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Summary 
 
 

Renewable energy has been demonstrated to be an efficient energy production technique worldwide. 

Due to the geographical location of Sweden, running water has been used as a widely accessible and 

clean renewable source of energy for power production. The hydro-turbines are designed to operate at 

the best efficiency point (BEP); however, recent varying energy demands have prompted hydro-

turbines to serve as grid stabilizers in energy production and to operate far from the BEP. Thus, the 

turbine's flexible operation is essential to satisfy grid requirements consistently.  

The working conditions of the turbines vary from lower and higher load to shut-down and startup, 

which cause several unresolved problems. For instance, a low load on the turbine induces the formation 

of a rotating vortex rope (RVR) in the draft tube section, causing pressure variations and risking turbine 

performance due to the possibility of resonance. Furthermore, the WXUELQH¶V�RSHUDWLRQ during startup and 

shut-down generates a significant number of uncontrolled vortices, which can cause wear and shorten 

the turbine's lifetime. 

Despite the experimental measurements conducted to address the issues associated with off-design 

operating conditions, some issues are still unsolved, and additional measurements are needed to obtain 

more details. For instance, pressure sensors have been used widely in several locations to determine the 

pressure pulses caused by instabilities, but they are limited to the flow information on one point on the 

walls and cannot reveal additional details about the positions far from the wall. Although numerical 

simulations can be beneficial to provide more detailed information, they lack thorough initial conditions 

that accurate experiments can only offer.  

The current study first reviews several velocity measuring methods used to assess the performance of 

the propeller and Kaplan turbine. The OLWHUDWXUH�VWXG\ includes several velocity measuring WHFKQLTXHV, 

including flow visualization in various sections of the turbine and LDV measurements. It reviews the 

advantages and disadvantages of several approaches and explains the EHQHILWV of particle image 

velocimetry (PIV) over other methods. PIV has been demonstrated to be a more thorough approach 

capable of providing 2D and 3D velocity profiles in various turbine areas; nevertheless, implementing 

this technology is FKDOOHQJLQJ. 



 

 
 

In addition, 2D-2C and 2D-3C PIV tests were performed on the draft tube of a down-scale propeller 

turbine at the BEP and part load (PL). The goal of this study was to ensure a trusty mean velocity 

profile in the conical section of the draft tube. As a result, an uncertainty analysis of the acquired mean 

velocity profiles is conducted and reported. The results indicate that compared to BEP, a more extended 

measurement period is required to get accurate mean velocity profiles for all velocity components due 

to the presence of the RVR with a periodic nature in PL. 
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Paper A 
ǲVelocity Measurements in Kaplan and Propeller Turbines: a reviewǳ N. 
Sotoudeh*, M. Raisee and M. J. Cervantes (2021), In conference proceedings 
(30th IAHR Symposium on Hydraulic Machinery and Systems, March 2021). 

Abstract: Complex geometry and flow regimes are present in different sections of 
hydraulic turbines and most operating conditions. In the past two decades, many 
pressure measurements have been performed on different sections. Such measurements 
do not reveal the details of the flow distribution. Velocity measurements are needed to 
obtain more detailed information. The aim of the present paper is to review the velocity 
measurements performed in hydraulic turbines, especially axial turbines, and highlight 
the remaining challenges according to the operating condition. 

 

Paper B 
ǲPIV Measurements in the Draft Tube of a Down-scale Propeller turbine: 
Uncertainty Analysisǳ N. Sotoudeh*, S. Shiraghaee, R. Andersson, J. 
Sundstrom, M. Raisee and M. J. Cervantes (2022), In conference proceedings 
(31st Symposium on hydraulic machinery and systems, June 2022). 

Abstract:  In this study, the flow in the conical section of the draft tube of a propeller 
turbine has been investigated at the best efficiency point and part-load operating 
conditions using 2D and stereoscopic 3D particle image velocimetry. Since the flow in the 
turbine is periodic, it is necessary to study the mean flow field rather than the 
instantaneous one to identify the flow characteristics from a statistical standpoint. 
However, the statistical convergence of the obtained mean velocity is questionable. Thus, 
the current work proposes a methodology for investigating the convergence of mean 
velocity profiles based on the central limit theorem. The methodology is applied to the 
best efficiency point and part-load results. The results show that 3D PIV results have 
lower uncertainty than 2D PIV results because measuring the tangential velocity 
component affects uncertainty, only measured in 3D PIV. The uncertainty difference is 
more significant, especially in part-load operation, due to the presence of the rotating 



 

 
 

vortex rope, and therefore a more accurate measurement is necessary to produce a 
reliable mean flow field. Furthermore, the convergence of the mean velocity profile is 
faster, with lower uncertainty for best efficiency point results since, at the part-load 
condition, the tangential velocity component of the flow is higher. In addition, the 
converged mean velocity profiles show a backflow region with minor rotation in the 
center, surrounded by a high rotational axial flow during the part-load operation of the 
turbine. 
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Velocity Measurements in Kaplan and Propeller Turbines: a 
review 

N Sotoudeh a, M Raisee b, M J Cervantes a 
a Department of Engineering Science and Mathematics, Luleå University of 
Technology, 97187 Luleå, Sweden 
b Hydraulic Machinery Research Institute, School of Mechanical Engineering, 
College of Engineering, University of Tehran, P.O. Box 14395-515, Tehran, Iran 
 
Email: nahale.sotoudeh@ltu.se 

Abstract. Complex geometry and flow regimes are present in different sections of hydraulic 
turbines and most operating conditions. In the past two decades, many pressure measurements 
have been performed on different sections. Such measurements do not reveal the details of the 
flow distribution. Velocity measurements are needed to obtain more detailed information. The 
aim of the present paper is to review the velocity measurements performed in hydraulic turbines, 
especially axial turbines, and highlight the remaining challenges according to the operating 
condition.  

1. Introduction 
Hydraulic turbines are widely used for electricity production. The load variations and operations at off-
design are growing because of the introduction of intermittent renewable energies [1]. Such operations 
OHDG�WR�LQVWDELOLWLHV�WKDW�GHFUHDVH�WKH�WXUELQH¶V�HIILFLHQF\�DQG�LQFUHDVH�WKH�ULVN�RI�IDWLJXH�DQG�UHVRQDQFH�
in the turbine [2].  
Unforeseen pressure pulsations and velocity oscillations are the causes of instability at off-design and 
during transient operations. Pressure sensors are usually used on the walls of turbine components [3], 
but instantaneous velocity measurements are less common. Velocity measurements are needed at 
various operating conditions in different sections of the turbine to analyze the flow stability and the 
losses [4-14]. Computational Fluid Dynamics (CFD) simulations are also required with such 
measurements to obtain more details about the turbine performance. They need trustful boundary 
conditions and validation data, which can only be provided from experiments [15-18].  
Kaplan turbines are different from other turbines in terms of design and operational conditions because 
of double regulation. Therefore, the challenges are different. The initial measurements in Kaplan 
WXUELQH¶V�GUDIW�WXEH�revealed the difficulties to get accurate results due to blade wakes, turbulence, strong 
adverse pressure gradient, vortex break down, separation and unsteadiness [19-21]. Besides, although 
it was shown that the head losses predominantly occur due to turbulent kinetic energy dissipation in the 
draft tube cone of the turbine [18], the rotor stator interactions and the interblade instabilities are still 
an important source of turbulence production and instabilities in the turbine [7,14]. Thus, it is important 
to perform experimental measurements not only in the draft tube, but also in the inlet pipe and the 
vaneless space of the Kaplan turbine in order to account the combined effect of all instabilities.  
The aim of this paper is to review the velocity measurements performed on Kaplan and propeller 
turbines and address the remaining challenges with possible solutions function of the operating 
conditions. In the present paper, the different velocity measurements performed in different sections of 
the turbines are stated. This paper covers simple methods such as flow visualization to more advanced 
methods such as Laser Doppler Velocimetry (LDV) and Particle Image Velocimetry (PIV). In the final 
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section, a discussion is presented to underline the challenges and address the remaining questions that 
are required to be answered.  

2. Performed velocity measurements 

2.1. Flow visualization  
Flow visualization is a method used to investigate the flow field. The vortices can be visualized with 
the aid of cavitation [16], air bubbles injection [22] or using tufts on the surfaces [22]. Through optical 
access with proper lightening and observation, the generation, development, and dissipation of the 
vortices can be visualized. There are different methods used in hydraulic turbines to provide the 
lightening and record the observations in different sections such as borescopes, stroboscopic light 
sources and high-speed filming. In the following, different visualization methods that had been applied 
to the vaneless space, between the runner blades, and in the draft tube are presented.  

2.1.1. Flow visualization in the vaneless space. In a hydraulic turbine, by installing fluorescent 
monofilament wires, known as a tuft, to the impeller outlet, and to the Guide Vanes (GV), the near wall 
flow has been visualized, as the tuft follows the flow streamlines. A window on the bottom part of the 
stator and a transparent conical section of the draft tube provided the optical access to the GV region 
and propeller outlet, respectively. The installed tufts on the GV section from the bottom view and the 
superposition of them in low discharge condition are shown in figure 1 (a) and (b), respectively. This 
method is limited to the flow close to the walls and cannot be applied to the flow far from the wall [22].  
In the same turbine, a needle valve was designed on the surface to insert air bubbles to the flow field. 
Assuming the air bubbles follow the streamlines without any effect on the flow itself, the bubbles were 
used to visualize the flow streamlines around the GV at different operating conditions. The obtained 
results at low discharge condition are presented in figure 2. In the presence of a rotating stall, the bubbles 
were found upstream of the injection point, showing the existence of backflow. Although air injection 
can give good insight regarding the flow structure, it is not always practical because of two main 
challenges. First, the level of the pressure inside the turbine depends on the operating condition and the 
air pressure should be high enough to insert bubbles into the desired region. The second challenge is 
that a minimum volume of gas should be inserted to the flow field to give optimum visibility [22].  
One of the methods to visualize the flow in the turbine sections is to lower the pressure in the test loop, 
so cavitation occurs at low-pressure areas. By this way, the low pressure of the vortex is visible and the 
origin of the vortex can be located. This method was used in the vaneless space of a turbine to observe 
cavitatin on the runner. Transparent hollow GV with a borescope inserted in the middle of them was 
used. The borescope is a combination of light and camera attached together. The sketch of the hollow 
guide vane and the schematic of the borescope are shown in figure 3 (a) and (b), respectively [23, 24]. 
In order to improve the measurement quality, the amount of light in the vaneless space was increased 
with neighboring hollow and transparent GV allowing to deliver more light. In this method, some lines 
were also sketched on the runner blades surfaces to help the observation of the detected vortices. This 
method is shown in figure 4 [25].  
 

  
(a) (b) 

Figure 1. Applying the tuft visualization (a) the position of the fluorescent wires on the midspan of 
one GV as well as on the top cover in the adjacent GV channels and the vaneless gap and (b) 
superposition of tuft visualizations in the GV during 3 impeller revolutions at low discharge 

condition at 10° GV opening [22] 
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Figure 2. Instantaneous air bubbles flow 
visualizations in one GV channel at a low 
discharge conditions with a 10° GV 
opening [22] 

 

  
(a) (b) 

Figure 3. Setup for flow visualization in the vaneless space, (a) sketch of the hollow guide vane 
equipped with a transparent acrylic glass window, and (b) general layout of the borescope [23, 24] 
 

   
(a) (b) (c) 

Figure 4. GV with windows (a), and grid pattern to support flow observations (b,c) [25] 

2.1.2. Flow visualization through the transparent conical section. A transparent cone in the draft tube 
is the most used optical access to observe the flow inside a turbine. A wide range of flow regions from 
the runner blade to the flow inside the draft tube can be accessed with a transparent conical diffuser. 
Also, the inter-blade channel vortices and the vertical structures in the draft tube are important since 
they have a large impact on the turbine overall performance. In this section, some examples of such 
measurements are presented.  
A stroboscopic light with high-speed filming was used in a Kaplan model turbine to investigate the 
cavitating tip vortex formation in the runner blades. In this case, the discharge ring was made of 
plexiglass to provide optical access to the runner blades. They observed that cavitating tip vortices 
separate from the runner blade and re-attach to it in a place that most of the erosion on the runner blade 
is reported [24]. In another study, the volume-variation of the RVR was investigated with a single�
camera to demonstrate the breathing pattern of the RVR [16]. As measurements with a single camera 
is biased, another study used two synchronized high-speed cameras with 90° angle apart. The first signs 
of instability and, cavity volume pulsations as well as cavitation collapse were observed in this study 
[26]. To give an insight regarding the measurement setup, figure 5 shows one of the single-camera 
setups, where two light sources illuminate the measurement section. 



��WK�,$+5�6\PSRVLXP�RQ�+\GUDXOLF�0DFKLQHU\�DQG�6\VWHPV
,23�&RQI��6HULHV��(DUWK�DQG�(QYLURQPHQWDO�6FLHQFH �����������������

,23�3XEOLVKLQJ
GRL�������������������������������

4

 

Figure 5. Scale model installed on 
the EPFL test rig with high-speed 
camera visualization [16] 

2.2. Laser Doppler Velocimetry (LDV) 
LDV is a non-intrusive measurement technique to determine the velocity on a point over time. LDV 
can be performed in different sections of the turbine, from the runner inlet to the draft tube outlet. To 
perform LDV measurements, particles are added to the water and optical access to the measurement 
sections is necessary. LDV does not need large windows or a special direction to perform the velocity 
measurements. The drawback of this method is that it gives information only on a specific point during 
the period of measurement and  necessitate a large amount of time to get a comprehensive information 
in the sections of interest.  
This method had been widely used in hydraulic turbines to measure the velocity [4, 5, 27]. In some 
cases, LDV was used to validate PIV measurement or numerical simulations [10]. The LDV was used 
at the inlet section of a turbine, in the draft tube [10] and even between the runner blades [16]. By 
combining the obtained results from LDV and pressure sensors mounted on the rotor and stator sections 
of the turbine, the flow field inside the turbine can be estimated.��The fluctuations obtained from axial 
and tangential velocity components can estimate the dynamic pressure in the turbine [5]. Also, the 
velocity can be used to calculate the amount of the pressure recovery in the draft tube of the turbine [5]. 
In addition to mean velocity profiles at different operating conditions, Reynolds stress can be calculated 
[5].  
In figure 6, a sketch of three LDV measurement lines in a draft tube is shown. In this study, the velocity 
results and the pressure measurement along the draft tube were used to investigate the flow at Best 
Efficiency Point (BEP) and off-design operating conditions [4, 5].  
IQ�DQRWKHU�VWXG\��WKURXJK�VPDOO�ZLQGRZV�RQ�WKH�GLVWULEXWHU¶V�ZDOO��a two component LDV measurement 
on a propeller was performed near the cone wall and around the hub region��to evaluate the draft tube 
inlet flow. The measurements were done in two planes, one under the runner blade and the other under 
the runner hub, as shown in figure 7 [6]. 
 

 

Figure 6. A schematic of the LDV 
lines (lines I, II and III) in the 
draft tube of a Kaplan turbine [4, 
5] 
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(a)  (b) 

Figure 7. Position of the axes of the LDV measurement in the turbine: (a) Axis A and B positions 
in the turbine with the coordinate systems and (b) Axis C position in the turbine with the coordinate 
systems [6] 

2.3. Paricle Image Velocimetry (PIV) 
PIV is another non-intrusive method that determines the instantaneous velocity mostly on a planar light 
sheet. In the case of hydraulic turbine, PIV is  used mostly in the draft tube to obtain the velocity field, 
whether 2D or 3D. To perform PIV measurement, after adding the particles to the water, there should 
be at least two windows for 2D PIV, one for the laser sheet and another for the camera. The windows 
should be large enough to avoid interferance with the camera and the laser sheet. For 2D PIV, the angle 
between the camera and the light sheet should be as close as possible to 90° to minimize errors. In 
stereoscopic 3D PIV, a third window is needed for the additional camera and the angle between the two 
cameras should be close to 90°, the laser sheet should be placed at the middle point of the cameras, 
facing the cameras. The 90° between the cameras is to lessen the out of plane velocity error in the 
measurement. Also, the light sheet in the middle of the cameras is to lessen the errors of mismatching 
magnification of the two cameras.  
The time resolved PIV method was used in a propeller turbine to estimate the flowrate at the inlet pipe 
of the turbine during start up. The test rig and the location of the PIV measurements on the inlet pipe 
are shown in figure 8. The flow in the inlet pipe was assumed 2 dimensional and thus, a two-component 
PIV measurement was performed on a 2D plane, parallel to the flow direction. Also, to compensate the 
effect of the refractive index difference on image deformation, the outer surface of the pipe was 
equipped with flat windows. Firstly, the accuracy of the results obtained from time resolved PIV was 
confirmed by checking their results from an electromagnetic flowmeter during steady state operation. 
Then, the time resolved PIV was used during transient operation, since the electromagnetic flowmeter 
measurements is not reliable in this case [8].   
In another study, the flow in the vaneless space of a pump turbine, operating in pump mode, was 
investigated with windows on the spiral casing and on the wall of the vaneless space. They did the 2D 
PIV measurements on 3 horizontal and 1 vertical plane in the vaneless space [28]. In another pipe 
turbine, a 2D PIV measurement was performed by removing 2 stay vanes to provide a larger optical 
access. Also, a mirror was used to redirect the optical path horizontally toward the camera. They also 
did the 3D PIV measurements in the draft tube to investigate the detected vortices, wake propagation 
and dissipation and rotor stator interactions. This measurement setup is shown in figure 9 [29].  
Vincent et al. performed stereoscopic PIV measurements in the inter-blade channel of a propeller runner 
in 2013. Because of the limited optical access, the cameras were placed underneath the runner, with a 
relative angle of 45° between the cameras, leading to some negative effects on the accuracy of the 
results. A view from the underneath is shown in figure 10 that shows the cavitating leading edge vortices 
during the Part Load (PL) operation. The other challenge was to fit the calibration target in the inter-
blade channel of the runner blades, considering that the blade shadow reduces the valid measurement 
area depending on the runner angular position. To overcome this, a custom calibration target was used. 
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As a result, by reconstructing the averaged 3D velocity field, the tip leakage vortices at the conical 
section are related to the velocity field at inter-blade channel of the runner [14].   
3-D stereoscopic PIV measurements were performed in the draft tube of a propeller turbine to 
investigate the conical diffuser flow dynamics. In this measurement, as shown in figure 11, the angle 
between the cameras was 90°. The measurement plane is shown in figure 12, which covers 70% of the 
conical cross section. The results obtained by PIV were validated with LDV measurements on 3 lines 
across the PIV measurement section, see figure 13. The results showed that the flow separations are 
strong and the periodic and non-axisymmetric fluctuations are present in the hub wake, with a frequency 
equal to the runner rotational frequency [10].  
 

 
Figure 8. Schematic of the test rig and location of the PIV measurements [8] 

 

 
Figure 9. Top and side views of the measurement sections and laser sheet positions for the PIV 

experiments in the guide-vanes channel of a pump-turbine [29] 
 

 

Figure 10. Visualization of the 
cavitating leading edge at PL 
[14] 
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Figure 11. Time resolved PIV experimental setup [10] 

  
(a) (b) 

Figure 12. The measurement section, (a) locations of the thirteen pressure sensors across the draft 
tube and (b) position of the time resolved PIV mesh [10] 

 

 
Figure 13. The time resolved PIV and the three 
LDV measurement lines [10] 

3. Discussion 
This paper presents a review on the velocity measurements that had been done on Kaplan and propeller 
turbines. In the second section, the measurements that were performed are reviewed. Generaly, the 
measurements are done only on model, not prototype of the turbine, which shows the difficulty to 
perform the measurements in the prototype. Also, most of the measurements were performed on the 
propeller type, instead of the Kaplan one, since the measurement in the Kaplan version is more 
complicated. A brief review of the second section and explanation of the pros and cons of each method 
are tabulated in table 1. 
According to the different flow regimes in different sections of the turbine, it can be stated that the 
measurements should be performed on three sections, including turbine inlet, the vaneless space 
between the GV and runner, and the conical section of the turbine. Each section is discussed more in 
the following: 

1. The velocity at the inlet pipe of the turbine provides information about the flow field 
entering the turbine during steady and transient operation. So far, most of the numerical 
simulations in hydraulic turbine make an ideal assumption about a symmetric and close to 
fully developed turbulent flow entering the spiral casing. Such flow does not reflect the 
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presence of bend or contraction found upstream the spiral inlet. A more realistic discharge 
distribution at the spiral inlet is of interest for turbine performance estimation by numerical 
simulation.  

2. The vaneless space, the passage between the GV to the rotating runner, is of great interest 
for velocity measurements. This section is a subject of interest due to the Rotor-Stator 
Interaction (RSI) phenomena that occurs at this section in different operating conditions.The 
larger vaneless space in axial turbines compared to other reaction turbines make this region 
prone to large instability at low discharge .  

3. The measurement in the conical section of the draft tube should be considered as well. 
$FFRUGLQJ�WR�WXUELQH¶V�RSHUDWLQJ�FRQGLWLRQ��WKH�IORZ�DW�WKH�GUDIW�WXEH�LQOHW�FDQ�EH�WXUEXOHQW�
or laminar, dominated by swirling or axial flow, with or without backflow and on the walls 
or far from the walls. The exact velocity profile at the runner outlet can be used to calculate 
the pressure recovery of the draft tube and thereby overall losses of the turbine more 
precisely. 
 

Table 1. An overview on the velocity measurement methods in hydraulic turbine. 
 Benefits in hydraulic turbines Challenges in hydraulic turbines 

Flow 
visualization  

x Different creative ways to visualize 
the flow 

x Not always hard to implement in 
the turbine  

x Limited to flow close to the wall (for 
measurement with tufts) 

x Different level of air pressure to be 
inserted in the turbine  according to 
operating condition (in bubble 
insertation) 

x Optimum visibility is hard to be achieved 
(in bubble insertation) 

x Cavitation is not always happening in the 
turbine according to the loading 
(measurement based on cavitation) 

x Reveals a limited amount of information 
LDV x Easy optical access to perform 

measurements 
x Can be used to validate other 

measurements 

x Velocity measurement only on 1 point 
over a period of time 

x Large amount of time is needed to get 
comprehensive information 

PIV x Velocity profile, whether 2D or 
3D, mostly on a 2D plane 

 

x Placing the calibration target in each 
section 

x Limited optical access to each section 
 
Although it is valuable to know the important sections to perform the measurement, it is still quite a 
challenge to perform the measurements. Initially, an appropriate method for measurement should be 
chosen and then, the problems associated with each method should be addressed and the solution  
presented. Since PIV is able to get the information on an illuminated plane instead of some specific 
points, like in LDV, or in regions close to the wall, like the tufting method, PIV is a better choice to 
obtain the velocity profile in the aforementioned sections of the turbine. However, each section is 
associated with specific challenges. Some of the problems that can make the measurement challenging 
are mentioned: 

1. One of the main challenge is the limited optical access. Although having a transparent glass at 
the conical section of the draft tube and at the inlet pipe is feasible, accessing the vaneless space 
is not as easy as the two others because of mechanical limitations.  

2. Calibration of the PIV system is essential for good measurements. Specific solutions needs to 
be developed for each region of the turbine. 
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3. The existence of vortices reflects the light sheet. This may cause error due to the illumination of 
the particles that is not necessarily located in the original measurement plane. Consequently, in 
the picture taken in this situation, some additional data points may exist far from the observed 
limit of the vortex rope edge [30]. 

The future works can focus on performing the PIV measurement during different loading scenarios of 
the turbine on the sections mentioned above. The measurements can ease the way to find new methods 
of decreasing the losses and increasing efficiency.  

4. References 
 

[1] /��%RUQDUG��)��'HEHLVVDW��<��/DEUHFTXH��0��6DERXULQ��DQG�/��7RPDV��³7XUELQH�K\GUDXOLF�
DVVHVVPHQW�DQG�RSWLPL]DWLRQ�LQ�UHKDELOLWDWLRQ�SURMHFWV�´�,23�&RQI��6HU��(DUWK�(QYLURQ��6FL���
vol. 22, 2014. 

[2] Liu, Xin & Luo, Yongyao & Wang, Zhengwei. (2016). A review on fatigue damage 
mechanism in hydro turbines. Renewable and Sustainable Energy Reviews. 54. 1-14. 

[3] $��6ROWDQL�'HKNKDUTDQL��µ$Q�([SHULPHQWDO�,QYHVWLJDWLRQ�RI�D�3URWRW\SH�.DSODQ�7XUELQH�DQG�
Numerical Analysis of Fluid Added Parameters on the Corresponding Model Turbine 
5XQQHU¶��3K'�GLVVHUWDWLRQ��/XOHn�WHNQLVND�XQLYHUVLWHW��/XOHn������� 

[4] Jonsson, P.P. & Mulu, Berhanu & Cervantes, Michel. (2012). Experimental investigation of 
a Kaplan draft tube - Part II: Off-design conditions. Applied Energy. 94.  

[5] Mulu, B.G. & Jonsson, P.P. & Cervantes, M.J., 2012. "Experimental investigation of a 
Kaplan draft tube ± Part I: Best efficiency point," Applied Energy, Elsevier, vol. 93(C), 
pages 695-706. 

[6] Vuillemard, Juilien & Aeschlimann, Vincent & Fraser, Richard & Lemay, Sébastien & 
Deschênes, Claire. (2014). Experimental investigation of the draft tube inlet flow of a bulb 
turbine. IOP Conference Series: Earth and Environmental Science. 22.  

[7] Houde, Sébastien & Dumas, Guy & Maciel, Yvan & Deschênes, Claire. (2019). 
Investigations of rotating stall inception in a propeller turbine runner operating in low-load 
conditions. IOP Conference Series: Earth and Environmental Science. 240. 022021. 

[8] Coulaud, Maxime & Fraser, Richard & Lemay, J & Duquesne, Pierre & Aeschlimann, 
Vincent & Deschênes, Claire. (2016). Preliminary investigation of flow dynamics during 
the start-up of a bulb turbine model. IOP Conference Series: Earth and Environmental 
Science. 49. 062024.  

[9] Ciocan, Gabriel. (2012). PIV Measurements Applied to Hydraulic Machinery: Cavitating 
and Cavitation-Free Flows. 1, chapter 3. 47. 

[10] Buron, Jean-David & Houde, Sébastien & Deschênes, Claire. (2019). Investigation of the 
BulbT conical diffuser flow dynamics with TR-PIV and pressure measurements. IOP 
Conference Series: Earth and Environmental Science. 240. 022037.  

[11] Houde, Sébastien & Dumas, Guy & Deschênes, Claire. (2018). Experimental and 
Numerical Investigations on the Origins of Rotating Stall in a Propeller Turbine Runner 
Operating in No-Load Conditions. Journal of Fluids Engineering. 140.  

[12] 3ĤOSLWHO�/��� 6NRWiN�$���.RXWQtN� -�� �������9RUtices Rotating in the Vaneless Space of a 
Kaplan Turbine Operating under Off-Cam High Swirl Flow Conditions. In: Cabrera E., 
Espert V., Martínez F. (eds) Hydraulic Machinery and Cavitation. Springer, Dordrecht. 

[13] Yang, Jing & Gao, L & Wang, Z & Zhou, X & Xu, H. (2014). The flow field investigations 
of no load conditions in axial flow fixed-blade turbine. IOP Conference Series: Earth and 
Environmental Science. 22. 032028.  

[14] Aeschlimann, Vincent & Beaulieu, Sébastien & Houde, Sébastien & Ciocan, Gabriel & 
Deschênes, Claire. (2013). Inter-blade flow analysis of a propeller turbine runner using 
stereoscopic PIV. European Journal of Mechanics - B/Fluids.  



��WK�,$+5�6\PSRVLXP�RQ�+\GUDXOLF�0DFKLQHU\�DQG�6\VWHPV
,23�&RQI��6HULHV��(DUWK�DQG�(QYLURQPHQWDO�6FLHQFH �����������������

,23�3XEOLVKLQJ
GRL�������������������������������

10

[15] ,RYăQHO�� 5DOXFD� 	� 'XQFD�� *HRUJLDQD� 	� %XFXU�� 'LDQD� 	� &HUYDQWHV�� 0LFKHO�� ��������
Numerical Simulation of the Flow in a Kaplan Turbine Model during Transient Operation 
from the Best Efficiency Point to Part Load. Energies. 13. 3129.  

[16] Nicolet, Christophe & Zobeiri, Amirreza & Maruzewski, Pierre & Avellan, François. 
(2010). On the upper part load vortex rope in Francis turbine: Experimental investigation. 
IOP Conference Series: Earth and Environmental Science. 12. 012053.  

[17] Maddahian, Reza & Cervantes, Michel & Sotoudeh, Nahale. (2016). Numerical 
Investigation of the Flow Structure in a Kaplan Draft Tube at Part Load. IOP Conference 
Series: Earth and Environmental Science. 49. 022008. 

[18] Wilhelm, Sylvia & Balarac, Guillaume & Métais, Olivier & Ségoufin, Claire. (2016). 
Analysis of Head Losses in a Turbine Draft Tube by Means of 3D Unsteady Simulations. 
Flow, Turbulence and Combustion. 97.  

[19] 5��*HEDUW�DQG�+��*XVWDYVVRQ��³3URFHHGLQJ�RI�7XUELQH-����ZRNVKRS�RQ�GUDIW� WXEH�IORZ�´�
2000. 

[20] T. F. Engström��+��*XVWDYVVRQ��DQG�5��.DUOVVRQ��³3URFHHGLQJV�RI�7XUELQH-���,,�´�LQ�7KH�
second ERCOFTAC Workshop on Draft Tube Flow, 2002, p. 55. 

[21] 0�� -�� &HUYDQWHV�� 7�� )�� (QJVWU|P�� DQG� /�� +�� *XVWDYVVRQ�� ³3URFHHGLQJV� RI� WKH� WKLUG�
IAHR/ERCOFTAC workshop on draft tube flows Turbine-���,,,�´�SS������±1528, 2005. 

[22] Hasmatuchi, Vlad. (2012). Hydrodynamics of a Pump-Turbine Operating at Off-Design 
Conditions in Generating Mode. 

[23] Yamamoto, Keita & Müller, Andres & Favrel, Arthur & Landry, Christian & Avellan, 
François. (2015). Guide vanes embedded visualization technique for investigating Francis 
runner inter-blade vortices at deep part load operation. 

[24] Yamamoto, Keita & Müller, Andres & Favrel, Arthur & Avellan, François. (2017). 
Experimental evidence of inter-blade cavitation vortex development in Francis turbines at 
deep part load condition. Experiments in Fluids. 58.  

[25] Bouajila, Sofien & Brammer, James & Flores, Emmanuel & Ségoufin, Claire & Maitre, 
Thierry. (2017). Modelisation and simulation of Francis turbine inter-blade vortices in 
partial load conditions. 

[26] Favrel, Arthur & Liu, Zhihao & Takahashi, W. & Irie, T. & Kubo, M. & Miyagawa, 
Kazuyoshi. (2019). Visualization of the elliptical form of a cavitation vortex rope and its 
collapse by two cameras. IOP Conference Series: Earth and Environmental Science. 405. 
012035. 

[27] Mulu, B. (2012). An experimental and numerical investigation of a Kaplan turbine model 
(Doctoral dissertation, Luleå tekniska universitet). 

[28] Guggenberger, Mark & Senn, Florian & Jaberg, Helmut & Gehrer, Arno & Sallaberger, 
Manfred & Widmer, Christian. (2016). Experimental analysis of the flow pattern of a 
pump turbine model in pump mode. 28th IAHR symposium on Hydraulic Machinery and 
Systems (IAHR2016). 49.  

[29] Ciocan, Gabriel. (2012). PIV Measurements Applied to Hydraulic Machinery: Cavitating 
and Cavitation-Free Flows. 1, chapter 3. 47. 

[30] $��0�OOHU��0��'UH\HU��1��$QGUHLQL��DQG�)��$YHOODQ��³'UDIW�WXEH�GLVFKDUJH�IOXFWXDWLRQ�GXULQJ�
self-sustained pressure surge: Fluorescent particle image velocimetry in two-SKDVH�IORZ�´�
Exp. Fluids, vol. 54, no. 4, 2013. 

 
Acknowledgments 
7KH� VWXG\� ZDV� SHUIRUPHG� DV� SDUW� RI� 6YHQVNW� 9DWWHQNUDIWFHQWUXP�� 69&� �³7KH� 6ZHGLVK�
+\GURSRZHU�&HQWHU´���69&�ZDV�HVWDEOLVKHG�E\�WKH�6ZHGLVK�(QHUJ\�$JHQF\��(QHUJLIRUVN�DQG�
Svenska Kraftnät with Luleå University of Technology, The Royal Institute of Technology, 
Chalmers University of Technology and Uppsala University (www.svc.nu). 



 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Paper B 

PIV Measurements in the Draft Tube of a Down-scale 

Propeller turbine: Uncertainty Analysis 
 



 

 
 

 



 
 
 
 
 
 

PIV Measurements in the Draft Tube of a Down-scale 
Propeller turbine: Uncertainty Analysis 

Nahale Sotoudeh1 , Shahab Shiraghaee1 , Robin Andersson1 , Joel Sundstrom1 , 
Mehrdad Raisee2 , Michel Cervantes1 

1 Department of Engineering Science and Mathematics, Luleå University of Technology, 
Luleå, Sweden. 
2 Hydraulic Machinery Research Institute, School of Mechanical Engineering, College of 
Engineering, University of Tehran, Tehran, Iran. 

Email: nahale.sotoudeh@ltu.se 

Abstract. In this study, the flow in the conical section of the draft tube of a propeller turbine 
has been investigated at the best efficiency point and part-load operating conditions using 2D 
and stereoscopic 3D particle image velocimetry. Since the flow in the turbine is periodic, it is 
necessary to study the mean flow field rather than the instantaneous one to identify the flow 
characteristics from a statistical standpoint. However, the statistical convergence of the 
obtained mean velocity is questionable. Thus, the current work proposes a methodology for 
investigating the convergence of mean velocity profiles based on the central limit theorem. The 
methodology is applied to the best efficiency point and part-load results. The results show that 
3D PIV results have lower uncertainty than 2D PIV results because measuring the tangential 
velocity component affects uncertainty, only measured in 3D PIV. The uncertainty difference 
is more significant, especially in part-load operation, due to the presence of the rotating vortex 
rope, and therefore a more accurate measurement is necessary to produce a reliable mean flow 
field. Furthermore, the convergence of the mean velocity profile is faster, with lower 
uncertainty for best efficiency point results since, at the part-load condition, the tangential 
velocity component of the flow is higher. In addition, the converged mean velocity profiles 
show a backflow region with minor rotation in the center, surrounded by a high rotational axial 
flow during the part-load operation of the turbine.  

1.  Introduction 
Hydraulic turbines generate a significant share of electricity; however, due to the intermittent 
precipitation of alternative energy sources, they operate more frequently in the off-design operating 
condition. The operation of the hydraulic turbine in the off-design condition is unstable and 
challenging. The rotating vortex rope (RVR) imposes pulsations and instability in the flow in the draft 
tube and the output power in part-load (PL) operating condition of single-regulated turbines.��
Experiments and computational fluid dynamics (CFD) are tools to address the issues caused by RVR. 
Particle image velocimetry (PIV) is one of the well-known experimental methods since it is a 
nonintrusive method to measure the velocity by tracking the movement of illuminated particles in the 
fluid [1]. For example, the 2-dimensional-2-component (2D-2C) and 2D-3C PIV can provide the 
velocity profile on a 2D plane over time, and thus, PIV provides a more thorough picture of the flow 
than other measurement techniques such as laser Doppler anemometry. CFD requires this extensive 
information for usage as boundary conditions and validation. Also, stereoscopic PIV is an 



 
 
 
 
 
 

advantageous method to measure turbulent 3D flow in hydraulic turbines. Despite the benefits of PIV, 
the implementation of PIV measurement on a hydraulic turbine is not effortless due to the complicated 
optical access and extensive reflections.  

PIV errors can occur due to both the hardware configuration and the analytic technique. Calibration 
errors, background noise, out-of-plane particle motion, particle response, peak locking, non-uniform 
particle reflections, and other factors can contribute to hardware errors [2]. For instance, in 3D 
stereoscopic PIV, calibration and self-calibration are critical to ensure accurate results [3]. According 
to Salehi and Nilsson, an off-centered placement of the PIV plane within the conical section of the 
draft tube of a Francis turbine can lead to increased uncertainty caused by missing the vortex that is 
expected to have its core within the measurement plane [4]. The sources of analytic technique errors 
can be interrogation window size, strong velocity gradients within windows, and peak detection 
scheme [2].  

Besides the challenges above, selecting an appropriate approach to identify flow behavior is 
essential. Following the periodicity of the flow in turbomachinery, the mean and phase averaging of 
the results can indicate the flow¶s nature [5], [6]. However, ensuring the repeatability of the obtained 
results remains a challenge. The Gaussian distribution of velocity on points, as advocated by 
Cavazinni et al., represents repeatability [5], albeit this approach is not always appropriate due to 
excessive turbulence, particularly in off-design operating conditions of hydraulic turbines. Another 
approach is to verify repeatability with a confidence interval on certain specific lines for specific 
velocity components [2], although generalizing the results of one line to the entire plane is dubious. 
Another reasonable approach is to repeat the measurements several times, but the criteria are unclear 
to assure the accuracy of the obtained results. )ORZ�DQDO\VLV¶V� JRDO in turbomachinery is to ensure 
averaged velocity convergence; thus, a better alternative is to examine the convergence based on the 
mean velocity of random measurements with the same sample size using the central limit theory [7]. 
The central limit theory combines the effects of all systematic and random errors, making it easier to 
apply. Nevertheless, it is more difficult to discern between distinct error causes [8]. 

The current study focuses on the convergence of 2D and 3D mean velocity fields in the conical 
section of the draft tube in PL and best efficiency point (BEP) and examines the 3D flow in PL 
approximated by 2D and 3D PIV. First, the material and method section describes the experimental 
setup and data processing procedure. Then, the distribution of mean velocity uncertainty on 
the measurement plane on PL findings is given in the results section to discover critical spots 
and compare the accuracy of 2D and 3D measurements. The results section then presents the 
maximum uncertainty of different velocity components for various sample sizes for BEP and 
PL for 2D and 3D measurements. Finally, the mean velocity profiles of the 2D and 3D PIV 
under the PL operating condition depict the flow behavior. 

2.  Material and method 

2.1.  Experimental setup 
The test case investigated in this study is a closed-loop reduced-size propeller turbine located at Luleå 
University of Technology, Sweden. The turbine comprises a spiral casing, a distributor with eight stay 
vanes and ten guide vanes, and a runner with a diameter of 98 mm and six fixed blades. The flow field 
in the conical section of the draft tube significantly impacts turbine performance; hence, this study 
measures the velocity profile in this area. As shown in Figure 1 (a), in this test case, the conical section 
of the draft tube is produced in plexiglass to provide optical access for PIV measurements in the 
runner outlet. In addition, a plate was placed beneath the draft tube conical section during the 
calibration procedure to hold the calibration target in the desired place. Figure 1 (b) and (c) depict this 
plate and the calibration target position in 2D and 3D measurements, respectively, and the green 
square in Figure 1 (a) represents the light sheet in the 2D measurement.  
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(a) (d) 

Figure 1. The test case and the PIV measurement setup: (a) a schematic of the reduced-size propeller 
turbine, cut in half with the red rectangle showing the measurement section, (b) the plexiglass 

conical section of the draft tube, and (c) and (d) the position of the calibration target inside the draft 
tube cone for 2D PIV and 3D PIV, respectively. 

The PIV measurements were performed using a commercially available system from Lavision 
company [9]�� 'XULQJ� WKH� 3,9�PHDVXUHPHQW�� WKH� IORZ� LV� VHHGHG� ZLWK� ��ȝP� GLDPHWHU� glass spheres 
particles, and the measurement section is illuminated with an ND: YAG laser, producing a laser sheet 
of 2-3 mm in width. The photos are captured concurrently by a high-speed CCD camera with 
2048×2048 pixels. Synchronized laser pulses are delivered at a frequency of 50Hz and in a dual pulsed 
mode with a 350 µs time separation between the pulses to ensure that the particles move no more than 
8 pixels. The interrogation window of 32×32 with an overlap of 75% is used to calculate the velocity 
profiles. The Davis program captured the data for 40 seconds in each measurement; then, the data was 
evaluated using an in-house code utilizing the MATLAB software [10].  

The measurements were done on a 2D plane, resulting in horizontal and vertical velocity 
components for the 2D PIV and the horizontal, vertical and tangential velocity components for the 3D 
PIV. The vertical velocity component is the axial velocity, whereas the radial velocity is obtained by 
locating the central axis and adjusting the horizontal velocity appropriately. In the current paper,  the 
radial velocity component toward the center is negative in the mean velocity profiles shown in figures 
6 and 7, thus giving the impression that the velocity is discontinuous across the draft tube centerline. 

7KH�PHDVXUHPHQWV�DUH�SHUIRUPHG�GXULQJ�WKH�WXUELQH¶V�3/�DQG�%(3�RSHUDWLQJ�FRQGLWLRQV��with the 
operating conditions validated by pressure measurements on the draft tube wall. Table 1 shows the 
turbine¶s characteristics in both operating conditions. 

Table 1. The characteristics of the turbine¶s operating conditions 
 Head (m) Discharge (l/s) Guide vane angle 

(degree) 
Runner speed 

(rpm) 
N11 

BEP 0.31 6.8 35 750 130 
PL 0.32 5.8 26 750 130 



 
 
 
 
 
 

 

2.2.  Data processing 
The purpose of data processing in the current study is to determine the convergence criteria for the 
acquired velocity from PIV. Although the normal distribution of the probability density function of the 
velocity on each point indicates repeatability, when RVR exists under PL operating conditions, the 
random and turbulent character of the RVR causes an unnormal velocity density distribution in most 
points. Furthermore, even if the distribution of the probability density function is normal in one set of 
data, it is not guaranteed that the results are reproducible for any other set of data.  

The current study analyses the mean velocity convergence on each point based on the central limit 
theory. In central limit theory, a sample size greater than 30 is recommended to guarantee a normal 
distribution. Nevertheless, the probability distribution heavily impacts the minimum sample size [11]. 
The analyses in the current study reveal that the results converge with a sample size of 200. However, 
a sample size of 1400 is employed for greater accuracy. Section 3.2. discusses the influence of sample 
size on results. 

With Yത as the average velocity obtained from a random set of the consecutive velocity of sample 

size n, N as the number of average velocities, ȝ�DV� WKH�PHDQ�YDOXH��DQG�ɐ�ത ට ሺYLഥ-ȝሻ�1
L � »1 as the 

standard deviation, the principles of central limit theory for mean value are as follows: 
1. The mean value of the averaged value obtained from random data sets from a population is 

equal to the population¶s mean value, i.e., ȝYത ȝ. 
2. The standard deviation of the averaged velocity obtained from random sets of data of sample 

size n is equal to the standard deviation of the velocities divided by the square root of sample 
size, i.e., ıYത 

ı
ξQ

. 

3. The sampling distribution of Yത is approximately normal with high enough sample sizes, and 
thereby, the approximation is more precise.  

4. For every sample size n, the sampling distribution of Yത is perfectly normal when the 
population distribution is normal. 

Following the above approach, figure 2 depicts an example computation of the standard deviation 
for one point with 15 recorded velocity values. In this example, a sample size of four is selected. The 
approach starts by selecting five random pairings (RP) of the selected sample size from the velocity 
population. Then, by obtaining the mean velocity in each random pair, the standard deviation of the 
mean velocities can be calculated. The value of ߪ௩ത  shows the uncertainty of the obtained mean value 
of the results with a sample size of n.  

 

 
Figure 2. Sample calculations of the standard deviation of the mean velocity of 5 

random pairs (RP) for one point in the measurement plane with sample size 4 
using the central limit theorem. 



 
 
 
 
 
 

3.  Results 

3.1.  Distribution of mean velocity uncertainty in PL condition 
The uncertainty of the acquired mean velocity data is highly spatially dependent; thus, it is necessary 
to investigate it thoroughly to identify the high uncertainty spots. Figures 3 and 4 show the distribution 
of uncertainty of the mean velocity on the measurement plane for 2D and 3D PIV, respectively. In 
these figures, the standard deviation of the mean velocity is normalized with the bulk velocity to 
present the dimensionless uncertainty. The bulk velocity in PL operating condition is 0.77 m/s. The 
reported data have a sample size of 1400, but the same pattern was visible in PL with either lower or 
higher sample sizes. The data obtained in areas close to the central axis mainly lies between 1 to 2 
standard deviations from the mean value, while the areas further away from the central axis are more 
scattered.  

Figure 3 shows the normalized standard deviation of the mean velocity of different velocity 
components obtained from 2D measurement during the PL operation of the turbine. The absolute 
velocity distribution demonstrates that the uncertainty of the mean absolute velocity is less than 0.5% 
throughout a broad region of the measuring surface, with just one small section on the runner¶s right 
side having higher uncertainty (see figure 3 (a)). The reflections created by the convex form of the 
draft tube might explain this rise. This hypothesis is confirmed by the high uncertainty in the same 
section in axial and radial velocity components (see figures 3 (b) and (c)). The symmetric uncertainty 
distribution of the axial velocity around the central axis suggests an evenly distributed randomness; 
however, there is also a surge below the runner cone, which might be generated by significant 
turbulence and reverse flow in the central area during PL operation (see figure 3 (b)). 

The normalized standard deviation of the mean velocity of different velocity components 
determined from 3D PIV during the turbine¶s PL operation is shown in Figure 4. As shown in the 
figure, the radial and absolute velocity uncertainty indicate an almost evenly distributed randomness 
over the measurement plane (see figures 4 (a) and (c)). In contrast, figures 4 (b) and (d), representing 
the axial and tangential velocity uncertainty, show high uncertainty on the left-hand side of the central 
axis with values of 0.08% and 0.09%, respectively. In addition, the axial velocity uncertainty predicts 
a higher uncertainty in the range of 5 to 20 mm from the central axis, while the tangential velocity 
uncertainty shows higher uncertainty in 30 to 40 mm from the central axis (see figures 4 (b) and (d)).  

The comparison of 2D and 3D measurements indicates that 3D data converge faster and with less 
uncertainty since all three velocity components are considered in 3D measurements. As a result, the 
3D measurement can determine mean velocity components with greater precision. Furthermore, the 
influence of 3D flow generated by the presence of RVR is evident in the measurement results of 3D 
measurements. The prediction of axial velocity uncertainty obtained from 2D and 3D data delivers 
almost identical values across the measurement section. However, the impact of the reflection is more 
evident in 2D measurements than in those of 3D. 

 

   
(a) (b) (c) 

Figure 3. The normalized standard deviation of mean velocity, ݒߪത, for the sample size of 1400 in 2D 
PIV measurement of PL operation, for (a) absolute velocity, (b) axial velocity, and (c) radial 

velocity. 



 
 
 
 
 
 

 

  
(a) (b) 

  
(c) (d) 

Figure 4. The normalized standard deviation of mean velocity, ݒߪത, for the sample 
size of 1400 in 3D PIV measurement of PL operation, for (a) absolute velocity, 

(b) axial velocity, (c) radial velocity, and (d) tangential velocity. 

3.2.  Analysis of uncertainty based on sample size for BEP and PL 
The maximum uncertainty of different velocity components obtained from 2D and 3D PIV 
measurements is shown in figure 5. The maximum uncertainty computed from different sample sizes 
of each corresponding velocity is given for different PIV measurements in each picture. The maximum 
uncertainty of all mean velocity components reduces as the number of sample sizes utilized in the 
computation increases. Although variations in the maximum uncertainty can be approximated by a 
parabolic or linear equation, a general trend cannot be shown since the changes are very dependent on 
the kind of velocity component. Furthermore, the uncertainty values obtained from the turbine¶s BEP 
operation are smaller than those acquired from the turbine¶s PL operation. Besides, the mean axial 
velocity has the highest uncertainty of all velocity components because axial velocity is the primary 
velocity component of BEP and PL. However, out-of-plane velocity is substantially stronger in PL 
than in BEP, resulting in more significant inaccuracy in 2D PL. Furthermore, the difference in 
uncertainty between the 2D and 3D mean velocities of PL is greater than the difference between the 
2D and 3D mean velocities of BEP. This difference might be because 2D cannot detect the flow¶s 3D 
behavior during PL. Checking the PL results more precisely, the axial velocity indicates a significant 
variation between 2D and 3D, ranging from 4% for a sample size of 800 to 1% for a sample size of 
1600. This fact demonstrates that a higher sample size may compensate for uncertainty. 

 



 
 
 
 
 
 

  
(a) (b) 

  
(c) (d) 

Figure 5. The maximum dimensionless uncertainty of mean velocity during BEP and 
PL operation of the turbine for 2D and 3D PIV for (a) absolute velocity, (b) axial 

velocity, (c) radial velocity, and (d) tangential velocity. 

3.3.  Mean velocity field 
This section presents the mean velocity field acquired from 2D and 3D PIV measurements during the 
turbine¶s PL operation in figures 6 and 7. The mean velocity contours of 2D PIV shown in figure 6 (a) 
show a low-velocity zone in the center, indicating 3D flow in PL produced by RVR in the draft tube. 
Furthermore, figure 6 (b) shows a reverse axial flow along the central axis of the whole measurement 
section. The axial velocity shows that flow passes mainly along the wall rather than in the center. 
Finally, figure 6 (c) depicts the mean radial velocity in 2D PIV, with a jump observable in the center 
due to the definition of the radial velocity sign, as explained in section 2.1. The radial velocity 
component around the center is continuous and only varies in the sign. Based on this figure, the right-
hand side of the measurement section has a higher radial velocity (see figure 6 (c)). A similar pattern 
was seen in Goyal et al.¶s investigation, with the reasons given as the gyroscopic effect of the draft 
tube elbow and flow separation propagation owing to high tangential velocity [8]. Because the draft 
tube bend in 2D PIV is on the right-hand side of the measurement section in the present study, the 
same argument may be applied here. 

   
(a) (b) (c) 

Figure 6. Mean velocity profiles for 2D PIV measurements in the conical section of the draft tube 
during PL operating condition for (a) mean absolute velocity, (b) mean axial velocity, and (c) mean 

radial velocity. 



 
 
 
 
 
 

  
(a) (b) 

  
(c) (d) 

Figure 7. Mean velocity profiles for 3D PIV measurements in the conical section of 
the draft tube during PL operating condition: (a) mean absolute velocity, (b) mean axial 

velocity, (c) mean radial velocity, and (d) tangential velocity. 

Figure 7 depicts the mean velocity profile obtained from 3D PIV during PL operation. In general, it 
follows the same pattern as 2D PIV. In both absolute and axial velocity, the low-velocity zone and 
reverse axial floZ�FDQ�EH�VHHQ�LQ�WKH�GUDIW�WXEH¶V�FHQWHU��VHH�ILJXUH����D��DQG��E����+RZHYHU��DEVROXWH�
and axial velocity reports lower velocity magnitude than the 2D measurement. The radial velocity 
profile of 3D PIV indicates lesser velocity toward the wall on the right side of the image plane (see 
figure 7 (c)). That is correct because the 2D and 3D measurement planes differ by 45 degrees; hence, 
the right side of the 3D measurement plane is further away from the draft tube bend than the right side 
of the 2D measurement plane. Furthermore, the 3D measurement captured tangential velocity, 
revealing symmetric high rotation of the flow close to the wall and less rotational flow close to the 
GUDIW�WXEH¶V�FHQWHU��VHH�ILJXUH����G��� 

4.  Conclusion 
This work proposes a central limit theory-based approach for approximating the uncertainty of the 
mean velocity acquired from PIV measurements. The approach focuses on the uncertainty values 
calculated from the standard deviation of some random data pairs¶ mean values. The measurements 
are performed both in 2D and 3D. Because although the flow is more axial in BEP, the flow in PL 
operating condition is more 3-dimensional due to the RVR rotation in the draft tube. The results reveal 
that, given the same sample size, the mean velocity has less uncertainty during the BEP operating 
condition than during the PL. As a result, fewer pictures are required to ensure low uncertainty in the 
computed mean velocity of the BEP operating condition. The results of the 3D measurement, on the 
other hand, indicate smaller uncertainty when compared to the 2D results since the 3D PIV measures 
all velocity components with increased precision. Because the out-of-plane velocity component of PL 
is more evident as a result of RVR rotation, it is critical to emphasize that the 2D PIV is insufficient to 
describe the 3D flow field and that more pictures must be acquired to assure the accuracy of the mean 
velocity results. Given RVR¶s phase-related behavior, evaluating the phase-averaged data in the 
following step can provide further information about RVR characteristics and its impacts on the flow 



 
 
 
 
 
 

field. Because data from all phases are utilized in the overall mean computation, convergence in each 
phase is expected to happen faster and with less uncertainty. 
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