averaged pressure data for the 
sensor, as indicated by the red dashed line in Fig. 5b. 

After extracting the phase-averaged pressure data for the first sensor 
on a section, the points of consecutive peaks -that were used for the RVR 
identification- on the first sensor were used to define the RVR periods on 
the neighboring sensor. Consequently, when the RVR was captured 
inducing the peak pressure amplitude on the first sensor, the RVR 
amplitude could be identified simultaneously on the neighboring sensor. 
The points corresponding to these instances are indicated for the second 
sensor by the star symbol in Fig. 5c. Then, the data of the second sensor 
were rearranged and divided into bins, as explained above, and the 
phase-averaged data were extracted with respect to the first sensor. This 

Fig. 4. An illustration of how the P2P vs. f map is produced. a) Raw pressure 
signal fluctuating part. b) Signal filtering around the RVR frequency. c) 
Determining the P2P amplitudes for each RVR period (indicated between the 
dashed dotted lines). d) Determining the RVR frequency for each period. e) 
Creating the distribution with each point representing the RVR frequency and 
its respective P2P. 

Fig. 5. An illustration of the pressure data phase-averaging. a) Determining the RVR periods in the RVR-filtered pressure data. b) Superposing the determined periods 
and averaging within the defined phase windows (bins). c) Using the defined periods and bins in (a) for the second sensor. d) Phase-averaging the signals from the 
second sensor based on the defined periods in (a). e) Using the defined periods in (a) for the third sensor. f) Phase-averaging the signals from the third sensor relative 
to the first sensor. 
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step is graphically displayed in Fig. 5d. Finally, the same procedure was 
repeated for the third sensor in the same plane (Fig. 5e and f). 

3.2.3. Vortex rope coherence 
Magnitude-squared coherence (MSC) function was applied to the 

recorded pressure data from section A to study the coherence of the 
vortex structure in the draft tube. The coherence values in this method 
are calculated based on the spectral content of two signals separated in 
phase to exhibit a measure of the signals’ linearity in the frequency 
domain [45]. Varying between one and zero, the MSC is expressed as 
follows: 

Cxy =

⃒
⃒Gxy

⃒
⃒2

GxGy
(10)  

where Gxy is the cross-power spectral density of the signals x and y 
estimated using Welch’s method, and Gx and Gy denote the estimated 
power-spectral densities for x and y, respectively [46]. In this study, the 
signals P1 and P2, which are divided by 120◦ at section A, were selected 
to obtain the MSC of the vortex structure. Fig. 6 demonstrates the spectra 
for the power-spectral density of P1 (GP1 ), and the corresponding MSC 
estimation using P1 and P2 (CP1P2 ) under a PL condition with the pres-
ence of the RVR. The GP1 peaks observed for f∗ < 1 display low co-
herences with the exception of two peaks at f∗ ≃ 0.3 and f∗ ≃ 0.6 where 
the MSC values exceed 0.9. These two coherent structures appearing in 
the draft tube under the PL are attributed to the RVR fundamental mode 
and its harmonic. 

Under the investigated operating conditions, the CP1P2 values were 
obtained for the dominant frequency in the P1 Fourier spectra. Thus, the 
coherence of the vortex structure could be compared alongside its 
spectral magnitude under each condition. 

4. Results 

4.1. Operating point selection 

To select OPs that are representative of the full turbine PL range, a 
hill chart of the turbine was prepared based on PL measurements per-
formed under 56 operating conditions away from the BEP. Fig. 7 shows 
the model turbine hill chart in the PL range. The efficiency values are 
normalized with that of the BEP (η/ηBEP). Also, the amplitude of the 
dominant peak in the low-frequency region (f∗ < 1) was extracted from 
the P1 Fourier spectra under each operating condition. These values, 
represented by dotted dashed contours, are superposed on the turbine 
hill chart, allowing a comparison of the amplitude of RVR-induced 

pressure oscillations (P∗
RVR) between the studied PLs. The P∗

RVR values 
are normalized by the turbine net head. 

A series of concentric P∗
RVR zones are observed between η/ηBEP = 0.5 

to η/ηBEP = 0.8 with the highest RVR-related amplitude occurring at 
Ned = 0.57 and α = 24◦. To investigate the evolution of the RVR-induced 
pressure pulsations, a propeller curve was defined around this point with 
the most robust oscillations. In other words, different GVOs corre-
sponding to different values of Qed were further investigated at a con-
stant speed factor of Ned = 0.57, thus replicating conditions ranging 
from deep to upper part load. The selected propeller curve is indicated 
with the red dotted dashed arrow in Fig. 7. 

Fig. 8 displays the spectral amplitude of the dominant low-frequency 
pressure oscillations and their respective MSC values over the selected 
propeller curve. 

The spectral amplitude for the dominant frequency of pressure pul-
sations is 0.6% of the net head at α = 18◦ with a relatively low coherence 
of CRVR = 0.83. As the GVO increases, the spectral amplitude of the 
vortex structure gradually increases along with its coherence until α =

22◦, where the coherence exceeds 90% with an amplitude of P∗
RVR =

0.009. For α = 24◦, P∗
RVR and the MSC reach their maximum values of 

0.035 and 0.96, respectively. The RVR loses coherence with the increase 
of the guide vane opening angle, and its amplitude of induced pressure 

Fig. 6. Power spectral density of the P1 recorded signals at PL and the corre-
sponding MSC spectra obtained P1 and P2. 

Fig. 7. Turbine hill chart at PL and the corresponding RVR P∗
RVR amplitudes. 

The red dashed arrow indicates the propeller curve, and the solid squares 
represent the OPs selected for the RVR mitigation. 

Fig. 8. The spectral amplitude of the dominant low-frequency pressure oscil-
lations and their corresponding MSC values for the OPs comprising the selected 
propeller curve. 
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pulsations decreases. The vortex rope becomes considerably nonco-
herent after, with the MSC values dropping below 0.8, which shows the 
decay of the RVR at upper PL operation. 

Four points were chosen from the discussed propeller curve to 
perform RVR mitigation with flat-plate protrusion. These operating 
points are denoted as OP1, OP2, OP3, and OP4 corresponding to GVOs of 
α = 18◦, 22◦, 24◦, and 26 ◦. These points represent the RVR-induced 
pressure pulsations over the turbine’s PL range. Table 3 displays the 
global flow parameters corresponding to each OP. 

4.2. Test rig repeatability 

In this section, the repeatability of the test rig is analyzed under the 
investigated operating points. To this end, a repeatability assessment of 
the fixed global flow parameters (n and H), and of the pressure oscilla-
tions in the range specific to each operating point is examined. This way, 
the test rig repeatability in providing the conditions specific to each OP 
could be quantified. 

As forementioned, under all conditions of the perturbed and unper-
turbed flow, the head (H) and runner rotational frequency (n) were 
attempted to be kept constant at H = 0.3 m and n = 10 Hz, respectively. 
Fig. 9 shows the probability distribution and density function for the 
obtained H and n based on five cases randomly selected from all the 
investigated operating conditions and protrusion lengths. The recorded 
resulting distributions display standard deviations of 0.38% and 1.35% 
of the mean values for the parameters n (σn) and H (σH), respectively. 

To investigate the reproducibility of the flow pressure oscillations for 
each operating point, five repetitions were studied for one sensor in the 
draft tube. Hence, the histograms of probability density were drawn 
based on each of the five repetitions for the unperturbed cases of the 
different operating points. Then, a probability density function (PDF) 
line was fitted to each histogram, and the PDF lines for the different 
repetitions were drawn and compared against one another to see how 
well the different fits collapsed on one another. For this purpose, the 
range between the minimum and maximum amplitude under each 
operating point was divided into 100 bins, and the average probability 
and standard error (S.E) in each bin were calculated for the five repe-
titions according to S.E = σ/

̅̅̅
5

√
. 

Fig. 10 shows the PDF of P̂
∗

1 for five repetitions of pressure mea-
surements under each operating point without any plate protrusion. The 
red lines indicate the bin-averaged values, while the dotted line dem-
onstrates the standard error of probability at the given pressure ampli-
tudes. The 95% confidence intervals are marked with the dotted dashed 
lines. The range of the oscillation amplitudes decreases from OP1 to 
OP4. The flow conditions in the draft tube shift from those similar to 
speed-no-load at OP1 (Fig. 10a) to the upper part load in the proximity 
of the BEP at OP4 (Fig. 10d). Consequently, the swirl in the draft tube 
decreases from OP1 to OP4, which results in the decrease of the swirl- 
induced flow instabilities as implied by the amplitude of the pressure 
oscillations. The S.E increases near the tails of the distributions for all 
figures due to the small probability of the large amplitude oscillations. 
Finally, the uncertainties -implied by the S.E− are below 5% in the 
amplitude ranges corresponding to the RVR and low-frequency oscilla-
tions in the draft tube, as will be discussed in the upcoming section. So, 
the figures in the results section can be examined with regard to the S.E 
levels specified in Fig. 10. 

4.3. Effect of the flat plates on the pressure pulsations 

The results of flat-plate protrusion are discussed in this section. The 
protrusion lengths presented are normalized based on the draft tube 
radius at the bottom of the plates (L∗ = L/RDT). 

4.3.1. Spectral analyses 
Fig. 11 displays Fourier spectra of the rotating mode for the sensor P1 

(Pr,1) and plunging mode at section A (Pp,A) for the different protrusion 
lengths under each operating point. 

The dominant source of the oscillations lies within the low-frequency 
range (f∗ ≤ 1) for all operating points. When the flow is unperturbed 
(L∗ = 0), the dominant peak at low frequency becomes sharper from 
OP1 (Fig. 11a) to OP4 (Fig. 11d). Also, the wide-band-frequency oscil-
lations decrease from OP1 to OP4, which determines the formation of a 
uniform RVR and the decrease of non-periodic oscillations. The rotating 
mode of the unperturbed RVR increases from OP1 to OP3 regardless of 
the swirl decrease that occurs from deep to upper PL. This occurs due to 
the development of a periodic behavior and increased RVR coherence, as 
discussed earlier. The plunging mode becomes stronger from OP1 to 
OP3 and is almost equal to the rotating mode at the upper part-load 
conditions present at OP4. 

The protrusion of the plates causes a gradual decrease in the 
amplitude of the dominant frequencies under all conditions. For the 
cases where the peak corresponding to the RVR stands out close to f∗ =
0.3 (Fig. 11b, c, d), the RVR frequency increases with L∗. The RVR peak 
and its harmonic completely disappear at L∗ = 0.67 for OP2, OP3, and 
OP4 in Fig. 11b, c, and d, respectively. However, a single scattered peak 
reappears at L∗ = 0.83 for OP2 and OP3, close to f∗ = 0.6 (Fig. 11b and 
c). 

PL pressure oscillations originate from the draft tube as a result of the 
RVR formation [16]. They can damage the turbine moving parts, both 
due to the proximity of the local oscillations (rotating mode) to the rotor 
and the occurrence of resonance due to the axial perturbations (plunging 
mode) traveling upstream [39]. Given the dominant contribution of the 
rotating mode to the overall magnitude of pressure oscillations in the 
draft tube and the swirling flow’s essential role in the RVR inception, it is 
critical to address the swirl in mitigating the RVR. In addition, an 
effective mitigation method in the draft tube should be able to dampen 
the oscillations not just locally but also upstream of the draft tube where 
the rotor is located. Hence, it is essential to investigate if the same 
mitigation trends are obtained upstream of the draft tube as well. Fig. 12 
displays the Fourier spectra of the pressure sensor installed in the 
vaneless space (Pvs) for different L∗ under the different operating points. 

The pressure amplitude of the peak corresponding to the unper-
turbed RVR (Fig. 12b, c, d) under each operating point is similar to that 
of the plunging mode in Fig. 11. The plunging mode of the RVR-induced 
pressure oscillations has been addressed in the literature as a global 
phenomenon that travels upstream and downstream in the entire 
conduit [16]. Therefore, its amplitude does not vary significantly at 
different axial levels [44]. Ultimately, under the PL conditions investi-
gated, the origin of the pressure oscillations lies in the draft tube. So, it is 
only the global mode of the oscillations that reaches the vaneless space. 

Moreover, the trends for the RVR mitigation are similar in the 
vaneless space (Fig. 12) to those observed in the draft tube shown in 
Fig. 11. Thus, the RVR-induced oscillations are successfully stopped 
from traveling upstream, and the mitigation method is effective globally 
and not just close to the diffuser wall where the draft tube pressure 
sensors are located. For OP1, however, the oscillations are spread in a 
wide-band frequency range, and no clear peak stands out, indicating the 
stochastic behavior of the vortical flow under this condition. 

4.3.2. Mechanism 
So far, the overall impact of the mitigation method on the pressure 

oscillations has been discussed based on spectral analyses. It was 
observed that the oscillations decreased with the plate protrusion. The 

Table 3 
Global flow parameters of the operating conditions selected for flat-plate 
protrusion.  

Operating condition  OP1 OP2 OP3 OP4 

Guide vane angle α (◦) 18 22 24 26 
Flowrate Q (l/s) 4.51 5.23 5.73 6.18 
Speed factor ned ( − ) 0.57 0.57 0.57 0.57 
Discharge factor Qed ( − ) 0.28 0.32 0.35 0.38  
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phase-averaged pressure signals can determine the change in the RVR 
structure caused by its interactions with the plates. To understand the 
underlying mitigation mechanisms, the RVR under OP3 is investigated 
in this section since it induces the strongest pressure oscillations. 

Fig. 13 shows the phase-averaged pressure of the different sensors at 
sections A and B for the unperturbed and mitigated RVR under OP3. 

In the absence of the plates, the signals from the sensors have sig-
nificant and unequal phase differences at section A. It was demonstrated 
in a previous study that as the vortex rope passes near a pressure sensor 
in the draft tube, the low-pressure vortex induces a valley in the sinu-
soidal RVR-related pressure data; thus, large phase differences between 
the sensors around the draft tube indicate a wider path of the RVR [44]. 
The phase difference between the signals from P3 and P1 is φ1 − φ3 =

98◦ while φ2 − φ1 = 83◦, as shown in Fig. 13a. These observations, along 
with a difference of 150% between the maximum and minimum un-
perturbed amplitudes at section A, pertain to the eccentricity and 
asymmetry of the RVR precession. The same behavior can be observed 
for the unperturbed RVR at section B, shown in Fig. 13b. The protrusion 

of the plates is speculated to cause a restriction of the vortex core in the 
draft tube center reducing its asymmetry. 

For a plate protrusion of L∗ = 0.83, the plates almost meet at the 
draft tube center, and the swirl entering the draft tube is directed and 
focused between the plates. The negligible phase differences in Fig. 13c 
imply that only minor oscillations occur in the plunging mode with a 
protrusion of L∗ = 0.83. Thus, the vortex-induced oscillations are almost 
completely mitigated at section A. Flow visualizations in the investiga-
tion of rod protrusion on a larger model scale of the U9 turbine showed 
that the vortex path is restricted when the phase differences between the 
draft tube sensors are minimal [42]. The imposed flow conditions under 
L∗ = 0.83 do not allow a wide precession of the RVR, and the small 
phase and amplitude differences at section A demonstrate the restriction 
of the vortex path. At section B, the phase differences increase again 
between the sensors, as shown in Fig. 13d. The signals from P4 are in 
opposite phase compared to those of P6, while their amplitude ranges 
are quite similar. On the other hand, the sensor P5 displays an almost flat 
phase-averaged pressure oscillation. This shows that the vortex 

Fig. 9. Probability distribution and corresponding probability density function of n (left) and H (right) for five repetitions.  

Fig. 10. Probability density function of the pressure oscillations for five repetitions under the different operating conditions. a) OP1, b) OP2, c) OP3, d) OP4.  
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precession takes place in an oval path under the flat plates with the 
longer diagonal axis directed at P4 and P6. Also, the small amplitude at 
P5 as well as the similar amplitudes at P4 and P6 indicate that the oval 

path of the vortex is bent towards the elbow bend. Overall, the ampli-
tudes are significantly smaller at section B compared to the unperturbed 
state, which implies a significant mitigation even at the downstream 

Fig. 11. Fourier spectra of the decomposed pressure signals at section A for the different operating points and protrusion lengths. a) OP1, b) OP2, c) OP3, d) OP4. The 
spectra for L∗ = 0 and L∗ = 0.17 are cropped under OP3 to demonstrate the smaller peaks better. The small subplot, therefore, represents the complete peaks for L∗ =

0 and L∗ = 0.17. 

Fig. 12. Fourier spectra of the pressure signals recorded in the vaneless space for the different operating points and protrusion lengths. a) OP1, b) OP2, c) OP3, 
d) OP4. 
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level. 
Next, the impact of the mitigation method is studied on the period-

icity and coherence of the RVR-induced oscillations. The latter is done 
through statistical analysis of the periodic P2P amplitudes and fre-
quencies explained in section 3.2.1. Also, the MSC amplitudes for the 
dominant frequency of pressure oscillations are displayed for each 
protrusion length. Fig. 14 shows the peak-to-peak vs. frequency distri-

bution of P̂
∗

1 for the unperturbed and mitigated RVR under OP3 at 

section A. The markers indicate the average value, and the error bars 
show one standard deviation. 

The unperturbed RVR has a high periodicity, meaning that the var-
iations in its frequency are insignificant. The frequency distribution 
becomes more dispersed with protrusion, i.e., the RVR frequency vari-
ations increase. In addition, the average RVR frequency increases, too, 
with the protrusion of the plates. The average vortex rope frequency 
almost doubles at L∗ = 0.83 compared to L∗ = 0. A similar pattern has 
been observed by Shiraghaee et al. [39] when RVR mitigation was 
realized using circular rods instead of flat plates. The protrusion of the 
plates constricts the area available for the swirling flow passage, causing 
a stretch of the vortex. Thus, the swirling frequency should increase for 
the angular momentum to be conserved [47]. With the increase of 
protrusion length, the RVR frequency dispersion further increases, and 
the vortex coherence is significantly affected after L∗ = 0.33. At this 
point, the vortex structure changes to a constricted and straight vortex, 
as argued in the discussion relating to Fig. 13c. The frequency dispersion 
of the vortex rope decreases by 17% from L∗ = 0.67 to L∗ = 0.83, while 
the coherence increases by 12%. This shows that the shifted structure 
stabilizes with an increased protrusion, which explains the reappearance 
of a single scattered peak in Fig. 11c. However, it is not just the 
manipulated periodicity of the vortex structure that leads to the signif-
icant spectral mitigation in Fig. 11. Fig. 14 clearly shows that the 
RVR-induced amplitude of the oscillations reduces by approximately 
85%. Thus, the RVR is successfully mitigated upstream of the plates. 

4.4. Effect of the flat plates on efficiency 

The turbine efficiency was calculated using Eq. (2). Since the pa-
rameters ω and H are constant in the experiments, only the torque (T) 
and flowrate (Q) contribute to the changes in the efficiency as a result of 
flat-plate protrusion. Moreover, T predominantly consists of the hy-
draulic torque (Th) that is correlated with Q in hydraulic machinery 
according to Euler’s turbine equation as follows [48]: 

Fig. 13. Phase-averaged pressure of the sensors at sections A and B for OP3 under different protrusion lengths.  

Fig. 14. Peak-to-peak vs. frequency distribution of P̂
∗

1 at section A for the 
different protrusion lengths under OP3. C indicates the MSC value for the 
dominant frequency of pressure oscillations under the respective protrusion 
lengths. The subscript on C shows the dominant frequency of pressure 
oscillations. 
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Th =
ρQ
2π (Γ1 − Γ2) (11)  

where Γ1 and Γ2 denote the mean circulation in the flow entering and 
leaving the runner blades, respectively. The swirl is generated by the 
guide vanes; therefore, at a constant guide vane opening angle (corre-
sponding to one operating condition), Γ1 depends linearly on Q, and the 
torque is subsequently roughly correlated with the flowrate as: 

Γ1 ∼ Q →T ∼ Q2 (12)  

Thus, T is normalized with Q2 (T∗ = T/Q2), and the resulting parameter 
is then correlated with Γ2 as shown below: 

T∗ ∼ 1 −
Γ2

Q
∼ 1 −

Γ2

Γ1
(13) 

Thus, a comparison of the T∗ values for the different protrusion 
lengths under the same operating point (minor Γ1 changes) can help 
study the impact of the flow circulation leaving the runner (Γ2) on the 
efficiency. Fig. 15 represents the relative changes in the turbine effi-
ciency (η) and normalized torque (T∗) against L∗ under each operating 
condition. ηL0 and T∗

L0 denote the efficiency and normalized torque 
measured for the unperturbed flow, respectively. 

The trends for the efficiency follow those of torque for each operating 
point. Under OP1 and OP2, the efficiency starts increasing with the 
protrusion of the plates and then gradually decreases from the maximum 
level (Fig. 15a and b). Under OP3 and OP4, however, the changes are 
insignificant at shorter protrusion lengths. At the same time, some 
decrease in the efficiency can be observed for higher values of L∗

compared to the unperturbed state. The residual swirl that enters the 
draft tube under PL operations causes a decrease in the efficiency [8]. 
Thus, the reduction of vortex orbit (as seen in Fig. 13c) to the draft tube 
center demonstrates constriction of the stagnant zone. This leads to a 
modified performance of the draft tube, causing an increase in effi-
ciency. The efficiency increase is significantly more pronounced under 
the lower PL conditions (OP1 and OP2) compared to the upper PL (OP3 
and OP4) since the stagnant zone is wider under the former conditions. 

The presence of flat plates under these conditions increases T∗, which 
implies that the negative term in Eq. (13) decreases. Thus, the decrease 
in the circulation at the runner outlet (Γ2) as a result of flat-plate pro-
trusion causes an increased torque, which, in turn, leads to an increase in 
the efficiency. Nevertheless, longer protrusions lead to a decrease in the 
efficiency, possibly due to the increased losses. Finally, the efficiency 
under lower PL operations is low as shown in Fig. 7 due to the low 
flowrates and corresponding torques. Therefore, slight changes in the 
torque result in significant relative variations in the normalized torque 
and efficiency. This explains the large error bars as well as increments in 
Fig. 15a. 

5. Conclusion 

A novel concept of flat-plate protrusion was investigated on a scaled- 
down propeller turbine to mitigate the RVR-induced pressure oscilla-
tions at PL operating conditions. The mitigation system consisted of 
three flat plates that could be inserted into the draft tube at variable 
protrusion lengths. Pressure and efficiency measurements were per-
formed under four operating points to quantify the RVR mitigation and 
its impact on turbine efficiency. The main conclusions drawn from the 
experiments can be listed as follows:  

a) The proposed method can successfully dampen -and for certain 
operating points completely suppress- the RVR-induced pressure 
oscillations both in the draft tube and upstream of the runner.  

b) The mitigation inhibits the flow circulation in the draft tube wall 
proximity, hence restricting and straightening the vortex core in the 
draft tube center.  

c) An increase in the protrusion length reduces the flow asymmetry in 
the draft tube.  

d) Under lower PL operating conditions, the proposed method initially 
increases the hydraulic efficiency of the system. This effect is due to 
an increase in the hydraulic torque, which is attributable to the 
vortical flow being constricted and directed to the draft tube center, 
modifying the draft tube’s performance. Past a certain level of 

Fig. 15. Changes in the efficiency and normalized torque against protrusion length for the different operating points. a) OP1, b) OP2, c) OP3, d) OP4. The bars and 
lines indicate the normalized efficiencies and normalized torque, respectively. 

S. Shiraghaee et al.                                                                                                                                                                                                                             



Renewable Energy 225 (2024) 120232

13

maximum efficiency, further protrusion presumably introduces 
additional losses, which lowers the efficiency for those operating 
conditions.  

e) The impact on the efficiency is more pronounced under lower PL 
conditions where the swirl is stronger. 

The proposed technique appears promising towards a complete 
mitigation of the PL pressure oscillations. Given the adjustment flexi-
bility of the system, it is beneficial to couple it with a feedback-loop 
controller to regulate the length of protrusion concurrently based on a 
suitably selected objective function. 
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Nomenclature 

Parameters 
A: Surface area (m2) 
C: Magnitude-squared coherence (− ) 
D: Runner diameter (m) 
f: Frequency (Hz) 
g: Gravitational acceleration (m/s2) 
G: Spectral density (− ) 
H: Turbine net head (m) 
L: Protrusion length (m) 
P: Pressure (Pa) 
Q: Flow rate (m3/s) 
R: Radius (m) 
t: Time (s) 

Greek symbols 
α: Guide vane angle (◦) 
β: Runner blade angle (◦) 
Δ: Difference (− ) 
Γ: Circulation (m2/s) 
η: Efficiency (%) 
ρ: Density (kg/ m3) 
φ: Phase (◦) 
ω: Angular velocity (rad/s) 

Subscripts, Superscripts, and Operators 
A: Section A 
B: Section B 
BEP: Best efficiency point 
BPF: Bandpass filtered 
DT: Draft tube 
ed: Unit specific hydraulic energy and diameter 
L0: Zero protrusion length 
n: Runner 
p: Plunging mode 
r: Rotating mode 
RVR: Rotating vortex rope 
:̂ Signal fluctuating part 
‾: Time-averaged 
*: Normalized 
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