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ABSTRACT 

Hydroelectricity plays an important role to balance the stability of grid network.  In order to 

improve the stability of presently high loaded grids, hydropower plants are being operated over 

a wide range of operations and experiencing frequent start-stop, load rejection, and load 

acceptance. The turbines need to sustain sudden change in their operating condition to balance 

the grid frequency. Francis turbines have been widely used because of their wider operating range 

and higher stability in operation during rapid load variation. This has resulted in severe damage 

to the turbines as they are not normally designed to operate under such transient conditions. 

Several low and high frequency pressure fluctuations prevail during transients operating 

conditions. Generally, wall pressure measurements are performed which may not provide 

sufficient information to investigate the flow instabilities related to these fluctuations. Thus, the 

main objective of the present work is to simplify and perform optical measurements in a turbine 

during transient operating conditions to investigate the flow field. The measurements have been 

performed at the Water Power Laboratory using a high head model Francis turbine. The turbine 

is a 1:5.1 scale down model of a prototype operating at the Tokke Power Plant, Norway. The 

model runner diameter, net head, and discharge at the best efficiency point (BEP) were 0.349 m, 

12 m, and 0.2 m3 s-1, respectively. A total ten pressure sensors were mounted at different locations 

namely, turbine inlet, vaneless space, and draft tube. The data were acquired at a sampling rate 

of 5 kHz. The instruments and sensors have been calibrated according to guidelines available in 

IEC standards. The determined total uncertainty in the measurement of hydraulic efficiency was 

±0.15% at BEP condition. The velocity measurements in the draft tube cone were performed 

using a 2D PIV system and the images were sampled at a rate of 40 Hz.  

 Steady state measurements were carried out considering the realistic design and off-design 

operating conditions of the prototype turbine. Therefore, the angular speed of the runner was 

maintained constant for all steady state conditions during the measurements. The maximum 

hydraulic efficiency (92.4%) was observed at nED = 0.18, QED = 0.15, and  = 9.8º, which is 

named BEP. It is observed that the turbine experiences significant pressure fluctuations at the 

vaneless space, runner, and the draft tube. The fluctuations due to rotor-stator interaction (RSI) 

were observed to be most dominating at high load condition, however, fluctuations due to the 

rotating vortex rope (RVR) at part load (PL) condition. Two different modes (synchronous and 

asynchronous) modes of vortex rope are observed at PL condition of the turbine. An asymmetry 

in the flow leaving the runner was detected at both design and off-design conditions, with a 

stronger effect during off-design operating condition. Numerical simulations of the model turbine 
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were carried out at PL operating condition. The simulations were performed using two turbulence 

models, standard k-ε and SST k-ω, with high-resolution advection scheme. The numerical 

pressure values obtained with both standard k-ε model and SST k-ω showed a small difference 

with the experimental values. The amplitudes of numerical pressure values were higher (~2.8%) 

in the vaneless space and lower (~5.0%) in the draft tube than the experimental values. The 

frequencies of the RSI and RVR were well captured in the turbine but the amplitudes were 

overestimated.    

During load rejection from BEP to PL, the plunging mode of the vortex rope was observed to 

appear first in the system than that of the rotating mode. Whereas during the load acceptance 

from PL to BEP, both the modes were observed to disappear simultaneously from the system. In 

the velocity data, the axial velocity only contributed to the development of the plunging mode 

and radial velocity to the rotating mode. The region of low velocity, stagnation point, flow 

separation, recirculation, oscillating flow and high axial velocity gradients were well captured in 

the system during the transients. The induced high-velocity gradients during the load acceptance 

from BEP to HL was observed to develop a vortex core in the draft tube.  

During startup and shutdown, the guide vanes angular position was moved from one to another 

steady state condition to achieve the minimum load condition of the turbine. At this condition, 

the generator of the turbine was magnetized at the synchronous speed during startup and 

shutdown, respectively. The frequency of wave propagation was observed to vary with the runner 

angular speed during startup and complete shutdown of the turbine. Comparatively high-pressure 

fluctuations in the draft tube were observed during the guide vane movement from the high 

discharge conditions. Some unsteady phenomena such as the formation of dead velocity zone, 

backward flow, and flow oscillations were observed during startup and shutdown of the turbine.    

The current work has been also used to continue a series of workshops, i.e., Francis-99. The 

first workshop was held on December 2014 with the cooperation of LTU and NTNU. The 

measurements performed in this work were used for the second workshop which was held on 

December 2016. The investigations presented in this thesis will be further explored in the third 

workshop scheduled for December 2018.  
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Flow Field in a High Head Francis Turbine Draft tube During Transient Operations 

1 INTRODUCTION  

1.1 HYDRAULIC TURBINE 

Hydraulic turbine is the heart of any hydropower plant, and is the part responsible for the plant overall 

efficiency. A hydraulic turbine converts the hydraulic energy available from flowing water into 

mechanical energy at the rotating shaft. There are two main categories of turbines, namely impulse, and 

reaction. In impulse turbine the total head of the incoming fluid is converted in to a large velocity head at 

the exit of the supply nozzle whereas in a reaction turbine the rotation of runner or rotor is partly due to 

impulse action and partly due to change in pressure over the runner blades. The selection of most suitable 

and efficient turbine for a hydropower project depends largely on available head and flow rate at the site 

[1]. Pelton turbine is the commonly used impulse turbine employed for high heads (  200 m). Kaplan and 

Francis are the reaction turbines used for low (  50 m) and medium (50  H 700 m) head applications 

[67,74,229], respectively.  

1.2 FRANCIS TURBINE 

Francis turbines are the preferred reaction turbines because it operates under moderate head (50  H

700 m) and discharges. The turbine is located between a high-pressure water source and a low-pressure 

water exit, usually at the base of a dam. It contributes to about 60% of the global hydropower capacity, 

mainly due to its capacity to work efficiently over a wide range of operating conditions [2]. The main 

components of Francis turbine are a spiral casing, stay vanes, guide vanes, runner and draft tube as shown 

in Figure 1.1.  

Figure 1.1 A scaled (1:5.1) model Francis turbine (Water Power Laboratory, Norway) 



Francis turbine 

2 

 Water enters the runner radially and leaves axially. The turbine inlet is a spiral shaped casing. Stay 

vanes ensure the structural integrity of the casing as well as direct the flow to the guide vanes. The guide 

vanes direct the water tangentially to the runner vane inlet. The flow passing through the runner vane 

passages causes it to spin due to change in angular momentum. The draft tube is a diffuser connecting the 

runner exit to the tailrace where the water is being finally discharged from the turbine. The spiral shape 

of the casing allows the uniform flow distribution in the stay vane channels. The guide vanes are adjustable 

to allow smooth turbine operation over a wide range of flow rates. The servo actuation mechanism and 

governor are used to provide the effective guide vane movements according to power demand [3]. The 

runner is the most critical part of the turbine which includes a complex assembly of full-length blades, 

splitters, runner crown cone and band [4-5]. It converts hydraulic energy of the system into the mechanical 

energy in terms of mechanical torque. The runner shaft is coupled with the generator shaft, directly or 

through gear box assembly, which transmits torque to the generator shaft through either directly coupled 

rigid shaft or intermediate shaft of a gearbox. The channel into which turbine discharges through the draft 

tube is called tailrace channel. The draft tube is an elbow or straight type structure fitted at the outlet of 

the runner. The one end of the draft tube is open to atmospheric pressure to discharge the flow into the 

tail race channel [6]. The purpose of the draft tube is to recover the dynamic energy leaving the runner 

into pressure to increase the effective head to the turbine [7].  

Since Francis turbines installed in hydropower plants are too big to be investigated in a laboratory, and 

the measurements on the site are costly and difficult, therefore, model testing is preferred by scaling down 

the prototype to a model, based on the guidelines available in IEC 60193. According to standard, the 

model must maintain the geometric and hydraulic similarity with the prototype. The hydraulic similarity 

of a geometrically similar model and prototype can be determined using Equations (1.1), (1.2) and (1.3). 

Hydraulic performance of model turbine is directly transposable to the prototype with scale formula which 

covers the guaranty given by the supplier of the turbine. 

  ( ) ( )ED P ED MQ Q (1.1) 

  ( ) ( )ED P ED Mn n (1.2) 

  P M (1.3) 

The discharge factor EDQ , speed factor EDn , and Thoma cavitation number can be computed as,  

                 2
     -ED

QQ
D E

                (1.4) 

                   -ED
nDn

E
            (1.5) 
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                                   -NPSH
H           (1.6) 

where, Q is the discharge in m3 s-1, D  is the reference diameter of runner in m,  E  is the specific 

hydraulic energy in J kg-1, n is the rotatinal speed of the runner in s-1. 

1.3 FRANCIS TURBINE OPERATIONS 

The present demand for electricity does not allow the turbine to operate exclusively at best efficiency 

point (BEP). Power plant owners are expected to vary power generation frequently, from a very low power 

generation to the maximum designed capacity of the turbine to meet the real-time power demand [8-9].

Hydraulic turbine operates under two conditions, namely steady state and transient. The angular speed of 

the runner and discharge to the turbine are maintained constant during steady state operation. However, 

during transient, the rotational speed of the runner and discharge vary with time, e.g., load acceptance, 

load rejection, startup, normal shutdown, emergency shutdown and total load rejection. This also includes 

runaway operating condition in which the generator does not produce power due to zero torque output 

from the runner.  

1.3.1 Steady state 

In a Francis turbine, flow passes through the cascade of stay vanes, guide vanes, and runner blades. 

The guide vanes control the inlet flow to the runner according to the load demand. During steady state 

condition, when the runner is rotating at a constant angular speed, an unsteady exchange of momentum 

takes place between the guide vane trailing edge and leading edge of the runner blade. Such complex 

interaction between the runner blades and guide vanes propagates a sound wave in all direction of the 

turbine. This complex interaction between the runner blades and guide vanes is known as rotor-stator 

interaction (RSI) [10]. Figure 1.2 shows the complex interaction and exchange of momentum between 

guide vanes and runner blades. The RSI resulting from the unevenly distributed flow of guide vanes and 

runner blades may generate pressure fluctuations in turbine with different frequency in the stationary and 

rotating domain [11-13]. The RSI frequency is dependent mainly on three parameters, number of guide 

vanes, number of runner blades and angular speed of the runner and can be computed using Equation (1.7) 

and (1.8).  

 The frequency in the stationary domain (blade passing frequency) can be computed using Equation 

(1.7):

  ,
     Hz

60
b

RSI stn
nZf (1.7) 

where, n is the angular speed of the runner in rpm and  bZ is the number of runner blades. 
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 The frequency in the rotating domain (guide vane passing frequency) can be computed using Equation 

(1.8):

  ,      Hz
60

gv
RSI rot

nZ
f (1.8) 

where, gvZ is number of guide vanes. 

 Flow field in Francis turbine varies with the operating conditions. Flow at off-design conditions such 

as part load (PL) and high load (HL) is not as stable as that of BEP. The fixed relative exit angle of the 

runner blades in Francis turbine is designed for an optimum discharge condition (BEP) and generally, 

negligible vortex breakdown occurs in the draft tube. At low discharge, PL, the relative velocity angle 

remains nearly the same, but the absolute velocity angle induces a residual swirl in the direction of the 

runner. Whereas at high discharge, HL, the direction of the swirl is opposite to the runner rotation [13-

15]. The deceleration of the swirling flow in the draft tube leading to the formation of a helical vortex 

rope and torch-like vortex core in the draft tube at PL and HL conditions, respectively [16-19]. The helical 

vortex rope in the draft tube is also known as precessing vortex rope.  

Figure 1.2 Complex interaction and momentum exchange between guide vanes and runner blades   

1.3.2 Transient 

The connection of intermittent energy resources such as solar and wind to the grid causes significant 

instability in grid operation. The generators and connected grids are required to maintain a certain level 
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of frequency or voltage for grid stability by switching the turbine operation [20]. Francis turbine has the 

capability of the speedy changeover from low to high (load acceptance) and high to low (load rejection) 

power generation, as well as rapid start-stop to restore grid operation. These capabilities are also used to 

meet the variable demand at both, base, and peak loads.  

Load variations in Francis turbine are accompanied by the rapid opening and closing of the guide 

vanes. Flow to the turbine increases during load acceptance and decreases during load rejection process. 

The process starts from a steady state condition of the turbine when the guide vanes angle is set to a 

particular position such as no load, PL, BEP, and HL. The runner angular speed does not change during 

load variation process because the turbine is connected to the generator, which is rotating at constant 

(synchronous) speed. Normal start-stop of the turbine is generally carried out to meet specific conditions 

such as no requirement of electricity, water scarcity, monsoon flood, maintenance purpose and other 

safety related issues. The deregulated electricity market and injection of intermittent energy to the grid 

network have resulted in random start-stop cycles of the hydropower plants.  

Normal start-stop processes of the turbine are determined at the time of commissioning of the 

hydropower plants. In a systematic startup process, the guide vanes are rapidly opened to a small opening 

and at the beginning, the flow rate increases rapidly. The runner starts to accelerate slowly and reaches to 

a speed equals to the synchronous speed of the generator at the particular opening of the guide vanes. The 

generator is now coupled to the turbine to transmit the torque to the generator shaft [21]. In the whole 

process, the synchronisation of the generator to the grid network is set on and carried out according to 

guidelines available in IEC 61362 [22]. Turbine shutdown is usually carried out by following the reverse 

characteristics of the startup. The only difference is that it follows speed no load line, while closing the 

guide vane. The risk involved in turbine shutdown due to upstream water hammer and pressure surge [23] 

may be avoided by following the systematic shutdown as of the startup. In this process, the zero torque 

condition on the runner is achieved by reducing the guide vane angular positions and then the generator 

is decoupled from the system [22, 24-25]. 

Figure 1.3 Sudden load rejection speed-time curve upto runner standstill condition; nr is angular speed 
for readiness of the generator synchronisation; nmax is the maximum angular speed of runner; nmin is the 

minimum angular speed of the runner; tM is the time at maximum angular speed of runner; tE is the 
time after which the speed deviation from the idling speed remains below ± 1% [22] 
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During sudden load rejection, the turbine generator is suddenly disconnected from the power grid. In 

this case, the grid parameters and/or power frequency at the generator terminal are varied beyond the 

specified limit and load at the generator terminal suddenly dropped down to zero. The runner accelerates 

and reaches to a condition where the speed of the runner is 2-3 times of the original runner speed as shown 

in Figure 1.3 [22]. At time t = tM, the runner speed is maximum (runaway condition) which is controlled 

by closing the guide vanes. The runner reaches to a condition (t=tE) where the speed deviation of the 

runner remains below ± 1% of idling speed of the runner. Then the runner is brought down to standstill 

condition slowly. The time required to stabilize the process sometimes may reach to the value of tE/tM

=15, in the case of high head Francis turbine [22]. The sudden closing of the guide vanes may also bring 

down to the minimum runner speed where turbine experiences significant vibrations due to water hammer. 

The sudden load rejection is the most dangerous operation of a turbine and runner can approach up to the 

runaway speed. The pressure fluctuations are observed double the fluctuations at the optimum operation 

of the turbine and cause significant damage to other components of the hydropower plant [26]. These all 

transients cannot be controlled by the operator, but the damages can be reduced by developing some 

optimize strategy for guide vanes and mitigating the dynamic flow instabilities. 

1.4 PARTICLE IMAGE VELOCIMETRY 

The measurements with particle image velocimetry (PIV) is based on the analysis of two successive 

images of the target area seeded with micro-sized particles that follow the flow and are illuminated with 

a laser sheet provided by double-pulsed laser [27]. PIV provides significant perspectives in analysing the 

characteristics of the internal flow in hydraulic machinery, providing important insight towards an 

extensive understanding of the fundamental physical mechanisms [28-31]. However, the use of PIV 

technique in this context is a challenging application, due to the structural constraints related to the optical 

access to the measurement areas, to the temporal and spatial scales of the phenomena that needs to be 

investigated, two-phase flow structure in cavitating regime and the industrial aspects of the application 

[32]. The optical methods are difficult to implement on prototypes due to the material of the structure and 

machines, restricting any optical access for optical measurements. Therefore, the experiments on 

hydraulic turbines were mainly performed on reduced scale model turbine due to the limitations associated 

with the prototype, such as standstill condition of the power plant and insertion of the physical probe in 

the flow domain [33-34]. Figure 1.4 shows an example of experimental set up of PIV measurements in 

the draft tube of a reduced scale model Francis turbine. Despite the rapid growth of instruments such as

pressure transducer and laser Doppler velocimetry (LDV) one cannot escape the fact that these techniques 

are best only at a point [35-36]. Development of higher sampling rate for the PIV system gives a 

motivation to perform investigation during transient operating conditions of the turbine.
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Figure 1.4 Experimental arrangement of particle image velocimetry in a draft tube of reduced scale 
model Francis turbine [37]

1.5 SCOPE OF THE THESIS 

The connection of intermittent energy resources to the grid network causes significant instability in 

grid operation. Any intermittency or variation in grid parameters results in the splitting of the power 

generator from the connected transmission line [38]. This further develops instabilities in both the grid 

network and the connected hydropower plants. Most hydropower plants have the capability of speedy 

changeover, as well as rapid start-stop to restore grid operation. These capabilities are used to meet the 

variable demand at both, base and peak loads. Increased deployment of solar and wind impel the 

developers of hydropower plant to provide more flexibility in the operation of hydraulic turbines. The 

main dimensioning/designing criteria for a hydropower plant is the dynamic behaviour of the turbine 

during off-design and transient operations. Consequently, Francis turbines have to sustain more starts and 

stops per day, wider load ranges, sudden load rejection, and emergency shutdown etc., which causes the 

key problem such as fatigue to the runner, instrument malfunctioning, vibration in system, wear and tear, 

and runner life reduction [9, 39-40].  

 In recent years, wall pressure measurements were performed on a model Francis turbine during steady 

state and transient operating conditions [26, 41-46]. The main focus of previous studies has been on the 

steady state operations. Very few measurements were focused on the optimized guide vanes sequence 

during transients. Since the rate of movement of guide vanes plays a significant role during transient 

operation. Pressure measurements were only limited to the information regarding frequencies and 

amplitudes of the fluctuations. However, the information regarding the flow distribution at the outlet of 

the runner, i.e., draft tube, was not possible through the pressure measurements. An investigation of the 

velocity distribution using PIV in the draft tube with synchronised pressure and basic yield flow properties 

such as head, discharge, guide vanes angular positions, runner angular speed, and runner shaft torque may 

help in improving the operating life of the turbine. Previous measurements were performed by adjusting 

the realistic operating conditions of the turbine [26]. Investigations on the realistic operating conditions 
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similar to the prototype may help in understanding the real physical mechanism of formation of dynamic 

instabilities in the turbine. The measurements will also be helpful to provide experimental data for 

numerical validation since measurements are very costly and experimental facilities are very few. 

1.6 OBJECTIVES  

Review of literature revealed that the investigations using PIV system together with pressure 

measurements may help to understand the mechanism of formation of hydraulic instabilities and pressure 

loading on turbine components during transient operations. This will help to maximize the pressure 

recovery of the draft tube and minimize the damages to the turbine due to transients. In fact, a set of 

synchronized pressure and velocity data may be further used for numerical studies in order to develop an 

optimum numerical strategy for transient simulations.  

Extensive measurements are planned on a Francis turbine considering all steady state and transient 

conditions under the collaborative research program among IIT Roorkee, LTU Sweden, and NTNU 

Norway. The main focus was to study the flow mechanism and transient pressure loading on the turbine 

components under different operating conditions. The following objectives were drawn for the present 

study: 

(i) Determine the flow parameters (head, discharge, torque, runner angular speed etc.) used for 

estimating the hydraulic efficiency of the model Francis turbine under steady state (BEP, PL, 

and HL) and transients operating conditions. 

(ii) Experimental investigations on the design and off-design operating conditions using wall 

pressure measurements and PIV system to characterize the flow in the draft tube. 

(iii) Validate the numerical model of the Francis turbine and investigate the RSI and RVR in the 

turbine under steady-state PL operating condition. 

(iv) Experimental investigations of the draft tube flow instabilities and pressure loading during 

transients operating conditions of the turbine. The transient operating conditions include: 

(a) Load acceptance 

(b) Load rejection 

(c) Startup 



  Flow Field in a High Head Francis Turbine Draft tube During Transient Operations 

2 MEASUREMENT TEST CASE AND METHOD

2.1 EXPERIMENTAL SETUP 

 A 1:5.1 scale down model of prototype Francis turbine has been selected for the experimental 

investigations during steady-state and transient operating conditions of the turbine. The model turbine is 

installed at the Water Power Laboratory (WPL), NTNU Norway. The prototype turbine is operating at 

Tokke Power Plant, Norway which was commissioned in 1961, as the largest plant at that time. The 

operational and geometrical specifications of the model and prototype turbines are tabulated in Table 3.1. 

The power plant has four units of high head Francis turbine, 110 MW each, operating under a nominal 

head of 377 m. The discharge of the prototype and model turbine at BEP is 31 m3 s-1 and 0.2 m3 s-1, 

respectively. It is attempted to keep the grid frequency in the Nordic power system within the band of 

49.9 and 50.1 Hz. The speed factor of the model turbine is 0.18 which is similar to the prototype. The 

dimensionless specific speed of the turbine is 0.27 which is calculated using Equation (2.1).  

          3
4

2
     -

2

P
QE

P

n Q
N

gH
           (2.1) 

where, n is the angular speed of the runner in s-1, QP is the discharge to the turbine in m3 s-1, HP is the head 

in m, and g is the acceleration due to gravity as 9.821465 m s-2. 

Table 2.1 Operating and geometrical parameters of the model Francis turbine and prototype 

Parameter Prototype Model

Head (H), m 377 12.5

Discharge (Q), m3 s-1 31 0.2

Power (P), MW 110 x 4 0.03

Runner diameter (D), m 1.778 0.349

Speed factor (nED), – 0.18 0.18

The laboratory is able to run measurements under both open loop and closed loop configurations of 

the model turbine. The laboratory has a unique feature like u-shaped, free surface storage channel, which 

enables measurements to be run in an open loop configuration with a free surface pressure head up to 12.5 

m. The channel and overhead tanks are shown in Figure 3.1, being the yellow, u-shaped installation ‘3’ 

at the top. It has a storage capacity of 75 m3. The upstream pressure tank ‘5’ is 2.25 m in diameter and 4 

m in length. The volume of the pressure tank is 18 m3 for 10 bar pressure at 50° C and test pressure is 

14.3 bar. This tank can be used as the provider of the head to all loop configurations. Downstream of the 



Experimental setup 

10

Francis turbine is the low-pressure tank ‘8’ which serves as the tailwater in the loop. It has a holding 

capacity of 7 m3.  

In case of closed loop, when the rig is running, there is water to air surface in the tank, and in 

connection with the tank, there is a vacuum pump so that air can be evacuated until the desired pressure 

is obtained during closed loop. Since the loop is closed no extra water will go into the loop when 

evacuating the air, but the pressure acting on the water surface will drop. The water surface will not rise 

since water at low and moderate pressure are incompressible. The pressure head of 50 m can be obtained 

during the closed loop configuration. 

Figure 2.1 shows the computer-aided design (CAD) model of the open loop and closed loop 

configuration of the model Francis turbine test rig. A schematic diagram of both the configurations is 

shown in Figure 2.2. For the open loop, water from the basement ‘1’ was pumped to the overhead tank 

‘3’ continuously which maintained a constant water level in the tank similar to a reservoir and the 

overflow returns back to the basement through pipeline ‘11’. The water entered to the model turbine ‘7’ 

through upstream pressure tank ‘5’ and discharged to the downstream tank ‘8’ where constant water level 

was maintained similar to the tail race. The extra water of the downstream tank, above the centerline of 

the spiral casing, was returning back to the basement ‘1’ via pipeline ‘9 – 10’. Both the overhead and 

downstream tanks were open to the atmospheric pressure. 

Figure 2.1 CAD model of closed loop (left) and open loop (right) configurations of model Francis 
turbine test rig  

For close loop hydraulic circuit measurements, overhead tank ‘3’ is cut–off by closing the valve

located on the pipeline ‘2’ and pipeline ‘4’. The valve located in the pipeline ‘12’ is then activated to build 

the pressure by starting the feed pump. The pressurized water is constantly fed to the upstream pressure 

tank ‘5’. The upstream tank ‘5’ and the downstream tank ‘8’ are also closed and the water is then 

continuously recirculated. The pressure head in the close loop circuit can be changed by varying the 

impeller speed of the feed pump through a variable speed drive. However, the maximum operating 

pressure of the upstream pressure tank is 1.45 MPa which may develop a pressure head up to 145 m. Since 
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the present investigation includes both steady state and transient measurements, an open loop hydraulic 

circuit (1–2–3–4–5–6–7–8–9–10) was chosen to get the realistic operating conditions as the prototype. A 

photograph of the model turbine test facility is shown in Figure 2.3.  

(1) Basement sump

(2) Pipeline to overhead tank

(3) Overhead tank

(4) Pipeline from overhead tank to the turbine 

upstream pressure tank

(5) Model turbine upstream pressure tank

(6) Pipeline from the upstream tank to the model 

turbine

(7) Model Francis turbine and test rig

(8) Turbine downstream tank

(9 to 10) Pipeline from the downstream tank to 

the basement sump

(11) Pipeline from overhead tank to basement 

sump for overflowing water

(12) Pipeline for close loop hydraulic circuit 

from downstream pressure tank to upstream 

pressure tank through pump

(13) Flow meter calibration weighing tank

Figure 2.2 Schematic diagram of hydraulic circuit available at WPL, NTNU for the testing of model 
reaction type hydraulic turbine or pump – turbine [47] 

A schematic of the model test rig along with upstream and downstream pressure tanks and positions

of the inlet pressure sensors is shown in Figure 2.4. The model turbine is integrated with 14 stay vanes 

conjoined inside the spiral casing, 28 guide vanes, a runner with 15 splitters and15 full-length blades, and 

an elbow-type draft tube. At the inlet pipeline, two pressure transmitters, PTX1 and PTX2 were mounted 

at 4.87 m and 0.87 m upstream of the turbine inlet, respectively. A magnetic flow meter was used to 

measure the turbine discharge and a differential pressure transducer was used to acquire the pressure 

difference ( p) across the turbine. The turbine runner was coupled to the induction type generator through 

a vertical main shaft. The torque developed by the runner was transmitted to the generator. The main shaft 

was supported on thrust block which included a thrust bearing and a radial bearing.  
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Figure 2.3 Photograph of the model Francis turbine test facility available at WPL, NTNU 
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Figure 2.4 Schematic of model Francis turbine test rig 

2.2 INSTRUMENTATION 

The instrumentation, calibration, and measurements were carried out according to the guidelines 

available in International Electrotechnical Commission (IEC) standards and American Society of 

Mechanical Engineers (ASME)-Performance Test codes (PTCs) [48-52]. The operating flow parameters 

of the turbine such as discharge, turbine inlet and differential pressure, atmospheric pressure, angular 

speed of the runner, shaft torque to the generator, bearing friction torque, turbine axial force, and guide 

vanes angular position were acquired using a National Instruments (NI) compact reconfigurable 

input/output (cRIO) model 9074 (  400MHz) with a 24 bit ± 60 V analog to digital converter (ADC). The 

pressure measurements in the vaneless space and draft tube of the turbine were recorded simultaneously 

through the same data acquisition system. The data for operating flow parameters and pressure 

measurements were sampled at 5000 Hz with a separate ADC channel. The velocity measurements in the 

draft tube were performed using a 2D PIV systems. The data output frequency for the PIV measurement 

was 40 Hz.      

The discharge to the turbine was measured using an electromagnetic flow meter (KROHNE 

AQUAFLUX IFS 4000 series) having a range of 0.00015 to 1 m3 s-1. Two differential pressure transducers 

(Fuji Electric FHCW36WI-AKCAY) were used to acquire the inlet and differential pressure across the

turbine. The atmospheric pressure was measured using a digital type barometer (Vaisala PTB220). A 

photocell and circular disc with one groove was used to measure the angular speed of the runner. The 

tachometer and stroboscope were also used to the check the angular speed of the runner measured by 

pulse frequency. The generator torque in the model Francis turbine was measured using a load cell of type 

Hottinger Z6FC3 with external amplifier and a hydrostatic bearing. The load cell was placed between the 

thrust block and the generator. The force generated due to torque on the vertical shaft was transferred to 

the load cell through a mechanical arm. The weight range for the load cell was 0-500 kg and the external 

amplifier connected with the load cell gave an output signal from 0-10 V. The main shaft of the turbine 

was guided by the two bearings, namely axial and radial, inside the thrust block, therefore frictional torque 

was measured using a weighing cell of type Hottinger Z6FC3. Two mechanical bearing connected to the 
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main shaft were absorbing the radial and axial forces on the turbine. These two bearings were bearing and 

thrust block that measures the axial thrust and radial friction. The load cell, connected to the hydraulic 

bearing unit and a mechanical stop, was absorbing all friction in the two bearings connected to the 

generator axle. The weight range for the load cell was 0-10 kg and an external amplifier in connection 

with the load cell was used which gives an output signal from 0-10 V that was sent to the data acquisition 

system for post processing.  

An angular position transducer (Stegman AG612) was used to measure the angular positions of the 

guide vanes. The angular transducer had an accuracy of 0.044 degrees per step. A signal converter 

powered by 12 V DC supply was sending a binary signal to the data acquisition system through RS 232 

port. Strain gauges were used to measure the torque applied to the guide vanes. The measurement system 

mainly consisted of four specially made guide vanes located in each quadrant of the turbine. The guide 

vanes had strain gauges (HBM XY41 – 3/350) attached to them and a voltage signal was sent from the 

external amplifier. The voltage signal was varied as the guide vane shafts were stresses due to the 

influence of water on the guide vanes. The voltage signal was recorded by the NI-cRIO data acquisition 

system. Several other instruments, such as dissolved oxygen measurement sensor (TriOxmatic 700 IQ),

water level and pressure indicators for pressure tanks, safety controls on upstream and downstream 

pressure tanks, instruments for lubrication, and warning indicators etc. were used during the 

measurements.  

In addition to base instrumentation of the test rig, two pressure transducers (Druck PTX-5027) were 

mounted at the inlet 4.87 m and 0.87 m upstream of the turbine inlet, respectively (see Figure 2.4). The 

pressure range of the transducers was 0-500 kPa.  Six piezoelectric pressure sensors (Kistler-701A) were 

mounted in the draft tube cone and two piezoresistive (Kulite XTL-190) sensors were mounted in the 

vaneless space, one near the beginning of the spiral casing and the other near the end of the spiral casing. 

The pressure ranges of the draft tube and vaneless space sensors were 0-250 kPa and 0-1000 kPa, 

respectively. The vaneless space sensors (VL1 and VL2) were located on the surface of the bottom ring 

between the runner and guide vanes and draft tube sensors were located on the wall of the draft tube. The 

locations of the draft tube and vaneless space sensors are shown in Figure 2.5 and Table 2.2. Radial 

distance (r) of the draft tube and vaneless space sensors were made dimensionless (r*=r/R) by the runner 

radius (R=D/2=174.5 mm) and tabulated in Table 2.2.  

The position of the six pressure sensors, namely DT1, DT2, DT3, DT4, DT5, and DT6 mounted on 

the wall of the draft tube cone were arranged to capture the synchronous and asynchronous behaviour of 

the pulsations in the draft tube. Therefore, the sensors DT1 & DT3 and DT2 & DT4 were located 180° 

radially apart from each other at the distance 1.065 times of runner outlet diameter (D) from the runner 

outlet. Moreover, the sensors DT5 and DT6 were located 180° radially apart from each other and in line 

with DT2 and DT4, respectively, at the distance 0.352 times of runner outlet diameter from the runner 

outlet. 
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(a) Top view 

(b) Side view 

Figure 2.5 Pressure sensors placement in the vaneless space and draft tube of the model Francis 
turbine; two sensors at vaneless space (VL1 and VL2) and six sensors in the draft tube (DT1, DT2, 

DT3, DT4, DT5, and DT6); (a) Top view, (b) Side view. The sensors corresponding to the numbers are 
shown in Table 2.2; all dimensions are in millimeter 
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Table 2.2 Positions of the pressure sensors  

Sensor Placement 

Radial position 

(Dimensionless) Type

DT1 1A 1.12 Kistler

DT2 1B 1.12 Kistler

DT3 1C 1.12 Kistler

DT4 1D 1.12 Kistler

DT5 2B 1.03 Kistler

DT6 2D 1.04 Kistler

VL1 3E 1.23 Kulite

VL2 3F 1.84 Kulite

In addition to the base and pressure measurements, the velocity measurements were also performed in 

the draft tube cone of model Francis turbine using a 2D PIV system (Figure 2.6). The draft tube wall was

made of transparent Plexiglas for optical access to the laser and camera. To minimize the optical distortion 

from the curved surface, a square index matching box of refractive index 1.52, made of glass and filled 

with water, was mounted around the draft tube cone. This arrangement was used for both calibration and 

measurements of PIV system. The specifications of the laser and camera used for PIV measurements are 

shown in Table 2.3. The pulse light sheet was generated by two Nd: YAG lasers (Model: nano L PIV, 

Make: Litron Lasers Ltd.) with dual cavity performing 100 mJ/pulse. The wavelength ( ) of the laser was 

532 nm. The laser system contained a laser head with attached adjustable light sheet optics. The light 

sheet optics include cylindrical lenses with an adjustable focus from 0.5 to 2 m which was used to generate 

an extremely uniform beam thickness at the plane of measurement. The cylindrical lenses diverge the 

incident laser beam in one direction, creating a flat sheet of light. The divergence is controlled by the focal 

length of the lenses. The laser sheet thickness of around 3 mm was generated to minimize the out of plane 

movements of seeding particles. The laser was capable of firing at a maximum repetition rate of 50 pulses 

per second. A pulse repetition rate of 40 per second (40 Hz) was used during the measurements. Pulse 

separation distance/time ( t) of two successive laser pulses was 300-400 s based on the velocity of 

measurement. The laser was placed on a hydraulic table, in order to provide the vertical movement with 

minimal horizontal and lateral shift during the measurements. The INSIGHT 3G software was used to 

adjust the laser parameters such as laser power, pulse separation time and pulse repetition rate. The 

illuminated field was visualized by a low noise digital charge-coupled device (CCD) camera (VC-4MC-

M180, 180 frames/s, Make: TSI) of 2048 x 2048 pixels resolution, with a frame rate of 40 Hz. A sensitivity 

analysis test was performed to optimize the combination of frame rate and pulse repetition rate in order 

to capture the clear images with the camera. The spatial domain of 276.0 x 278.0 mm2 was visualized by 
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CCD camera in the draft tube cone. The camera was specially designed to protect it from the laser light. 

The camera was placed on a lightweight traverse table (Make: Dantec), in order to provide reliable and 

repeatable camera movements. The camera was mounted horizontally on a V3V mount and focusing the 

laser sheet perpendicularly. A total of 2400 image pairs for 60 s were captured for each set of 

measurements. The camera was capable of operating in free run mode and frame straddling mode. The 

free continuous mode was used for alignment of PIV system and frame straddling mode was used for the 

actual measurements. Proper alignment of the camera position was carried out to maintain the similar 

position of calibration plane and viewing plane later in the measurements. A photograph of the laser and 

camera alignment around the draft tube cone with index matching is shown in Figure 2.6. A synchronizer 

(Make: TSI, Model: 610036) was used to control the synchronization between laser and camera. The 

synchronizer was externally controlled by INSIGHT 4G software installed on a workstation.  

Table 2.3 Specifications of the laser and camera of PIV system 

Laser

Make

Model

Type

TSI

Nano L PIV

ND: YAG

(dual cavity) 

Pulse rate, Hz 50

Energy output, mJ/ pulse 100

Wavelength, nm 532

Camera

Make

Model

Type

TSI, Litron Lasers Ltd.

VC-4MC-M180

PowerView Plus

(4MP)

Pixel resolutions 2048 x 2048

Frames/sec 180

Noise Low (Digital CCD)

Figure 2.6 Photograph of  laser and camera alignment around the draft tube cone with index matching 
box
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Seeding particles with density comparable to the water are required to estimate the components of the 

velocity during the measurements. The particle should be small enough in diameter to follow the fluid 

motion perfectly and large enough in diameter to scatter a significant quantity of incident laser sheet. 

Polyamide seeding particles (Make: TSI) of density 1.016 g/cc (at 23°C), refractive index of 1.52, and 

mean diameter of 55 m were used for the measurements. These particles (Polyamide-12) were produced 

by the polymerization process and therefore have a round shape but not exactly spherical shape. These 

particles were insoluble in water and strongly recommended for water flow applications.  

The PIV system calibration is a map between camera pixels and real world coordinates (m/cm/mm).

The procedure is used during the measurements to convert image displacement into real world 

coordinates. Two-dimensional calibration using a 2D target plate allows you to enter a calibration factor 

to compute the flow velocity in meters per second. Normally, in-situ calibration is preferred to avoid any 

misalignment of the PIV system during calibration and measurement. In the present case, ex-situ 

calibration was performed in the draft tube cone due to practical limitations associated with the in-situ 

calibration. Proper alignment of the laser and camera position was carried out to maintain the similar 

position of calibration plane and later viewing plane of the measurements. A specially designed 2D target 

plate with the dots having the diameter of 2 mm and spaced by 20 mm was placed inside the draft tube to 

compensate the light aberration (see Figure 3.9). The aberration still existed close to the areas of high 

curvature, i.e., close to the draft tube wall. There was a gap between the cone wall and the calibration 

endpoints (see Figure 3.9). Hence, the calibration results showed extrapolation near to the cone wall. 

Moreover, the PIV images were warped close to the cone wall but unaffected along the draft tube center

axis. Thus, the obtained calibration matrix may show some uncertainties near to the wall. Therefore, 

calibration and measurement plane were selected few millimeters away from the draft tube walls. 

The preliminary processing of the images was carried out using INSIGHT 4G software installed on a 

workstation. The parallel processing of the images was performed with a combination of workstations to 

reduce the computational time. The processing of the images comprises the following steps: generating 

grids, masking, cross-correlation, signal to noise (s/n) ratio to locate peak and performing vector 

validation. A masking was applied before processing to obtain the high illuminated portion of the images. 

This reduced the initial spatial domain of 276 x 278 mm2 to 272 x 178 mm2 (see Figure 3.7 b) to obtain 

the velocity vector field in the draft tube. Cross-correlation scheme with two refinement steps and 50% 

overlap between the adjacent windows was applied on the acquired images after performing the 

calibration. A fast Fourier transformation (FFT) of the correlation function was applied to reduce the 

computational time of such large number (2400) of images. A common interrogation window size of 32 

x 32 pixels was used for evaluating the velocity vector field of the complete spatial domain.

2.3 CALIBRATION 

The instruments and sensors in the WPL have been calibrated regularly according to guidelines 

available in IEC standards [50]. Similar practices were adopted in the present measurements and the 
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calibration of the instruments and sensors were carried out before the measurements. The instruments 

include inlet and outlet pressure transducers, magnetic flow meter, load cells, torque sensors, angle 

measurement sensor, temperature sensor, Kistler type pressure sensors and Kulite type pressure sensors. 

The uncertainty of the instrument such as angle measurement sensor was updated from the last known 

calibration since the calibration of that instrument was carried out from time to time.  

Table 2.4 Accuracy and calibration uncertainties of measuring instruments and pressure sensors 
mounted inside the turbine  

Instrument/sensor Accuracy Systematic uncertainty 

Hydraulic dead-weight tester (1-350 bar) 0.008% of actual 

reading

0.01%

KROHNE IFS 4000 series magnetic flow 

meter (0.00015 -1 m3 s-1)

± 0.3% of mv,

repeatability ± 0.1% 

of mv

0.108%

Inlet pressure transducer (0 – 500 kPa) 0.0375% 0.059%

Differential pressure transducer (0 – 500 kPa) 0.0375% 0.019%

Generator torque -- 0.030%

Friction torque -- 0.051%

Angular speed -- 0.004%

PTX5027(0 – 500 kPa abs) 0.10% FS BSL 0.020% (PTX1)

PTX5027(0 – 500 kPa abs) 0.10% FS BSL 0.020% (PTX2)

Kulite XTL-190 (0 – 1000 kPa abs) ± 0.10% FS BSL,

± 0.50% max.

0.01% (VL1)

0.01% (VL2)

Kistler-701A (0 – 250 kPa abs) -- 0.14% (DT1),0.08% (DT2), 

0.09% (DT3),0.14% (DT4), 

0.10% (DT5),0.11% (DT6) 

The guidelines available in IEC 60193 [50] standard was used to determine the systematic uncertainty 

of the measuring instruments. The IEC standard used the root-sum-square method on all components with 

95% confidence level. The accuracy and calibrated systematic uncertainties of instruments and sensors 

are tabulated in Table 2.4. The random uncertainties in the measurements are generally caused by the 

unpredictable fluctuations in the reading of the instruments and sensors. The uncertainty in hydraulic 

efficiency represents the uncertainties of all instruments/sensors required to prepare the efficiency hill 

diagram. The systematic uncertainty in the hydraulic efficiency was estimated based on uncertainties of 

all instruments/sensors used. The total uncertainty in hydraulic efficiency was computed using the root-

mean-square of the systematic and random uncertainties. Equation (2.2) was used to estimate the total 

uncertainty for the hydraulic efficiency as ±0.15%.
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The hydraulic efficiency of the model turbine at BEP was observed as 92.4%. 

  92.25%;  92.55%h (2.3) 

2.4 SYNCHRONIZATION 

The objective of the study was to perform the steady-state and transient measurements on a model 

Francis turbine using pressure sensors and PIV system. During the transient measurements, the angular 

position of the guide vanes was continuously changed to meet the required steady-state condition, 

therefore, a proper synchronization between flow variables (head, discharge and guide vanes angle etc.), 

pressure and PIV measurements were needed. The synchronization of these parameters has always been 

a challenging task in hydraulic machinery. In order to obtain this, the synchronizer of PIV was triggered 

externally with a pulse of 5V. There was a variable time delay for the synchronizer between receiving a 

trigger signal and starting acquisition. In order to determine this time delay, a small light-emitting diode 

(LED) was placed on the edge of the PIV image frame, and the powering signal for this LED was recorded 

on the cRIO during the measurement. The LED started together with the cRIO measurements for a pre-

defined time period. The LED-on time was selected in a manner that it gets shut-off in between the PIV 

measurements. The first image with the LED-off was recorded manually in all the measurements. A 

Matlab function was built in order to calculate the time delay between the pressure and PIV measurements. 

The LED was masked-out in the processing of the images. The variation of the time delay was of the 

order of seconds. The guide vanes (GV) movement were operated by a computer-controlled relay, taking 

both the GV angle and the runner positions as inputs. This ensured that the GV movement began at the 

same runner position for all the transient measurements, repeated several times. The sequence to set the 

synchronization between pressure measurements, PIV measurements and GV are presented in Figure 2.7. 

Figure 2.7 Line diagram to represent synchronization between pressure and PIV measurements; total 
synchronized measurement time is 60 s,  t= time of transient operations 
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2.5 MEASUREMENT PROGRAM 

Steady state and transient measurements were performed on a model Francis turbine to investigate the 

pressure loading and unsteadiness in the flow. The steady-state operating conditions were inspired by the 

operating conditions used in Francis-99 workshop [53], but with some modifications. Since the goal was 

to perform realistic steady-state and transient measurements, the operating points were changed to have 

the same speed factor as that of the prototype operation. For this, the revolutions per minute (rpm) of the 

runner was maintained constant at 333 rpm for all cases of measurement. The selected range (  = 0 to 

14°, nED = 0.18, and QED = 0.01 to 0.18) of operation was considered for the steady-state and transient 

measurements. The maximum hydraulic efficiency of 92.4 % was found under the steady-state operating 

condition at  = 9.8°, nED = 0.18, and QED =0.15, marked as BEP. Four steady-state operating points were 

selected for the measurements: one at synchronization load ( =0.8°), one at PL (  =6.7°), one at BEP (

=9.8°), and one at HL (  =12.4°). The PL operating condition was changed in order to capture a fully 

developed RVR in the draft tube. The specifications of the steady state operating points are presented in 

Table 2.5.  

Table 2.5 Specifications for steady state operating points 

Guide vane

angle 

[°]

Head

H [m]

Flow 

rate

Q [m3/s]

Speed

factor

nED [-]

Discharge   

factor

QED [-]

Hydraulic 

efficiency

[%]
0.8 12.1 0.03 0.18 0.01 20.9

6.7 11.8 0.14 0.18 0.11 90.1

9.8 11.9 0.20 0.18 0.15 92.4

12.4 11.8 0.24 0.18 0.18 91.8

 For the transient measurements, the angular position of guide vanes was changed from one steady 

condition to the other. Four steady-state operating points were selected to perform the transient 

measurements (see Table 2.5). The angular speed of the runner was maintained constant at each angular 

positions of the guide vanes. Measurements for the following transient operations were performed. 

(a) Load acceptance 

(b) Load rejection 

(c) Startup 

The selected range of parameters for the transient measurements on the model turbine is tabulated in 

Table 2.6. Three operating points, i.e. PL, BEP, and HL, were selected for the guide vanes opening of 6.7, 

9.8 and 12.4°, to perform the load variations in the turbine. For load acceptance, these steady state 

operating points were selected; guide vanes opening from 6.7– 9.8° and 9.8 – 12.4°. The load of the 
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turbine was increased with an increase in discharge by opening the guide vanes. The runner speed was 

maintained constant to achieve the same speed factor for all conditions. The discharge factor varied in the 

range of 0.11–0.18. Similarly, load rejection was performed on model turbine from the same operating 

points by closing the guide vanes, i.e., 12.7 – 9.8° and 9.8 – 6.7°.  

Table 2.6 Specifications for transient operating conditions 

Operating 

condition

Guide vane

angle 

[°]

Head

H [m]

Flow rate

Q [m3/s]

Speed

factor

nED [-]

Discharge   

factor

QED [-]
Load 

variation 6.7–9.8° 11.8–11.9 0.14–0.20 0.18 0.11–0.15

9.8– 6.7°

9.8– 12.4°

11.9–11.8

11.9-11.8

0.20–0.14

0.20–0.24

0.18

0.18

0.15–0.11

0.15-0.18

Startup

Phase-I

Phase-II

0–0.8°

0.8 – 6.7°

0.8 –9.8°

0.8 – 12.4°

12.4–12.1

12.1–11.8

12.1–11.7

12.1–11.8

0–0.03

0.03–0.14

0.03–0.20

0.03–0.24

0–0.18

0.18

0.18

0.18

0–0.01

0.01–0.11

0.01–0.15

0.01–0.18

 The turbine startup sequence was divided into twophases, namely phase-I and phase-II. During Phase-

I, the guide vanes were opened from 0– 0.8° to magnetize the generator at synchronous speed and to 

achieve synchronous load (SL) condition, and during Phase-II, the guide vanes angular positions were 

further opened to the selected operating points (see Table 2.6). Three schemes of the guide vanes opening 

in Phase–II were performed including Scheme–I (0.8 – 6.7°), Scheme–II (0.8 – 9.8°), and Scheme–III 

(0.8 –12.4°). The runner speed was maintained constant hence there was no variation in speed factor. The 

discharge factor varied in the range of 0.01–0.18.  

Extensive measurements were performed for both steady-state and transients operating conditions. The 

main objective of the steady-state measurement was to optimize the measurement technology and to 

reduce the uncertainties involved. The measurements were also focused on investigating the unsteadiness 

in the flow during off-design operating conditions. A large number (~20) of repetitions were performed 

for steady-state and transient measurements in order to obtain a good quality of the results. In all transient 

cases, the synchronized pressure and PIV measurements were carried out until the turbine achieved a 

steady state condition after final positions of the guide vanes. 
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2.6 NUMERICAL MODELING 

The computational domain comprises three sub-domains: distributor (stationary domain – I), runner 

(rotating domain), and draft tube (stationary domain – II). The distributor and draft tube are located 

upstream and downstream the runner, respectively. Numerical model of the Francis turbine is shown in 

Figure 2.8. Both stationary domains are connected with the runner using a general grid interface (GGI) 

type interface [54]. The distributor includes spiral casing, 14 stay vanes, and 28 guide vanes. The runner 

includes a hub, shroud, 15 full-length blades, and 15 splitters. The draft tube is an elbow type diffuser 

connected at the runner outlet.  

Figure 2.8 Computational domain of the model Francis turbine with two interfaces, distributor to 
runner (interface–1) and runner to draft tube (interface–2), 14 stay vanes, 28 guide vanes, runner with 

15 full-length blades and 15 splitters, and draft tube connected to runner outlet 

The inlet boundary condition was prescribed at the casing inlet and the outlet boundary condition was 

prescribed at the draft tube outlet. In this turbine, the design of the guide vanes differs from the 

conventional design to obtain the maximum advantage of mechanical leverage and to minimise the 

mechanical torque which is applied to the guide vanes angular movement. Moreover, the guide vanes are 

designed to allow smooth flow with increasing velocity. This may prevent the intrusion of solid particles, 

such as fine grain silica, between the facing plate and the guide vanes during angular movement. 
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Figure 2.9 Hexahedral mesh of the high model Francis turbine 

 A commercial software ANSYS-ICEM-CFX was used to create the numerical model, generate the 

hexahedral mesh, simulate the flow domain, analyse the results, and minimise the numerical uncertainty 

[55-65]. The mesh was created using three-dimensional structured multi-block technique of ICEM. The 

mesh was created independently in each subdomain. Figure 2.9 shows the hexahedral mesh developed in 

the turbine. A continuous mesh from the spiral casing inlet to the runner inlet was constructed in the 

distributor. Node spacing, node distribution and element size were uniform at both the interior faces, 

namely distributor outlet and runner inlet. The same mesh parameters were used to create a continuous 

mesh in the runner starting from interface–1 to interface-2, i.e., the inlet to the outlet of the runner. 

Hexahedral blocks of the same dimensions were constructed for each blade passage and all the blocks 

were merged together. The number of nodes, spacing, and element size from hub to shroud were uniform 

in all the channels; therefore, the grid and quality along the runner circumference or blade-to-blade did 

Runner 

Draft 

tube
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not vary. The interface–2 is placed at the runner outlet and the draft tube inlet. In the draft tube domain, 

a continuous and coherent mesh was constructed from the inlet to the outlet. 

 Meshes with three different densities 20.73, 10.94, and 4.83 million nodes were created to perform 

mesh independency test at BEP operating condition [26]. Table 2.7 shows the mesh parameters and the 

quality used for the simulations. They reported grid type G2 as the optimum mesh at BEP condition. For 

the present work, grid type G2 is selected and the similar quality of the mesh was generated for the present 

guide vane opening of 6.72°, which is the PL operating condition of model Francis turbine. The statistics 

and quality of the mesh considered for numerical simulation at PL condition are presented in Table 2.8. 

The parameter, total nodes, node spacing, quality of the elements, and edge parameters etc., were identical 

to those reported at BEP operating condition of the turbine. The mesh quality was improved via node 

movement and change in the number of nodes. The improvement was possible up to a certain quality due 

to available topology of the mesh. Thus, the little variation in number of nodes and elements was made at 

PL condition to maintain the similar quality as that of the BEP operating condition as shown in Table 2.8.       

Table 2.7 Grid densities used in mesh independency test at BEP condition [26] 

Grid type G1 G2 G3

Distributor 8528119 3255676 2073735

Runner 7527320 4047898 1766246

Draft tube 4679404 3639241 991512

Total nodes (million) 20.73 10.94 4.83

Quality of the elements 0.25-1.0 0.25-1.0 0.25-1.0

Element angle (minimum) 38 41 23

Element aspect ratio 0.40 0.35 0.10

Node incremental ratio 0.07;1.5x 0.25;1.3x 1.65;2.0x

y+ 40 65 285

 The angle skewness parameter presented in Table 2.7 was estimated using Equation (2.4). The 

skewness value greater than 0.15 is generally considered for the numerical simulations. Moreover, the 

ANSYS CFX – Solver recommends a minimum acceptable limit of the quality for three of the parameters, 

element aspect ratio < 1000, orthogonality > 18°, and expansion factor > 0.1. The parameters were 

controlled within the acceptable range for all the domains of the turbine. 

     max e e min

e e

Equiangle skew = 1.0 max ,      -
180

     (2.4) 

where, max = largest angle in the face or element, min = smallest angle in the face or element, e = angle 

of an equiangular face or element (e.g. 90° for a hexahedral). 
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Table 2.8 Statistics and quality of the mesh considered for the numerical simulations at PL condition 

Mesh statistics and quality parameters Distributor Runner Draft tube

Element type Hexahedral Hexahedral Hexahedral

Elements (million) 3.78 4.9 3.7

Nodes (million) 3.61 4.64 3.64

First node (mm) 0.65 0.19 0.32

Element incremental ratio 1.5 1.3 1.5

y+ (at the PL operation) 63 11 38

Minimum quality (0 – 1) 0.25 0.30 0.66

Aspect ratio (0 – 100) 1 – 40 1 – 41.3 1 – 37.5

Equiangle skewness (0 – 1) 0.2 0.2 0.46

Mesh expansion factor (0 – 20) 0.1 – 8.59 0.1 – 4.57 0.99 – 3.73

Minimum angle (0 – 90) 18.90 18.31 44.44

Minimum orthogonality (0 – 90) 37.7 43.5 70.4

 The available literature [66-75] shows that the mass flow inlet and pressure outlet are the most 

appropriate boundary conditions to simulate Francis turbines. The same type of boundary conditions was

selected for the current simulations. The outlet of the draft tube on the test rig is inclined by 15.2° from 

the horizontal plane upwards and connected to the downstream tank. The numerical boundary was 

selected as an opening type with a prescribed steady water pressure corresponding to the available water 

level in the downstream tank. Using this boundary type, momentum can cross the boundary and re-enter 

the draft tube [76]. Unsteady simulations were performed. The runner rotational frequency for the 

investigated case was 5.94 Hz.  To investigate the vortex breakdown, whose frequency is generally 0.2 to 

0.4 times of the runner rotational frequency, a minimum of 6 revolutions of the runner has been chosen 

to observe at least one revolution of the vortex rope due to the computational limitations. Therefore the 

transient simulation was run for at least 6 complete rotation ( 1 s) of the runner and the selected time step 

size was  0.5° runner rotation, t=1.27E-6 s.    

 High-resolution advection scheme was applied for the continuity and momentum equations. A second 

order backward Euler scheme was used for time. Standard k-  turbulence model and SST k-  model were 

used to simulate the turbulence in the flow domain. The convergence criteria were set as RMS for 

pressure, mass-momentum, and turbulent parameters below 10E-5 [69-72]. The solution was converged 

in each iteration through each inner loop. The number of inner loops was set to 10 for achieving the 

desired accuracy. 
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3 DATA ANALYSIS  

3.1 IMAGE PROCESSING 

 Processing of PIV images was carried out using INSIGHT 4G software to obtain velocity vector field. 

The standard methodologies were adopted to pre-process the raw images [27, 77]. The optimization of 

the image quality and processing steps are dependent on the experience for each application. A number 

of trials were performed to obtain the important steps required for image processing in this study. The 

laser sheet and camera were positioned to capture the required flow field in the draft tube of Francis 

turbine. Figure 3.1 presents a flow chart of the steps for image post-processing considered during the 

present study.  

Figure 3.1 Flow chart representing the important steps for image processing 

Two successive images of the target area illuminated by the double-pulsed laser sheet were captured. 

The illuminated area was seeded with micro-sized (55 m) particles that follow the flow. A number of 

steps such as brightness adjustment and masking available within INSIGHT 4G software were used to 

obtain good quality images for processing. The images were further divided into smaller areas of 32 x 32 

pixel resolutions to calculate the displacement vector of particles in each interrogation spot. Two statistical 

methods, namely auto-correlation and cross-correlation are generally used to calculate the displacement 

of the seeding particles. The former has some complications such as an ambiguity in the flow direction 

and limiting the velocity range of measurement due to overlapping between developed side peaks and 

central peak. These complications can be eliminated using cross-correlation method in which the single 

exposed images illuminated by dual-cavity lasers are used to estimate the displacement of seeding 

particles.  

 A very few number of outliers (spurious vectors) were detected in the analysis of the images in the 

present study. The number of bad vectors in the present study was limited to 2-5%.  These vectors were 

observed to deviate in magnitude and direction from the nearby valid vectors. These vectors normally 

develop due to reflection from surfaces, an insufficient number of particles in interrogation spots, large 

velocity gradients or low signal to noise ratio. For investigating the flow using PIV, many images were 
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captured. A moving average validation algorithm was used to detect and remove these outliers and also 

replace them with more realistic velocity vectors. Few thumb rules as described by INSIGHT 4G manuals 

and tutorials were adopted to obtain a good quality of the results [77]. Followings are the thumb rules: 

(i) Interrogation spot size should be small enough to describe the flow within that spot. 

(ii) There should be a minimum of ten particle image pairs per interrogation spot. 

(iii) Maximum in-plane displacements should be less than ¼ of the interrogation spot size. 

(iv) Maximum out of plane displacement should be less than ¼ of the light sheet thickness. 

(v) Minimum in-plane displacement should be twice of particle image diameters. 

(vi) Exposure must be large enough to clearly show the particles. 

   (a) Raw vector field 

(c) Smooth vector field 

Figure 3.2; (a) Instantaneous raw and (b) Smooth vector field at BEP operating condition 
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 These thumb rules were applied to the first pass of the multi-pass processing. On the subsequent passes, 

the previously measured vector field was used to optimize the spot offset allowing smaller interrogation 

spots and larger displacements relative to the spot size. Obtained instantaneous vector field of the target 

area after pre-processing for BEP operating condition is shown in Figure 3.2 (a). As seen, the vector field 

at some points is corrupted by the spurious vectors due to random noise in the signal. A MATLAB

smoothening function with Robust Lowes method was further used to smoothened the vector field [78-

79]. Figure 3.2 (b) shows the obtained smoothen vector field used for post-processing of the results. 

 The minimum number of images required for the convergence of steady state operating points were 

investigated by extracting the point data for axial and radial velocities. A MATLAB code was built to extract 

the point data and to calculate the cumulative mean flow field at that point. The number of images (N)

close to 120 was observed to converge the steady state flow field at BEP operating condition. 

3.2 DATA PROCESSING 

The high sampling rate data acquired from the instruments and sensors may provide the essential 

information for understanding the dynamic behaviour of the flow field. The instrument's data include 

discharge (Q), turbine inlet pressure (p1), the differential pressure across the turbine ( p), angular speed 

of the runner (fn), the angular position of the guide vanes ( ), and generator torque (T) at all steady state 

and transient operating points. The same acquisition system was used to acquire the data of the pressure 

sensors at different locations of the turbine. The vector field from the PIV measurements was recorded 

separately in synchronization with the data from acquisition system. Variation of steady state data was 

almost uniform along the time whereas the variation of transient data was dependent on the time and 

angular positions of the guide vanes. Hence, separate MATLAB codes were developed to process the data 

for steady-state and transient operating conditions. 

3.2.1 Steady state measurements 

 Data processing of the steady state measurements was categorized as: 

(a) Computation of the hydraulic efficiency of the turbine.

(b) Calculation of the average pressure inside the turbine at different sensor locations. 

(c) Spectral analysis of the pressure signal and velocity data. 

(d) Decomposition of the pressure signal and velocity data.  

(e) Computation of the mean velocity profiles in the draft tube. 

A specific MATLAB program was developed to compute the hydraulic efficiency of the model Francis 

turbine at different operation conditions. The calibration coefficients from the instruments and sensors 

were applied in the MATLAB programme to compute the quantities related to the efficiency calculation. 

The dimensionless quantities, such as nED and QED were calculated to estimate the corresponding 
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prototype condition on efficiency hill chart. All the required mathematical equations were implemented 

in the MATLAB program as per guidelines of IEC 60193 [50].

Averaging of the acquired steady state data was carried out using Equation (3.1). 

  1

N

nX
X

N
(3.1) 

where, N is the total number of samples to be averaged, Xn is the variable value. The standard deviation 

of the quantity was determined using Equation (3.2). 
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 The acquired pressure values were padded around zero using Equation (4.3). 

  0 nX X X (3.3) 

The steady state pressure values were normalised and padded around zero by subtracting the 

corresponding mean pressure and divided by the reference pressure as, 
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(3.4) 

where, pp is the fluctuating pressure in kPa, p  is the mean pressure computed using Equation (3.1), and 

E is the reference pressure quantity in kPa at the corresponding operating point.

Spectral analysis of the pressure and velocity data was performed to determine the dominant frequencies 

of the flow and their physical sources. A MATLAB program was built to perform the spectral analysis of 

the pressure time and velocity time data. The spectral analysis was performed with Welch’s method and 

application of the Hanning window on the fluctuating part of the pressure and velocity data after applying 

the calibration results to raw signals. The Nyquist frequency of the pressure and PIV data was 2.5 kHz 

and 20 Hz, receptively. The frequency of modulation of the pressure and velocity signal was 0.008 Hz. 

Figure 3.3 shows the estimated frequency spectrum of the pressure time signal acquired for the draft 

tube pressure sensors at PL. In all draft tube sensors, six peaks of the amplitudes can be seen in which 

three of the peaks are related to the vortex rope and its harmonics in the draft tube such as 1.63, 3.26, and 

4.89 Hz, respectively. The other two peaks, i.e. 15.8 and 41.8 Hz, are related to the standing waves 

traveling between the runner and the upstream pressure tank, and between the runner and the draft tube 

tank, respectively. Last peak, i.e., 50 Hz is related to the electrical frequency and therefore filtered out. 

The specially designed MATLAB filters, namely bandstop and bandpass, were used to filter out the 

dominant frequencies of fluctuations. An example of the bandpass filter used to filter out the noise from 
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the signal is shown in Equation (3.5).  Similarly, in the vaneless space, a blade passing frequency of 166.5 

Hz was investigated, the frequencies related to the electrical power were filtered out using the bandstop 

filter.  

          1 21,
( )

0,otherwise
c c

BP

F f F
H f          (3.5) 

where,  HBP = HLP2 - HLP1 , HLP2 , and HLP1 are low-pass filters with the lower and upper cut-off frequency 

Fc1 and Fc2, respectively and, f is the frequencies in pressure time raw signal. 

Figure 3.3 Frequency spectrum of time domain pressure signal in the draft tube sensors during PL 
operating condition 

 The filtered signal was used to study the pressure variation and amplitudes in the time domain as well 

as the angular position of the runner. Figure 3.3 shows the pressure-time signal of the draft tube pressure 

at vortex rope frequency. The decomposing of the signals were carried out to discriminate fundamental 

frequency of synchronous and asynchronous modes of the fluctuations. The modes were calculated using 

the procedure given by Bosioc et al. [80] and Equations (3.6) and (3.7) were used.  

            1 2( )
2

A A = Synchronous (plunging) mode of the signal        (3.6) 

        1 2( )
2

A A = Asynchronous (rotating) mode of the signal      (3.7) 

where, A1 and A2 are the pressure and velocity signals from the two radially 180  apart pressure sensors 

and velocity data points, respectively. 
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 Further, the amplitudes of the corresponding frequency were normalized using reference pressure at 

BEP as shown in Equation (3.8). The frequencies of the spectral analysis were normalized with the runner 

rotational frequency as shown in Equation (3.9). The runner rotational frequency is constant for all 

measurements in the present study.  

                 -E
BEP

Ap
E
A

E
Ap

E
A

          (3.8) 

            *      -
n

ff
f

              (3.9) 

where, AA  is the amplitudes obtained from analysis of the corresponding pressure time signal in kPa 

BEP
E  is the reference pressure at BEP which is equal to 117.22 kPa,  fn is runner rotational frequency 

which is equal to the 5.55 Hz, and f is the corresponding frequencies from the pressure signals and velocity 

data points.         

A MATLAB programme was developed to extract the matrix of velocities along a line on the 

measurement plane. In-built “mean” function available with MATLAB was used to average the velocity 

fields from many images. The function uses Equation (3.10) to average a random variable vector V made 

up of N scalar observations.      

            
1

1 N

i
i

V
N                     (3.10) 

3.2.2 Transient measurement 

MATLAB programs were developed to process the transient measurements since the variation of the 

flow parameters depends on the transient movement of the guide vanes. The repetitions of similar 

measurements were performed to estimate the precision, therefore, the time scale was shifted in such 

manner that all repetitions will start at the same time in corresponding plots. Figure 3.4 shows the 

repetitions of the guide vanes angle for twenty similar transient measurements. In this measurement, the 

guide vanes were moved from BEP to PL operating condition. Since the values of the variables were 

different and varied largely with them, it was difficult to present them together in a plot of similar scale 

of the axis. Therefore, the measured variables such as discharge, pressure, head, torque, runner angular 

speed, and guide vanes angular movement were normalized between zero and one. Further, a variable 

may vary over a narrow range which will be magnified using a normalized range of 0 to 1, for example, 

variation of torque output with discharge. Normalization of all variables was carried out to show a better 

representation of the data in the thesis. Equation 3.11 is used to normalize the variables between 0 and 1.

MATLAB Savitzky–Golay finite impulse response (FIR) smoothing filter was applied and a polynomial 

order of 2 with time frame size up to 1 s was used for the interpolation [81-82].
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Figure 3.4 Time-dependent variation of guide vanes angle with twenty repetitions 

Figures 3.5 to 3.9 show the data processing sequence of acquired pressure variable at two of the 

locations, namely vaneless space (VL1) and the draft tube (DT1). An instantaneous mean value of the 

acquired pressure was obtained first, then normalization was performed. The mean value of the pressure 

fluctuations was subtracted from the corresponding fluctuating quantity which produced zero padded 

signal. Figure 3.5 shows the vectors of the raw and mean signal of the sensor VL1. A time average value 

was determined by interpolating the fluctuating quantities of the raw signal. MATLAB Savitzky – Golay 

FIR smoothing filter was applied and a polynomial order of 2 with time frame size up to 1 s was used for 

the interpolation [26]. Thus, the instantaneous mean pressure value was extracted from the fluctuating 

pressure quantity. The polynomial order and frame size may vary corresponding to the presence of 

pressure fluctuations. Figures 3.6 shows pressure signal VL1 padded to zero value. Zero padding of the 

acquired signal was performed by subtracting the time average mean signal from the raw signal. The 

padded signal VL1 was used to perform spectral analysis of the pressure time signals in all transient 

measurements. A similar approach was applied to determine the time average mean values of the other 

sensor (VL2) installed in the vaneless space. 



Data Processing 

34

Figure 3.5 Example of raw and mean pressure signal at vaneless space (VL1).Signal is normalized 
using reference pressure at BEP; Black dashed line: guide vanes angle ( ) with y-scale to the right, 

white line: mean pressure signal 

Figure 3.6 Pressure signal at vaneless space (VL1) with zero padding. Signal is normalized using 
reference pressure at BEP; Black dashed line: guide vanes angle ( ) with y-scale to the right, white 

line: mean pressure signal 

In the draft tube, piezoelectric sensors were used which give the instantaneous fluctuation of the 

pressure signal around the mean at that time. Figure 3.7 shows the pressure fluctuation in the draft tube 

around zero for the draft tube sensor (DT1). The white line in the figure results from the smoothing the 

fluctuating signal with a polynomial of order 2 and frame size of 4 s.

The frequencies arising in the turbine were not constant since the runner speed varied with time during 

the transient operations like startup and shutdown. Therefore, a separate analysis was carried out to 

investigate the time domain frequency variation in the turbine using Short–Time–Fourier–Transform 

(STFT) algorithm [83]. No filtering was done on the signals and interpolation was carried out to perform 
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STFT, hence directly acquired signals were processed. Figure 3.8 shows raw pressure time signal acquired 

at the vaneless space (VL1) and draft tube (DT1) sensors during the turbine startup.  

Figure 3.7 Pressure signal DT1. Black dashed line: guide vanes angle ( ) with y-scale to the right, 
white line: mean pressure signal 

      

Figure 3.8 Transient pressure variation in the vaneless space (VL1) and draft tube (DT1) during the 
turbine startup 

 A built-in function in MATLAB, spectrogram, was used to present the time-dependent spectral analysis 

of pressure signals and velocity data. The function uses Goertzel algorithm to analyze the data. A window 

size of 4 s with 95% overlap was selected after a sensitivity analysis for the pressure signals. Similarly, 

the spectral analysis of the velocity data was presented after extracting the fluctuating velocity points on 

measurement plane. The coordinates of the velocity points are presented in Table 3.1. A window size of 

2 s with 95% overlap was selected after a sensitivity analysis for velocity spectral analysis.  
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Table 3.1Coordinates of extracted velocity points; millimeter distance measured from the top edge of 
measurement plane 

Location Coordinates [mm] Dimensionless Coordinates [-]

P1 (-87.50,-30, 0) (-50, -0.17, 0)

P2 (87.50, -30, 0) (0.50, -0.17, 0)

P3 (-87.50,-149,0) (-0.50, -0.85, 0)

P4 (87.50,-149,0) (0.50, -0.85, 0)



  Flow Field in a High Head Francis Turbine Draft tube During Transient Operations 

4 SUMMARY OF RESULTS   

Deregulation in grid network by the integration of solar and wind energy has forced to operate the 

hydraulic turbines over a wide operating range. Increased number of transients due to increased 

penetration of intermittent power have caused significant problems/dynamic instabilities in Francis 

turbine. Francis turbines have to sustain more starts and stops per day, wider load ranges and sudden load 

changes, which causes the key problems such as fatigue to the runner, instrument malfunctioning, 

vibration in the system, wear and tear and runner life reduction. Therefore, extensive measurements have 

been performed to investigate the pressure loading and unsteady flow field downstream of the runner 

during steady state and transient operating conditions based on the present trend of electricity generation 

from Francis turbine. A 1:5.1 scale down model of a prototype Francis turbine has been selected for the 

experimental investigations during steady state and transient operating conditions of the turbine. An open 

loop test rig configuration was used for the investigation and followings are the conclusions based on the 

present measurements and numerical simulations. 

4.1 STEADY STATE CHARACTERISTICS 

1. The steady state part load operating condition was numerically simulated using two different 

turbulence models, namely standard k-  and k- SST and the validation of the model was 

performed using the experimental data available in the literature [277]. The hydraulic efficiency 

at this operating point (nED = 0.19, QED = 0.096, and  = 6.7º) was 89%. The numerical hydraulic 

efficiency was 4.3% (standard k- ) and 5.2% (k- SST) higher than that of the experimental 

efficiency. The higher numerical efficiencies were obtained because of the leakage of the flow 

between the rotating and stationary components which was not modelled for the simulations. The 

numerical pressure values were overestimated (~2.8%) in the vaneless space and runner and 

underestimated (~5.0%) in the draft tube cone. Most of the pressure energy in the turbine was 

transferred through the first half of the 15 full-length blades and 15 splitters.

2. The rotor-stator interaction (RSI) was observed to be the cause of the significant pressure 

fluctuations in the vaneless space and draft tube at the blade passing frequency (178.20 Hz) 

whereas that corresponded to the guide vane passing frequency (166.32 Hz) in the runner. The 

frequencies corresponded to the number of runner blades (30) times the runner frequency (5.94 

Hz) and number of guide vanes (28) times the runner frequency. A similar phenomenon was 

observed during the spectral analysis of the numerical pressure time signals. The numerical 

pressure amplitudes of the blade passing frequency were overestimated (~12%) in both vaneless 

space and draft tube. Similarly, the amplitudes of the guide vane passing frequency were

overestimated (~14%) in the runner. 

3. A normalised vortex rope frequency at 0.29 was captured in the draft tube for both experimental 

and numerical pressure time signals. The frequency was observed to lie in the Rheingans 
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frequency range (0.2-0.4 times of the runner frequency). The normalised frequency of 0.71 in the 

runner was related to the difference between the runner frequency and the vortex rope frequency. 

This difference was due to the same rotational direction of the rotating vortex rope (RVR) as that 

of the runner. This frequency may result in high-pressure loading on the runner blades and may 

damage the runner blades subsequently. Two different modes of the vortex rope namely, plunging 

and rotating was captured in the experimental pressure time signal.  

4. Further the pressure and velocity measurements were performed together to investigate the more 

realistic steady state operating conditions. For that, the speed factor (nED) of the model turbine 

was maintained close to 0.18 at all operating conditions, which was similar to the speed factor of 

the prototype turbine. A two-dimensional particle image velocimetry (PIV) system was used to 

perform the velocity measurements in the draft tube. The maximum hydraulic efficiency (92.4%) 

was observed at nED = 0.18, QED = 0.15, and  = 9.8º, which was marked as BEP operating 

condition for further study. The total estimated uncertainties were ±0.15% in the hydraulic 

efficiency under the BEP operation condition. The hydraulic efficiency of 90.1% was observed 

at nED = 0.18, QED = 0.11, and  = 6.7º, marked as PL operating condition. The hydraulic 

efficiency of 91.8% was observed at nED = 0.18, QED = 0.18, and  = 9.8º, marked as HL operating 

condition.  

5. Steady state conditions (BEP, PL, and HL) showed flow asymmetry along the centreline of the 

draft tube. Flow asymmetry was observed to increase at PL condition of the turbine, whereas the 

decrease in flow asymmetry was observed at HL condition as compared to that of the BEP 

condition. The flow asymmetry may be due to the gyroscopic effect introduced by the draft tube 

elbow and an uneven distribution of the flow in the spiral casing. The higher asymmetry at PL 

condition may be attributed to the lesser bulk flow and larger swirling flow condition in the draft 

tube. Standing pressure waves were observed in the system upstream and downstream the runner.

The frequencies of pressure waves were observed to vary with the operating condition due to 

change in free surface water level in the upstream and downstream tank.   

4.2 TRANSIENT CHARACTERISTICS 

1. Two steady state operating conditions (BEP and PL) were considered to perform the load 

rejection operation of the turbine. The guide vanes of the turbine were closed from 9.8º to 6.7º 

and similar operation was repeated twenty times to ensure significant results in the flow 

parameters, pressure and velocity data. The estimated maximum uncertainties with respect to BEP 

were ± 0.8%, ± 0.7%, ± 1.1%, and ± 0.7% for the guide vanes angle ( ), head (H), discharge (Q) 

and generator torque (TGEN), respectively. Finally, a single measurement was selected for detail 

investigation and estimated uncertainties were ± 0.4%, ± 0.011%, ± 0.1%, and ± 0.03% for the ,

H, Q and TGEN, respectively. The repeatability of the velocity data was presented by extracting 

the point data along a line, 0.446*D (runner diameter) downstream to the runner. The estimated 
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maximum uncertainty in instantaneous axial and radial velocities were ~3.4% and ~4.1%, 

respectively. Velocity data showed high turbulent fluctuation at PL condition due to the high 

swirling flow condition in the draft tube.

2. Detailed analysis of pressure-time signals was carried out to determine the dominant frequencies 

of the fluctuations during load rejection. The amplitudes of the normalised frequencies, namely 

RSI (30 and 28), standing pressure waves (7.5 and 2.9), and RVR (0.29) were observed in the 

turbine. The fluctuations in RSI frequency during load rejection were attributed to the fluctuations 

in runner angular speed. The fluctuations in the standing wave frequencies were attributed to the 

variations in downstream and upstream tank water levels during the transient. The RVR frequency 

in the draft tube resulted in induction of two different modes (plunging and rotating). The 

plunging mode was observed to appear 0.8 s before the rotating mode during the load rejection. 

The similar behaviour of these modes was observed in the velocity-time data. The only difference 

was the velocity wise contribution in the development of the RVR in the draft tube. It was 

observed that the axial velocity only contributed to the development of the plunging mode and 

radial velocity to the rotating mode.  

3. The region of low velocity, stagnant point, flow separation, recirculation, oscillating flow, and 

high axial velocity gradients was observed to develop the vortex breakdown in the draft tube 

during load rejection from BEP to PL. The development of zero velocity regions at the centreline 

of the draft tube during load rejection was causing the formation of vortex rope. The high swirling 

outflow and recirculating region induced high axial velocity gradients and Kelvin-Helmholtz 

instability in the flow and formed a region of high shear. The vortex rope was observed to form 

at the interface of this shear region between the low velocity inner region and swirling outflow.  

4. For load acceptances, three steady state operating points (BEP, PL, and HL) were selected. To 

investigate the flow parameters coupling and statistics during the transient process, we performed 

series (20) of similar experiments by systematically operating the guide vanes of the turbine. 

During load acceptances from PL to BEP and BEP to HL, the guide vanes were opened from 6.7º 

to 9.8º and 9.8º to 12.4º, respectively. A well-defined approach was adopted to quantify the 

synchronous (plunging) and asynchronous (rotating) modes of the vortex rope at the critical 

frequency (1.61 Hz) in the velocity-time and pressure-time data during load acceptance from PL 

to BEP. The results clearly depicted the autonomous behaviour of synchronous and asynchronous 

fluctuations in the elbow draft tube at the critical frequency. The observed subcritical frequencies 

were dependent on the swirling flow configuration which sustains axisymmetric waves. The 

abrupt contraction of the vortex core near the centerline of the draft tube was observed with the 

increased flow rate to the turbine. The results demonstrated the rolling up shear layers at the 

interface of two recirculating eddies which shows the Kelvin-Helmholtz instability in the draft 

tube. The potential of the rolling up shear layers reduced as the axial flow momentum increases 

toward the center of the draft tube. This was evidenced by the stretching and breakup of the axial 
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velocity gradients towards the draft tube center. The reverse of physical mechanism in the 

formation of vortex rope was observed during load acceptance (PL to BEP) and stagnant part was 

observed as the last left instability before BEP condition. Finally, our measurements demonstrated 

the evidence of little-tuned swirl condition at BEP condition of the turbine. To our knowledge, 

our work is the first study to show the appearance and disappearance of the vortex breakdown in 

a conical draft tube during the transient conditions of a Francis turbine. The research suggested 

that a countermeasure technique to mitigate the vortex rope in the turbine required prevention of 

the formation of stagnant region in the draft tube.    

5. For load acceptance from BEP to HL, the zero velocity regions started to appear along the draft 

tube centreline after the start of the transient. This was observed that the flow separate along draft 

tube centreline and separation of two-dimensional flow is a condition for the vortex breakdown. 

The high-velocity gradients were wrapped around the zero velocity zone. The gradients were 

sufficiently large due to high Reynolds number in the present investigation. Therefore, the viscous 

effects will be small in the domain except in the neighborhood of the stagnation point.   Further, 

the flow started to oscillate near to the HL condition and induced a torch-like vortex structure in 

the draft tube which rotates in the direction opposite to the runner.  

6. For startup, four operating points with three schemes of guide vanes opening were selected. The 

turbine startup was performed into two phases, during phase-I, the guide vanes were opened from 

0 to SL (0.8 º) to set up the synchronization between turbine and generator, and during phase-II, 

the guide vanes angular positions were further opened to the selected operating points (PL, BEP, 

and HL). The RSI frequency was observed to vary exponentially with the runner speed during the 

startup from zero to no load condition. Some negative flow regimes started to appear in the draft 

tube as the turbine operation moved from zero to no load condition. This may be associated with 

the swirling flow leaving the runner at such minimum opening of the guide vanes. Intermittent 

flow instabilities such as low/dead velocity region and flow separation were captured in the draft 

tube during turbine startup. 
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4.3 SCOPE FOR FUTURE WORK 

1. The present work involves extensive measurements during steady state and transient conditions 

on a model Francis turbine. Detailed flow field is investigated in the draft tube for the first time 

during the transient conditions. The numerical flow field may be obtained through the CFD 

analysis and may be validated by the PIV measurements.  

2. The uncertainty in numerical data of different turbulence models may be determined using the 

available yield flow parameters ( , H, Q and T), pressure signals and velocity data of the transient 

measurements. Therefore, a large set of data from the present measurements is made available to 

all for steady state and transient operating conditions. Using these data numerical simulations can 

be performed to investigate the flow characteristics in the vaneless space and runner blades of the 

turbine. This may help to understand the formation and transportation of the vortices from runner 

upstream to downstream during off-design and transient operating conditions. Moreover, the 

different angular speeds of the guide vanes may be simulated to minimise the dynamics pressure 

loading on the turbine.  

3. The main reason for efficiency drop at off-design conditions is the formation of vortex rope in 

the draft tube which may also leads to vibration in the whole system. Different methodologies, 

such as draft tube fins, runner cone extension, and air/water jet injection may be tested to mitigate 

the vortex rope in the draft tube.    

4. Flow field in the draft tube was investigated in the present work and variation in velocities 

together with pressure variation were observed during the transients. The literature showed that 

there are significant consequences at the turbine upstream. The similar methodology may be 

implemented to the vaneless space for detailed flow field analysis. 

5. In the current market, the turbines are regularly operating at off-design conditions. The literature 

showed that main problem in operating the turbine at off-design condition is crack formation in 

the runner which is caused by high-pressure loading. Fluid-structure interaction (FSI) analysis is 

required to analyse the detrimental effect of transient operations on the runner. Measurements 

with a less stiff runner should be performed to gain measurements and validate FSI modelling.  
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University of Technology, Luleå, Sweden
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Abstract. Hydraulic turbines are operating at part load conditions depending on availability of hydraulic

energy or to meet the grid requirements. The turbine experiences more fatigue during the part load operating

conditions due to flow phenomena such as vortex breakdown in the draft tube and flow instability in the runner.

The present paper focuses on the investigation of a high head model Francis turbine operating at 50% load.

Pressure measurements have been carried out experimentally on a model Francis turbine. Total six pressure

sensors were mounted inside the turbine and other two pressure sensors were mounted at the turbine inlet pipe. It

is observed that the turbine experiences significant pressure fluctuations at the vaneless space and the runner.

Moreover, a standing wave is observed between the pressure tank outlet and the turbine inlet. Analysis of the

data acquired by the pressure sensors mounted in the draft tube showed the presence of vortex breakdown co-

rotating with the runner. The detailed analysis showed the rotating and plunging components of the vortex

breakdown. The influence of the rotating component was observed in the entire hydraulic circuit including

distributor and turbine inlet but not the plunging one.

Keywords. Francis turbine; pressure fluctuations; rotor stator interaction; vortex rope; runner.

1. Introduction

Hydraulic turbines are normally designed to operate at the

best efficiency point (BEP); however, they need to be

operated at part load conditions to meet either available

hydraulic energy or demand of market. The turbine expe-

riences unstable flow conditions during the operation away

from BEP due to unfavorable pressure loading on the

runner blades [1]. Upstream of the runner, the flow

becomes unstable due to high amplitude pressure fluctua-

tions caused by the rotor–stator interaction (RSI). Similarly,

the flow at the runner outlet becomes largely separated due

to vortex breakdown affecting stable operation of the tur-

bine. Moreover, asymmetric pressure loading of the runner

blades during part load operation increases blade fatigue

[2]. When a turbine is operated at part load, it experiences

high vibrations which may lead to resonance in some cases

[2–5]. Experimental and numerical investigations on a

Francis turbine showed that the flow conditions deteriorate

for turbine operation away from BEP due to the complex

interaction between the guide vanes and the runner blades,

asymmetric loading on the blades, vortex breakdown in the

draft tube and standing waves in the hydraulic circuit [6].

The flow field leaving the guide vanes row is normally

characterized by its complexity caused by the RSI since

blades are rotating and the guide vanes are stationary.

When a blade passes in front of a guide vane, it receives a

hydrodynamic force. The interaction develops unsteady

pressure and velocity field at the runner inlet, i.e., vaneless

space [7]. During the interaction, a pressure wave is gen-

erally developed and propagated at the speed of sound

generating pressure fluctuations. Since the turbine runner is

operated at synchronous speed, cyclic interactions between

the blades and the guide vanes are developed inducing

fluctuations in the hydraulic torque [8, 9]. Unsteady pres-

sure fluctuations and large variation of velocity at the

runner inlet were attributed to the torque fluctuations

specifically at part load operation [10].
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Trailing edge vortical flow leaving the guide vanes enters

the rotating domain during the turbine operation. The flow

leaving the runner blade and trailing edge swirl causes

largely separated flow in the draft tube. At BEP, the tan-

gential velocity component at the runner outlet is relatively

small and thus the turbine operates without vortex break-

down under stable condition. However, away from the

BEP, the flow leaving the runner has a large tangential

component. In a Francis turbine, the fixed relative exit

angle of the runner blade is designed for an optimum dis-

charge condition. At low discharge, part load, the relative

velocity angle remains nearly the same, but the absolute

velocity angle induces a residual swirl in the direction of

the runner rotation. Whereas at high discharge, above BEP

flow rate, the direction of the swirl is opposite to the runner

rotation. Thus the dynamic stability of the turbine is sig-

nificantly affected during part load operation [11]. The

experimental measurements on a Francis turbine showed

that high pressure amplitudes in the draft tube induce

excitation and large vibrations in the turbine [12]. The

system vibration frequency is associated with the vortex

rope frequency of 0.2–0.4 times of runner frequency which

may cause resonance in the hydraulic structure [13, 14].

Further, analysis of RSI and vortex rope showed that

there may be development of standing pressure waves, at

specific frequencies. The occurrence of the standing wave

is dependent on the travel time of the pressure wave

propagation [15]. One-dimensional model was used by

Fischer et al [16] to show a link between the standing wave

in the spiral casing due to RSI and the diametrical pressure

mode rotating in the vaneless space.

Bosioc et al [17] decomposed pressure signals obtained

from two radially opposite mounted pressure sensors in the

draft tube cone to determine the rotating and plunging

components of the vortex rope. The addition of the two

signals, the symmetric component, is called as plunging

component whereas the difference of the two signals is

termed as the rotating component. They observed that the

rotating component is dominated when there is no water jet

injection whereas the plunging component is dominated for

14% water jet injection in the draft tube.

It is seen that the unsteadiness at the part load operating

conditions hinders the smooth operation of the turbine.

Fatigue to the turbine blades is relatively high. Present

trend of the hydraulic turbine operation frequently forces to

operate it away from the BEP. Moreover, during the winter

season, hydraulic turbine operates at part load (*50%

load) conditions to avoid freezing damage inside the

hydraulic systems and keep water flowing through the

systems. The developed power at this load is used for

heating of the components inside the power plant as well as

piping systems. The main focus of this work is to investi-

gate the pressure loading inside the turbine at a similar load.

No measurements have been reported in the literature at

this operating load, specifically pressure measurements in

the runner and vaneless space. This measurement enabled

us to understand the pressure field during such conditions.

Average and instantaneous pressure loading on the blades,

vaneless space, and draft tube was investigated. The data

acquired by the pressure sensors at different locations

revealed useful information regarding amplitude of the

unsteady pressure fluctuations due to RSI and vortex

breakdown at the runner downstream.

2. Model test rig and measurement programme

The model turbine, used in the present work, is installed at

the Waterpower laboratory, Norwegian University of Sci-

ence and Technology (NTNU), Norway. The model turbine

is a 1:5.1 scale model of the prototype. The prototype

turbine (head = 377 m, power = 110 MW, and runner

diameter = 1.779 m, discharge = 31 m3 s-1, specific

speed = 0.27) is in operation at the Tokke power plant,

Norway. A schematic of the test rig is presented in figure 1.

Water from the basement was pumped to the overhead tank

which flowed down to the upstream pressure tank con-

nected to the turbine inlet. A uniform level of the water was

maintained in the overhead tank. The draft tube was con-

nected to the downstream tank, which was open to the air,

and the water was released back to the large basement. The

model is integrated with 14 stay vanes conjoined inside the

spiral casing, 28 guide vanes, a runner with 15 splitters and

15 full length blades, and an elbow-type draft tube. At the

inlet pipeline, two pressure transmitters, PTX1 and PTX2

were mounted at 4.87 m and 0.87 m upstream of the tur-

bine inlet, respectively. A magnetic flow meter was used to

measure the turbine discharge and a differential pressure

transducer was used to acquire the pressure difference

across the turbine.

Calibration of the mounted instruments and sensors were

carried out before the steady state measurements. Figure 2

shows the locations of the six miniature pressure sensors

mounted inside the turbine. One of the sensors was

mounted in the vaneless space (VL01) to measure the

pressure at the runner inlet; two sensors were mounted on

the pressure side of the blade (P41 and P71) and one sensor

was mounted on the suction side of the blade (S51). The

remaining two sensors, DT11 and DT21, were mounted in

the draft tube cone at the same elevation and radially 180�
apart. The calibration and uncertainty analysis were per-

formed according to the procedure and guidelines available

in IEC 60193 [18] and IEC 60041 [19]. The acquired

parameters from the instruments were stored in a computer

through a Lab-View program. Two acquisitions systems

were used – one to acquire the parameters specific to the

test rig, which was sampled at 1.45 Hz, and another to

acquire the pressure–time signal of the eight pressure sen-

sors at an approximate sampling frequency of 2100 Hz.

The random errors, systematic errors and related uncer-

tainties were estimated using IEC 60193 [18]. The sys-

tematic uncertainty in the hydraulic efficiency was
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estimated by the root-sum-square of all individual uncer-

tainties, namely uncertainties in the discharge (dQ)sys, the
specific hydraulic energy (dE)sys, the torque (dT)sys, the

angular speed (dx)sys, and the density of water (dq)sys. The
total uncertainty in evaluation of hydraulic efficiency was

estimated as ±0.16% at BEP (a = 9.8�, nED = 0.18,

qED = 0.15) of the model Francis turbine.

Calibration uncertainty and accuracy of the pressure

sensors are shown in table 1. The pressure sensors were

calibrated by secondary method. A hydraulic dead weight

tester was used as primary calibration device for the pres-

sure transmitters, PTX1, PTX2, and PTX1400. The

PTX1400 was used for the calibration of the pressure

sensors mounted in the vaneless space (VL01), runner (P42,

P71 and S51) and draft tube (DT11 and DT21). The esti-

mated uncertainties were B0.22%, B0.62%, and B0.45%

for S51, P42, and P71 respectively, and B0.15% for VL01,

DT11 and DT21.

The pressure measurements were carried out at the part

load operation. The turbine was operated at 50% load for a

guide vanes angular position (a) of 6.72� (qED = 0.096 and

nED = 0.19). The runner was rotating at a constant rota-

tional frequency of 5.94 Hz. The detailed investigation and

analysis of the acquired pressure values at different loca-

tions at this operating point are discussed below.

3. Results and discussion

Constant efficiency hill diagram of the model Francis tur-

bine is shown in figure 3 [1]. The maximum hydraulic

efficiency (93.4%) was observed at a guide vanes angular

position of 9.9�, which is marked as BEP. At BEP, the

speed factor (nED) and discharge factor (qED) are 0.18 and

0.15, respectively. The operating point selected for the

present investigation is marked in figure 3 [1] at a guide

Figure 1. Test rig of the model Francis turbine.

Figure 2. Locations of the pressure sensors – VL01, P42, P71, S51, DT11 and DT21 used for pressure measurements.

Transient pressure measurements at part load operating
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vanes opening of 6.72� at nED = 0.19 and qED = 0.096. At

this operating point, the load on the turbine is 50% of the

maximum load and the hydraulic efficiency is 89%.

3.1 Average pressure

The pressure values were averaged over the length of the

acquired signal according to IEC 60193 [18] using the

following equation.

X ¼
PN

1 XN

N
: ð1Þ

Samples of pressure–time signals were averaged over

50 revolutions of the runner. The averaged pressure

values are shown in figure 4. The average pressure at the

location PTX1 was 219.0 kPa and 271.4 kPa at PTX2.

At the location VL01, located close to the trailing edge

of the guide vane, the average pressure was 169.0 kPa.

A part of the pressure energy is converted into kinetic

energy in the Francis turbine so there is a continuous

decrease in pressure values in the runner. The pressure

observed at the sensors P42, S51 and P71 was 107.40,

99.50 and 95.80 kPa, respectively. The sensors DT11

and DT21 showed a comparatively high value of the

average pressure, namely 102.70 and 102.0 kPa,

respectively.

3.2 Pressure fluctuations

The pressure fluctuations inside the turbine with respect to

the runner angular position have been investigated. The

acquired pressure signal (~p) was subtracted from its mean

Figure 3. Hill diagram of the high head model Francis turbine [1].

Table 1. Accuracy and calibration uncertainties of the pressure sensors mounted inside the turbine.

Instrument Accuracy Uncertainty Position of installation

Hydraulic dead-weight tester (1–350 bar) 0.008% of actual

reading

B0.01% Used as a primary calibration

device for PTX pressure

transmitters

PTX1 (0–250 kPa abs) 0.08% FSBSL B0.02% Turbine inlet pipeline

PTX2 (0–250 kPa abs) 0.08% FSBSL B0.03% Turbine inlet

PTX1400 (0–1000 kPa abs) ±0.15% typical

BSL, ±0.25%

maximum

B0.04% Used as a primary calibration

device for Kulite LL080

Miniature pressure sensors, Kulite LL080 (0–350 kPa

abs); Bandwidth &100 kHz and 300 kHz natural

frequency

±0.10% FSBSL,

±0.50%

maximum

S51: B0.22% P42:

B0.62% P71:

B0.45%

Installed on the runner blades

Miniature ruggedized Kulite XTL-190 (0–700 kPa abs)

380 kHz natural frequency

±0.10% FSBSL,

±0.50%

maximum

VL01, DT11,

DT21: B0.15%

Installed in vaneless space

(VL01) and draft tube cone

(DT11, DT21)
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pressure (�p) to obtain the fluctuating pressure (p*) using the

following equation.

p� ¼ ~p� �p ðkPaÞ: ð2Þ
A bandpass filter was designed to filter out the frequen-

cies related to the system excitations and noise as shown in

the following equation.

HBPðf Þ ¼ 1 Fc1 � f �Fc2

0 otherwise

� �
ð3Þ

where HBPðf Þ = HLP2ðf Þ - HLP1ðf Þ, HLP2ðf Þ and HLP1ðf Þ
are low-pass filters with the lower and upper cut-off fre-

quency Fc1 and Fc2, respectively and, f is the frequencies in

pressure–time raw signal.

The pressure fluctuations for one complete rotation of the

runner at VL01, P42, DT11 and DT21 are presented in

figure 5(a–c). The pressure fluctuations at the vaneless

space are shown in figure 5(a). At VL01, there are 30 peaks

for one runner rotation which correspond to the number of

runner blades (splitter ? full length blades). The dimen-

sional frequency for this signal is 178.20 Hz which is equal

to the runner rotational frequency (5.94 Hz) multiplied by

the number of runner blades (30). The maximum amplitude

of the fluctuations is ±0.75 kPa. At P42, the signal has 28

peaks for one runner rotation which correspond to the

number of guide vanes as shown in figure 5(b). The

dimensional frequency for this signal is 166.32 Hz which is

equal to the runner rotational frequency (5.94 Hz) multi-

plied by the number of guide vanes (28). The maximum

amplitude of ±1.14 kPa was observed at this location. At

DT11 and DT21, 30 peaks were obtained simultaneously at

each of the sensors with little variation in amplitudes as

shown in figure 5(c). The observed amplitudes were within

±0.08 kPa at these locations.

In Francis turbine when a blade passes in front of a guide

vane, it interacts and exchanges momentum, which

develops waves in the flowing fluid. The rotor–stator

interaction (RSI) frequency depends on three parameters

namely, number of guide vanes, number of runner blades

and angular speed of the runner. This indicates that at each

runner blade/guide vane interaction, a pressure pulse

develops. Therefore, the numbers of pressure fluctuation

peaks are equal to the number of guide vanes in the runner

and the number of runner blades in the stationary domain,

i.e., distributor and draft tube as expected.

In order to investigate the dominant frequencies of the

pressure fluctuation at different locations, fast Fourier

transform (FFT) of the pressure signals has been carried out

and presented in the next section.

3.3 Spectral analysis

An FFT analysis of the pressure–time data acquired by all

eight pressure sensors has been carried out to investigate

the frequencies in the turbine at different locations. The

different frequencies were analyzed. The frequencies rela-

ted to flow phenomena were filtered out by designing a

cascade of bandpass filters in MATLAB to eliminate the

frequencies due to vibration and noise. Figure 6 shows the

frequency spectrum of the pressure signals acquired by all

the sensors. The x-axis shows the normalized frequency and

the y-axis displays the absolute pressure in kPa. The fre-

quencies were normalized using the following equation.

f � ¼ f

fn
½��: ð4Þ

Pressure sensor, PTX1 was mounted near the flow meter

and approximately 4.5 m downstream of the water pressure

tank. It showed amplitudes of 0.03 and 0.05 kPa for nor-

malized frequency of 2.25 and 4.50, respectively. Similar

frequencies were observed at the sensor PTX2, mounted

downstream of PTX1. The frequencies are attributed to the

Figure 4. Variation of the average pressure at different locations in the turbine at Q = 0.1265 m3 s-1.
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standing wave in the pipe and its harmonics. The wave-

length (k) of the standing wave was estimated using the

following equation.

k ¼ 4L ð5Þ

where L is the inlet pipe length from the pressure tank

outlet to the nose vane of the spiral casing. A wave length

of 55 m was obtained.

Assuming a sound velocity in water of 1440 m s-1, a

frequency of 2.25 was obtained similar to the one obtained

Figure 5. Pressure fluctuation filtered at the RSI frequency for one complete rotation of the runner at (a) VL01, (b) P42, and (c) DT11
and DT21.
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in the spectral analysis. At the location PTX2, amplitude of

0.003 and 0.05 kPa was observed for normalized frequency

of 30 and 0.29, respectively. These frequencies correspond

to the RSI and the vortex breakdown frequencies, respec-

tively. The same frequencies were observed at PTX2 but

not at PTX1 which is located upstream of PTX2 and close

to the pressure tank. Thus, the influence of RSI and the

vortex breakdown are damped out as one travels upstream

of flow.

Spectrum analysis of the pressure signal at VL01 in

figure 6 showed that the dominant amplitude of 0.75 kPa is

observed at the normalized frequency of 30, i.e., the blade

passing frequency. The second and half harmonic of the

blade passing frequency were also observed. Another low

amplitude of 0.33 kPa was observed at a normalized fre-

quency of 0.29 which is attributed to the vortex breakdown.

Many researchers [20] observed that the vortex breakdown

frequency is 0.2–0.4 times of the runner frequency, and the

rotating and plunging components of the vortex rope are

typically assimilated to the form of vortex breakdown. The

sensors mounted on the blade surface at P42, P71, and S51

showed a normalized fundamental frequency of 28, which

is related to the guide vanes passing frequency. Low

pressure amplitudes were also observed at the second (56)

and half harmonics (14) of the guide vanes passing fre-

quency. An amplitude of 0.43 kPa was observed at the

normalized frequency of 0.70 which is related to the dif-

ference between the runner frequency and the vortex

Figure 6. Frequency spectrum of the pressure–time signals.
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breakdown frequency. This difference is due to the same

rotational direction of the rotating vortex rope (RVR) as

that of the runner. In case of high load, the direction of

RVR will be opposite to the runner rotational direction. The

amplitude of this frequency was decreasing from the runner

outlet to the runner inlet, i.e., the maximum amplitude was

observed at P71. Pressure signals acquired by the draft tube

sensors DT11 and DT21 showed that the maximum

amplitude occurred at two specific normalized frequencies,

0.29 and 30. The frequency of 0.29 corresponded to the

vortex breakdown in the draft tube. The second harmonic of

the vortex breakdown frequency was also observed at both

of the draft tube sensors. The frequency of 30, corre-

sponding to the blades passing frequency, was also found in

the draft tube at DT11 and DT21. The observed amplitudes

were 0.55 and 0.10 kPa at both the sensors for the vortex

breakdown and RSI frequencies, respectively.

Further analysis of the pressure time signals of DT11 and

DT21 sensors has been carried out at the vortex breakdown

frequency as shown in figure 7. It is seen that the signals

are nearly 180� out-of-phase to each other indicating the

presence of a RVR in the draft tube. The pressure fluctu-

ations of the vortex rope frequency at DT11 and DT21 are

out-of-phase because the vortex moves around the center

line of the draft tube and travels to the second sensor after a

phase difference of 180�. The pressure time signal for a

time length of 3 s is presented in figure 7 which is equiv-

alent to the runner rotation of 5.50 cycles. The maximum

amplitude of the frequency was 0.55 kPa at both the loca-

tions. The pressure waves developing due to the vortex

breakdown are observed in the entire domain of the model

Francis turbine extending from draft tube inlet to the inlet

pipe location PTX2 (see figure 6).

It is seen from figure 7 that the signals from DT11 and

DT21 sensors are not exactly 180� out-of-phase. To further

investigate this, these signals were decomposed using the

procedure given by Bosioc et al [17]. The synchronous and

asynchronous components of the two signals DT11 and

DT21 are determined as below

ðA1 þ A2Þ
2

¼ Synchronous component Plungingð Þ
of the pressure signal

ð6Þ

ðA1 � A2Þ
2

¼ Asynchronous component Rotatingð Þ
of the pressure signal

ð7Þ

where A1 and A2 are the pressure signals from the two

sensors DT11 and DT21 respectively.

A plot of the plunging and the rotating components of the

vortex rope are shown in figure 8. The sinusoidal variation

of the plunging and the rotating component of the vortex

rope show that the latter is dominating over the former. In

the runner, only the rotating component was observed. This

may be explained by the damping of the pressure fluctua-

tions as they propagate upstream and the initial low

amplitude of the plunging component.

4. Conclusions

The present work contributes to the understanding of the

hydrodynamics of a high head model Francis turbine

operating at 50% of rated load. Transient pressure mea-

surements showed unsteadiness of the pressure in all the

regions of the turbine. The average pressure in the turbine

showed continuous drop in the pressure till the end of

splitter blade, and a small pressure recovery in the draft

tube. Due to rotor–stator interaction, significant pressure

fluctuations were observed in the vaneless space and draft

tube at blade pass frequency whereas that corresponds to

guide vane pass frequency in the runner. However, the

pressure fluctuations in the draft tube were found to be

Figure 7. Experimental filtered pressure fluctuations at the vortex rope frequency in the draft tube at DT11 and DT21.
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dominated by the vortex breakdown frequency and it was

observed as 1/3 of the runner frequency. Further analysis of

the pressure signals of the draft tube showed dominance of

the rotating component over the plunging component. The

pressure fluctuations traveled upstream; the effect of runner

vane pass frequency and vortex rope frequency was

observed till short distance upstream of the turbine inlet.

Abbreviations

BEP best efficiency point

RSI rotor stator interactions

RVR rotating vortex rope

FFT fast Fourier transform

Dp pressure difference across the turbine (Pa)

~p acquired pressure signal (kPa)

�p mean pressure (kPa)

p� fluctuating pressure (kPa)

t time (s)

f observed frequency (Hz)

fn runner rotational frequency (Hz)

f* normalized frequency (–)

Fc1 upper cut-off frequency

Fc2 lower cut-off frequency

HLP1 low-pass filter

HBS bandpass filter

g 9.821465 (m s-2), as tested and measured at NTNU

nED speed factor �½ �; nED ¼ nDffiffiffiffiffiffiffiffiffi
gHM

p
ns

specific speed �½ �; ns ¼
nP � p

180

� � ffiffiffiffiffiffi
QP

p

2 � g � HPð Þ34

p pressure (kPa); harmonic order (1,2,….)

Q flow rate (m3 s-1)

qED discharge factor �½ �; qED¼ Q

D2
ffiffiffiffiffiffiffiffiffi
gHM

p

X discrete quantity

X average value

N sampling length

k wavelength (m)

a angular vane/blade position (�)
d uncertainty (%)
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Abstract. Francis-99 is a set of workshop aiming to determine the state of the art of high head 
model Francis turbine simulations (flow and structure) under steady and transient operating 
conditions as well as to promote their development and knowledge dissemination openly. The 
first workshop (Trondheim, 2014) was concerned with steady state operation. The second 
workshop will focus on transient operations such as load variation and start-stop. In the present 
work, 2-D particle image velocimetry (PIV) with synchronized pressure measurements 
performed in the draft tube cone of the Francis-99 test case during load rejection is presented.  
Pressure sensors were mounted in the vaneless space and draft tube cone to estimate the 
instantaneous pressure fluctuations while operating the turbine from the best efficiency point 
(9.8°) to part load (6.7°) with the presence of a rotating vortex rope (RVR). The time-resolved 
velocity and pressure data are presented in this paper showing the transition in the turbine from 
one state to another.

1. Introduction 
The penetration of the electricity generated from the solar and wind has raised significant concern about 
the grid stability [1]. The hydropower power plant is used to balance the grid parameters because of the 
speedy and smooth response to grid network of the hydraulic turbines. Therefore, turbines have to 

 and start-stop. This leads to the unsteady pressure 
pulsation and development of complex flow in the runner, vaneless space, and draft tube [2- 3]. Reduced 
scale mode testing and computational fluid dynamics (CFD) are the main tools for design and analysis 
of turbine. Increased computational capacities and coupling of flow parameters have given more 
importance to CFD in order to investigate the complexity of the flow in the turbine [4, 5]. The extensive 
amount of measurements on both prototype and reduced-scale model Francis turbine had been 
performed to investigate these instability [2, 6-9]. A set of workshops (Francis-99) have been planned 
to provide an open access of the complete design and data of model Francis turbine during steady and 
transient operations. The main objective of the workshop was to evaluate the numerical techniques 
applied to investigate the hydraulic turbines and develop an open platform to the researchers for 
conducting numerical studies in high head turbines. The first workshop (Trondheim, 2014) was 
concerned with steady operation [10]. A total of 14 research papers were presented. The second 
workshop will be a continuation of the first workshop with new steady state operating conditions. There 
will also be a focus on the simulation of the flow during transient operation such as load variation and 
start-stop. In order to prepare the second workshop, 2-D particle image velocimetry (PIV) and pressure 
measurements were performed in the draft tube cone of the Francis-99 test case during load rejection 
(best efficiency point to part load ), load acceptance (best efficiency point to high load), and start-stop. 
These data are available on the workshop website (https://www.ntnu.edu/nvks/francis-99). In the present 
work, detailed investigation of load rejection will be presented. The aim of the present study is to 
investigate the unsteady flow pattern and pressure pulsation inside the draft tube during load rejection. 
The motivation behind the study is to create a good quality data base in order to understand the 
consequence of the transient operations and validate future transient simulations of the investigated 
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model. This may allow with time to develop new guide vanes operating strategy to minimize the 
dynamic instability in the Francis turbine.  

2. Material and Method 

2.1.Model test rig 
A scale (1:5.1) model of a prototype Francis turbine has been selected for the present investigation. The 
model turbine is installed at the Water Power Laboratory, Norwegian University of Science and 
Technology (NTNU), Norway. The prototype turbine (Head =377 m, Power =110 MW, and Runner 
diameter =1.779 m, Discharge = 31 m3s-1, Specific speed=0.27) is in operation at Tokke power plant, 
Norway. A schematic of the test rig is presented in Fig.1. Water from the basement was pumped to the 
overhead tank which flowed down to the upstream pressure tank connected to the turbine inlet. A 
uniform level of the water was maintained in the overhead tank. The draft tube was connected to the 
downstream tank, which was open to the air, and the water was released back to the basement. The 
model is integrated with 14 stay vanes conjoined inside the spiral casing, 28 guide vanes, a runner with 
15 splitters and 15 full length blades, and an elbow-type draft tube. At the inlet pipeline, two pressure 
transmitters, PTX1 and PTX2 were mounted at 4.87 m and 0.87 m upstream of the turbine inlet, 
respectively. A magnetic flow meter was used to measure the turbine discharge and a differential 
pressure transducer was used to acquire the pressure difference across the turbine.  

Figure.1 Test rig of the model Francis turbine

2.2.Pressure and velocity measurements , Instrumentation, and Calibration  
The instrumentation, calibration, measurements procedure, and data analysis were carried out according 
to the guidelines available in IEC 60041[11], IEC 60193[12], and ASME PTC 18 [13]. The pressure 
measurements were recorded using a National Instruments (NI) Compact Reconfigurable Input /Output 
(cRIO) Model 9074 with a 24 bit analog to digital converter (ADC). The data were sampled at 5 kHz 
for each channel. The operating and flow parameters such as discharge, turbine inlet and differential 
pressure, atmospheric pressure, the angular speed of the runner, shaft torque to the generator, bearing 
friction torque, turbine axial force, and  guide vanes angular position were acquired through the same 
acquisition system. In addition to the base instrumentation of the test rig, six pressure sensors (Kistler-
701A, 0-25 bar) were mounted in the draft tube cone and two pressure sensors (Kulite-Druck PTX 1830, 
0-10bar) were mounted in the vaneless space, one near the beginning of the spiral casing and one near 
the end as shown in Fig. 2 and Table 1. The estimated uncertainties were below 0.01%, for the vaneless 
space sensors (VL1 and VL2), and draft tube sensors. The estimated uncertainties were below 0.02% 
for the inlet pipe transducer (PTX1 and PTX2). The total estimated uncertainty was ± 0.15% for the 
hydraulic efficiency under the steady-state operating condition of BEP.  

PIV measurements have been performed in the draft tube with a 2-D PIV system (TSI). The draft 
tube cone is made of transparent Plexiglas to allow optical access to the flow domain. The pulsed light 
sheet with a thickness of ~3 mm, was generated by two Nd: YAG PIV laser (maximum frequency=50 
Hz) with dual cavity performing 100 mJ by the pulse. The wavelength was 532 nm. The laser was placed 
on a hydraulic table, in order to provide the vertical movement with minimal horizontal and lateral shift. 
The lightning field was visualized by a low noise digital charge coupled device (CCD) camera (VC-
4MC-M180) of 2048 x 2048 pixel resolution, with a succession of paired images at 300-400 s. The 
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camera resolution is 2032 x 2048 pixels for a 276.0 x 278.0 mm2 spatial domain. The camera was placed 
on a lightweight traverse table (Dantec), in order to provide a reliable and repeatable camera movement.
Seeding particles (TSI, polyamide 12) were used: particle density of 1.016 g/cc, refractive index 1.52 
and mean diameter of 55 m. To minimize the optical distortion, an index matching box (refractive 
index 1.52) made of glass filled with water, was used for the calibrations and measurements to decrease 
the light aberration during the PIV measurements. The ex-situ calibration was performed in the draft 
tube due to practical limitations associated with the in-situ calibrations. A specially designed 2-D target 
plate with dots having a diameter of 2 mm and spaced every 20 mm was placed inside the draft tube for 
calibration. During the calibration, the camera is at the same position as during the measurements. A 
sensitivity analysis test with different sampling rate was performed. It was found that at an acquisition 
frequency of 40 Hz, the light intensity inside the cone was enough for capturing clear images with CCD 
camera. 2400 paired images were captured for 60 s at the measurement section. 

Table1. Position of pressure 
sensors

Senso Placemen Type 
DT1 1A Kistle
DT2 1B Kistle
DT3 1C Kistle
DT4 1D Kistle
DT5 2B Kistle
DT6 2D Kistle
VL1 3E Kulite
VL2 3F Kulite

 

Figure 2 (a). Drawing of the model 
Francis turbine from side 

Figure 2(b). Drawing of the 
model Francis turbine from top 

Figure 2. Sensor placement as seen from above Fig. 2(a) from side and Fig. 2(b) from the top. Note that 
the vaneless sensor taps are 120 degrees apart. All dimensions are in mm. The sensor denomination and 
their placement are shown in Table 1.  

2.3.Measurement program  
Both steady-state and transient measurements were performed on the model Francis turbine. The 
operating conditions were inspired by the operating conditions presented in Francis 99 workshop-I, but 
with some changes. Since the aim was to perform realistic transient measurements, therefore, the new 
operating points have the same runner revolutions per minute (RPM) at all operating conditions to 
achieve the realistic condition as of prototype. The maximum hydraulic efficiency of 92.4 % was found 
under the steady state condition at  = 9.8°, nED = 0.18, and qED = 0.15, marked as best efficiency point 
(BEP). Additionally, the part load (PL) operating condition has been changed in order to obtain a clear 
rotating vortex rope (RVR) pulsation in the draft tube. All the measurements were performed in an open 
loop configuration to get realistic conditions without significant variation of the effective head available 
to the turbine inlet similar to prototype. The specification of steady-state operating points is presented 
in Table 2. 

Table 2. Operating points  

Operating 
Point

Guide-vane angle
(°)

Head
(m)

Flow rate
(m3/s)

Hydraulic 
efficiency (-)

PL 6.7 11.87 0.140 0.90
BEP 9.8 11.94 0.200 0.93

28th IAHR symposium on Hydraulic Machinery and Systems (IAHR2016) IOP Publishing
IOP Conf. Series: Earth and Environmental Science 49 (2016) 082004 doi:10.1088/1755-1315/49/8/082004

67



 
 

The transient measurement was carried for load rejection by changing the angular position of 
the guide vanes from 9.8° (BEP) to 6.7° (PL). The maximum angular movement of the guide vanes is 
14° (Full Load). Guide vanes are always operating against the acting pressure or hydrodynamic forces. 
Hence, there may be some difference between the angular position recorded and the actual position of 
about ±0.044°. The angular position of 6.7° (48%) is the lowest guide vanes angle for the load variation 
and 14° 
generator was operated at nED = 0.18 during the transient measurements, where flow rate and output 
power were managed by operating the guide vanes. 

2.4.Data analysis for synchronized pressure and velocity measurements  
There was a variable time delay for the PIV between receiving a trigger signal, and starting acquisition. 
In order to determine this time delay, a small light-emitting diode (LED) was placed on the edge of the 
PIV image frame, and the powering signal for this LED was recorded on the cRIO. The first image with 
LED-off was recorded manually in all the PIV measurements. A Matlab function was created in order 
to calculate the time delay between pressure and PIV measurements. The variation of the time delay was 
the order of seconds, verifying the need for the LED as a synchronization mechanism. Later, the LED 
was masked out in the processing of the images. The guide vanes movement was operated by a 
computer-controlled relay, taking both the guide vanes angle and the runner positions from transistor 
transistor logic (TTL) as inputs. This ensured that the guide vanes movement began at the same runner 
position for all the transient repetitions. The commercial PIV software, INSIGHT 4G, from TSI was 
used for image processing and PIV data analysis. Cross-correlation scheme with smaller (32x32 pixels) 
spots with two refinement steps and 50 % overlap between the adjacent windows was applied on the 
acquired data after performing the 2-D calibration. A masking was applied in the processing to remove 
the unilluminated portion of the image from the processing step. Therefore, 272 x 178 mm2 area was 
processed for obtaining the velocity vector field in the draft tube cone. Spectral analysis of the pressure 
and velocity data were performed to find out the dominant frequencies of the flow and their physical 

ying the Hanning window 
on the fluctuating part (see Eq.1) of the pressure and velocity data after applying the calibration results 
to the raw signals.  

_

(t) (t)S S S              (1)  

(a) VL1 (b) VL1 fluctuating part
Figure 3 (a).  Raw and mean pressure signal from the sensor mounted in the vaneless space (VL1) 
during load rejection from BEP to PL, 3(b). The fluctuating part of the vaneless sensor (VL1) signal  
during load rejection from BEP to PL (grey lines: instantaneous pressure , white line : smoothed 
pressure signal, black dashed line : guide vane angle). 

The smoothing of the transient data was carried out using Savitzky-golay filter in Matlab [2].
Subtraction of the smoothed signal from the original one gives the fluctuating part of the signal during 
the transition; it is used for the frequency analysis. A polynomial of order 2 with a frame size of 1 s was
selected as the input parameters for the smoothing function. Figure 3 (a) shows the variation in the signal 

28th IAHR symposium on Hydraulic Machinery and Systems (IAHR2016) IOP Publishing
IOP Conf. Series: Earth and Environmental Science 49 (2016) 082004 doi:10.1088/1755-1315/49/8/082004

68



 
 

of the pressure sensor located at vaneless space (VL1) together with the guide vanes angle variation 
during load rejection from BEP to PL. Figure 3 (b) shows the fluctuating part of the pressure signal after 
subtraction of the smoothed pressure signal from the original one. The same smoothing process was 
applied on the head (H), discharge (Q), and generator torque (TGEN), the results are presented in the next 
section.  

3. Results and Discussion 

3.1. Repeatability of the measurements 
To ensure the repeatability, the transient measurements were performed twenty times. Synchronized 
pressure and velocity measurements were performed for all the transient repetitions. In this section, a
statistical analysis for discharge (Q), head (H), generator torque (TGEN), and guide vane angle ( ) are 
performed and discussed for all the repetitions during load rejections to estimate the uncertainties 
involved. All the data were normalized between the minimum value 0 (0%), and the maximum value 1 
(or 100%) taking the uniform length of the signal using Eq.2. 

max

[ ] Min

Min

X XX
X X

           (2) 

4 (a). Guide vane angle ( ) 4 (b). Head (H)

4 (c). Discharge (Q) 4 (d). Generator Torque (TGEN)
Figure 4. Repetitions for load rejection (BEP to PL), 4 (a) Guide vane angle ( ), 4 (b). Head (H), 4 (c).
Discharge (Q), and, 4 (d). Generator Torque (TGEN), grey dot lines: repetitions for load rejection; red 
line: mean of all the repetitions; black dashed lines: start and end of the transient process. 

Figure 4 shows the percentage variation in guide vane angle ( ), head (H), discharge (Q), and 
generator torque (TGEN) for all the repetitions of the load rejection (BEP to PL) operation. The vertical 
axis (y-axis) represents the variation in the corresponding property.  The corresponding steady state 
values before and after the transient are presented in Fig. 4(a-d). The estimated maximum uncertainties 
were ±0.08°, ±0.09 m, ±0.003 m3/s, and ± 4.40 N-m for the guide vanes angle ( ), head (H), discharge 
(Q), and generator torque (TGEN), respectively. The repeatability for the transient operation was found to 
lie in a certain and acceptable band.  Therefore, a single measurement can be trusted and selected for 
the further investigations. Up to 8.45 s, the turbine was operated at the BEP (9.8°). At 8.45 s, the 
movement of guide vanes is started and hit at PL (6.7°) operating condition at t=10.90 s (Fig 4). The 
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torque variation is almost following the guide vanes movement. The flow rate is changing decreasing 
gradually and become stabilize at around t=48 s. The head is determined by measuring the differential 
pressure across the turbine and is the most affected parameter due to the development of high-peak 
pressure pulsations during guide vanes closure.   

3.2. Instantaneous high frequency variation in the vaneless space and draft tube  
The fluctuating signals from the transient pressure and velocity data were used for spectral analysis.  
Spectrograms are used to present the transient spectral analysis. The function uses the Goertzel 
algorithm to analyze the data.  The window size of 4.09 s with 95% overlap was selected after a 
sensitivity analysis on the pressure. Similarly, the spectral analysis of the velocity data was presented 
after extracting the fluctuating velocity along two points on the PIV plane. The coordinates in 
millimeters for the two points are P1 (-87.50,-30, 0) and P2 (87.50, -30, 0) according to axis system 
shown in Fig. 2 (a). The window size of 2 s with 95% overlap was selected after a sensitivity analysis 
on the velocity. The frequencies in the figure were normalized using the runner rotational frequency (f
n =5.55 Hz).The color bar in the spectrogram shows the power spectral density (PSD) of the frequency 
analysis in logarithmic scale. The following equation was used for the PSD, presented in the 
spectrogram:  

PSD log = 10 × log (10 × PSD)            (3) 

5 (a). VL1 5 (b). VL2

5 (c). DT5 5 (d). DT6
Figure 5. Spectrogram of the pressure sensor located in the vaneless space and draft tube during load 
rejection from BEP to PL, 5(a). VL1, 5(b). VL2, 5(c). DT5, and 5(d). DT6. Black solid line: guide vanes 
angle ( °); dashed line: start and stop of the guide vanes movement. 

The resulting spectrogram of the sensor located at VL1, VL2, DT5, and DT6 during load rejection 
from BEP to PL are presented in Fig. 5 with a focus on the high frequency region 2-30.fn. The y axis on 
the right-side of the spectrogram represents the guide vanes angular movements ( °). For all the sensors, 
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the blade passing frequency (30.fn) is present in the pressure signal as expected. The harmonics of the 
runner frequency (15.fn) are also present in the vaneless space sensors. Seen in the spectrogram, during 
transient operation, there is a significant level of fluctuation in the blade passing frequency and its 
amplitudes. There is a simultaneous change in normalized blade passing frequency from 29.96.fn to 
30.02.fn. Similar behavior for the blade passing frequency are noticed at all the pressure sensors (VL2, 
DT5, and DT6) during the transition from BEP to PL but the maximum influence is at the sensor (VL1) 
near to the spiral casing inlet. The amplitudes of guide vane pass frequency (28.fn) are also noticed in 
the draft tube sensors because the frequency is not completely dampened while traveling downstream 
to the runner.       

In the pressure signals, other dominating frequencies are 18.fn, 7.5.fn, and 2.9.fn. The normalized 
frequency of 18.fn (100 Hz) was observed in the vaneless space sensor (VL1). This frequency might be 
attributed to the one third harmonics of the three phase rectifier and second harmonics of the grid 
frequency. It is assumed that this frequency will not be available in the system with generator off. The 
normalized frequency of 7.5.fn (41.62 Hz) and 2.9.fn (15.96 Hz) are observed in all pressure sensors.
These frequencies might be the standing wave of the system due to the length from the exit of the runner 
to downstream tank water level (5.6 m) and inlet pipe length to the turbine (14.6 m). Because the sound 
speed was not experimentally determined, it is assumed to vary between the speed of sound in still water 
(~1450 m/s) and speed of sound in air (~340 m/s).  The amount of air entrapment may vary the speed of 
sound in the system [14-15]. In the present work, measurements were performed in open loop, increasing 
the occurrence of entrapped air. Assuming a sound wave velocity of 932 m/s, frequencies are calculated 
for the upstream and downstream lengths using Eq. 4.    

4sv
af
L

            (4) 

Where a= sound wave velocity in the system, L = downstream and upstream length  

3.3. Instantaneous low frequency level variation in the draft tube for pressure and velocity signal 
Figures 6-7 show the spectrograms for the low frequencies available in the draft tube for the pressure 
and velocity data, respectively. The axial (v) and radial (u) velocities data are extracted from the two 
points P1 and P2 on the PIV plane. The instantaneous recorded pressure and velocity data present the 
appearance of a low frequency of 0.29.fn (1.63 Hz) after the transition. This is attributed to the presence 
of the rotating vortex rope (RVR) in the pressure and velocity data. The harmonics of the RVR frequency 
are also present in the spectrograms.  

6 (a). DT5 6 (b). DT6
Figure 6. Spectrogram of the pressure sensor located in vaneless space and draft tube during load 
rejection, 6(a). DT5, 6(b). DT6, Black solid line: guide vanes angle ( °); dashed line: start and stop of 
the guide vanes movement 

From the spectrograms of the axial and radial velocities for two points P1 and P2 (Fig.7), the time of 
appearance of the RVR is different for the axial and radial velocities. The velocity spectrograms show 
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the significant background noise levels (vertical broadband) at some random time intervals with the 
phenomenal frequencies available in the system. This may be attributed to the low sampling rate (40Hz) 
of measurement. Usually, noise level is higher from the PIV measurements if the sampling rate is lower 
than the maximum frequency available in the system [16]. A detailed investigation has been carried out 
by assuming that there is the existence of a plunging mode of the RVR. These signals are decomposed 
using the procedure given by Bosioc et al. (2012) [17]. The synchronous (RVR plunging) and 
asynchronous (RVR rotating) components are determined as below;  

1 2( )
2

A A
= Synchronous component,  1 2( )

2
A A

= Asynchronous component   

Where A1 and A2 are the pressure and velocity signals at points P1 and P2, respectively.  

  
7 (a). u at P1 7 (b). v at P1

7 (c). u at P2 7 (d). v at P2
Figure 7. Spectrograms of the radial and axial velocities for two points (P1 and P2) data extracted from 
the PIV vector field, Black solid line: guide vanes angle ( °); dashed line: start and stop of the guide 
vanes movement  

The dimensional amplitudes variation of the RVR for the plunging and rotating modes during load 
rejection (BEP to PL) are presented in Fig.8. The RVR plunging mode appears 0.8 s before the rotating 
mode. The amplitude of the RVR rotating mode is larger than the plunging mode as shown in Fig. 8 (a) 
for the draft tube pressure sensors. The amplitudes of the RVR in the plunging mode appear to be 
stronger at the end of the transient. The same procedure to resolve the RVR rotating and plunging mode 
is applied to the radial (u) and axial (v) velocities separately for the two points (P1 and P2) which are 
extracted from the PIV vector field. Fig. 8 (b) and Fig. 8(c) present the time of appearance of the RVR 
rotating mode and plunging mode in the draft tube for the radial and axial velocities, respectively. In
Fig. 8(b) and Fig. 8(c), the amplitude of the plunging mode does not appear in the radial velocity and 
the amplitude of rotating mode does not appear in the axial velocity for the two radially apart points P1 
and P2. Therefore, the radial velocity is only involved in the RVR rotating mode and the axial velocity 
in the RVR plunging mode.  
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8(a). RVR rotating and plunging mode for draft 
tube pressure sensors (DT5 and DT6) 

8(b). RVR rotating and plunging mode of the 
radial velocity assuming point P1 and P2

8(c). RVR rotating and plunging mode of the
axial velocity assuming point P1 and P2

Figure 8. Time of appearance of RVR rotating and plunging mode in the pressure and velocity data, 
8(a). At DT5 and DT6, 8 (b). At P1 and P2 for radial velocity, and 8(c). At P1 and P2 for axial velocity, 
black solid line: appearance of the plunging mode; black dashed line: appearance of the RVR 

Conclusions 

Unsteady synchronized pressure and velocity measurements were performed in the high head model 
Francis turbine during load rejection from BEP to PL. The aim of the study was to investigate the 
dominating frequencies available and developed in the system before, in between, and after the 
transition. The results showed the blade passing frequency is available in the complete flow domain of 
the system as presented by the spectrograms of the vaneless space and draft tube sensors. The significant 
level of  variation in blade passing frequency level was noticed during the transition phase because flow 
becomes unstable in the runner blade passage due to mismatch of flow angle between the guide vanes 
outlets and runner inlet. The standing waves frequencies for downstream and upstream length to the 
runner are presented and discussed with the assumption of sound-wave velocity available in the 
laboratory. The frequencies are available in a synchronous mode that indicates these frequencies are 
independent of the runner frequency. The variation in downstream standing wave frequency after 
transient have noticed due to change in the downstream tank level with discharge to the turbine. The 
closing of guide vanes during load rejection (BEP to PL) are causing the swirl in the draft tube and 
formation of RVR. The RVR frequency was further decomposed into two modes, RVR rotating and 
RVR plunging. It was observed that the RVR plunging appears 0.8 s before the rotating mode. However, 
the rotating mode was observed with higher amplitudes in comparison to plunging modes. The RVR 
rotating and plunging modes were further decomposed with the velocity data and it was observed that 
the axial velocity only contributes to the development of the plunging mode and radial velocity 
contributes to rotating mode. The transition (BEP to PL) was performed for the time 8.4 s to 10.9 s. The 
plunging mode appears in the system in between transition phase at 10.5 s, and rotating mode appears 
after 0.8 s of plunging mode.  The time of appearance of RVR rotating and plunging was found same 
from the pressure and velocity data.  
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Vortex Rope Formation in a High
Head Model Francis Turbine
Francis turbine working at off-design operating condition experiences high swirling flow
at the runner outlet. In the present study, a high head model Francis turbine was experi-
mentally investigated during load rejection, i.e., best efficiency point (BEP) to part load
(PL), to detect the physical mechanism that lies in the formation of vortex rope. For that,
a complete measurement system of dynamic pressure, head, flow, guide vanes (GVs)
angular position, and runner shaft torque was setup with corresponding sensors at
selected locations of the turbine. The measurements were synchronized with the two-
dimensional (2D) particle image velocimetry (PIV) measurements of the draft tube. The
study comprised an efficiency measurement and maximum hydraulic efficiency of
92.46 0.15% was observed at BEP condition of turbine. The severe pressure fluctuations
corresponding to rotor–stator interaction (RSI), standing waves, and rotating vortex rope
(RVR) have been observed in the draft tube and vaneless space of the turbine. Moreover,
RVR in the draft tube has been decomposed into two different modes; rotating and plung-
ing modes. The time of occurrence of both modes was investigated in pressure and veloc-
ity data and results showed that the plunging mode appears 0.8 s before the rotating
mode. In the vaneless space, the plunging mode was captured before it appears in the
draft tube. The physical mechanism behind the vortex rope formation was analyzed from
the instantaneous PIV velocity vector field. The development of stagnation region at the
draft tube center and high axial velocity gradients along the draft tube centerline could
possibly cause the formation of vortex rope. [DOI: 10.1115/1.4035224]

Keywords: Francis turbine, transient, pressure fluctuations, particle image velocimetry,
instantaneous velocity field, vortex rope

1 Introduction

The penetration of the electricity generated from solar and wind
has raised significant concern about the grid stability [1]. The
hydropower power plants are used to balance the grid parameters
because of speedy and smooth response to grid network of the
hydraulic turbines. Therefore, turbines have to sustain transient
phenomena such as load variation, start–stop, emergency
shutdown, and total load rejection. This leads to unsteady pressure
fluctuations and development of complex flow in the runner,
vaneless space, and draft tube [2,3]. Moreover, operating Francis
turbine at off-design conditions leads to cavitation, vortex
breakdown, vibration, and noise in the turbine lowering the tur-
bine overall efficiency [1–3]. Francis turbine experiences cyclic
stresses, asymmetric forces on the runner, and wear and tear, all
of which reduce the operating life of the components [1].
Therefore, off-design conditions should be considered in design-
ing new turbines or in refurbishment of old turbines. Despite this
need, the experimental investigation of such operation is
limited especially during transient operation as observed by
Trivedi et al. [1].

Measurements on both prototype and reduced-scale model of
Francis turbine have been performed to investigate the off-design
operations. Flow conditions have been investigated with wall
pressure measurements, laser Doppler velocimetry (LDV), and
PIV aiming to investigate the rotor–stator interaction (RSI), scale-

up effects, and vortex breakdown in the draft tube [1,2,4–7].
Similar measurements were previously performed in the flow
investigation in a Francis draft tube (FLINDT) project at the
Hydraulic Machinery Laboratory, �Ecole Polytechnique F�ed�erale
de Lausanne (EPFL) [8–10].

Trivedi et al. [2] investigated the pressure field unsteadiness in
the runner, vaneless space, and draft tube due to the GVs angular
movement. The variable flow rate increased the pressure fluctua-
tions during load variation phase. Load rejection was reported to
be more critical than load acceptance, and the possible source of
an unbalance on the runner because of an uneven pressure distri-
bution. In the case of Francis turbine, during load rejection opera-
tion from optimum discharge BEP or higher discharge high load
(HL) to lower discharge PL, a vortex breakdown arises at the run-
ner outlet in the draft tube cone [2,4–7,9,10]. The stagnant region
and the high swirling flow on its periphery produced by the vortex
breakdown give rise to a precessing helical vortex rope whose
rotational frequency lies between 0.2 and 0.4 times of the runner
rotational frequency as reported by Nishi et al. [11]. The occur-
rence of the vortex breakdown is attributed to an excess of flux of
angular momentum to axial momentum [12]. The swirl number
relates to the ratio of both quantities. Above a certain swirl num-
ber, higher tangential velocity, vortex breakdown will occur. Har-
vey [13] was the first to visualize this phenomenon
experimentally with an air swirling flow in a straight pipe.
Depending on different combinations of Reynolds number and
swirl number, different types of vortex breakdown may appear as
observed by Sarpkaya [14].

Many theories and explanations of the vortex rope formation
and vortex breakdown have been developed by different
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researchers [15–17]. Benjamin [15] assumes that this phenomenon
is based on the concept of a critical state related to the wave phe-
nomena, analogous to the hydraulic jump in open-channel flow.
Others attribute the vortex breakdown to a three-dimensional
boundary layer separation or instability [16,17]. It is observed that
the vortex rope is associated with the shear layer at the interface
of the recirculating region near the centerline of the draft tube and
swirling outer flow. Knowledge on the vortex breakdown has
been applied to the draft tube flow in Francis turbines [18–26].
The helical vortex rope in Francis turbine is assumed to be a mani-
festation of the vortex breakdown phenomenon. The formation of
the precessing vortex rope may be attributed to the high shear
present between the stagnant region swirl flows on its periphery.
The vortex rope induces pressure fluctuations in the hydraulic
system limiting the operating range of hydraulic turbines. The
developed pressure fluctuations were decomposed into two differ-
ent modes, synchronous (plunging) and asynchronous (rotating)
modes by Bosioc et al. [27]. The synchronous mode is related to
the axial fluctuations of the flow in the whole turbine which was
discussed by Amiri et al. [28]. The asynchronous mode is associ-
ated with pressure fluctuations induced by the vortex rope rotation
[10–12,18,23,28].

Computational fluid dynamics (CFD) is another technique to
investigate the complex flow field in hydraulic turbines. Increased
computational capacities and coupling of flow parameters have
given more importance to CFD to investigate such flow conditions
during steady and transient operations [19,20,29]. The flow in the
draft tube at PL is characterized by the large scale vortices,
regions with high shear and turbulence production, and recircula-
tion regions [30]. Each of these characteristics is known as diffi-
cult to predict with numerical computations. A clear comparison
with detailed measurements, which would allow an estimation of
the influence of modeling parameters, is necessary. These investi-
gations require experimental validations. PIV has been widely
used in different hydraulic turbines, hydraulic pumps, etc., to
investigate the complex flow field [21–25]. The radial component
of the velocity in the draft tube of a Francis turbine was investi-
gated with LDV and PIV at PL operation [12]. Moreover, the ana-
lytical formulation of the axial, tangential, and radial velocities
based on formulation of the conical diffuser were presented. A
mathematical model was used to compute the swirling flow exit-
ing the Francis turbine runner by Susan-Resiga et al. [26]. It was
proposed that the flow with or without stagnation regions and
velocity jump could be identified through variational principle for
computing swirling flow. This may represent the physically rele-
vant swirling flow in the draft tube. Moreover, the model was
capable to capture the swirling flows with experimentally avail-
able velocities in the draft tube. An experimental investigation of
the velocity field during the formation of vortex rope may give
better understanding of the phenomenon and may lead toward the
best fit model to capture the swirling flow. Moreover, such knowl-
edge may help to develop effective counter measure to mitigate
the pressure pulsation. The measurements may also be used for
the validation of numerical simulation.

In order to understand and analyze the flow pattern in the draft
tube of Francis turbine, many experimental investigations have
been carried out [2,4–7,9–12,21–24]. Wall pressure measurement,
LDV, and PIV were used to understand pressure fluctuations and
flow pattern in the draft tube for different flow regimes. The main
focus of previous studies has been on steady-state operations.
Measurements during transient operation start to appear, which
has been focused on pressure measurements. In the present work,
2D PIV with synchronized wall pressure measurements in differ-
ent part of the Francis-99 test case model [28], a high head model
Francis turbine, was performed during load rejection (BEP to PL).
The main objective of the present study is the influence of a vari-
able discharge during the occurrence of the vortex breakdown and
rotating vortex rope formation. Attention is on the transition
between BEP and PL to first understand the process governing the
formation of stagnation zone and then the vortex rope surrounding

the stagnant region at PL operating condition. Velocity gradients
are analyzed as usually associated with a rapid deceleration of the
flow and often accompanied by a backflow region and a high
shear region [17].

The first part of the paper is concerned with a description of the
test case, experimental setup, and data reduction. This is followed
with an analysis of the pressure and velocity measurements to elu-
cidate the flow phenomenon occurring in the draft tube cone under
load variation.

2 Materials and Method

2.1 Model Test Rig. A scaled (1:5.1) model of a prototype
Francis turbine has been selected for the investigation. It is
described in detail in literatures [2,31]. The prototype turbine
(head¼ 377m, power¼ 110MW, and runner diameter¼ 1.779m,
discharge¼ 31 m3 s�1, specific speed¼ 0.27) is in operation at the
Tokke power plant, Norway. Since the measurements are con-
cerned with transient operations, an open-loop hydraulic circuit
was selected to get the realistic operating condition encountered
in prototype operations. Both the overhead and downstream tanks
were open to the atmospheric pressure. The model is integrated
with 14 stay vanes conjoined inside the spiral casing, 28 GVs, a
runner with 15 splitters and 15 full length blades, and an elbow-
type draft tube. Two pressure transmitters, PTX1 and PTX2, were
mounted on the inlet pipe line 4.87 and 0.87m upstream of the
turbine inlet, respectively. A magnetic flow meter and a differen-
tial pressure transducer were used to measure the turbine dis-
charge and the pressure difference across the turbine, respectively.
The magnetic flow meter was located between the upstream pres-
sure tank and pressure transmitter (PTX1).

2.2 Instrumentation and Calibration. The instrumentation,
calibration, measurements procedure, and data analysis were car-
ried out according to the guidelines available in IEC 60041 [32],
IEC 60193 [33], and ASME PTC 18 [34]. The pressure measure-
ments were recorded using a National Instruments (NI) compact
reconfigurable input/output (cRIO) Model 9074 (�400MHz) with
a 24 bit, 660V analog to digital converter (ADC). The data were
sampled at 5 kHz with a separate ADC for each channel. The
operating flow parameters such as discharge, turbine inlet and dif-
ferential pressure, atmospheric pressure, angular speed of the run-
ner, shaft torque to the generator, bearing friction torque, turbine
axial force, and GVs angular position were acquired simultane-
ously through the same data acquisition system. Four circular taps
located at the turbine inlet and draft tube outlet were used to mea-
sure the differential pressure (Dp). The discharge was measured
using a magnetic flow meter (KROHNE IFS 4000 series). In addi-
tion to the base instrumentation of the test rig, six piezoresistive
pressure sensors (Kistler) were mounted in the draft tube cone and
two piezoresistive (Kulite) sensors were mounted in the vaneless
space, one near the beginning of the spiral casing and the other
near the end as shown in Fig. 1 and Table 1. Radial distance of the
sensors is made dimensionless by dividing with the runner radius
(r) (174.5mm) and presented in Table 1.

The uncertainty (systematic and random) of the different instru-
ments used in the present work were determined according to the
guidelines available in IEC 60041 [32], IEC 60193 [33], and
ASTM PTC 18 [34]. The calibrated uncertainty of the pressure
sensors with the accuracy of instrument as provided by the manu-
facturer are presented in Table 2. The total estimated uncertainties
were60.15% in the hydraulic efficiency under the steady-state
operating condition of best efficiency point (BEP).

The PIV measurements have been performed in the draft tube
with a TSI 2D PIV system. The draft tube walls were made of
transparent Plexiglas for optical access. The pulsed light sheet,
with a thickness of around 3mm, was generated by two Nd:YAG
PIV laser (maximum frequency¼ 50 Hz) with dual cavity per-
forming 100 mJ for each pulse. The wavelength was 532 nm.
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The illuminated field is visualized by a low noise digital charge-
coupled device (CCD) camera (VC-4MC-M180) of 2032� 2048
pixels resolution, with a succession of paired images at
300–400 ls. The camera was placed on a lightweight traverse
table, in order to provide reliable and repeatable camera move-
ments. TSI seeding particles of density of 1.016 g/cc, refractive
index of 1.52, and mean diameter of 55 lm were used for the
measurements. To minimize the optical distortion, an index
matching box (refractive index 1.52), made of glass filled with

water, was used. An ex situ calibration was performed in the draft
tube due to practical limitations associated with the in situ cali-
brations. After a sensitivity analysis, an acquisition frequency of
40 Hz was found appropriate. Two thousand four hundred num-
ber of paired images for 60 s were captured at the measurement
section. There was a variable time delay for the PIV synchro-
nizer between receiving a trigger signal and starting acquisition.
In order to determine this time delay, a small light-emitting
diode (LED) was placed on the edge of the PIV image frame,
and the powering signal for this LED was recorded on the cRIO.
The GVs movement was operated by a computer-controlled
relay, taking both the GV angle and the runner positions as
inputs. This ensured that the GV movement begun at the same
runner position for all the transient measurements, repeated sev-
eral times. The sequence to set the synchronization between
pressure measurements, PIV measurements, and GVs are pre-
sented in Fig. 2.

2.3 Measurement Program. Both steady and transient meas-
urements were performed on the model Francis turbine. The oper-
ating conditions were inspired by the operating conditions used in
Francis 99 [28], but with some changes. Since the goal is to per-
form realistic transient measurements, the operating points have
been changed to have the same runner revolutions per minute
(rpm) for all operating conditions. The maximum hydraulic

Fig. 1 Sensor placement as seen from the top (a) and from the side (b). All dimensions are in millimeter. The sen-
sor corresponding to the numbers are shown in Table 1.

Table 1 Position of pressure sensors

Sensor Placement
Dimensionless
radial distance Type

DT1 1A 1.12 Kistler
DT2 1B 1.12 Kistler
DT3 1C 1.12 Kistler
DT4 1D 1.12 Kistler
DT5 2B 1.03 Kistler
DT6 2D 1.04 Kistler
VL1 3E 1.23 Kulite
VL2 3 F 1.84 Kulite

Table 2 Accuracy and calibration uncertainties of the pressure sensors mounted inside the turbine

Instrument Accuracy Uncertainty Position of installation

Hydraulic dead-weight tester (1–350 bar) 0.008% of actual reading �0.01% Used as a primary calibration
device for PTX pressure transmitters

PTX1 (0–500 kPa abs) Druck PTX-5027 0.1% FSO �0.02% Turbine inlet pipeline
PTX2 (0–500 bar abs) Druck PTX-5027 0.1% FSO �0.02% Turbine inlet
Miniature ruggedized Kulite XTL-190
(0–1000 kPa abs)

60.10% FS BSL,
60.50% maximum

VL1� 0.01% Installed in vaneless space
VL2 � 0.01%

Piezoelectric Kistler-701A (0–250 kPa) — DT1� 0.14%, DT2� 0.08%,
DT3� 0.09%, DT4� 0.14%,
DT5� 0.1%, DT6� 0.11%

Installed in draft tube cone
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efficiency of 92.4% was found under the steady-state condition at
GVs angle (a)¼ 9.8 deg, specific speed (nED)¼ 0.179, and spe-
cific flow (qED)¼ 0.15, marked as BEP. The Reynold number
ranges from 5.1� 105 to 7.3� 105 at the draft tube inlet during
the measurements. Additionally, the PL operating condition was
changed in order to capture a fully developed rotating vortex rope
(RVR) in the draft tube. The specifications of steady-state operat-
ing points are presented in Table 3.

The present paper focuses on transient measurements per-
formed for load rejection by changing the angular position of the
GVs from 9.8 deg (BEP) to 6.7 deg (PL). The maximum angular
movement of the GVs is 14 deg (100% opening). The GVs angular
position was measured by the voltage signal from the servomotor
mechanism. A LabVIEW program with linear coefficients of volt-
age signals was made to control the exact movement of the GVs.
These coefficients were used for repetitions of the transient meas-
urements. To operate the GVs, torque was applied through a link-
age mechanism connected to the servomotor. Moreover, the GVs
were always operating against the acting pressure. Hence, there
may be some difference between the angular position recorded
and the actual position of the GVs which is about60.044 deg.
The generator was operated at nED¼ 0.179 during the transient
measurements, where flow rate and output power were
managed by operating the GV. The measurements were repeated
20 times.

2.4 Data Analysis. The PIV software, INSIGHT 4 G, from TSI
was used for preliminary image processing to obtain the velocity
vector fields. Cross-correlation scheme for smaller window size of
32� 32 pixels with two refinement steps and 50% overlap
between adjacent windows were applied on the acquired data after
performing the 2D calibration. A masking was applied to obtain
the high quality PIV images and 272� 178 mm2 spatial domain
was processed for the velocity vector field. Smoothening of the
instantaneous vector field was carried out using the MATLAB

smoothing function with robust lowess method as shown in Figs.
3(a) and 3(b) [35,36].

The measurement was performed for the synchronized pressure
and velocity data with respect to time. The transistor–transistor
logic (TTL) pulse from the runner was used to determine turbine
rotational speed (N) and to synchronize the runner angular posi-
tion with GVs. Spectral analysis of the pressure and velocity data
was performed to find the dominant frequencies of the flow and
their physical sources. The spectral analysis was performed with
Welch’s method and applying the Hanning window on the fluctu-
ating part (see Eq. (1)) of the pressure and velocity data. The
Nyquist frequency in the measurement is 2.5 kHz and 20Hz for
the pressure and velocity measurements, respectively. Therefore,

the frequency modulation for the pressure and velocity signal was
0.008Hz

S
�ðtÞ ¼ SðtÞ � S (1)

The smoothing of the transient data was carried out using the
MATLAB function with Savitzky-golay filter similar to Trivedi et al.
[2]. Subtraction of the smoothing signal from the original one
gives the fluctuating part of the signal. Polynomial of order two
with a frame size of 1 s was selected. The pressure signals were
normalized according to IEC-60193 [33], i.e., with density (q)
times the hydraulic energy (E). The fluctuating signals from the
pressure and velocity data were used for the unsteady spectral
analysis. A built-in function of MATLAB, spectrogram, was used to
present the time-dependent spectral analysis. The function uses
the Goertzel algorithm to analyze the data. Window size of 4.09 s
with 95% overlap was selected after a sensitivity analysis. Simi-
larly, the spectral analysis of velocity data was presented after
extracting the fluctuating velocity along four points on the PIV
images. The coordinates for the points are presented in Table 4.

Window size of 2 s with 95% overlap was selected after a sensi-
tivity analysis for velocity spectral analysis. The color bar in the
spectrogram shows the power spectral density (PSD) of the fre-
quency analysis in logarithmic scale. Therefore, the level of fluc-
tuations can be clearly seen from the spectrogram. The
frequencies in the figures were normalized using runner rotational
frequency (fn¼ 5.55Hz). The following equation was used for the
PSD, which was presented in the spectrogram:

PSDlog ¼ 10� log ð10� PSDÞ (2)

2.5 Repeatability of Transients Measurements. To ensure
statistically significant results, the transient measurements were
repeated 20 times. Synchronized pressure and velocity measure-
ments were performed for all the transient repetitions. In this sec-
tion, statistical analysis for discharge (Q), head (H), generator
torque (TGEN), and GV angle (a) is discussed to estimate the
uncertainties involved. All the data are normalized between the
minimum value 0 (0%) and the maximum value 1 (or 100%) tak-
ing uniform length of the signal using the following equation:

X �½ � ¼ X � XMin

Xmax � XMin

(3)

Figure 4 shows the percentage variation in GV angle (a), head
(H), discharge (Q), and generator torque (TGEN) for the repetitions
performed during load rejection (BEP to PL). The corresponding
steady-state values before and after the transient are presented in
Figs. 4(a)–4(d). The estimated maximum uncertainties with
respect to BEP were60.8%, 60.7%, 61.1%, and60.7% for the
GVs angle (a), head (H), discharge (Q), and generator torque
(TGEN), respectively. The maximum deviation in generator torque
was observed due to variation in the runner speed with changing
the load. The repeatability for the velocity measurements is also
achieved and discussed later in this paper. The repeatability of the
investigated transient was found in an acceptable band. A single
measurement is selected for the further investigations.

Figure 5 shows the time (t)-dependent variation in GV angle (a),
head (H), discharge (Q), and generator torque (TGEN) for the

Fig. 2 Line diagram to represent synchronization between
pressure and PIV measurements

Table 3 Steady-state operating points

Operating point Guide vane angle a (deg) Head H (m) Flow rate Q (m3/s) Specific speed nED Specific flow qED

PL 6.7 11.88 0.140 0.179 0.106
BEP 9.8 11.94 0.200 0.179 0.152
HL 12.4 11.97 0.242 0.179 0.184
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selected measurement during load rejection. The estimated uncer-
tainties were60.4%, 60.011%, 60.1%, and60.03% for the GVs
angle (a), head (H), discharge (Q), and generator torque (TGEN),
respectively. Up to 8.65 s, turbine was operated at the BEP. At
8.65 s, the movement of GVs started and hit the PL condition at

11.15 s. The torque variation is almost following the GVs move-
ment. The flow rate is decreasing gradually and stabilized around
48 s. The head is the most affected parameters during the GVs clo-
sure, because high-peak pressure pulsations are generated during
GVs closure [2].

Fig. 3 Raw (a) and smoothed (b) velocity vector field

Table 4 Coordinates of extracted velocity points

Location Coordinates (mm) Dimensionless coordinates

P1 (�87.50, �30, 0) (�50, �0.17, 0)
P2 (87.50, �30, 0) (0.50, �0.17, 0)
P3 (�87.50, �149,0) (�0.50, �0.85, 0)
P4 (87.50, �149,0) (0.50, �0.85, 0)

Fig. 4 Signals and corresponding mean obtained during load rejection (BEP to PL) for 20 repetitions, (a) GV angle
(a), (b) head (H), (c) discharge (Q), and (d) generator torque (TGEN). Gray dot lines: signals from 20 repetitions; solid
line: mean signal of the 20 repetitions; black dashed lines: start and end of the transient process.
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3 Result and Discussion

Experimental measurements were performed to obtain
synchronized time-resolved pressure and velocity data in the draft
tube cone during load rejection. The flow field behavior for the
steady operations (BEP and PL) is first presented as they are the
starting and final stage of the transient, respectively. Detailed
investigation of the load variation is then presented with special

emphasis on the frequency content and the rotating vortex rope
(rotating and plunging modes), and axial (v) and radial (u) veloc-
ity distributions.

3.1 Velocity Profiles and Contours at Steady-State

Operations. Mean axial and radial velocity profiles for BEP and
PL conditions are presented in Fig. 6. The maximum difference
for the mean velocities,63.8% for axial and63.0% for radial,
was observed in 20 repetitions at BEP operation. Both operating
points show an asymmetry in the flow along the centerline of the
draft tube. This may be due to the gyroscopic effect introduced by
the draft tube elbow and an uneven distribution of the flow in the
spiral casing [37]. This asymmetry may also be caused by a local
flow separation, which propagates due to high tangential velocity,
see Sundstrom et al. [38]. The difference in axial velocity along
the centerline of the draft tube cone varies with the operating con-
ditions and vertical position in the draft tube cone. Moving the
turbine operating point from BEP to PL increased the difference
in flow asymmetry around the draft tube centerline. The difference
in axial velocity is 3.7% (line 1) to 10.7% (line 2) at BEP and
64.2% (line 1) to 67.1% (line 2) at PL condition. The maximum
difference is observed at PL because the bulk velocity is compara-
tively low at this operating condition.

A high axial velocity is found at the draft tube center at BEP
condition. A decrease in flow rate results in a low velocity region

Fig. 5 Time-dependent variation in the GV angle (a), head (H),
discharge (Q), and generator torque (TGEN) for the measurement
investigated

Fig. 6 Mean axial and radial velocities for 20 repetitions. In each graph, the notation at the
left stands for the operating point and at the right for the measurement line.

Fig. 7 Absolute flow velocity (V) in the draft tube at (a) BEP and (b) PL operation
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Fig. 8 Spectrogram of the pressure sensor located in the vane-
less space (VL1) during load rejection from BEP to PL. Black
solid line: GVs angle (a) with the y-scale to the right.

Fig. 9 Spectrogram of the pressure sensor (DT2) located in
the draft tube during load rejection from BEP to PL. Black solid
line: GVs angle (a) with the y-scale to the right.

Fig. 10 Spectrogram (low frequency) of the pressure
sensor located in the draft tube during load rejection (BEP to
PL) at DT2. Black solid line: GVs angle (a) with the y-scale to the
right.

Fig. 11 Spectrogram, low frequency region, of the velocity sig-
nal at P1 during load rejection BEP to PL: (a) radial velocity (u)
and (b) axial velocity (v). Black solid line: GVs angle (a) with the
y-scale to the right.

Fig. 12 Time of appearance of RVR frequency in the vaneless
space sensors VL1 and VL2 during load rejection, GVs angle (a)
is with the y-scale to the right
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in the draft tube center at PL condition as shown in Fig. 7. The
low velocity region forms due to crown cone decreasing the flow
near the center. The low GV angle and the runner inability to
extract the swirl generated by the GVs at PL result in high swirl-
ing flow exiting the runner which is also observed by Sundstrom
et al. [38]. The swirl results in a centrifugal force exerted on the
flow. Hence, the axial velocity is marginally increased in the outer
part of the draft tube cone at PL operation (see Fig. 7). The large
pressure gradient in the radial direction close to the wall causes a
negative radial velocity in the draft tube and pushes the flow in
the radial direction. The flow remains attached to the wall. The
alternate positive and negative radial velocity appears along the
draft tube centerline in line 1 and line 2 at PL, resulting from the
fixed pitch runner behavior at PL. This shows the existence of
some recirculation region which acts as a blockage to the flow
[11,26] and results in the formation of stagnation/dead or quasi-
stagnant region in the draft tube center axis. This phenomenon is
often termed as vortex breakdown leading to the formation of a
helical vortex rope in the draft tube as presented by Susan-Resiga
et al. [26]. The vortex rope was noticed to wrap around some low
velocity regions. The formation of a vortex rope may be linked to
the Kelvin–Helmholtz-instability which occurs when a large veloc-
ity gradient is present in the flow. Therefore, the subsequent analy-
sis of axial velocity gradient is presented in the next section,
followed by spectral analysis and instantaneous velocity field, dur-
ing transient to understand the physical mechanism leading to the
formation of vortex rope in the draft tube.

3.2 Spectral Analysis. Spectrograms were constructed for
the signals obtained at vaneless space (VL1), draft tube (DT2),
and points (P1) on the PIV image (see Fig. 1(b) and Table 4) dur-
ing load rejection and presented in Figs. 8–11. The signals
obtained on other locations are similar to the presented signals
and thus not presented. The y-axis on the right side of the spectro-
gram represents the GVs angular movements (a deg). The spectro-
grams indicate that for all the pressure sensors, the blade passing
frequency (30.fn) is present in the pressure signals as expected.
The harmonic of the blade passing frequency (15.fn) is also pres-
ent in the vaneless space. Significant level of fluctuation in the
normalized blade passing frequency is observed in the range of
29.92.fn to 30.08.fn (Fig. 8). This is attributed to the fluctuations
in the runner rotational speed during load rejection because of
small distance between the trailing edge of GV and the leading
edge of runner blades leading to a strong RSI.

A normalized frequency of 28.fn is observed in the pressure sen-
sor located in the draft tube as shown in Fig. 9. This frequency
(28.fn) corresponds to the GV passing frequency which is not

completely damped in the runner and rarely observed in the draft
tube [30]. The normalized frequencies of 18.fn, 7.5.fn, and 2.9.fn
are also observed in the pressure sensors located in the vaneless
space and draft tube (Figs. 8 and 9). The normalized frequency of
18.fn (100Hz) is attributed to the one-third harmonics of the three
phase rectifier and second harmonics of the grid frequency. The
observed normalized frequency of 7.5.fn and 2.9.fn might be stand-
ing waves in the system due to the hydraulic pipe system lengths
downstream and upstream the runner, respectively. The corre-
sponding lengths are 14.6m and 5.6m, starting from the pressure
tank water level to the runner inlet and the runner outlet to the
downstream tank water level, respectively. Assuming a sound
wave velocity of 932m/s in the system, frequencies are calculated
for the upstream and downstream lengths using the following
equation:

fsv ¼ a

4L
(4)

where a is the sound wave velocity in the system (m/s), L is the
downstream and upstream lengths (m). The frequencies are equal
to the ones available in the pressure signals. Besides these high
frequencies (2–30.f/fn), there are several other low frequencies
(0–2.f/fn) available in the system which cannot be clearly discrimi-
nating on the spectrogram y-scale.

Fig. 13 Spectrogram of the RVR rotating and plunging modes for the pressure sensor (DT2 and DT4) located in draft tube
during load rejection (BEP to PL): (a) plunging mode and (b) rotating mode. Black solid line: GVs angle (a) with the y-scale to
the right.

Fig. 14 Appearance of the rotating and plunging modes for
the pressure sensors DT2 and DT4 during load rejection from
BEP to PL, GVs angle (a) is with the y-scale to the right, black
solid line: appearance of plunging, black dashed line: appear-
ance of RVR
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A zoom of the spectrograms in the frequencies range 0–3.5.f/fn
captured in the draft tube for pressure signal at DT2 and velocity
(axial and radial) at point P1 is presented in Figs. 10 and 11,
respectively. The normalized frequency of 0.29.fn is observed in
both pressure and velocity signals. This shows the presence of
RVR which is normally in the range of 0.2–0.4.fn (Rheingans
frequency). The significant amplitudes of the second and third har-
monics (0.58.fn and 0.87.fn) of the RVR frequency are also observed
in the draft tube. The harmonics are observed with stronger ampli-
tudes in the radial component of the velocity and are related to the
importance of the RVR rotating mode as explained later.

Other random low frequency fluctuations in the range of
0–0.5.fn are observed in the draft tube which may show resonance
with the system natural frequencies. After the transient, the back-
ground noise level grows rapidly at some time intervals and then
oscillates together with the frequencies available in the system.
Usually, the noise levels are higher from the PIV measurements
due to undersampling [39]. The radial velocity component has a
higher noise level since the flow is axially dominated.

The time of appearance of the RVR is slightly different in the
spectrograms of the axial (v) and radial (u) velocity as shown in
Fig. 11. It is attributed to the earlier appearance of the plunging
mode in the draft tube compared to the rotating mode. Moreover,

the time of occurrence and variation in normalized amplitude of
the RVR frequency is observed in the vaneless space and pre-
sented in Fig. 12, where the normalized frequency of 0.29.fn was
band pass filter. The RVR frequency develops in the vaneless sen-
sors in between the transient with significant amplitudes at VL2,
the sensor close to the spiral casing outlet. The frequency appears
before it is captured by the draft tube sensors. It may be attributed
to the free oscillations or axial oscillatory flow moving upstream
along the center of the draft tube. These oscillations may travel
upstream to the runner up to the vaneless space (VL2). This is the
first time when the phenomenon (RVR frequency) is observed in
the vaneless space before it appears in the draft tube. Therefore,
several measurements were performed to confirm the findings. For
further investigation, the decomposition of signals (pressure and
velocity) is performed using the procedure proposed by Bosioc
et al. [27]. The synchronous (RVR plunging) and asynchronous
(RVR rotating) components are decomposed using Eqs. (5) and
(6), and presented in Sec. 3.3.

A1 þ A2ð Þ
2

¼ Synchronous component RVRplungingð Þ (5)

A1 � A2ð Þ
2

¼ Asynchronous component RVR rotatingð Þ (6)

where A1 and A2 are pressure or velocity signals measured at
location symmetrical to the turbine axis in the draft tube cone.

3.3 Decomposition of the Rotating Vortex Rope. There are
two types of pressure fluctuations associated with the RVR,
namely rotating and plunging type, at PL operating condition of
the turbine [27]. The rotating pressure fluctuation is associated to
the precessing helical vortex rope. The plunging pressure fluctua-
tion travels in the complete hydraulic system. Several studies
have been presented to investigate the presence of plunging pres-
sure fluctuations. Nishi et al. [11] observed that plunging pressure
fluctuations exist only in elbow draft tube. Bosioc et al. [27]
showed the existence of both plunging and rotating pressure fluc-
tuations after decomposing the pressure signals. Amiri et al. [3]
investigated the time of appearance of the plunging and rotating
components in a Kaplan elbow draft tube during load rejection
operation. No investigation has been reported in the literature for
the existence and behavior of plunging and rotating components
during load rejection operation in a Francis turbine. Such informa-
tion is of interest to elucidate the formation mechanism. There-
fore, the decomposition of pressure signals has been carried out to
investigate the time of appearance of both components. Figure 13

Fig. 15 Appearance of RVR rotating and plunging modes for the signal of the velocity at points P1 and P2 in the draft tube
during load rejection, BEP to PL: (a) radial velocity (u*), (b) axial velocity (v*), GVs angle (a) is with the y-scale to the right,
black solid line: appearance of plunging, black dashed line: appearance of RVR

Fig. 16 Instantaneous normalized absolute velocity (V*) at line
1 during load rejection. Black solid line is starting of transient
operation and black dashed line is ending of transient
operation.
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presents the appearance of plunging and rotating components dur-
ing the formation of vortex rope, which is a condition when load
variation up to PL takes place in the turbine. Spectrograms of the
signals, for the two sensors DT2 and DT4, 180 deg apart, are pre-
sented in Fig. 13 after decomposition into the synchronous and
asynchronous mode. The strongest amplitude of the normalized
frequency 0.29.fn is observed for the rotating mode. The funda-
mental RVR frequency of 0.29.fn does not appear with significant
amplitude in the plunging mode. The noise level is higher in the

plunging mode as compared to the rotating mode, pointing out
that several synchronous fluctuations are available in the draft
tube. Beside this, several low frequency fluctuations in the range
0–0.5 fn are observed, mostly in the synchronous mode.

The time of occurrence and variation in normalized pressure
amplitudes of the RVR in plunging and rotating mode during load
rejection are presented in Fig. 14. The pressure data were normal-
ized according to the procedure given in IEC 60193 [33] as shown
in the following equation:

Fig. 17 Instantaneous normalized axial and radial velocities at line 1. Black solid line: starting of transient opera-
tion and black dashed line: ending of transient operation.
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p� ¼ p

qE
(7)

where E is the specific hydraulic energy, q is the density of water,
and p is the acquired pressure signal

The normalized frequency of 0.29.fn was band pass filtered
from the RVR rotating and plunging modes. These modes do not
form simultaneously during load rejection. The RVR plunging
mode appears 0.8 s before the rotating mode. The amplitude of the
RVR rotating mode is higher than the plunging mode at every
location. The normalized amplitudes of the rotating mode is 0.8
times stronger than the plunging mode.

Figure 15 presents the time of appearance of the RVR rotating
and plunging modes in the signal of the axial and radial velocities
at points P1 and P2, radially apart at 180 deg. The velocities in the
figures are made dimensionless using the bulk flow velocity (V) at
the draft tube inlet. The velocity-wise contribution in RVR fre-
quency is presented. The amplitude of the plunging mode does
not appear in the radial velocities. The radial velocity only con-
tributes in the RVR rotating mode and the axial velocity in the
RVR plunging mode. The time of appearance of the rotating and
plunging modes in the velocity field is similar to the ones
observed in the pressure signal.

3.4 Stagnation Zone in the Draft Tube During Load Rejec-

tion. The contours of the absolute (V*), axial (v*), and radial (u*)
velocities during load rejection are presented in Figs. 16–18. The
velocities were normalized using the bulk velocity (V) of the flow
at the draft tube inlet. The x-coordinates are normalized with the
runner radius. The instantaneous velocity field was recorded in the
vertical cross section in order to characterize the separation zone
during transient from BEP to PL; this also opens opportunity for
observing the entire flow structure.

The draft tube cone is designed for optimal flow condition dur-
ing BEP, making the flow bulk in the axial direction along the
center of the draft tube cone [5]. The same can be observed from
Fig. 16. As the discharge decreases, a low or zero velocity regions
start to appear along the draft tube centerline at 0.8 s after the start
of the transient as shown in Fig. 17(a). A stagnation point appears
in the draft tube and separates the flow along draft tube centerline.
The corresponding GV angle at this position is 7.7 deg. The sepa-
ration of a two-dimensional flow (boundary layer) is a condition
for the vortex breakdown as presented by Hall [16]. Further away
from BEP condition, the flow starts to oscillate along the draft

tube center, which is characterized by the reduced axial velocity
component during transient as shown in Figs. 17(a) and 17(b).
These oscillations are related to the elbow part of the draft tube.
Synchronous (plunging) pulsation develops as explained in the
spectral analysis and shown in Fig. 17(b).

The flow oscillations in the draft are also attributed to the vor-
tex breakdown phenomenon occurring due to the rotating flow
leaving the runner at low discharge condition [26,40,41]. Several
recirculating regions are observed in the draft tube as the GV
moves to the PL condition. This is characterized by varying sign
of the velocity at the interface between the stagnation region and
outflow as shown in Figs. 17(b)–17(e). This characterizes the con-
dition for the presence of vortex rope in the draft tube [26]. Forou-
tan and Yavuzkurt [41] observed that the physical mechanism
behind the formation of the vortex rope is related to the
Kelvin–Helmholtz instability which occurs when high axial veloc-
ity gradient is present as observed in the present investigation and
presented in Fig. 19. This instability is due to the roll-up and
breakdown of the shear layer at the interface of the stagnation
region with lower velocity and high swirling outflow toward the
draft tube wall. Situation with spiral vortex rope rolled around
stagnant region was experimentally identified by Nishi et al. [11].
The radial velocity component in the draft tube becomes impor-
tant as the flow settles. The varying sign of the radial velocities
indicate a precession movement of the flow in the draft tube cone
(see Fig. 18).

The gradients of the axial velocity for twenty measurements are
shown in Fig. 19. The positive and negative velocity gradients are
due to the positioning of local coordinate system in the draft tube
(see Fig. 1(b)). Measurements were set to a synchronized time scale
of 0–3.0 s, where t¼ 0 s and t¼ 2.5 s represent the GV movements
from BEP to PL, respectively. At BEP, a low or zero velocity gra-
dient is observed. The small velocity gradient is the result of a
small draft tube angle allowing a marginal deceleration of the fluid
velocity, and thus small gradient. A high velocity gradient is
induced as the discharge in the turbine decreases with the GV clo-
sure and a separation zone appears. The high velocity gradient is
wrapped around the stagnation zone in the draft tube cone. The gra-
dients are sufficiently large due to high Reynolds number in the
present investigation. Therefore, the viscous effects will be small in
the domain except in the neighborhood of the stagnation point. The
vortex rope in the draft tube is exactly wrapped around this stagna-
tion region. The transformation of the vortex shape into a helical
structure is described by Sarpkaya [14]. The helical vortex results
from the rolling up of the spiral form of vortex breakdown in the
shear region. Figure 20 shows the instantaneous velocity field
(quiver plot) with reduced vector density during load rejection. The
subsequential fields are spaced with a time interval of 0.5 s during
transient. The result shows the evolution of the spiral vortex around
the stagnation zone. The vector fields represent the flow reversal
and recirculation in subsequential images. As observed, the vortex
rope is characterized by the development of stagnation region along
the center axis of the draft tube. The mitigation of vortex rope
requires restraining the formation of stagnation zone in the draft
tube. Different methodologies are proposed in order to mitigate the
instabilities produced by the vortex rope [30]. Examples include
aerators mounted at the inlet of the cone and stabilizer fins or run-
ner cone extensions and injection of an axial air/water jet from the
runner’s crown along the discharge cone.

4 Conclusions

An experimental study on a high head model Francis turbine is
performed during load rejection, i.e., BEP to PL. For the steady-
state condition, the maximum hydraulic efficiency of 92.8% with
estimated uncertainty of60.15% is observed at BEP. The time-
resolved synchronized data of the pressure, head, flow, discharge,
GVs angular position, runner shaft torque, and velocity field (2D
PIV) are recorded during steady-state (BEP and PL) and transient
(load rejection) operations. The repetitions of the transient

Fig. 18 Instantaneous normalized radial velocity (u*) at line1,
black solid lines: starting of the transient operation. Black solid
line: starting of transient operation and black dashed line: end-
ing of transient operation.
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measurements were performed, and good accuracy and repeatabil-
ity in the measurements are ensured. The results from the steady-
state conditions showed the high asymmetry in the flow along the
centerline of the draft tube due to the gyroscopic effect introduced
by the draft tube elbow.

Detailed analysis of pressure–time signals is carried out to
determine the dominant frequencies of fluctuation in the draft tube
and vaneless space. The amplitudes of the frequency, namely, RSI
(30.fn and 28.fn), standing waves (7.5.fn and 2.9.fn), and RVR
(0.29.fn), are observed in the system. In the vaneless space sensor,
the RVR frequency appeared couple of seconds before the sensors
located in the draft tube. The RVR results in the induction of two
different modes of frequencies in the draft tube; plunging and
rotating modes. The plunging mode frequency appears 0.8 s
before the rotating mode in the system. For the RVR frequency,
similar behavior of rotating and plunging modes is observed in
velocity–time signals. The only difference is the velocity-wise
(axial and radial) contribution in the development of vortex rope

in the draft tube. It is observed that axial velocity only contributes
to the development of the plunging mode and radial velocity to
the rotating mode.

Using instantaneous velocity fields from 2D PIV, the physical
mechanism behind the formation of vortex rope is analyzed. The
region of low velocity, stagnation point, flow separation, recircu-
lation, oscillating flow, and high axial velocity gradients are well
captured in the present study. All of these are the condition of
vortex breakdown in the draft tube. It is observed that the develop-
ment of low/zero velocity regions at the centerline of the draft
tube is responsible for the formation of vortex rope. The high
swirling outflow and recirculating flow around the low
velocity inner region induce high axial velocity gradients (Kel-
vin–Helmholtz instability) in the flow and forms a region of high
shear. The vortex rope forms at the interface of this shear region
between low-velocity inner region and swirling outflow. The
insight gained in the present study is beneficial in mitigation of
the vortex rope problem in the draft tube.

Fig. 19 Gradient of axial velocity in the draft tube during load rejection, t5 0s at BEP, t5 2.5 s at PL: (a) t5 0s, (b) t50.5 s,
(c) t51.5 s, (d) t5 2.0 s, (e) t5 2.5 s, and (f) t53.0 s
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Nomenclature

a ¼ sound wave velocity (m/s)
E ¼ specific hydraulic energy (E¼ gH)
f ¼ frequency obtained from the pressure and velocity signal

(Hz)

fn ¼ runner rotational frequency (5.55 Hz)
fsv ¼ standing wave frequency (Hz)
g ¼ gravity, 9.821465 (m s�2), as tested and measured at

NTNU
H ¼ head (m)
N ¼ turbine rotational speed (rpm)

nED ¼ specific speed (-) nED ¼ nD=
ffiffiffiffiffiffiffiffiffi
gHM

p
Q ¼ flow (m3/s)

qED ¼ specific flow (-) qED ¼ Q=D2
ffiffiffiffiffiffiffiffiffi
gHM

p
r ¼ runner radius (mm)

TGEN ¼ generator torque (N�m)
u ¼ radial velocity (m/s)
v ¼ axial velocity (m/s)
V ¼ bulk flow velocity (m/s)
a ¼ guide vane angle (deg)

Fig. 20 Instantaneous velocity vector field during load rejection, t5 0s at BEP, t5 2.5 s at PL: (a) t50 s, (b) t5 0.5 s, (c) t51.5 s,
(d) t5 2.0 s, (e) t5 2.5 s, and (f) t5 3.0 s
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Dp ¼ differential pressure (kPa)
k ¼ wavelength (lm)
q ¼ density (kg/m�3)

Subscripts

M ¼ model
P ¼ prototype

Sec. ¼ section
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Abstract

Francis turbines are often operated over a wide load range due to high flexibility in electricity demand and 
penetration of other renewable energies. This has raised significant concerns about the existing designing criteria. 
Hydraulic turbines are not designed to withstand large dynamic pressure loadings on the stationary and rotating parts 
during such conditions. Previous investigations on transient operating conditions of turbine were mainly focused on the 
pressure fluctuations due to the rotor-stator interaction. This study characterizes the synchronous and asynchronous 
pressure and velocity fluctuations due to rotor-stator interaction and rotating vortex rope during load variation, i.e. best 
efficiency point to part load and vice versa. The measurements were performed on the Francis-99 test case. The 
repeatability of the measurements was estimated by providing similar movement to guide vanes twenty times for both 
load rejection and load acceptance operations. Synchronized two dimensional particle image velocimetry and pressure 
measurements were performed to investigate the dominant frequencies of fluctuations, vortex rope formation, and 
modes (rotating and plunging) of the rotating vortex rope. The time of appearance and disappearance of rotating and 
plunging modes of vortex rope was investigated simultaneously in the pressure and velocity data. The asynchronous 
mode was observed to dominate over the synchronous mode in both velocity and pressure measurements.   

Keywords: Francis turbine, transient, particle image velocimetry, pressure measurements, load rejection, load acceptance, 
rotating vortex rope formation, synchronous and asynchronous modes.

1. Introduction
The short term response of Francis turbines makes it convenient to balance the fluctuating grid network which is disturbed by 

the penetration of solar and wind [1]. Present demand of electricity does not allow turbine to operate exclusively at best efficiency 
point (BEP). The turbine has to respond quickly to meet the demand, from low to high and high to low loads. This has forced the 
turbines to operate with some transients, such as load rejection, load acceptance, start-stop, and emergency shutdown [1-5]. Load 
variations from BEP were generally accompanied by rapid opening and closing of guide vanes. Thus, turbines have to operate 
more and more at off design operating conditions, such as part load (PL) and high load (HL). This leads to the development of 
unsteady pressure fluctuations in the vaneless space, runner, and draft tube of a Francis turbine [3]. The rotor-stator interaction 
(RSI) and rotating vortex rope (RVR) were observed as the possible source of pressure fluctuations at PL condition [6-8]. The 
rotational frequency of precessing RVR was observed to lie between 0.2 to 0.4 times of the runner rotational frequency as 
observed by Nishi et al. [9]. 

Trivedi et al. [3] performed measurements on the load variation conditions of a model Francis turbine, i.e., Francis-99 test case. 
The main focus of the investigation was to minimize the pressure loading of the turbine by optimizing the guide vanes movement 
sequences. Kaveh et al. [4-5] investigated the load variation operating conditions of a Kaplan turbine, i.e., Porjus U9 model. The 
study was focused on the exerted pressure fluctuations on the runner and appearance and disappearance of the RVR during load 
variation. The load rejection condition of a Kaplan turbine resulted in induction of two different modes of the vortex rope, namely 
asynchronous and synchronous. The asynchronous mode of the vortex rope showed dominance over the synchronous mode in 
Kaplan turbine. However, no investigation over the appearance and disappearance of the vortex rope (synchronous and 
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asynchronous) in Francis turbine during load variation has been reported.   
Francis-99 is a set of workshop planned to provide an open access of the complete design and data of model Francis turbine 

during steady and transient operations (https://www.ntnu.edu/nvks/francis-99). The main objective of the workshop is to evaluate 
the numerical techniques applied to investigate the hydraulic turbines and develop an open platform to the researchers for 
conducting numerical studies in high head Francis turbines. The first workshop (December, 2014, Trondheim) was concerned with 
steady operation. A review of the paper presented at the first workshop was carried out by Trivedi et al. [10]. The second 
workshop (December, 2016, Trondheim) was focused on the transient operating conditions. For that, synchronized pressure and 
particle image velocimetry (PIV) measurements were performed during transient operating condition of the Francis turbine. The 
present measurements are the part of that workshop in which a load rejection (BEP to PL) and load acceptance (PL to BEP) 
operating condition of a Francis turbine are investigated in detail. The aim of the present study is to investigate the dominant 
frequencies of fluctuations in turbine, and appearance and disappearance of the RVR during load variation. Attention is on the 
transition between BEP to PL and PL to BEP conditions to first understand the appearance of modes of RVR then the 
disappearance, respectively.

  
2. Experimental facility
2.1 Model specification

  The model used in the present investigation is a 1:5.1 geometrically similar model of a prototype Francis turbine. The prototype 
turbine (Head =377 m, Power =110 MW, and Runner diameter =1.779 m, Discharge = 31 m3s-1, Specific speed=0.27) is in 
operation at Tokke power plant, Norway. The model turbine is installed at the Water Power Laboratory (WPL), Norwegian 
University of Science and Technology (NTNU), Norway. A schematic of the test rig is presented in Fig.1. Water from the 
basement was pumped to the overhead tank which flowed down to the upstream pressure tank connected to the turbine inlet. A 
uniform level of the water level was maintained in the overhead tank. The draft tube was connected to the downstream tank, which 
was open to the air, and the water was released back to the basement. The model is integrated with 14 stay vanes conjoined inside 
the spiral casing, 28 guide vanes, a runner with 15 splitters and 15 full length blades, and an elbow-type draft tube. At the inlet 
pipeline, two pressure transmitters, PTX1 and PTX2 were mounted at 4.87 and 0.87 m upstream of the turbine inlet, respectively. 
A magnetic flow meter was used to measure the turbine discharge and a differential pressure transducer was used to acquire the 
pressure difference across the turbine.

Fig.1 Schematic diagram of model Francis turbine test rig installed at Water Power Laboratory, NTNU. 

2.2 Instrumentation and calibration

The instrumentation and calibration were carried out according to the guidelines available in IEC and ASME-PTC standards on 
hydraulic turbines [11-13]. The pressure measurements were recorded using a National Instruments (NI) Compact Reconfigurable 

400 MHz) with a 24 bit, ±60 V analog to digital converter (ADC). The data were sampled at 
5 kHz with a separate ADC for each channel. The operating flow parameters such as discharge, inlet and differential pressures,
atmospheric pressure, angular speed of the runner, shaft torque to the generator, bearing friction torque, turbine axial force, and 
guide vanes angular position were acquired simultaneously through the same data acquisition system. Four circular taps located at 
the turbine inlet and draft tube outlet were used to measure the differential pressure. The discharge was measured using a magnetic 
flow meter (KROHNE IFS 4000 series). In addition to the base instrumentation of the test rig, six pressure sensors were mounted 
in the draft tube cone and two sensors were mounted in the vaneless space, one near the beginning of the spiral casing and one 
near the end as shown in Table 1 and Fig.2 (a-b). Radial distance of the sensors in Table 1 is made dimensionless by dividing with 
the runner radius (r =174.5 mm). The uncertainty of the instruments used in the measurements was determined according to the 
guidelines available in IEC 60041/60193 [11-12]. The uncertainty of the calibration of the pressure sensors along with the 
accuracy, as provided by the manufacturer, are presented in Table 2. The total estimated uncertainties were ±0.15% for the 
hydraulic efficiency under the steady-state operating condition at BEP.
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Table 1 Position of the pressure sensors

Sensor Placement Dimensionless    
Radial Distance Type

DT1 1A 1.12 Kistler
DT2 1B 1.12 Kistler
DT3 1C 1.12 Kistler
DT4 1D 1.12 Kistler
DT5 2B 1.03 Kistler
DT6 2D 1.04 Kistler
VL1 3E 1.23 Kulite
VL2 3F 1.84 Kulite

a)

b)

Fig.2 Sensor placements and position of the PIV image plane in the model Francis turbine, (a) Top view, (b) Side view. 
Note that the positions 1A, 1B, and 3E are the placements of pressure sensors DT1, DT3, and VL1, respectively, in Figs. 
1(a) and (b); the velocity point P1 and P2 are located (-87.5,-30, 0) and (87.5,-30, 0) downstream on the PIV 
measurement plane, all dimensions are in millimeters (mm). 
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Table 2 Accuracy and calibration uncertainties of the pressure sensors mounted inside the turbine
Instrument Accuracy Uncertainty Position of installation

PTX1 (0-500 kPa abs)
Druck PTX-5027

0.1% FSO Turbine inlet pipeline

PTX2 (0-500 bar abs)
Druck PTX-5027

0.1% FSO Turbine inlet

Miniature ruggedized
Kulite XTL-190 (0-1000 kPa) 

±0.10% FS BSL, 
±0.50% maximum VL2

Installed in vaneless space 

Piezoelectric 
Kistler-701A (0-250 kPa ) 

--

0

Installed in draft tube cone 

In combination with pressure measurements, two-dimensional velocity (PIV) measurements were performed in the draft tube. A
TSI made PIV system was used for the measurements. The draft tube cone was made of transparent Plexiglas to allow optical 
access of the flow domain. The laser sheet with a thickness of ~3 mm was generated by two Nd: YAG lasers with dual cavity 
performing 100 mJ by pulse. The maximum frequency and wavelength of the laser was 50 Hz and 532 nm, respectively. The laser 
head was placed on a hydraulic table, in order to provide the vertical movement with minimal horizontal and lateral shift. The 
lightning field was visualized by a low noise digital charge coupled device (CCD) camera (VC-4MC-M180) of 2048 x 2048 
pixels resolution, with a succession of paired images at 300- 2032 x 2048 pixels for a 276 x 278 
mm2 spatial domain. The camera was placed on a lightweight traverse table (made by Dantec), in order to provide a reliable and 
repeatable camera movement. TSI made seeding particles of density=1.016 g/cc, refractive index=1.52, and mean diameter=55

were used for the measurements. To minimize the optical distortion and light aberration, a rectangular index matching box, 
made of glass and filled with water, was used for the calibrations and measurements. The ex-situ calibration was performed in the 
draft tube due to practical limitations associated with the in-situ calibration. A specially designed 2D target plate with dots having 
a diameter of 2 mm and spaced every 20 mm was placed inside the draft tube for calibration. During the measurements, the 
camera was kept at the same position as during the calibration. A sensitivity analysis test with different logging frequency of PIV 
measurements was performed in the draft tube. It was estimated that at an acquisition frequency of 40 Hz, the light intensity inside 
the cone was enough to capture clear images with CCD camera. An INSIGHT 4G software from TSI was used for preliminary 
image processing to obtain the velocity vector fields. Cross-correlation scheme for smaller window size of 32 x 32 pixels with two 
refinement steps and 50% overlap between adjacent windows were applied on the acquired data after performing the 2D 
calibration. A masking was applied to obtain the high quality PIV images and a 272 x 178 mm2 spatial domain was processed for 
the velocity vector field.   

2.3 Operating condition

The operating conditions for the measurements were inspired by the operating conditions presented in Francis-99 (I), but with 
some changes. The transient measurements were preceded and followed by corresponding steady conditions on a model Francis 
turbine. In all measurements, the runner speed in revolutions per minute (rpm) was maintained constant to achieve the realistic 
operating conditions as that of the prototype. The maximum hydraulic efficiency of 92.4 % was found under the steady state 
condition at guide vane angle ( ) = 9.8°, speed factor (nED) = 0.179, and discharge factor (qED) = 0.15, marked as BEP. The 
modified PL condition was used in order to capture the RVR fluctuations in the draft tube. The measurements were performed in 
an open loop configuration to get the realistic condition without significant variation in effective head available to the turbine. The 
specifications of the steady state operating conditions used are presented in Table 3. 

Table 3 Steady state operating points

Operating 

Points

Guide vane

angle [°]

Head 

H [m]

Flow rate

Q [m3/s]

Specific speed  

nED [-] 

Specific flow

qED [-] 

Hydraulic 

efficiency [%]

BEP 9.8 11.94 0.200 0.179 0.152 92.4
PL 6.7 11.88 0.140 0.179 0.106 90.1

Transient measurements were performed by changing the angular positions of the guide vanes from BEP to PL and PL to BEP.
The guide vanes angular position was measured by the voltage signal from the servomotor mechanism. A LabVIEW program with 
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linear coefficients of voltage signals was made to control the exact movement of the guide vanes. These coefficients were used for 
the repetitions of the transient measurements. Torque to operate the guide vanes was applied through a linkage mechanism 
connected to a servomotor. The guide vanes were always operating against the acting pressure or hydrodynamic forces. Hence, 
there may be some difference between the angular position recorded and the actual position of about ± 0.044°.  

The measurements were performed for the synchronized pressure and velocity data with respect to time. There was a variable 
time delay for the PIV between receiving a trigger signal, and starting acquisition. In order to determine this time delay, a small 
light-emitting diode (LED) was placed on the edge of the PIV image frame, and the powering signal for this LED was recorded on 
the cRIO. The first image with LED-off was recorded manually in all measurements. A MATLAB function was created in order to 
calculate the time delay between pressure and PIV measurements. The variation of the time delay was in the order of seconds, 
verifying the need for the LED as a synchronization mechanism. The guide vanes movement was operated by a computer-
controlled relay, taking both the guide vanes angle and the runner positions from transistor-transistor logic (TTL) as inputs. This 
ensured that the guide vanes movement begun at the same runner position for all the transient repetitions.

3. Experimental results and discussion 

The obtained synchronized results of flow variables ( and T), pressure, and velocity (2D PIV) measurements for 
transients are presented and discussed. Both the transients, i.e., load rejection and acceptance, are presented on the similar time 
scale for direct comparison. Detailed investigations of load rejection and acceptance are presented with special emphasis on the 
frequency content, i.e., rotor-stator interaction and rotating vortex rope (plunging and rotating).   

3.1 Repeatability of the measurements 

To ensure statistically significant results, the transient measurements from BEP to PL and PL to BEP were repeated twenty 
times. Synchronized pressure and velocity measurements were performed for all the transient repetitions. In this section, statistical 
analysis for discharge (Q), head (H), generator torque (TGEN), and guide vane angle ( ) are discussed to estimate the uncertainties 
involved. All the data are normalized (X_norm) between the minimum value 0 (0%), and the maximum value 1 (or 100%) taking 
uniform length of the signal using equation (1). The smoothing of the flow variables was performed using MATLAB function with 
Savitzky-Golay filter [2]. A polynomial of order 2 with a frame size of 1 s was selected as the input parameters for the smoothing 
function.

min
_norm     -

max min
n n

n n

X X
X

X X
    (1)

where, Xn is the signal from the measurements  

Fig.3 Repeatability of the main parameters for load rejection from BEP to PL, (a) Guide vanes angle ( ), (b) Head (H), 
(c) Discharge (Q), and (d) Generator torque (TGEN). Vertical lines indicate the start and end of the guide vanes 
movements.
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Figure 3(a-d) shows the variation in percent of the guide vane angle ( ), head (H), discharge (Q), and generator torque (TGEN)

for the twenty repetitions performed during load rejection from BEP to PL. The corresponding steady state values before and after 
the transient are also presented in Fig. 3(a-d). The estimated maximum uncertainties with respect to BEP were ± 0.8%, ± 0.7%, ± 
1.1%, and ± 0.7% for the guide vanes angle ( ), head (H), discharge (Q), and generator torque (TGEN), respectively. In addition to 
the load rejection, the variation in percent of , H, Q, and TGEN for load acceptance from PL to BEP with twenty repetitions are 
presented in Fig 4(a-d). The estimated maximum uncertainty with respect to BEP were ± 0.8%, ± 0.65 %, ± 1.35% , and ± 0.67 %  
for the , H, Q, and TGEN, respectively. In both cases, the maximum deviation in generator torque was observed due to variation in 
the runner speed with changing the load. The repeatability of the investigated transient was found in an acceptable band. A single 
measurement is selected for the following analysis. 

p) across the turbine is used to calculate the head, where, H= p / + (V1
2-V2

2) /2.g. The 
head rises and drops significantly with the closing and opening of the guide vanes, respectively, and finally stabilizes after around 
48 s of transient operations (Figs 3b and 4b). The discharge increases or decreases monotonically with the opening and closing of 
the guide vanes and settles around 23.5 s and 22.5 s after the load rejection and acceptance, respectively as shown in Figs. 3(c) 
and 4 (c). In both the cases, the generator torque was observed to follow the movement of the guide vanes. Significant fluctuations 
in generator torque were observed before and after the transient due to interaction between the blade leading edges and guide
vanes trailing edges as shown in Figs. 3(d) and 4(d).

Fig.4 Repeatability of the main parameters for load acceptance from PL to BEP, (a) Guide vanes angle ( ), (b) Head (H), 
(c) Discharge (Q), and (d) Generator torque (TGEN). Vertical lines indicate the start and end of the guide vanes
movements.

3.2 Spectral analysis 

Spectral analysis of pressure time signals and velocity time data was carried out to investigate the dominant frequencies of the 
fluctuation in the turbine, namely vaneless space and draft tube. Welch’s method with Hanning window on the fluctuating part of 
the pressure and velocity data was used for the spectral analysis. A built-in function of MATLAB, spectrogram, was used to present 
the time dependent spectral analysis. The function works on the Goertzel algorithm. Window size of 4 s and 2 s with 95% overlap 
was selected for the spectral analysis of the pressure and velocity time data, respectively. The color bar in the spectrograms shows 
the power spectral density (PSD) of the frequency analysis in logarithmic scale. Equation (2) was used for the PSD analysis, 
presented in the spectrograms. The spectrograms for the load rejection and acceptance operations are presented and discussed.  

PSD log = 10 × log (10 × PSD)              (2)

           
The PSD analysis of the pressure signals VL1 and DT5 (see Fig. 2 and Table 1) and velocity point P1 during load rejection 

and acceptance is presented in Figs. 4 to 7. The velocity point P1 was extracted at a location (-87.50 mm,-30 mm, 0 mm) on the 
PIV measurement plane (see Fig. 2). The signals obtained on other locations are similar to the presented signals. PSD shows the 
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strength of the corresponding properties (pressure and velocity) as a function of frequency. It shows the strong and weak 
frequency variation in any signal. The y-axis in the Figs. 4-7 is normalized using the runner rotational frequency (fn) of 5.55 Hz.  

3.2.1 Load rejection  
The spectrograms of the load rejection show that for both pressure signals at VL1 and DT5, the normalized blade passing 

frequency (30) is present in the turbine as shown in Fig. 5 (a-b). Seen in the spectrogram, during load rejection, there is a 
significant level of fluctuation in the normalized blade passing frequency and its amplitudes. There is a simultaneous change in 
normalized blade passing frequency from 29.92 to 30.08. This may be attributed to the fluctuations in the runner rotational speed 
during load rejection. The normalized frequency of 18 (100 Hz) was observed in both of the pressure signals (VL1 and DT5). The 
frequency is always present in the signals. This frequency may be attributed to the one-third harmonics of the three phase rectifier 
and second harmonics of the grid frequency. It is believed that the frequency will not be available in the system with the generator 
off. 

Fig.5 Spectrograms of pressure signals during load rejection from BEP to PL, (a) Vaneless space (VL1), (b) Draft tube 
(DT5)   

The normalized frequencies of 7.5 and 2.9 are also observed in both the pressure signals (VL1 and DT5). A significant level of 
fluctuations was observed at normalized frequencies of 7.5 and 2.9 during the load rejection. It is believed that the fluctuations 
correspond to standing waves because of the water way lengths downstream and upstream of the runner, respectively. The 
corresponding lengths are 14.5 and 5.6 m, starting from the pressure tank water level to the runner inlet and the runner outlet to 
the downstream tank water level, respectively. Assuming a sound wave velocity of 932 m/s, frequencies were calculated for the 
upstream and downstream lengths using Equation (3). Another normalized frequency of 0.29 is captured in the draft tube for the 
pressure signal at DT5 as shown in Fig. 5 (b). The frequency was observed to develop after the load rejection operation, i.e., PL 
condition. This frequency might be attributed to the presence of a vortex rope in the draft tube which is normally in the range of 
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0.2-0.4 (Rheingans frequency). The second (0.58) and third (0.87) harmonics of this frequency are also observed in the 
spectrograms. The same frequency was further observed in the spectrograms of the radial and axial velocity at point P1 as shown 
in Fig. 6 (a) and (b), respectively. The second (0.58) and third (0.87) harmonics of this frequency are also observed in the 
spectrograms of the point velocity. The PSD strength of the vortex rope frequency was comparatively higher in the radial velocity 
component. Other random low normalized frequency fluctuations in the range of 0-0.25 are observed in the draft tube (DT1)
which may be attributed to the vibration in the system. 

4sv
af
L

                (3)

where, a= sound wave velocity in the system (m/s), L = downstream and upstream length (m). 

Fig.6 Spectrograms of the velocity at point P1 during load rejection from BEP to PL, (a) Radial velocity (u), (b) Axial 
velocity (v)

3.2.2 Load acceptance   

The spectrograms of the load acceptance show that for the pressure signals at VL1 and DT5, the normalized blade passing 
frequency (30) is present, Fig. 7 (a-b) . Similar fluctuation and variation are observed in the normalized blade passing frequency 
during load acceptance as that of the load rejection. The variation in normalized blade passing frequency was observed to increase
3 s after the start of the transient (PL to BEP) operation and normalized frequency varies in a range of 29.4 to 31.4. This variation 
may be attributed to the increased space between the trailing edge of the guide vanes and leading edge of the runner blades, and 
fluctuation in runner speed due to increased discharge. It is assumed that this variation in blade passing frequency during load 
acceptance is temporary because no variation was captured during the load rejection at BEP condition. Other normalized 
frequencies of 18, 7.5, and 2.9 are also observed in the spectrograms during load acceptance. The standing wave frequencies (7.5 
and 2.9) show reverse behaviour as compared to that obtained during load rejection operation.              

A normalized frequency of 0.29 is also captured in the draft tube for the pressure signal at DT5 as shown in Fig. 7 (b). The 
frequency disappears from the measurement signals during the transient. As discussed earlier, this frequency is attributed to the
vortex rope frequency in the draft tube which is normally in the range of 0.2-0.4 (Rheingans frequency). The second (0.58) 
harmonic of this frequency is also observed in the spectrogram (Fig. 7b). The same frequency was further observed in the 
spectrograms of the radial and axial velocity at point P1 as shown in Fig. 8 (a) and (b), respectively. The second (0.58) and third 
(0.87) harmonics of this frequency are also observed in the spectrograms of the point velocity. The PSD strength of the vortex 
rope frequency was comparatively higher in the radial velocity component. The higher amplitudes of the low frequency 
fluctuations sometimes may show resonance with the natural frequency of the structure. This may be harmful to a hydropower 
plant to operate continuously at PL condition. Therefore, turbines are usually limited in their operating condition at PL. 

Interestingly, the normalized vortex rope frequency (0.29) starts to appear again in the system at BEP condition after the 
transient (PL to BEP) as shown in Fig. 7 (a) and (b). The second (0.58) harmonic of this frequency is also observed in the 
spectrograms. The frequency (0.29) first appears in the vaneless space (VL1) 4 s after the end of the transient operation, then it
appears in the draft tube (DT5) 4.5 s after the end of the transient. This may be attributed to the axial flow perturbations
(synchronous mode) in the elbow draft tube during load acceptance. Normally, the BEP condition of a Francis turbine is believed 
to have no vortex rope in the draft tube, however, a little amount of swirl is always available to avoid the flow separation along the 
draft tube wall [2]. Since the frequency was not available in the system at BEP condition during the load rejection, it is believed 
that the frequency may not be available in the system after achieving a stabilize flow condition. The present investigation has
raised an interest to investigate the two modes (synchronous and asynchronous) of the vortex rope in the draft tube during load 
rejection and acceptance. The appearance and disappearance of the two modes of the vortex rope during transients are discussed in 
the next section.         
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Fig.7 Spectrograms of load acceptance from PL to BEP, (a) Vaneless space (VL1), (b) Draft tube (DT5)   

Fig.8 Spectrograms of velocity at point P1 during load acceptance from PL to BEP, (a) Radial velocity (u), (b) Axial 
velocity (v) 

3.3 Synchronous and asynchronous modes 

     The synchronous and asynchronous modes of the pressure and velocity time data were estimated using the procedure given 
by Bosioc et al. [11]. Equations (4) and (5) were used. Two radially 180
radially 180 (see Fig. 2), were selected to decompose the signals for the synchronous (plunging) 
and asynchronous (rotating) modes of the vortex rope. The signals were band-pass filtered out around the normalized frequency of 
0.29 from the spectrograms. The obtained pressure signals and velocity data were made dimensionless using reference pressure 
(117 kPa) and absolute velocity (2.1 m/s) at the draft tube inlet during BEP condition. The dimensionless variation in the 
synchronous and asynchronous modes of the pressure and velocity fluctuations during load rejection and acceptance are shown in 
Figs. 9 to 12, respectively.    
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1 2( )
2

A A
  = Synchronous mode   (4),    1 2( )

2
A A = Asynchronous mode (5)     

where, A1 and A2 are the pressure and velocity data from the two radially 180 apart pressure sensors and velocity points. 

Fig.9 Synchronous and asynchronous mode frequencies in the pressure signal during load rejection from BEP to PL, 
Eqs. (4-5) are used to calculate the synchronous and asynchronous mode from the pressure signals at DT5 and DT6

   
Fig.10 Synchronous and asynchronous mode of the vortex rope frequency in the axial and radial velocity during load 
rejection from BEP to PL, Eqs. (4-5) are used to calculate the synchronous and asynchronous mode for the velocity 
points P1 and P2

The normalized frequencies of 7.5 and 2.9 are observed in the synchronous mode of the pressure signals during load rejection 
and acceptance as shown in Figs. 9 and 11. The frequencies were independent of the rotational frequency of the runner and flow 
rate, therefore, the frequencies were considered as standing waves in the system. The normalized frequency of 0.29 is observed in 
both the synchronous and asynchronous modes of the pressure signals at PL condition during load rejection as shown in Fig. 9.
The frequency has its maximum amplitude in the asynchronous mode as compare to the synchronous. This reveals that the 
asynchronous mode of the vortex rope is dominating over the synchronous one in the draft tube. These modes do not form 
simultaneously during load rejection. The synchronous mode appears 0.8 s before the asynchronous as shown in Fig. 9. The time 
of appearance of the vortex rope modes was investigated separately in the radial and axial velocity data as shown in Fig. 10. The 
dimensionless amplitudes of the synchronous mode are almost negligible in the radial velocity, whereas the amplitudes are 
stronger in the axial velocity. In the radial velocity, the asynchronous mode of the vortex rope is observed to dominate over the 
asynchronous mode. Our results clearly show that, the radial velocity in the draft tube contributes to the asynchronous mode and 
the axial to the synchronous one. The synchronous mode in the axial velocity appears 0.8 s before the asynchronous mode in the 
radial velocity as shown in Fig. 9. The time of appearance of the synchronous and asynchronous mode in the velocity data is 
similar to the ones observed in the pressure signals.
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Fig.11 Synchronous and asynchronous modes of the frequencies in the pressure signal during load acceptance from PL 
to BEP, Eqs. (4-5) are used to calculate the synchronous and asynchronous mode for the pressure signals at DT5 and 
DT6

Fig.12 Synchronous and asynchronous mode of the vortex rope frequency in the axial and radial velocity during load 
acceptance from PL to BEP, Eqs. (4-5) are used to calculate the synchronous and asynchronous mode for the velocity 
points P1 and P2

Figure 11 presents the time of disappearance of the synchronous and asynchronous mode in the pressure signals during load 
acceptance from PL to BEP. Similar to the load rejection (BEP to PL) the asynchronous mode of the vortex rope is dominating    
in the draft tube at PL condition during load acceptance. Both synchronous and asynchronous modes are observed to disappear 
simultaneously during load acceptance. As observed in the spectrograms (see Fig. 7), the synchronous mode is again forming in 
the draft tube even at BEP condition and this may be attributed to a sudden increase in the axially dominated flow in the draft tube.    
Similar to the load rejection, the time of disappearance of the vortex rope modes was also investigated in the radial and axial 
velocity data as shown in Fig. 12. The dimensionless amplitudes of the synchronous mode are almost negligible in the radial 
velocity, whereas the amplitudes are stronger in axial velocity. In the radial velocity, the asynchronous mode of the vortex rope is 
observed to dominate over the asynchronous mode. Here results again show that, the radial velocity in the draft tube contributes in 
the asynchronous mode and the axial velocity in the synchronous. The synchronous mode in axial velocity disappears together 
with asynchronous mode in radial velocity as shown in Fig. 12. This may be attributed to the settle PL condition during load 
acceptance whereas the difference in appearance of synchronous and asynchronous modes with 0.8 s during load rejection may be 
attribute to the instant unsettled PL condition of the turbine.

4. Conclusion 
Synchronized pressure and velocity measurements were performed on a model Francis turbine during load rejection from BEP 

to PL and load acceptance from PL to BEP. The aim of the study was to investigate the dominant frequencies of fluctuations and 

103



characteristics of the synchronous and asynchronous modes in the turbine. The results showed very low random uncertainties in 
the flow variables ( and T) during the measurements repeated twenty times. The normalized blade passing frequency (30) 
in the vaneless space and draft tube was varying in a range of 29.92 to 30.08 during the transients due to runner speed fluctuations.
The normalized frequencies of 7.5 and 2.9 were observed and explained as resulting from standing waves in the system due to the 
downstream and upstream boundary conditions. Since the frequencies were observed in the synchronous mode indicating that the 
frequencies are independent of the runner frequency. A normalized vortex rope frequency of 0.29 was observed in both pressure 
and velocity data of the draft tube. The frequency was basically related to the PL condition during the transient operations. For the 
first time, the normalized vortex rope frequency of 0.29 was observed to develop at BEP condition during the load acceptance (PL 
to BEP) operation. The frequency appeared first in the vaneless space and then in the draft tube. The frequency is believed to 
develop due to axial perturbations in the flow during load acceptance. The decomposition of the pressure and velocity data was 
further carried out to observe the synchronous and asynchronous modes of vortex rope. Both modes were available in the system 
at PL condition and during load rejection, the synchronous mode appears 0.8 s before the asynchronous one. Whereas both modes 
disappear at the same time during load acceptance. The pressure signals and velocity showed similar behaviour for the 
synchronous and asynchronous modes in the turbine. The only difference was the velocity wise contribution in the development 
and mitigation of the vortex rope in the draft tube. It was observed that the axial velocity only contributes to the synchronous 
mode and radial component to the asynchronous one.                         
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Nomenclature
a
D 
f 
fn
fsv
H 
L 
P 
Q 

Sound wave velocity [m/s]
Runner diameter [mm] 
Frequency [Hz]
Runner frequency [Hz] 
Standing wave frequency [Hz] 
Head [m]
Runner upstream and downstream length [m]
Pressure [kPa]
Discharge [m3/s]

TGEN 
Xn
X_norm

nED
qED
r 
u 
v 

Generator torque [N-m]
Signal
Normalized signal
Guide vane angle [ o] 
Speed factor [-] 
Discharge factor [-] 
Runner radius [mm] 
Radial velocity [m/s]
Axial velocity [m/s]
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Abstract Hydraulic turbines are operated over an exten-

ded operating range to meet the real time electricity

demand. Turbines operated at part load have flow param-

eters not matching the designed ones. This results in

unstable flow conditions in the runner and draft tube

developing low frequency and high amplitude pressure

pulsations. The unsteady pressure pulsations affect the

dynamic stability of the turbine and cause additional fati-

gue. The work presented in this paper discusses the flow

field investigation of a high head model Francis turbine at

part load: 50% of the rated load. Numerical simulation of

the complete turbine has been performed. Unsteady pres-

sure pulsations in the vaneless space, runner, and draft tube

are investigated and validated with available experimental

data. Detailed analysis of the rotor stator interaction and

draft tube flow field are performed and discussed. The

analysis shows the presence of a rotating vortex rope in the

draft tube at the frequency of 0.3 times of the runner

rotational frequency. The frequency of the vortex rope

precession, which causes severe fluctuations and vibrations

in the draft tube, is predicted within 3.9% of the experi-

mental measured value. The vortex rope results pressure

pulsations propagating in the system whose frequency is

also perceive in the runner and upstream the runner.

Keywords Numerical simulation � Francis turbine �
Part load � Pressure pulsation � Rotor–stator interaction �
Vortex rope

Notations

BEP Best efficiency point

D Diameter of runner, m

GVO Guide vane’s opening, degree

FFT Fast Fourier transform

f Observed frequency, Hz

fn Runner rotational frequency, Hz

f* Normalised frequency, minus

frh Rheingans (vortex rope) frequency, Hz : f/3.6

g 9.821465 m/s2, as tested and measured at NTNU

H Head, m

N Sampling length

n Runner speed, rev/s

nED Speed factor [-], nED¼ nDffiffiffiffiffiffiffiffiffi
gHM

p

ns Specific speed [-], ns ¼ nP
p
180ð Þ ffiffiffiffi

QP

p

2gHPð Þ34
Dp Pressure difference across the turbine, Pa

~p Acquired pressure signal, kPa

�p Mean pressure, kPa

p� Fluctuating pressure, kPa

p Pressure, kPa, harmonic order (1, 2,…)

P Power, MW

Q Flow rate, m3/s-1

qED Discharge factor [-], qED¼ Q

D2
ffiffiffiffiffiffiffiffiffi
gHM

p
R Runner inlet radius, m

GVO Guide vane’s opening, degree

RSI Rotor stator interactions

RVR Rotating vortex rope

TS Time step
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TKE Turbulence kinetic energy

t Time, s

UPW Upwind

X Discrete quantity

X Average value

k Wavelength, m

a Angular vane/blade position, degree

x Angular velocity, rad/s

gh Hydraulic efficiency, %

Introduction

Electricity produced by different types of hydraulic tur-

bines is injected to the grid network to meet the real time

demand. Variable electricity demand and generation may

disrupt the grid network. Hydropower is used to meet the

real time electricity demand and maintain the grid stability.

Thus, the hydraulic turbines are required to operate away

from the best efficiency point (BEP) [1, 2]. At part load

operation, Francis turbine experiences both low and high

frequency pressure fluctuations [3]. The high frequency

pressure pulsations are developed by the rotor-stator

interaction (RSI), and the low frequency pressure pulsa-

tions are developed by the vortex breakdown in the draft

tube [4–6]. Experimental and numerical investigations on

Francis turbines showed that the amplitude of the pressure

fluctuations is moderate at the BEP whereas at the part

load, the amplitude becomes significant [7, 8].

The pressure pulsation frequency depends on the num-

ber of blades, number of guide vanes, and the runner

angular speed. A high amplitude pressure pulse is devel-

oped as a blade passes a guide vane. The amplitude of the

pulsation depends on the guide vanes opening. The RSI is a

periodical phenomenon for constant runner angular speed

[3]. In reality, some variation occurs due to the frequency

variation on the grid. The pressure amplitude may depend

on the wake generated from the trailing edge of the inter-

acting guide vane. A non-uniform variation of the pressure

due to RSI may cause variation of the shaft torque

[3, 9–12].

In a Francis turbine, the runner is designed for an

attached flow at the BEP discharge. At part load, the low

flow entering the rotating blade passages from the guide

vanes generates vortices and separation in the passages due

to mismatch between the flow angle and the blade inlet

angle. Blade trailing edge also develops vortices. The

mismatch flow angle and the vortices cause vortex break-

down downstream the runner [13–15]. The frequency of

the vortex breakdown is generally 0.2 to 0.4 times of the

runner rotational frequency. Pressure waves at this

frequency may be observed at other locations in the turbine

such as runner, vaneless space, and spiral casing [16, 17].

In an analysis of the swirling flow downstream of a Francis

turbine runner, the flow stability characteristics was

observed to change due to a decrease in discharge. The

swirling flow downstream a runner in the draft tube cone

reaches a critical state away from the BEP. For larger

discharge, the swirling flow is supercritical, and thus it is

not able to sustain axis-symmetrical perturbations and

develops a plunging mode in the draft tube. However, at

partial discharge, the flow becomes subcritical and sustains

axis-symmetric perturbations [18].

A summary of the numerical studies conducted to

investigate the Francis turbines is presented in Table 1.

Most of the simulations were performed using unsteady

Reynolds-averaged Navier–Stokes (RANS) models and

with relatively coarse mesh [19–21]. The numerical results

are generally compared with experimental measurements

which show that the difference between the two depends on

the numerical parameters such as turbulence models, dis-

cretization scheme etc. Further, the time dependent

parameters and frequency may also cause a larger differ-

ence in experimental and numerical results for transient

simulation [12, 20–22].

The vortex breakdown is a complex flow phenomenon.

Experiments are generally conducted to visualise the vor-

tex rope or study the unsteady pressure pulsations in the

draft tube. The available commercial code for computa-

tional fluid dynamics (CFD) together with the low com-

puter cost made it an important tool for obtaining

additional information concerning the structure of the

breakdown, as well as identifying various parameters

affecting its occurrence and development. The simulation

of a turbulent swirling flow, however, is a challenging task,

and an accurate numerical calculation of the flow param-

eters requires a careful choice of turbulence closure

method. Many investigators have performed turbulent

swirling flow predictions using RANS equation with vari-

ous turbulence models [19–21]. The flow physics were well

captured by the RANS equations at part load operating

conditions and vortex breakdown was found as the source

of instability of the flow at these operating points [16–18].

In Francis turbines, the vortex rope is generally present

at a discharge of 0.5–0.85 times the discharge at BEP [16].

At these operating conditions, a hydraulic turbine experi-

ences unstable flow conditions. Both high and low fre-

quency pressure pulsations affect the dynamic stability of

the turbine. Very few experimental and numerical inves-

tigations [16, 20, 24, 26] were performed at part load

operating conditions, particularly in the range 50 to 70% of

the BEP load, where the amplitude of the low frequency

pressure pulsations in the draft tube was reported high. The

maximum difference between the experimental and
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numerical simulation results is usually seen at these con-

ditions [22]. Experimental measurements for a large range

of operating conditions of a high head model Francis tur-

bine were performed by Trivedi, et al. [3]; the constant

efficiency hill diagram is shown in Fig. 1. They observed

the maximum hydraulic efficiency of 93.4% at a speed

factor (nED) of 0.18 and a discharge factor (qED) of 0.15 for

guide vane’s opening (GVO) of 9.848, which is marked as

BEP. The numerical validation of experimental data at high

load (GVO = 12.44�), BEP (GVO = 9.84�), and low load

(GVO = 3.91�) was also discussed and published by Tri-

vedi, et al. [3]. Trivedi, et al. [3] have measured the pres-

sures inside the turbine using six pressure sensors as shown

in Fig. 2. One of the sensors was mounted in the vaneless

space (VL01) to measure the pressure at the runner inlet,

two sensors were mounted on the pressure side of the blade

(P41 and P71) and one sensor was mounted on the suction

side of the blade (S51). The remaining two sensors, DT11

and DT21, were mounted in the draft tube cone at the same

distance from the runner outlet and both sensors were

located 1808 from each other. They also measured the

pressure at the inlet pipeline by mounting two pressure

transmitters, PTX1 and PTX2, at 4.87 and 0.87 m upstream

of the turbine inlet, respectively. No significant amplitude

of low frequency (vortex rope) was reported at the low

load. Trivedi, et al. [13] have also performed the simula-

tions for three operating points, namely high load, BEP and

very low load using two turbulence model standard k- e and
SST k-x model and compared the numerical prediction

with experimental measurements. In all cases, the deviation

of numerical hydraulic efficiencies as compared to exper-

imental values was lower for standard k-e model as com-

pared to SST k-x model. However, investigator [26]

reported that low frequency pulsations may be better pre-

dicted by SST k-x model.

As mentioned before, the low load operating condition

used in previous study by Trivedi, et al. [3] was not feasible

to perform for vortex rope in the draft tube. Therefore, a

new operating condition was chosen for the part load

(GVO = 6.72�). The present work aims to numerically

simulate the model turbine tested by Trivedi, et al. [3] at

50% load and compare the numerical results with the

Table 1 Summary of numerical simulations of hydraulic turbines

Author Domain Elements/

node

(9106)

y? [-] Code Analysis

type

Advection

scheme

Convergence control Turbulence model

Zoberi, et al. [12] Complete

turbine

0.910 Average

60–270

CFX Transient

TS-0.5�
First order Residual C10E-3 Std k-e

Buntic, et al. [19] Draft tube 1.000 &50 Own Transient

TS-0.01s

Second order – Ext k-e Chen and

Kim, VLES

Wallimann, et al.

[20]

Complete

turbine

13.1 – CFX Transient High res – SST model

Wu, et al. [21] Complete

turbine

2.500 C40 CFX Transient High res – Std and Mod k-x,
SST, Std k-e

Ciocan, et al. [22] Runner and

draft tube

0.920 – CFX Transient

TS-1�
High res RMS

residual C 10E-4

Std k-e

Staubli, et al. [23] Draft tube 0.493 11–330 CFX-

TASC

Transient

TS-0.3 s

First order RMS

residual C 10E-4

Std k-e

Luis, et al. [24] Distributor 2.621 B2 CFX Steady

state

First order RMS

residual C 10E-5

Std k-e, k-x,

KE 1-equation

Widmer, et al. [25] Complete

turbine

5.000 – CFX Transient

TS-1 to

5�

High res RMS

residual C 5E-5

Std k-e

P. Mossinger, et al.

[26]

Complete

turbine

20 &53 CFX Transient High res Residual C 10E-3 k-x SST, k-e,
Reynold stress

model

D Još, et al. [27] Complete

turbine

13.1 C49.3 CFX Transient High res – Std k-e, SST

This paper Complete

turbine

12.029 Casing B65

Runner B11

Draft tube

B40

CFX Transient

TS-0.5�
High res,

second

order UPW

RMS residual

C10E-5

Std k-e and SST

k-x
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experimental data presented by the authors in an another

communication [28]. The lack of numerical validation at

this operating point motivates to carry out the simulation

with two difference turbulence models (standard k-e and

SST k-x) for the present case. The results from both

models are compared with experimental data for some

specific points in the flow domain. The best numerical

model is further used for the analysis of the dominant

frequencies present in the stationary (vaneless space and

draft tube) and rotating (runner blades) domain. Moreover,

the detailed analysis of the pressure–time data is aimed to

investigate the effect of the RSI and vortex breakdown

phenomena in the stationary and rotary domains. Detailed

analysis of the pressure–time data determined for the

vaneless space, blade pressure and suction side, and draft

tube cone are presented. Flow field has been analysed in

Fig. 1 Constant efficiency hill diagram of the high head model Francis turbine (DM = 0.349 m, HM = 12 m, NQE = 0.27) [3]

Fig. 2 Locations of the pressure sensors and numerical points to record pressure-time data; positions VL01, P42, P71, S51, DT11, and DT21

were used to compare the numerical results with the experimental data [3]
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detail to investigate RSI, blade loading, and vortex break-

down in the draft tube.

Numerical Model

The computational domain comprises three sub-domains:

distributor (stationary domain-I), runner (rotating domain),

and draft tube (stationary domain-II). The distributor and

draft tube are located upstream and downstream the runner,

respectively. Numerical model of the Francis turbine is

shown in Fig. 3. Both stationary domains are connected

with the runner using a general grid interface (GGI) type

interface. The distributor includes spiral casing, 14 stay

vanes, and 28 guide vanes. The runner includes hub,

shroud, 15 full length blades, and 15 splitters. The draft

tube is an elbow type diffuser connected at the runner

outlet. The inlet boundary condition was prescribed at the

casing inlet and the outlet boundary condition was the

pressure at the draft tube outlet.

Space Discretization

A commercial software ANSYS CFX was used to create

the numerical model, generate a hexahedral mesh, simulate

the flow domain and analyze the results. The mesh was

created using three-dimensional structured multi-block

technique with ICEM. The mesh was created indepen-

dently in each subdomain. Figure 4 shows the hexahedral

mesh developed in the turbine. A continuous mesh from the

spiral casing inlet to the runner inlet was constructed in the

distributor. Node spacing, node distribution and element

size were uniform at both the interior faces, namely dis-

tributor outlet and runner inlet. The same mesh parameters

were used to create a continuous mesh in the runner

starting from interface-1 to interface-2, that is, inlet to the

outlet of the runner. Hexahedral blocks of the same

dimensions were constructed for each blade passage and all

the blocks were merged together. The number of nodes,

spacing, and element size from hub to shroud were uniform

in all the channels; therefore, the grid and quality along the

runner circumference or blade-to-blade did not vary. The

interface - 2 is placed at the runner outlet and the draft tube

inlet. In the draft tube domain, a continuous and coherent

mesh was constructed from the inlet to the outlet.

Meshes with three different densities 20.73, 10.94, and

4.83 million nodes, were created to perform mesh inde-

pendency test by Trivedi, et al. [3]. Table 2 shows the

mesh parameters and the quality used for the simulations.

Trivedi, et al. [3] reported grid type G2 as the optimum

mesh at BEP. For the present work, grid type G2 is selected

and the similar quality of the mesh was maintained for the

present guide vane opening (GVO) of 6.72�. The other

parameter, total nodes, node spacing, quality of the ele-

ments, and edge parameters etc., were identical to these

reported by Trivedi, et al. [3].

Boundary Conditions and Solution Set-up

The available literature [2, 10–19] shows that the mass flow

inlet and pressure outlet are the most appropriate boundary

conditions to simulate Francis turbines. The same type of

boundary conditions were selected for the current simula-

tions. The outlet of the draft tube on the test rig is inclined

by 15.2� from the horizontal plane upwards and connected

to the downstream tank. The numerical boundary was

selected as an opening-type with a prescribed steady water

pressure corresponding to the available water level in the

downstream tank. Using this boundary type, momentum

can cross the boundary and re-enter the draft tube.

Unsteady simulations were performed. The runner rota-

tional frequency for the present case is 5.94 Hz. To

investigate the vortex breakdown, which frequency is

generally 0.2 to 0.4 times of the runner rotational fre-

quency, a minimum of six revolutions of the runner has

been chosen to observe at least one revolution of the vortex

rope due to the computational limitations. Therefore the

transient simulation was run for at least six complete

rotation (&1 s) of the runner and the selected time step

size was 0.5� runner rotation, t = 1.27E - 6 s.

High-resolution advection scheme was applied for the

continuity and momentum equations. A second order back-

wardEuler schemewas used for time. Standard k-e turbulence

Fig. 3 Computational domain

of the model Francis turbine

with two interfaces, distributer

to runner (interface - 1) and

runner to draft tube (interface -

2), 14 stay vanes, 28 guide

vanes, runner with 15 full length

blades and 15 splitters, and draft

tube connected to runner outlet
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model and SST k-x model were used to simulate the turbu-

lence in the flowdomain. The convergence criteria were set as

RMS for pressure, mass-momentum, and turbulent parame-

ters below 10E-5 [22, 24, 25]. The solution was converged in

each iteration through each inner loop. The number of inner

loops was set to 10 for achieving the desired accuracy.

Results and Discussion

Numerical results were obtained and compared with the

experimental data of Trivedi, et al. [3] for the average

and variation of the pressure, flow parameters, and

frequency spectrum. Iso-surface of the pressure in the

draft tube was generated to visualize the vortex rope

formation.

Hydraulic Efficiency and Average Pressure

Table 3 shows the experimental and numerical (k-e and

SST) hydraulic efficiencies for different operating condi-

tions. The minimum differences between experimental and

numerical hydraulic efficiencies are observed from the

standard k-e turbulence model at all operating conditions.

The present paper is focused on the upper part load con-

dition (a = 6.72�, Q = 0.126 m3 s-1) of turbine where the

Runner blade

Draft tube

Fig. 4 Hexahedral mesh of the high model Francis turbine

Table 2 Grid densities used in mesh independency test [3]

Grid type G1 G2 G3

Distributor 8,528,119 3,255,676 2,073,735

Runner 7,527,320 4,047,898 1,766,246

Draft tube 4,679,404 3,639,241 991,512

Total nodes, million 20.73 10.94 4.83

Quality of the elements 0.25–1.0 0.25–1.0 0.25–1.0

Element angle (minimum) 38 41 23

Element aspect ratio C0.40 C0.35 C0.10

Node incremental ratio 0.07; 1.5x 0.25; 1.3x 1.65; 2.0x

Y? B40 B65 B285
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difference between the experimental and numerical effi-

ciencies is 4.3 and 5.2% for k-e and SST, respectively.

Average pressure at the selected specific points of the

turbine (Fig. 2) were used to determine the difference

between the numerical and experimental pressure values.

The numerical pressure data were averaged using samples

collected over six complete revolutions of the runner after

achieving periodic flow condition. The variation of average

experimental and numerical pressure values from the

vaneless space to the draft tube are shown in Fig. 5. The

numerical pressure values obtained with both standard k-e
model and SST k-x show small difference with the

experimental values. The numerical pressure values are

higher (*2.8%) than the experimental values at the

vaneless space and runner locations. In the draft tube

locations, the numerical pressure values are about 5%

lower than the corresponding experimental values. The

maximum pressure values are observed at the vaneless

space for both experimental (170 kPa) and numerical

(175 kPa) data. Circumferential static pressure distribution

in the vaneless space before the runner inlet is shown in

Fig. 6. The average pressure in the stay vanes row is

219 kPa and decreased to *175 kPa in the vaneless space

with the flow acceleration between the guide vanes.

Figure 7 shows the static pressure distribution from the

leading edge to the trailing edge at the pressure side of a

blade. The average pressure is 167.50, 118.02 and

98.02 kPa at the leading, half-length and trailing edge of

the blade, respectively. This indicates that most of the

pressure energy is transferred in the first half of the 15

blades and 15 splitters. At the draft tube locations, DT11

and DT21, the experimental and numerical pressure values

are 103 and 100 kPa, respectively. The numerical pressure

values in the draft tube are 1% lower than that of the

experimental measurements. This is the minimum pressure

difference observed between the experimental and

numerical results among of all the observed points in the

turbine. As both of turbulence models (standard k-e and

SST k-x) presents almost similar pressure results, the

results in the next section is presented using standard k-e
model as suggested by Trivedi, et al. [3].

Table 3 Experimental and numerical hydraulic efficiency at different operating conditions

Operating condition Hydraulic efficiency, gh, %

GVO (a�) Q, m3/s Experimental Numerical

Standard k-e SST k-x

3.91 0.070 72.3 80.5 82.4

6.72 0.126 89.0 93.3 94.2

9.84 0.200 93.4 94.1 94.9

12.44 0.220 91.2 93.8 94.5

Fig. 5 Comparison of experimental and numerical average pressure

values at different locations in the turbine (Q = 0.1265 m3 s-1).

VL01-vanelees space, P42-blade pressure side, S51-blade suction

side, P71-blade trailing edge, DT-draft tube

Fig. 6 Circumferential static pressure distribution in the stay vanes,

guide vanes
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Pressure Fluctuations

The pressure fluctuations inside the turbine with respect to

the runner angular position have been investigated. The

acquired pressure signals (~p) was subtracted from its mean

pressure (�p) to obtain the fluctuating pressure (p*) using

Eq. (1).

p� ¼ ~p� �p; kPa ð1Þ
A band-stop filter was designed to filter out the

frequencies related to the system excitations and noise as

shown in Eq (2).

HBSðfÞ ¼ 1; Fc1 � f � Fc2
0; otherwise

� �
ð2Þ

where HBS(f) = HLP2(f)- HLP1(f), HLP2(f) and HLP1(f) are

low-pass filters with the lower and upper cut-off frequency

Fc1 and Fc2, respectively and, f is the frequency in pres-

sure–time raw signal.

The extracted experimental and numerical pressure

fluctuations at the locations VL01, P42 and DT11 are

shown in Fig. 8a–c at RSI frequency. At VL01, pressure

fluctuations with 30 peaks during one complete rotation of

the runner correspond to the blade passing frequency

(Fig. 8a). The amplitude of the instantaneous pressure

fluctuations for the numerical data was approximately 13%

higher than the corresponding experimental values. The 28

peaks observed at the location P42 correspond to the guide

vane passing frequency (Fig. 8b). The amplitude of the

instantaneous pressure peaks observed for the numerical

signal was approximately 14% higher than for the corre-

sponding experimental values. The maximum amplitude

was observed as ±1.142 kPa for the experimental pressure

signal. The draft tube pressure signal from DT11 had also

30 pressure peaks in both numerical and experimental

pressure signals. This indicates that the pressure fluctua-

tions developed by the runner blades (30) wakes propagate

downstream the runner (Fig. 8c). The maximum amplitude

for the numerical pressure fluctuations was 0.09 kPa,

which was approximately 12% higher than the corre-

sponding experiment values.

Several pressure peaks near to the blade passing fre-

quencies were observed at this operating condition, which

confirm the unsteadiness in the flow. Therefore, further

investigations were carried out by fast Fourier analysis

(FFT) which is presented in the next section. The irregu-

larities in the shape of the pressure peaks were observed

due to the unsteady flow leaving the guide vane trailing

edge and entering the runner which was giving sudden drop

to the pressure on the blade surface after the runner inlet

[3].

Spectral Analysis

The spectral analysis of both the experimental and

numerical pressure–time signals was carried out using a

Matlab-Spectrum Pwelch algorithm and is presented in

Fig. 9. The x-axis represents the normalized frequencies

and y-axis represents the amplitude of the pressure signal.

The frequencies were normalized using Eq. (3).

f� ¼ f

fn
½�� ð3Þ

Non-dominant normalized frequencies of the numerical

pressure signals were filtered out by designing a multiband

cascade of band pass filters in MATLAB and plotted as

shown in Fig. 10. The rest of the normalized frequencies

related to turbulence model discrepancies were ignored

from the pressure signals. The amplitude of 0.85 kPa was

observed in the vaneless space at the normalized frequency

of 30, which corresponds to the blade passing frequency.

The obtained amplitude of the blade passing frequency is

approximately 13% higher than the experimental value. A

normalized frequency of 0.30 can be seen at the location

VL01, which corresponds to the helical vortex frequency in

the draft tube. The observed amplitude is very low but

shows good agreement with the experimental value, with

difference within 3.9%. At the locations P42, P71 and S51,

the normalized frequency of 28 is observed which

corresponds to the guide vane passing frequency and

harmonics. The normalized frequency of 0.7 is observed in

the runner which corresponds to the vortex breakdown. The

vortex breakdown frequency in the runner is obtained by

subtracting the vortex breakdown frequency from the

runner rotational frequency as they are co-rotating.

P42 

P71 

Fig. 7 Static pressure loading on the runner blade surface
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Vortex Rope Identification

The SST k-x model better predicts turbulence in the flow

in case of boundary layers are fully developed. Fully

developed boundary layers are difficult to obtain in case of

Francis turbine due to high pressure gradients and complex

shape of geometry. Therefore, both turbulence models,

standard k-e and SST k-x, were used in the present study to
observe the turbulence in draft tube and to identify the

model which is capable to predict the vortex break down in

Fig. 8 Experimental and numerical time-averaged pressure signals at part load operating condition for the rotor stator interaction: a VL01,

b P42, c DT11. VL01-vanelees space, P42-blade pressure side, DT-draft tube
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the draft tube at PL operating condition. The turbulence

kinetic energy (TKE) plot for both the turbulence models

are shown in Fig. 11. Both the turbulence models are

capable of predicting the vortex rope in the draft tube.

Results from both the models were analyzed and the

significant variation in turbulence kinetic energy is

observed due to swirl induce by turbine part load operating

condition. Generally, for a Francis turbine, there is no swirl

at the inlet of the turbine but at the outlet; the swirl will

vary as the load changes. The variation in the turbulence

kinetic energy with k-e and SST turbulence models at part

load operating condition can be clearly seen from the

Fig. 11. The SST turbulence model is capable to resolve

the multiple length scale eddies since it does not employ

the damping function as k-e turbulence model. This can be

observed in Fig. 11b as multiple eddies are resolved by the

SST turbulence model in the draft tube cone and elbow,

whereas, k-e turbulence model almost dampened the eddies

of draft tube elbow. The clear shape of the vortex rope is

observed with standard k-e model because it resolves the

single length scale eddies. The frequency of the vortex rope

is observed same from both turbulence models. The shape

of the clear vortex rope obtained from standard k-e model

is shown in Fig. 13. Therefore, in continuation to previous

analysis, the detailed analysis in the next paragraph is

presented using standard k-e to compare the experimental

results.

Numerically obtained pressure values at the locations

DT11 and DT21 showed the normalized frequency of 0.3

which corresponds to the vortex rope. In addition to the

vortex rope frequency the main challenge of the numerical

analysis is the prediction of the pressure pulsation ampli-

tudes for the part load operating conditions. The compar-

ison between the experimental and the numerical results

shows that the numerical prediction of the position of the

maximum pressure pulsation amplitude is reasonably

Fig. 9 Fast Fourier transformation of numerical pressure signals: a experimental b numerical. VL01-vanelees space, P42-blade pressure side,

S51-blade suction side, P71-blade trailing edge, DT-draft tube

Fig. 10 Filtered frequency

spectrum of the numerical

pressure–time domain signals at

50% load. VL01-vanelees

space, P42-blade pressure side,

S51-blade suction side, P71-

blade trailing edge, DT-draft

tube
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accurate, but the predicted values of the amplitudes are

lower than that of the experimental ones as shown in

Fig. 12.

The shape of the vortex rope is presented as iso-surface

of constant pressure of 98.5 kPa in Fig. 13. The rope is co-

rotating with the runner. The vortex rope has the shape of a

rotating cork-screw. The velocity streamlined across the

cross-section of the draft tube are shown in Fig. 14. The

shape of the streamlines indicates the rotating vortex rope

inside the draft tube. At the inlet of the draft tube, the flow

entered with high velocity, decreasing continuously

towards the outlet of the draft tube. A draft tube is designed

to recover the kinematic energy leaving the runner into

pressure; as the pressure recovers along the draft tube, the

velocity reduces.

Pressure distribution along the draft tube mid-planeis

shown in Fig. 15. The low pressure region generated at the

draft tube center originates from the swirling flow leaving

the runner. The vortex rope in the draft tube is generally

wrapped around this low pressure region. The observed

average pressure at the inlet of the draft tube was 95 and

100 kPa at the outlet of the draft tube. The pressure

recovery is low as expected; at the PL operating point,

effect of vortex breakdown and flow seperation is strong.

Fig. 11 Turbulent kinetic

energy of swirling flow in the

elbow draft tube with two

turbulence models at PL

operating condition: a standard

k-e, b SST k-x

Fig. 12 Numerical and experimental pressure signals with respect to the runner angular position in draft tube at DT11
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This results in adverse pressure gradient in the boundary

layer of draft tube wall and reattachment of the seperated

flow does not occur. Moreover, pressure gradient from

center of the draft tube to the wall is large and it changes

constantly with the runner angular movement. Low pres-

sure zone at the center of the runner outlet can be seen that

correspond to the vortex core.

Figure 16 shows the vectors on the mid-plane of the

draft tube. Two vortices can be observed in the draft tube.

One of the vortices (marked I) is closed to the draft inlet

and the second (marked II) is near the exit of the draft tube

cone which blocks the flow in the draft tube. The eddies

were also observed as regions of high turbulence kinetic

energy (Fig. 11a). The eddies cause large disturbance in

the vector field directions and induces losses in the draft

tube (cone) by increasing the velocity of the flow around.

Conclusions

In order to investigate the flow phenomena in the vaneless

space, runner, and draft tube at 50% load of a high head

model Francis turbine, unsteady numerical simulation has

been performed. The complete model is simulated from the

spiral inlet to the draft tube outlet by solving unsteady

RANS equations with standard k-e and SST k-x turbulence

models. The comparison of numerical and experimental

average pressure values inside runner, vaneless space and

Fig. 13 Iso-surface of constant

pressure in draft tube at a

pressure of 98.5 kPa

Fig. 14 Velocity streamlines

across the cross section of the

draft tube
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draft tube shows reasonably good agreement for both the

turbulence models and standard k-e turbulence model was

used for further investigations since it gives better predic-

tion of numerical prediction of hydraulic efficiency.

Unsteady pressure fluctuations obtained in the vaneless

space were high with the maximum amplitudes occurring

at the blade passing frequency. Interestingly, small varia-

tion in the pressure amplitude related to the splitter blade

was observed in comparison to that by the main blades.

In the draft tube, high amplitudes were observed at two

different frequencies, blade passing frequency and the

vortex breakdown frequency, the later being higher. The

draft tube instabilities were affected by the large and small

vortical flow structures at the outlet of the runner because

the pressure pulsations in the draft tube were developed by

the fluid flow dynamics. It is seen that the vortex rope is

developed due to the vortex beak down at draft tube inlet

The effect of vortex break down frequency was observed

decreasing upstream and diminishes after a short distance

upstream of spiral casing inlet. To resolve the dynamics of

flow completely we are further looking for upcoming

experimental measurements with particle image

velocimetry (PIV) and subsequent numerical simulation.
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A B S T R A C T

Penetration of solar and wind energy into the grid network has raised the concern for grid stability which is
generally balanced by operating the hydropower plants over a wide range. This results in several issues, such as
rotor-stator interaction (RSI), vortex breakdown, rotating vortex rope (RVR), pressure shocks, vibration, and
noise which may lead to failure. Particle Image Velocimetry (PIV) has been used to understand several physical
mechanisms in the flow at various operating conditions. A non-negligible uncertainty may arise in the
measurements due to calibration, abbreviation, and distortion of the light. Various parameters such as laser
sheet thickness, particle type, particle size, particle density, camera resolution, image size and number of images
may affect the quality of the measurements. In the present work, a review of PIV measurements performed in
hydraulic turbines, mainly Francis, has been carried out. The objective is to develop an experimental set up to
perform steady and transient measurements on a model Francis turbine. A maximum deviation of 1.8% in
absolute velocity is estimated in the present study as compared to 2–3% reported in the previously performed
measurements on Francis turbines. The repeatability of transient measurements is also investigated by
extracting two velocity points on a PIV plane.

1. Introduction

The generation of electricity from non-continuous renewable en-
ergy resources like solar and wind has led to the dramatic change in the
operation of hydro power plants. The role of hydropower has been
changed from constant energy supplier to the highly flexible one to
maintain the grid stability. This leads to operate the hydropower under
transient operations. The methodology developed allows investigating
different flow phenomena related to such transient operations. Such
measurements may improve the understanding of specific flow phe-
nomena as well as produce validation data for numerical simulations.
An extensive amount of research has been performed to achieve the
maximum acceptable limit of instability and efficiency drop of the
turbine [1]. Generally, wall pressure measurements are performed
which may not provide sufficient information to investigate the flow

instabilities in details [2–4]. The qualitative and quantitative investiga-
tions of the instabilities require velocity measurements using non-
intrusive techniques, such as Laser Doppler Anemometry (LDA) and
Particle Image Velocimetry (PIV). LDA measures flow velocity at a
single point, however, PIV is capable of providing the detailed flow field
over a domain [5–8]. The derived kinematic properties such as
secondary flow, vorticity, and swirl from the instantaneous velocity
field through PIV allow detailed investigation [9]. The measurements
are difficult to perform for the steady-state like part load (PL), best
efficiency point (BEP), and high load (HL), and the transient conditions
like load variation, start-stop, and emergency shutdown etc., of Francis
turbine due to geometrical complexity. Thus, these measurements were
normally performed with pressure measurements in the turbines
facilitating the analysis of development of cyclic stress and fatigue in
the runner, rotor-stator interaction (RSI), vortex breakdown, rotating
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vortex rope (RVR) and wakes in the draft tube [3,4,10–14].
Many researchers [11,15–18] employed PIV to investigate the flow

in hydraulic turbines during off-design operating conditions. Most of
the studies were focused on PL condition to investigate the causes of
efficiency drop. The time-resolved velocity components in the radial,
axial and tangential directions were analyzed at PL by Tridon et al.
2008 [15] and Iliescu et al. 2002 [19]. The tangential component of the
velocity was significant at PL condition in the draft tube, leading to
vortex breakdown. The reason for efficiency drop was attributed to the
development of a complex flow field and vorticity [1,14,18, and 20].

Measurements under transient conditions are more challenging
because they require higher temporal resolution of the velocity field in
the flow domain to get statistically significant values. Recent develop-
ment in PIV technique enables higher sampling rate allowing transient
measurements in hydraulic turbines. The results of these measure-
ments may be used to validate the turbulence models used in
computational fluid dynamics (CFD). There are significant challenges
in the numerical modeling due to complex flow structure in the turbine
even under steady state operation [21]. A particular technique applied
to a steady operating condition does not work for the transient
condition of the same turbine. Therefore, there is a need to optimize
the CFD modeling to investigate the operation of hydro turbines during
the transient [12,22–25].

PIV technique was used to investigate the complexity of the flow
over a large section of flow field [26–29]. The unsteady flow over the
large spatial domain in a Francis turbine raised a scientific interest for
the use of PIV. The developed unsteady wakes through the stay vanes,
guide vanes, and runner blades were widely investigated at steady-state
operations, such as BEP, PL and HL of Francis turbine [11,13,17,18].
The experiments on hydraulic turbines were mainly performed on
reduced scale model turbine due to the limitations associated with the
prototype, such as the requirement of standstill condition of the power
plant, insertion of the physical probe in the flow domain etc. Further,
optical methods are extremely challenging to implement into prototype
due to the material of the structure and machines, restricting any
optical access [20].

The pressure measurements were performed in a model Francis
turbine to facilitate the researchers for validation of numerical simula-
tion and further investigations at off-design operating conditions of the
turbine [30]. The pressure values in the locations, namely vaneless
space, runner blades, and draft tube were made freely available to
simulate the flow phenomena in the turbine. The measurements with a
PIV system were also successfully performed under steady state
operating conditions and used for validation of numerical simulation
of the Francis-99 test case in a workshop [30]. The numerical
simulations were performed using different modeling approaches like
modeling of the complete domain, passage modeling, and modeling of
components. The passage modeling technique was found to provide the
reliable results for dynamic pressure loading in the turbine (Francis 99-
I). In recent years, pressure measurements were performed during
transient operating conditions of a Francis turbine [31,32] and a
number of researchers [28,31–35] have attempted to simulate the
flow phenomena using pressure measurement data. However, velocity

field data for the transient operating condition are not available. This
motivates to perform the steady-state measurements using PIV with
the minimum uncertainty so the instantaneous velocity field during
transient may be trusted. An attempt has been made to select the best
strategy to set up the PIV measurements with higher accuracy.

Recent studies [13,14,16–18,36–38] have shown that the causes of
flow unsteadiness during turbine operations may be determined using
PIV system. The choice of suitable parameters and calibration proce-
dure are necessary for accurate measurement. The purpose of this
paper is to summarize the available information on PIV measurements
in Francis turbines and to identify the parameters affecting the
accuracy of the measurements. In the first part, a review of previously
performed PIV measurements in hydraulic turbines and range of
important parameters selected for PIV measurement is reported.
Then, a review on various hydraulic instabilities investigated during
off-design operating conditions of the Francis turbine are presented
and discussed. Finally, a PIV setup a draft tube of a high head model
Francis turbine is presented. Measurements at BEP and PL conditions
are performed and the corresponding accuracy estimated. Moreover,
transient measurements during load rejection (BEP-PL) and load
acceptance (PL-BEP) are presented to estimate the random uncertainty
in the measurement of instantaneous velocity.

2. Literature review

2.1. Material and methods

The measurements with PIV is based on the analysis of two
successive images of the target area seeded with micro-sized particles
that follow the flow and are illuminated with a laser sheet provided by a
double-pulsed laser [7]. The geometric complexity of hydraulic tur-
bines does not always allow sufficient passage to the laser sheet.
Therefore, charge coupled device (CCD) camera may develop a
substantial amount of blooming, leaving the maximum area of the
image plane inadequate for analysis.

Glass or transparent Plexiglas is usually used for optical access. In
the case of Francis turbine, stay and guide vanes of Plexiglas allow the
laser sheet illuminate the mid-span of the guide vane region [5,36]. A
schematic of the experimental setup used for PIV measurements in a
pump-turbine is shown in Fig. 1.

The high rotational speed of Francis turbine requires pulsed light
with sufficient energy in a short interval of time. Neodymium-doped
yttrium aluminum garnet; Nd: Y3Al5O12 (Nd: YAG lasers wavelength
(λ) = 1064 nm and λ = 532 nm) and Ruby (Cr3+ lasers λ = 694 nm)
lasers have such properties. The Nd: YAG laser has the advantage of
achieving the low laser threshold with higher pulse energy. Therefore,
Nd: YAG lasers are usually being used, particularly for turbo-machin-
ery [7,11,13,16–18,39]. The light beams from the laser are reshaped
into light sheets using spherical and cylindrical lenses. A rule of thumbs
is provided to obtain the optimum light sheet thickness for different
applications. The field of view (FOV) in PIV images is divided into
smaller interrogation areas, mostly 64 × 64 and 32 × 32, for the cross-
correlation procedure. A cross-correlation function of a 2D separation
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Fig. 1. Schematic of the experimental setup for PIV measurements [36].
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vector ΔX and ΔY for an interrogation area between two frames (I1 and
I2) is shown in Eq. (1) [6]. In this context, the rule of thumbs suggests
that the fastest particle should not travel more than ¼ of the light sheet
thickness. Therefore, an optimum light sheet thickness for the mea-
surements is required for every measurement system [40,41]. In most
hydraulic machinery measurements, a light sheet thickness of around
1–5 mm is found sufficient to avoid the out of plane displacement of
seeding particles [15–18,38,39].

∑∑C ΔX ΔY I X Y I X ΔX Y ΔY( , ) = ( , ). ( + , + )I I
i

N

j

N

i j i j
=1 =1

1 21 2
(1)

The seeding particles properties have a great impact on the domain
flow topology. Ideally, the properties should be identical to the actual
fluid to obtain the exact flow physics in the domain [7]. The correct
choice of the seeding material primarily depends on the physical
problem investigated. An inaccurate concentration of the seeding
particles may provide the wrong cross-correlation (Eq. (1)) between
the images captured [5]. Seeding particle diameter should be large
enough to scatter the significant light and small enough to follow the
fluid flow. The Lorenz-Mie scattering theory, comparison of particle
diameter with the wavelength of light, is generally applied to estimate
the diameter of spherical particles [42]. In the case of small particles
with a low magnification factor, Eq. (2) can be used and in the case of
larger particles or larger magnification, Eq. (3) can be applied to
calculate the diffraction diameter of particles. In the case of large
particles, geometric imaging becomes more dominant [27,43].

d f M λ= 2.44. . ( + 1)diff (2)

d Md d= ( ) +τ p diff
2 2

(3)

where, f, M, λ, ddiff, and dp are the f-number, ratio between focal length
and aperture diameter, the magnification factor, the wavelength of
light, diffraction diameter, and the particle diameter, respectively.

On the basis of previous PIV measurements in Francis turbine, a
summary of properties and parameters such as lasers type, light sheet
thickness, seeding properties, the time between pulses and number of
recording burst are listed in Table 1. Therefore, an optimum range of
the parameters can be selected and used for future PIV measurements
in Francis turbines.

2.2. Accuracy, uncertainty, and convergence

Every experimental measurement has an uncertainty (random and
systematic) associated with it. An assessment of uncertainty associated
with PIV measurement is generally made with some confidence level.
PIV measurements estimate the flow velocity by capturing the two
successive images, seeded with illuminated micro-sized particles with a
double pulsed laser that follows the flow, which gives the displacement
of the particle for a given time interval [7,9]. Because the camera
captures the image in pixel displacement, a magnification factor (α) is
required to convert the pixel imaging chip to a physical distance in real
space [6,9,44]. Pixel by pixel cross-correlation (see Eq. (1)) of multiple
interrogation areas from successive CCD images are performed using a
cross-correlation function. The required accuracy in PIV measurements
is only possible by rigorous developments. An optimal selection of most
favorable configuration for optical devices (laser and camera), correct
calibration procedure and optimization of acquisition parameters are
the ingredients of a good PIV measurement [29]. However, the main
sources of uncertainty associated with the PIV measurements are well
known [7], quantifying their corresponding uncertainty bounds con-
tinuously to be challenged. Uncertainties can be caused by hardware/
experimental setup (calibration error, background noise, out-of-plane
particle motion, particle response, peak locking, non-uniform particle
reflection, etc.) and algorithm selection (interrogation window size,
strong velocity gradients with window, peak detection scheme, etc.).

Each of these sources of error can manifest itself as a random or
systematic error. There are a number of studies that have investigated
the uncertainty quantification for PIV measurements in hydraulic
turbines [11,14,15,17,28, and 45]. The factors affecting the measure-
ments accuracy were investigated and their impact on the result was
estimated. The range of uncertainty of the velocity measurements was
normally estimated to be 2–3% of the measured value.

In the case of turbo-machinery, a large number of images are
required to achieve statistically significant mean flow field results
because of the large fluctuations, especially near the runner.
Sometimes a limited number of captured images can cause a significant
amount of error. The uncertainties or fluctuations in velocity and their
statistical quantities (kinematic properties) can be reduced by obtain-
ing the optimum numbers of images [8,27]. Fig. 2 indicates that the
mean velocity components and corresponding fluctuations reach small
variation after a certain number of images. The number of images close
to 200 was selected to perform the measurements by Su et al. 2014
[13]. The necessary number of images may vary with the experiment.
The convergence test before each PIV measurement needs to be
conducted in order to achieve an estimation of the mean velocity field
with an acceptable uncertainty.

A larger number of images may be required for convergence.
Therefore, a fast Fourier transformation (FFT) of the correlation
function is applied to reduce the computational time of such large
number of images [7,40].

3. Hydraulic instability

PIV measurements are capable of determining the instantaneous
velocity (u) and velocity gradient tensor u x∂ /∂i j in the image plane. This
velocity tensor can be used to determine the instantaneous out-of-
plane component of vorticity field. It can be used to collect quantitative
information on turbulent flow in hydraulic turbines [27].

3.1. Wake generation and rotor-stator interaction

The non-uniform flow leaving the guide vanes of the turbine may
create unsteadiness in the machine. Ciocan et al. 2006 [10] observed
that unsteadiness in the flow was caused by the flow separation, wakes
and von Karman vortices developed at the trailing edge of the vanes,
non-uniform flow between static and moving parts like guide vanes and
runner blades. Non-uniformity in the velocity distribution at the guide-
vanes outlet represents a source of unsteadiness for the runner inlet
and induces pressure fluctuations on the runner blades [32,46].
Runner inlet non-uniformity is essentially produced by two effects:
the viscous wake of the guide vanes and the uneven velocity distribu-
tion in the guide vanes channel caused by potential and secondary flow
effects in the spiral. The guide vanes wake is produced by the flow
obstruction due to the guide vanes presence, the no-slip condition, and
the pressure gradient existing between the guide vane pressure side
and suction side [10,26]. Su et al. 2014 [13] performed PIV measure-
ments around the guide vanes and at the inlet of the runner. The
periodic interaction between the runner blades inlet flow and guide
vanes wakes may cause significant pressure fluctuations. The dominant
frequency on the runner is equal to the number of guide vanes times
the runner frequency and corresponding harmonics. The dominant
frequency upstream of the runner is equal to the number of runner
blades times the runner frequency and corresponding harmonics
[3,4,33]. The flow around the guide vanes was observed by PIV camera
as shown in Fig. 3. The time interval between two adjacent runner
blades, passing the guide vanes was divided into four similar time
steps. The velocity field at the pressure side of the guide vane does not
change while the velocity field at the suction side evolves with time. The
velocity fields at the suction side of the guide vane change periodically
with a new runner blade appearance [47]. The asymmetrical flow at the
runner is developed due to the unevenly distributed flow of the stay
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vanes, guide vanes, and runner blades which may generate pressure
pulsation in the turbine with following frequencies.

The vibration at the blade passing frequency (Fig. 4) may be
generated due to unevenly distributed flow entering to the runner
blade which can be estimated using Eq. (4):

f nZ Hz=
60rb

rb
(4)

where n is the rotating speed of the runner (rpm) and Zrb is number of
runner blades.

The periodic variation in the inlet flow of the runner may generate
guide vane passing frequency (Fig. 4) while passing the guide vanes and
can be estimated using Eq. (5):

f
nZ

Hz=
60gv

gv
(5)

where Zgv is the number of guide vanes.
The separation at the exit of the stay vanes due to periodic variation

of the inlet flow to the runner causes pressure pulsation at stay vane
passing frequency and can be estimated using Eq. (6):

f nZ Hz=
60sv

sv
(6)

where Zsv is the number of stay vanes.
The flow field leaving the guide vanes row is normally complex

because of RSI. When a blade passes in front of a guide vane, it is
subject to a hydrodynamic force. The interaction develops unsteady
pressure and velocity fields at the runner inlet, i.e., vaneless space
[4,35, and 48]. During the interaction, a pressure wave develops and
propagates at the speed of sound generating pressure fluctuations in
the system. Since the turbine runner is operated at synchronous speed,
periodic interactions between the runner blades and the guide vanes
develop fluctuations in the hydraulic torque [24,49]. Unsteady pressure
fluctuations and large variation of velocity at the runner inlet were
attributed to the torque fluctuations specifically at part load operation
[3,50].

3.2. Rotating vortex rope

The draft tube is designed to recover the dynamic energy leaving the
runner into pressure energy to increase the net head of the turbine. The
runner blades of the Francis turbine have a fixed angle designed for an
optimum efficiency for a certain water discharge: the BEP [1]. At this
operating point, Francis turbine generally operates with little swirls
and no flow separation. At lower and higher discharges, the flow
follows the outer region of the draft tube while the inner region may

develop a low velocity or stagnation zone, named vortex-breakdown
[14,34,51–53]. This zone separates the flow into two concentric flow
regions in the draft tube. The swirling flow in a complex geometry with
a strong pressure gradient and separation regions makes the flow
complex [54]. The relative swirl or the swirl number is the ratio
between the flux of angular momentum and the flux of axial momen-
tum, Eq. (7). Non-uniformity of the velocity profile in the draft tube is
caused by the shear layer developed at the trailing edge by the
combination of boundary layers developed on the both sides of the
runner blades and wake interaction [13,26]. The wakes interaction
together with high-pressure gradient and shear layer separation
develops vortices causing vortex breakdown and development of the
RVR in the draft tube [55–57]. Thus the dynamic stability of the
turbine is significantly affected during off-design operation [58].

Eq. (7) represents the swirl number or relative swirl, where, m, Ri,
cm, ct, and r are the swirl ratio, draft tube inlet radius in m, the axial
velocity at draft tube inlet in m/s, tangential velocity at the draft tube
inlet in m/s, and radial distance in m, respectively.

∫
∫

m
c c r dr

R c rdr
=
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Ciocan et al. 2007 [28] performed experimental measurements on a
Francis turbine and showed that high-pressure amplitudes in the draft
tube induce excitation and large vibrations in the turbine during off-
design operation [1,3,4,21,31,32,35]. The flow stability characteristics
were observed to change as the discharge varies. Normally, the swirling
flow downstream the runner reaches a critical state near to the BEP.
For higher discharge, the swirling flow leaving the runner is not able to
sustain axisymmetric perturbation. However, at lower discharge, the
flow is able to sustain axisymmetric disruptions and develops a RVR in
the draft tube [45,53]. Su et al. 2014 [13] presented the patterns of
vortex ropes in the draft tube for different operating conditions (see
Fig. 5). The RVR first appears under the runner cone and vanishes
before extending to the elbow. Increasing or reducing the flow rate
from BEP leads to the formation of a helical vortex rope, which
increases in volume and changes its shape [1,28,35]. The system
vibration frequency is also associated with the vortex rope frequency
(see Fig. 4) which is 0.2–0.4 times of runner frequency and may cause
resonance in the hydraulic structure [47,59].

Favrel et al. 2015 [14] performed PIV measurements in a draft tube
of a model Francis turbine. The velocity field (Cx and Cy) was
investigated in two horizontal (x-axis) cross section, situated 0.39 D
and 1.02 D (D = exit diameter of the runner) downstream to the runner
cone outlet. The two sections will subsequently be referred as “Section

1” and “Section 2”. The phase-averaged velocity fields for C C+x y
2 2 at

Fig. 2. Variation of the mean flow velocity and velocity fluctuations versus the number of sample images captured in PIV test [13].
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Fig. 3. Flow field around the guide vanes [13].
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a given point of precession cycle is presented in Fig. 6. A wide vortical
structure is observed with a core surface of 19% greater than that of the
total surface area for all operating points between 60 to 81% of the
QBEP (0.395 m3/s). The position of the vortex core center at both the
measurement sections covering the upper and lower part load ranges
are presented in Fig. 7. The asymmetry in vortex center trajectories of

Sections 1 and 2 was noticed to be increasing with lowering the
discharge [11,16, and 17]. The region of local flow separation due to
high circumferential velocity might be the possible reason for asym-
metry in the draft tube [60]. Such a localized flow separation region
was not estimated yet in the draft tube, but it may also develop
asymmetry in the radial velocity.

The position of the vortex center in the draft tube was off center. At
the upper part load (Q = 0.80-0.75 × QBEP), the vortex center core is
quasi-circular and similar. This indicates that the vortex characteristics
experience no significant development in upper part load range. The
vortex characteristics show a significant change in the range between Q
= 0.74-0.60 × QBEP, the trajectory of the vortex widens when the
discharge decreases and the swirl ratio (Eq. (7)) leaving the runner
increases [61]. The combined effect of wider vortex rope trajectory and
local flow separation zone of the draft tube develops high fluctuations
in pressure recovery in the diffuser [13]. These fluctuations become
more significant if their corresponding frequency approaches the
natural frequency of the plant component. The cavitating vortex rope
frequency was observed to vary with the deep part load to upper part
load operating conditions as shown in Fig. 8 [62]. Therefore, there is a

Vorttex rope frequuency 
G

Blade p

Guide vane p

pass frequenc

pass frequenc

cy 

cy 

Fig. 4. Frequency spectrum of the pressure-time domain signals at part load. VL01-
Vanelees space, P42-Blade pressure side, S51-Blade suction side, P71- Blade trailing
edge, DT-Draft tube [35].

Fig. 5. Varying shapes of vortex ropes at different rotating speeds [13].
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probability that the frequency may approach natural frequency of the
system at a certain point. This may result in vibration of the whole
installation [1].

4. Experiments in draft tube of a Francis turbine

4.1. Model test rig

A scaled (1:5.1) model of a prototype Francis turbine has been
selected for the present investigation. The model turbine is installed at
the Water Power Laboratory, Norwegian University of Science and
Technology (NTNU), Norway. The prototype turbine (Head = 377 m,
Power = 110 MW, and Runner diameter = 1.779 m, Discharge =
31 m3s−1, Specific speed = 0.27) is in operation at the Tokke power
plant, Norway. A schematic of the test rig is presented in Fig. 9. Water
from the basement tank was pumped to the overhead tank continu-
ously which maintained a constant water level in the tank similar to a
reservoir and the overflow returns back to the basement. The water
entered to the model turbine through upstream pressure tank and
discharged to the downstream tank where the constant water level was
maintained similar to the tail race. The extra water of the downstream
tank, above the centerline of the spiral casing, was returning back to
the basement. Both the overhead and downstream tanks were open to
the atmospheric pressure. The upstream pressure tank was located at
about 15.2 m from the model turbine inlet. The model turbine has 14
stay vanes, 28 guide vanes, a runner with 15 splitters and 15 full-length
blades, and an elbow-type draft tube. A magnetic flow meter was used
to measure the turbine discharge and a differential pressure transducer
was used to acquire the pressure difference across the turbine.

4.2. Measurements, instrumentation, and calibrations

The instrumentation, calibration, measurements procedure, and
data analysis were carried out according to guidelines available in IEC
60041 1991-11 [63], IEC 60193 1991-11 [64], and ASME PTC 18 2011
[65]. A 2D PIV system (TSI Inc.) is used to perform the measurements
in the draft tube. The draft tube is made of transparent Plexiglas to
allow the laser sheet and to capture the successive images in the flow
domain. The range of the parameters such as pulsed light sheet,
particle size, the time between pulse, number or recording burst and
image size were chosen after detailed review (see Table 1). Some
preliminary measurements were performed for different values of
selected range of parameters. The measurements were also optimized
according to guidelines available in the INSIGHT 4GTM 2011 [40]
manual. After some trial and sensitivity analysis test, an optimized
value of all the parameters was selected for the present measurements.
TSI seeding particles with a mean diameter of 55 μm, a refractive index
of 1.52, and density of 1.016 g/cm3 were used for the measurements.
The light sheet of thickness ̴ 3 mm was created using two Nd:YAG
lasers with dual cavity performing 100 mJ per pulse. The wavelength is
532 nm. The laser was placed on a hydraulic table, in order to provide
the vertical movement with minimal horizontal and lateral shifts.
Adjustable light sheet optics, includes cylindrical lenses, adjustable
focus from 0.5 to 2 m from output, was used to generate a uniform
beam thickness. The lightning field is visualized by a low noise digital
charge coupled device (CCD) camera (VC-4MC-M180) of 2400 × 2400
pixels resolution, with a succession of paired images at 300–400 μs.
The camera resolution is 2032 × 2048 pixels for a 276.0 × 278.0 mm2

spatial domain, i.e. measurement area, to produce the clear images for
processing.

Fig. 6. Velocity magnitude in the draft tube at a given phase for different discharge values. The black solid lines represent the limits of the vortex core, whereas the white crosses indicate
the position of the vortex center [14].
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Fig. 7. Vortex center trajectory during one precision cycle for different discharge values in measurements Sections 1 and 2 [14].

Fig. 8. Non-dimensional frequency of the cavitating vortex rope precession [62].

Fig. 9. Schematic diagram of model Francis turbine test rig installed at water power laboratory, NTNU.
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Fig. 10. Position of PIV measurement plane in the draft tube of a model Francis turbine, X-X is the common line on three measurement planes. Line 1 is the line (0.446*D) on a middle
plane from runner outlet. D (diameter of the runner) = 349 mm.

Fig. 11. Variation of flow velocity versus the number of sample images captured in PIV test.

Fig. 12. (a) Raw and (b) smoothed vector field for the instantaneous PIV.
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The commercial PIV software, INSIGHT 4 G, from TSI was used for
preliminary image processing to obtain the velocity vector fields. Cross-
correlation scheme for a window size of 32 × 32 pixels was applied on
the acquired data after performing the 2D calibration. 50% overlap
between adjacent windows with two refinement steps was applied to
obtain the good correlation peaks. The planes (top, middle and bottom)
of measurement in the draft tube cone are shown in Fig. 10. The
camera was placed on a Dantec lightweight traverse table, in order to
provide the reliable and repeatable camera movement. The conical
shape of the draft tube and coupled different angle of refraction induces
an optical distortion to the images. To minimize the optical distortion,
an index matching box (refractive index 1.52) made of glass filled with
water, was used during the calibrations and measurements to decrease
the light aberration. The ex-situ calibration was performed in the draft
tube due to practical limitations associated with the in-situ calibra-
tions. A specially designed 2D target plate with the dots having the
diameter of 2 mm and spaced by 20 mm was placed inside the draft
tube to compensate the light aberration. The aberration will still exist
close to the areas of high curvature, i.e., close to the draft tube wall.
There is the gap between the cone wall and the calibration end points,
see Fig. 10. Hence, the calibration results show extrapolation near to
the draft tube cone wall. Moreover, the PIV images are warped close to
the cone wall but unaffected along the draft tube center axis. Thus, the
obtained calibration matrix may show some uncertainties near to the
wall. Therefore, calibration and measurement plane were selected few
millimeters away from the draft tube walls. Proper alignment of the
camera position was carried out to maintain the similar position of
calibration plane and viewing plane later in the measurements.

The laser can deliver the pulse sheet with a maximum frequency of
50 Hz. At 50 Hz, enough intensity of the light sheet was not found
inside the draft tube for capturing clear images with the CCD camera.
Therefore, a sensitivity analysis test with different sampling rate was
performed. It was found that at the acquisition frequency of 40 Hz,
enough intensity of light inside the cone was available for capturing the
clear images with the CCD camera. The minimum number of images
required for the convergence of steady state point (BEP) are investi-
gated using the cumulative mean flow field at a point. Seen from
Fig. 11, 120 images are sufficient for both radial and axial mean
velocity to converge. Synchronization in pressure and velocity fields
was set for 60 s, i.e., 2400 paired images were captured at the
measurement section by ensuring the minimum number of images
(120) required for convergence on both sides of the transient. Obtained
instantaneous raw and smoothened vector fields at BEP are shown in
Fig. 12. Seen from the Fig. 12(a), the vector field at some places is
corrupt by some spurious vectors due to random noise in the signal.
Therefore, smoothening of the instantaneous vector field was carried
out using the Matlab smoothing function with Robust Lowess method
[66,67].

The synchronization of the basic yield flow properties, such as head,
discharge, runner angular speed etc., pressure and PIV measurements
have always been a challenging task in hydraulic machinery. In order to
obtain this, synchronizer of PIV was triggered externally with a pulse of
5 V. There was a variable time delay for the synchronizer between
receiving a trigger signal and starting acquisition. In order to determine
this time delay, a small Light-emitting diode (LED) was placed on the
edge of the PIV image frame, and the powering signal for this LED was
recorded on the Compact Reconfigurable Input /Output (cRIO). The
first image with the LED-off was recorded manually in all the
measurements. A Matlab function was built in order to calculate the
time delay between the pressure and PIV measurements. The LED was
masked out in the processing of the images. The variation of the time
delay was of the order of seconds. The guide vanes (GV) movement was
operated by a computer-controlled relay, taking both the GV angle and
the runner positions as inputs. This ensured that the GV movement
began at the same runner position for all the transient measurements
repeated several times.

4.3. Calibration sensitivity analysis

The measurements in three overlapping sections namely, top,
middle and bottom window, were performed at BEP (see Fig. 10).
The top plane was moved down by 50 mm along the vertical axis (Y-
axis) of the draft tube to get a middle plane and the middle plane is
further moved down by 50 mm to get the bottom plane. Thus a
common line X-X is at Y = −200 mm (red line) in the top plane, Y =
−150 mm (black line) and Y = −100 mm (blue line) in the middle and
bottom plane, respectively. The line X-X was chosen to test the
accuracy of the PIV measurements by comparing the results of the
three overlapping sections at the line X-X. Moreover, the repeatability
was investigated after restarting the test rig. The repeatability of the
measurements is presented in Fig. 13. For BEP condition, a maximum
deviation of 1.8% in absolute velocity is observed along the line X-X in
the middle plane and a maximum deviation of 1.7% in the axial velocity
is observed at the top plane (red line) by restarting the test rig after
1.5 h of standstill condition. The four repetitions before and after
restarting the test rig were performed and a maximum deviation of
0.9% is observed.

The axial velocity profile along the common line X-X on top, middle
and bottom plane are presented in Figs. 13 and 14 with the same and
different calibrations, respectively. A difference of 3.9% between the
bottom and middle planes and 3.04% between middle and top planes is
observed with the middle plane calibration applied to all measure-
ments. It was assumed that the difference can be reduced by calibrating
each plane separately [30]. Therefore, the calibration of different

Fig. 13. Repetitions of the measurements with same calibrations, Red, blue, and black
lines are the common velocity lines extracted from the top, middle, and bottom planes,
respectively. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)

Fig. 14. Repetitions of the measurements with different calibrations, Red, blue, and
black lines are the common velocity lines extracted from the top, middle, and bottom
planes, respectively. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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windows was performed separately and data were re-processed.
Obtained results along the same common line on different planes are
presented in Fig. 14. The difference between the bottom and the middle
planes is reduced to 2.2% and whereas the difference between the top
and middle planes is reduced to 2.4%. The uncertainties associated
with the measurements are noticed to be dependent on the calibration
procedure. However, such uncertainty can be reduced by considering
different calibration planes. Moreover, there are other limitations such
as, in-situ calibration limitation, the out-of-plane motion of the
particle, non-uniform conical draft tube section etc. which lead to the
overall uncertainties in the measurements.

4.4. Steady-state repetitions

The transient measurements are challenging as the sampling
frequency of the PIV measurements is limited when considering such

a large measuring area. Therefore, to have significant results from the
transient measurements, a large number of repetitions were per-
formed. The movement of the guide vanes was preceded by measure-
ments at BEP, PL, and HL during 8 s. The measurements continued
about 48 s after the guide vanes reached their final position. The
specifications of the operating conditions are shown in Table 2.

Fig. 15. Mean axial and radial velocities profiles at BEP, PL, and HL for twenty repetitions along a line 0.446* D (see Fig. 10) downstream of the runner inlet.

Table 2
Specifications for steady state operating points.

Guide vane
angle α [°]

Head H
[m]

Flow
rate Q
[m3/s]

Specific
speed nED
[-]

Specific
flow qED [-]

Hydraulic
efficiency ɳ [%]

6.7 11.87 0.14 0.18 0.11 90.1
9.8 11.94 0.20 0.18 0.15 92.4
12.4 11.88 0.24 0.18 0.18 91.8
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Fig. 15 presents the variation of the mean axial and radial velocities
along the line X-X, 0.446 *D (runner diameter, D = 349 mm) down-
stream to the runner outlet for twenty repetitions, see. Fig. 10. The bulk
mean flow velocity at the draft tube inlet is measured as 2.1 m/s for the
BEP operating condition of the turbine. Obtained average axial and
radial velocities during the repetitions are observed with maximum
deviations of 3.5% and 1.8% at BEP, 2.73% and 2.94% at PL, 2.51%
and 2.1% at HL, respectively. The turbine design provides high axial
flow near to the center of the draft tube whereas, at PL and HL, the
axial velocities are approaching zero value, even the extracted velocity
line is close to runner inlet, indicating the formation of a stagnation
region [14,34,52, and 53]. The development of a stagnation or low
velocity regions at PL and HL operating conditions cause the formation
of vortex structure in the draft tube [1]. Both the operating points show
asymmetry in the flow which could be caused by the local flow
separation due to high circumferential velocity [60]. The unsteady
features of the flow, pressure pulsations, and frequency content at PL,
BEP, and HL operating conditions were already presented [4,35,68–
71]. The obtained deviation from the steady-state repetitions are
observed to lie in a certain low band, therefore, the random uncertainty
or transient repetitions are estimated and presented in the next section.

4.5. Transient repetitions

In order to present the repeatability of transient measurements, two
velocity points P1 (x = −87.50 mm) and P2 (x = 87.50 mm) are
examined along Line 1 (0.446*D) from the middle PIV measurement
plane during the load rejection and load acceptance operation of the
turbine (see Fig. 10). These two radially separated points were earlier
presented to investigate the synchronous and asynchronous compo-

nents of the vortex rope during load rejection [69,71]. The detailed
investigation on the time of occurrence and appearance of the vortex
rope was presented. The scatter of the axial and radial velocities at
similar points P1 and P2 for synchronized repetitions during load
rejections (BEP to PL) and load acceptances (PL to BEP) are presented
here in Figs. 16 and 17. The angular position of the guide vanes (GV) is
changed from 9.8° to 6.7° during load rejections and 6.7° to 9.8° during
load acceptance. The synchronized repetitions ensured that the guide
vanes (GV) movement began at the same time for all the transient
measurements, repeated several (≤ 20) times. During load rejection
from BEP to PL, the maximum deviation in axial velocities are 2.8% at
P1 and 3.4% at P2, whereas, the observed maximum deviation in radial
velocities are 4.1% at P1 and 3.9% at P2 as shown in Fig. 16. During
load acceptance from PL to BEP, the maximum deviation in axial
velocities are 2.9% at P1 and 3.5% at P2, whereas, the observed
maximum deviation in radial velocities are 4.3% at P1 and 4.1% at P2
as shown in Fig. 17.

The extracted velocity points show that the flow exhibits more
turbulent fluctuation at PL operating condition. The high swirling flow
leaving the runner at PL flow condition develops high turbulence in the
draft tube. Flow in the draft tube at PL operating condition is
dominated by precessing vortex rope [4,35,69,71], therefore, a large
fluctuation in velocity component is observed. The random uncertainty
of the velocities are observed in well-defined band and ensures a trust
on performed measurements during transient operating conditions,
such as load acceptance and load rejection. The fluctuations during the
transient itself are significantly attenuated, indicating a mainly inertial
dominated flow. The results for developed unsteady phenomena during
the transient, i.e., load rejection; operating conditions were already
presented by the author [71].

Fig. 16. Instantaneous axial and radial velocities variation during load rejection (BEP to PL) for transient repetitions, the data is presented along two points P1(a and c) and P2 (b and
d) having coordinates (−87.50 mm,−30 mm, 0 mm) and (87.50 mm,−30 mm, 0 mm) on PIV measurement plane, black dash line is the start of GV movement, black solid line is the stop
of GV movement.
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4.5.1. Concluding remarks
The off-design and transient operations of Francis turbine due to

penetration of intermittent energy from solar and wind induce high
unsteadiness in the flow field. PIV, being a non-intrusive technique of
flow investigations, is normally used to understand the physical
mechanism behind the development of unsteadiness in the flow. The
spherical silver coated glass particles (10–50 μm) for cavitating flow
and polyamide particles (20–55 μm) for single phase flow were used to
follow the fluid motion. The steady state measurements with PIV
technique were reported with deviation range of 2–3% of the mean
velocity of flow. The wakes from the guide vanes and sources of
generation of vortex structure in the Francis turbine were captured well
in the flow domain. The developed shear layers at the trailing edge of
guide vanes were observed to cause the non-uniformity of velocity
profiles in the draft tube. The wake interaction together with shear
layer separation caused the development of RVR in the draft tube. The
shapes of vortex rope were observed to vary with the rotational speed of
the runner. A fully developed helical RVR was observed in the draft
tube at PL operating condition of the Francis turbine and the center of
the rope was found slightly away from the center of the cross section of
the draft tube.

In the present study, an experimental setup is developed using
Plexiglas for optical access to the measurements area inside the draft
tube of a Francis turbine. An index matching box of the similar
refractive index as water (1.52) is also used to avoid the abbreviation
of light. The optimized value for all parameters was obtained after
performing some trial and sensitivity analysis tests. The repeatability of
the test rig and uncertainty analysis at the same and different planes
were performed. The result shows good repeatability of test rig with
PIV measurements and the deviation of 0.9% in velocity of a reference

line is observed before and after restarting of the test rig. Two different
approaches were adopted to calibrate the three measurement planes
(top, middle and bottom) of PIV images in the draft tube. Firstly, the
middle plane calibration was applied to all three measurement planes.
Secondly, the calibrations for three planes were performed separately
and deviation in axial velocity was estimated to reduce to 2.2% between
the bottom and middle planes and 1.4% between top and middle
planes. The maximum deviation of 2.4% in absolute velocity is
observed at steady-state (BEP) operating condition. A number of
images close to 120 is found sufficient for the convergence and mean
flow variables are almost constant after this value. The repeatability of
transient measurements was investigated along two points (P1 and P2)
and a deviation of about 3–4% in axial and radial velocities was
observed during load variation. The developed facility meets the
requirement to perform the transient measurements in Francis turbine.
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Fig. 17. Instantaneous axial and radial velocities variation during load acceptance (PL to BEP) for transient repetitions, the data is presented along the two points P1(a and c) and P2 (b
and d) having coordinates (−87.50 mm,−30 mm, 0 mm) and (87.50 mm,−30 mm, 0 mm) on PIV measurement plane, black dash line is the start of GV movement, black solid line is the
stop of GV movement.
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The flow in the off-design operation of a Francis turbine may lead to the formation of spiral vortex
breakdowns in the draft tube, a diffuser installed after the runner. The spiral vortex breakdown, also
named a vortex rope, may induce several low-frequency fluctuations leading to structural vibrations
and a reduction in the overall efficiency of the turbine. In the present study, synchronized particle image
velocimetry, pressure, and turbine flow parameter (Q, H, α, and T ) measurements have been carried
out in the draft tube cone of a high head model Francis turbine. The transient operating condition
from the part load to the best efficiency point was selected to investigate the mitigation of the vortex
rope in the draft tube cone. The experiments were performed 20 times to assess the significance of the
results. A precession frequency of 1.61 Hz [i.e., 0.29 times the runner rotational frequency (Rheingans
frequency)] is observed in the draft tube cone. The frequency is captured in both pressure and velocity
data with its harmonics. The accelerating flow condition at the center of the cone with a guide vane
opening is observed to diminish the spiral form of the vortex breakdown in the quasi-stagnant region.
This further mitigates the stagnant part of the cone with a highly dominated axial flow condition of
the turbine at the best efficiency point. The disappearance of the stagnant region is the most important
state in the present case, which mitigates the spiral vortex breakdown of the cone at high Reynolds
numbers. In contrast to a typical transition, a new type of transition from wake to jet is observed
during the mitigation of the breakdown. The obtained 2D instantaneous velocity fields demonstrate
the disappearance region of shear layers and stagnation in the cone. The results also demonstrate the
existence of high axial velocity gradients in an elbow draft tube cone. Published by AIP Publishing.
https://doi.org/10.1063/1.4999123

I. INTRODUCTION

Hydropower, and especially the Francis turbine, has been
widely used to produce and supply the electricity to the grid
network. The penetration of the electricity generated from
other renewable energy sources such as solar and wind has
raised significant concern about grid stability.1 Hydropower
power plants are used to maintain the grid stability because
of the quick response to the network of hydraulic turbines.2

The variable demand of electricity and limited energy storage
capabilities require great flexibility in the operating range of
turbines. Therefore, turbines tend to operate over an extended
range of regimes quite far from the best efficiency point (BEP)
and with some transient phenomena, such as load acceptance,
load rejection, start-stop, emergency shutdown, and total load
rejection.3 This leads to the development of unsteady pres-
sure fluctuations and complex flow in the runner, the vaneless
space, and the draft tube.3,4 The issues involved in operat-
ing the turbine at off-design conditions are the overall effi-
ciency of the turbine, rotor–stator interaction (RSI), cavitation,

a)Author to whom correspondence should be addressed: bkgmefme@iitr.ac.in

vortex breakdown, and vibration and noise. Francis turbines
may sometimes experience cyclic stresses, asymmetric forces
on the runner, and wear and tear, all of which reduce the
operating life of the turbine components.1

Francis turbines are generally designed to operate at BEPs,
and theoretically, the flow leaving the runner is almost axial
when it enters into the draft tube. As shown in Fig. 1(a), for the
BEP operation, the absolute velocity (V ) leaving the runner is
equal to the axial velocity (v), and the tangential component
of velocity (Vt) is zero. However, in practice, the flow leaving
the runner in a Francis turbine usually has a residual swirl to
prevent flow separation along the draft tube wall.5 The swirl
is almost tuned for the best configuration, and it has an almost
negligible effect on the draft tube efficiency.6 However, the
residual swirl departs from the best configuration as the turbine
discharge varies, and Francis turbines operating at off-design
operating conditions often have a high residual swirl at the draft
tube inlet.7–9 The instability of decelerated swirling flow in the
draft tube may lead to efficiency reduction and severe pres-
sure fluctuations. These pressure fluctuations become more
dangerous if their corresponding frequencies approach the nat-
ural frequency of the power plant structures. This may result
in vibration of the whole installation.10 In general, vibration

1070-6631/2017/29(10)/000000/18/$30.00 29, 000000-1 Published by AIP Publishing.
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FIG. 1. Velocity triangles at the runner exit for (a) best
efficiency point, (b) part load, and (c) high load. U is
the runner velocity, W is the relative velocity, and V
is the absolute velocity leaving the runner, with v and
Vt being axial and circumferential (swirl) components,
respectively.

and pounding noise, periodic variations in the power output,
vertical movement of the runner, and penstock vibrations are
all attributed to the draft tube flow instabilities.11 Depend-
ing on the operating conditions, two forms of flow instability
can be observed [see Fig. (1)]: (1) At part load (PL) condi-
tions, for which the flow rate is lower than that of the BEP,
the flow has an absolute circumferential velocity co-rotating
with the runner revolution [see Fig. 1(b), where Vt and U are
in the same direction]. In this case, a helical precessing vor-
tex called the “vortex rope” develops in the draft tube with
a precession frequency of approximately 0.2-0.4 (Rheingans
frequency) times the runner’s rotational frequency.7 (2) At high
load (HL) conditions corresponding to a higher flow rate than
that of the BEP, the absolute circumferential velocity is nega-
tive, inducing a swirling flow contra-rotating with the runner
[see Fig. 1(c), where Vt and U are in opposite directions]. In
this case, the vortex breakdown leads to a nearly axisymmetric
shape, sometimes called the “torch.” In both cases, cavitation
may occur in the vortex core function of the suction runner
height.

The physical mechanism of the vortex rope formation at
PL is supposed to rely on the vortex breakdown.12 Vortex
breakdown can be defined as a sudden change of the flow
structure.13 At a critical swirl level, a steady quasi-cylindrical
swirling flow changes topology to a three-dimensional one.
The first stage is usually a flow deceleration in the axial region,
followed by a stagnation point leading to a recirculation bub-
ble. The bubble vortex breakdown may transform into a spiral,
double spiral, or conical vortex breakdown. As many as seven
different types of vortex breakdowns have been reported. Nev-
ertheless, the vortex breakdown phenomenon has still not
received a general theory as none of the available theories
are able to describe all the features of the phenomenon.14 Two
main theories exist: hydrodynamic instability growth in the
time leading to the vortex breakdown15 and the transition from
a supercritical flow to a subcritical flow.16 The main parameters
characterizing the breakdown are the Reynolds number and the
swirl number, the ratio of the flux of angular momentum to the
flux of axial momentum.

The Reynolds number and the swirl number may not
exclusively describe the flow structure and the outlet, and the
closed end wall is also of importance. The vortex breakdown
is initially characterized by a decelerating fluid velocity in
the central region, leading to a recirculating bubble, which is
a function of the Reynolds and swirl numbers. This bubble
may develop into a spiral, alternatively a double spiral. It is
now accepted in the literature that the transition from a colum-
nar vortex breakdown to a bubble vortex breakdown for low
Reynolds numbers occurs without instability, while an axisym-
metric bubble is an essential prerequisite for instability and the
spiral vortex breakdown.17,18 At lower Reynolds numbers, the
experiments of Sarpkaya19 in pipes showed that the initial flow

structure of a vortex breakdown often resembles a bubble. In a
bubble-like vortex breakdown, a free stagnation point forms.
The outer part of the flow is accelerated, while the inner part
of the flow starts to recirculate in the region just downstream
of the stagnation point. The bubble-like vortex breakdown is
very unstable, and its life is usually very short. The bubble
structure eventually transforms to a highly unsteady flow. At
higher Reynolds numbers, the experiments of Novak and Sarp-
kaya20 in a straight pipe pointed to three different regimes.
For Re ≤ 3.5 × 104, the spiral, double helix, and bubble vor-
tex breakdowns were still observed. In the transition regime,
3.5 × 104 ≤ Re ≤ 1.0 × 105, the bubble vortex breakdown still
preceded the spiral in a less distinct region, but some interfer-
ence was observed. In the high Reynolds regime, Re ≥ 105,
the spiral bypassed the two-celled bubble form. The center-
line velocity never became negative for Re ≥ 105. Gallaire
et al.21 observed that the vortex breakdown is accompanied
by the appearance of negative vorticity. The spiral vortex
breakdown appeared to be the fundamental form of the vortex
breakdown.22

Increasing the swirl level, a recirculating region acting
as a blockage is induced, which is called the vortex break-
down. Harvey23 was the first to visualize this phenomenon
experimentally with an air swirling flow in a straight pipe.
Depending on different combinations of Reynolds number
and swirl number, different types of vortex breakdowns may
appear, as observed by Sarpkaya.19 Cassidy and Falvey24

focused on the helical form of the vortex breakdown. They
set up an experimental apparatus to study its occurrence and
to measure wall pressure fluctuations related to vortex core
precession. Since then, many experimental investigations on
the vortex breakdown phenomenon have been carried out.25,26

Moreover, many theories and explanations of vortex rope for-
mation and vortex breakdown have been developed by differ-
ent researchers. Some of them, including Benjamin,16 assumed
that this phenomenon is based on the concept of a critical
state related to the pressure wave phenomena, analogous to
the hydraulic jump in open-channel flow, whereas others27

think that a better analogy exists between vortex breakdown
and boundary layer separation. It is observed that the vor-
tex rope is associated with the shear layer at the interface
of the recirculating region near the centerline of the draft
tube and swirling outer flow. Okulov28 described the break-
down as a transition between two vortex states with different
helical symmetries, which caused a change in the axial veloc-
ity profile from a jet to a wake before and after the break-
down, respectively. Shi and Shan29 and Escudier30 observed
that the stagnation and the critical state are related to vortex
breakdown.

The knowledge gained on vortex breakdown has been
applied to the draft tube flow in Francis turbines.31 The heli-
cal cavitating vortex rope in the Francis turbine is assumed

142



000000-3 Goyal, Gandhi, and Cervantes Phys. Fluids 29, 000000 (2017)

to be a manifestation of the vortex breakdown phenomenon.
Susan-Resiga et al.32 analytically demonstrated the unstable
nature of the flow in the draft tube. They have shown that the
swirling flow at the outlet of the runner can be decomposed
into a sum of three distinct vortices. Kuibin et al.33 devel-
oped a mathematical model that can recover averaged axial
and circumferential velocity profiles as well as the vortex rope
geometry, the precession frequency, and the level of pressure
fluctuations at the wall. They stated that this model would
be useful in the early stages of runner design. Susan-Resiga
et al.34 introduced a mathematical model for computing the
axial and circumferential velocity profiles of the swirling flow
exiting the runner within the full operating range. Their model
can be used for the early optimization stages of runner design.
To understand and analyze the flow pattern in the draft tube of
a Francis turbine, experimental investigations have been per-
formed. Nishi et al.7 measured wall pressure fluctuations in an
elbow draft tube for different flow regimes. They focused on
the regime where a stagnant region in the center of the draft
tube was surrounded by a rotating helical vortex rope. The
influence of the cavitation number on the amplitude of pres-
sure pulsations and on the vortex precession frequency was
highlighted.

The practical importance of the vortex rope in a Francis
turbine and its potentially harmful effects led to the FLINDT
(FLow INvestigation in a Draft Tube) research project.8,35 The
main objective of this project is to understand the physics
of the flow within the elbow draft tube of a Francis tur-
bine. Accordingly, an extensive experimental database was
built up. In this framework, Arpe et al.36 performed extensive
unsteady wall pressure measurements of the rotating vortex
rope for different operating points at thirteen cross sections
of the draft tube. Advanced optical flow measurements, such
as Laser Doppler Anemometry (LDA) and Particle Image
Velocimetry (PIV), were used for understanding the flow pat-
tern in this project. Ciocan et al.37 measured velocity profiles
at the draft tube inlet by LDA, and afterward, Iliescu et al.38

extended the velocity field measurements to the whole draft
tube cone using PIV. The synchronization of the PIV measure-
ments with vortex rope visualization allowed quantification of
both the periodic velocity components and the rope shape. A
recent review of analytical and experimental studies on vor-
tex rope formation in the draft tubes was performed by Nishi
and Liu.39

The previous studies on vortex breakdown at PL reveal
that a physical mechanism is still needed. Understanding of
the flow physics in the draft tube may allow the development
of an effective measure to avoid the undesirable phenomena
linked to vortex breakdown, such as pressure fluctuations, flow
blockage, and other dangerous instabilities, when redesigning
the runner. The knowledge gained can be applied to improve
the output of existing hydropower plants, adding significantly
to the power generation capacity. In the present work, a detailed
investigation of load acceptance with off-design operations
has been carried out, aiming to investigate the flow field and
pressure fluctuations inside the draft tube cone. The main focus
is toward the influence of variable discharge in the mitigation of
the spiral vortex breakdown and corresponding flow dynamics
present at PL. Therefore, the measurements of synchronized

TABLE I. Operating and geometrical parameters of the model Francis
turbine and prototype.

Parameter Prototype Model

Head (H) (m) 377 12
Discharge (Q) (m3 s�1) 31 0.2
Power (P) (MW) 110 × 4 0.03
Runner diameter (D) (m) 1.778 0.349
Speed factor (nED) (-) 0.18 0.18

unsteady wall pressure with 2D PIV are performed in the draft
tube of a Francis turbine model. The time-averaged velocity
field at steady-state conditions is investigated to depict the
spiral or helical form of the vortex breakdown in the draft
tube cone. The instantaneous axial and radial velocities are
presented with the flow acceleration in order to elucidate the
mitigation of the spiral vortex breakdown and the stagnation
region in the cone. The axial velocity gradients are presented as
evidence of swirl and an adverse pressure gradient in the cone.
Furthermore, to elucidate the separation region, backflow, and
vorticity in the draft tube flow acceleration, investigations on
the vector field have been carried out and discussed in the
results.

II. MATERIALS AND METHOD
A. Model test rig

The measurements have been carried out on a model Fran-
cis turbine installed at the Water Power Laboratory (WPL)
of the Norwegian University of Science and Technology
(NTNU), Norway. The turbine is a 1:5.1 scale down model
of the prototype, which is operating at the Tokke Power Plant
(TPP) in Norway. Operating and geometrical parameters of the
prototype and model turbines are tabulated in Table I. Since
all the prototypes are connected to a grid network of a 50 Hz
power transmission line, they operate at synchronous speed.
The angular frequency of the model turbine runner is 5.55 Hz.
The dimensionless specific speed of the turbine is 0.27, which
is computed using Eq. (1), where n is the angular speed of the
generator rotor in s�1, Q is the discharge to the turbine in m3

s�1, H is the head of the turbine in m, and g is the acceleration

FIG. 2. CAD model of open-loop configuration of the model Francis turbine
test rig.
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due to gravity (9.82 m s�2).

NQE =
2πn
√

Q

(2gH)
3
4

. (1)

An open-loop hydraulic circuit was selected to obtain sim-
ilar operating conditions as the prototype. A computer-aided
design (CAD) model of the open-loop test rig is shown in
Fig. 2. The water from basement “1” was pumped to the over-
head tank “3” continuously to maintain a constant water level
similar to a reservoir, and the overflow returned back to the
basement through pipeline “11.” The water entered into the

FIG. 3. Sensor placements, as seen from the top (a) and from the side (b). Note
that the vaneless sensor taps (VL1 and VL2) are 120◦ apart. DT1 and DT3
pressure sensors are located radially 90◦ anti-clockwise from DT2 and DT4
sensors, respectively. All dimensions are in mm. The sensor corresponding to
the number is shown in Table II. (a) Top view. (b) Side view.

model turbine “7” through an upstream pressure tank “5” and
discharged into the downstream tank “8,” where the constant
water level was maintained similar to the tailrace. The extra
water of the downstream tank, above the centerline of the spi-
ral casing, was returned back to basement “1” via pipelines “9
and 10.” Both the overhead and downstream tanks were open
to atmospheric pressure. The model Francis turbine was inte-
grated with 14 stay vanes conjoined inside the spiral casing,
28 guide vanes, a runner with 15 splitters and 15 full-length
blades, and an elbow-type draft tube.

B. Instrumentation, calibration, measurements,
and data analysis

The instrumentation, calibration, measurement proce-
dure, and data analysis were carried out according to
guidelines available in IEC 60041,40 IEC 60193,41 and
ASME PTC 18.42 The pressure measurements were recorded
using a National Instruments (NI) Compact Reconfigurable
Input/Output (cRIO) Model 9074 (≤400 MHz) with a 24 bit,
±60 V analog-to-digital converter (ADC). The data were sam-
pled at 5 kHz with a separate ADC for each channel. The
operating flow parameters, such as discharge, turbine inlet
pressure and differential pressure, atmospheric pressure, the
angular speed of the runner, shaft torque to the generator, tur-
bine axial force, and guide vane (GV) angular position, were
acquired through the same acquisition system. Four circular
taps located at the turbine inlet and the draft tube outlet were
used to measure the differential pressure (Δp). The discharge
was measured using a magnetic flow meter (KROHNE IFS
4000 series) having a range of 0.000 15–1 m3 s�1. In addi-
tion to the base instrumentation of the test rig, six Kistler-type
pressure taps were mounted in the draft tube cone, and two
Kulite sensors were mounted in the vaneless space, one near the
beginning of the spiral casing and one near the end, as shown
in Fig. 3 and Table II. The radial distance of the sensors was
made dimensionless by the runner radius (r = D/2 = 174.5 mm),
as shown in Table II.

An angular position transducer (Stegman AG612) was
used to measure the angular positions of the GV. The angu-
lar transducer had an accuracy of 0.044◦ per step. A signal
converter powered by a 12 V DC supply sent binary signals
to the data acquisition system through an RS 232 port. Strain
gauges were used to measure the torque applied to the GV.
The measurement system mainly consisted of four specially
made guide vanes located in each quadrant of the turbine.
The GV had strain gauges (HBM XY41–3/350) attached to

TABLE II. Position of pressure sensors.

Sensor Placement Radial position (non-dimensional) Type

DT1 1A 1.12 Kistler
DT2 1B 1.12 Kistler
DT3 1C 1.12 Kistler
DT4 1D 1.12 Kistler
DT5 2B 1.03 Kistler
DT6 2D 1.04 Kistler
VL1 3E 1.23 Kulite
VL2 3F 1.84 Kulite
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them, and a voltage signal was sent from an external amplifier.
The voltage signal was varied as the GV shafts were stressed
due to the influence of water on the GV. The voltage signal
was recorded by the NI-cRIO data acquisition system. Several
other instruments, such as a dissolved oxygen measurement
sensor (TriOxmatic 700 IQ), water level and pressure indi-
cators for pressure tanks, safety controls on upstream and
downstream pressure tanks, instruments for lubrication, and
warning indicators, were used during the measurements.

The calibration uncertainties (systematic and random) of
the instruments, such as pressure transmitters, flow meters,
torque sensors, temperature sensors, and pressure sensors,
have been performed to estimate the accuracy of results. The
guidelines available in the IEC 6019341 standard were used to
determine the systematic uncertainty of the measuring instru-
ments. The IEC standard used the root-mean-square (rms)
method on all components with a 95% confidence level. The
accuracy and calibration uncertainty of the pressure sensors
are presented in Table III. The random uncertainties in the
measurements are generally caused by the unpredictable fluc-
tuations in the reading of the instruments and sensors. The
uncertainty in hydraulic efficiency represents the uncertainties
of all instruments/sensors required to prepare the efficiency hill
diagram. The systematic uncertainty in the hydraulic efficiency
was estimated based on uncertainties of all instruments/sensors
used. The total uncertainty in the hydraulic efficiency was
computed using the rms of the systematic and random uncer-
tainties. Equation (2) was used to estimate the total uncer-
tainty for the hydraulic efficiency as ±0.15% at the BEP
condition,

(
δηh

)
t
= ±
√(
δηh

)2
s

+
(
δηh

)2
r
= ±
√

0.1152 + 0.12, (2)

where the estimated systematic and random uncertainties are
0.115 and 0.1, respectively. The hydraulic efficiency of the
model turbine at the BEP was observed as 92.4%,

ηh ∈ [92.25%; 92.55%] .

The velocity measurements were performed in the draft
tube with a 2D PIV system (TSI, Inc.). The draft tube is made

of transparent Plexiglas to allow the laser sheet to capture the
successive images in the flow domain. The pulsed light sheet,
with a thickness of approximately 3 mm, was generated by
two Nd:YAG PIV lasers of dual cavity performing 100 mJ
by the pulse. The laser was placed on a hydraulic table in
order to provide the vertical movement with minimal hori-
zontal and lateral shifts. The lightning field was visualized
by a low noise digital charge-coupled device (CCD) camera
(VC-4MC-M180) of 2400 × 2400 pixel resolution with a suc-
cession of paired images at 300-400 μs. The camera was placed
on a Dantec lightweight traverse table in order to provide
reliable and repeatable camera movement. Polyamide seed-
ing particles with a density of 1.016 g/cc, a refractive index
of 1.52, and a mean diameter of 55 μm were used for the
measurements.

To minimize the optical distortion related to the conical
shape of the draft tube cone, an index matching box (refractive
index 1.52) made of glass and filled with water was used during
the calibration and measurements to decrease the light aber-
ration. The ex situ calibration was performed in the draft tube
due to practical limitations associated with the in situ calibra-
tion. A specially designed 2D target plate with dots that were
2 mm in diameter and separated by 20 mm was placed inside
the draft tube for the calibration. The aberration still exists
close to the areas of high curvature, i.e., close to the draft tube
wall. Hence, the calibration results were extrapolated close to
the wall. Moreover, the picture is warped significantly close to
the wall but unaffected along the cone centerline. The calcu-
lated calibration matrix is subject to some uncertainties close to
the wall. Therefore, calibration and measurement planes were
selected a few millimeters away from the draft tube walls to
avoid the aberration. The target plate was placed in the respec-
tive measurement plane and photographed by the camera of the
PIV system. During the calibration, the camera was at the same
position as later in the measurements. The laser can deliver the
pulse sheet with a maximum frequency of 50 Hz. A sensitivity
analysis test with different sampling rates was performed, and
it was found that at the acquisition frequency of 40 Hz, enough
light intensity inside the cone was available for capturing the
clear images with a CCD camera. Complete convergence of

TABLE III. Accuracy and calibration uncertainties of the pressure sensors mounted inside the turbine.

Position of
Instrument Accuracy Uncertainty installation

Hydraulic dead
0.008% of the ≤0.01%

Used as a primary
-weight tester

actual reading
calibration device for

(1-350 bars) PTX pressure transmitters

PTX1 (0-500 kPa abs) 0.1% FSO ≤0.02% Turbine inlet pipeline
Druck PTX-5027

PTX2 (0-500 bars abs) 0.1% FSO ≤0.02% Turbine inlet
Druck PTX-5027

Miniature ruggedized ±0.10% FS
VL1 ≤ 0.01% Installed in vaneless

Kulite XTL-190 BSL, ±0.50%
VL2 ≤ 0.01% space

(0-1000 kPa abs) maximum

Piezoelectric . . . DT1 ≤ 0.14%, DT2 ≤ 0.08%, Installed the in draft
Kistler-701A DT3 ≤ 0.09%, DT4 ≤ 0.14%, tube cone
(0-250 kPa) DT5 ≤ 0.1%, DT6 ≤ 0.11%
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TABLE IV. Steady-state operating conditions of the model Francis turbine.

Operating point Guide vane angle α (deg) Head H (m) Flow rate Q (m3/s) Specific speed nED (-) Specific flow qED (-)

PL 6.7 11.88 0.140 0.179 0.106
BEP 9.8 11.94 0.200 0.179 0.152

steady-state data is achieved by capturing 2400 paired images
at the measurement section, i.e., 60 s of measurements.

Both steady and transient measurements were performed
on the model Francis turbine. Since the goal was to perform
realistic transient measurements, the same runner revolutions
per minute (rpm) was maintained for all operating conditions.
The maximum hydraulic efficiency of 92.4% was found under
the steady-state condition with GV angle (α) = 9.8◦, spe-
cific speed (nED) = n·D/(g·H)1/2 = 0.179, and specific flow
(qED) = Q/D2·(g·H)1/2 = 0.15 marked as the BEP. Addition-
ally, the PL operating condition was selected in order to capture
a fully developed rotating vortex rope (RVR) in the draft tube.
The hydraulic efficiency of 90.1% was found in the PL oper-
ating condition. The specifications of steady-state operating
points are presented in Table IV.

The transient measurement was carried for load accep-
tance by changing the angular position of the GV from
6.7◦ (PL) to 9.8◦ (BEP). The maximum angular movement of
the GV is 14◦ (100% opening). The GV angular position was
measured by the voltage signal from the servomotor mecha-
nism. A LabVIEW program with linear coefficients of voltage
signals was made to control the exact movement of the GV.
These coefficients were used for the repetitions of the tran-
sient measurements. Torque to operate the GV was applied
through a linkage mechanism connected to the servomotor.
Moreover, the GV was always operating against the acting
pressure or the hydrodynamic forces. Hence, there may be
some difference between the angular position recorded and
the actual position of about ±0.044◦. During load acceptance,
6.7◦ (48%) angular position is the lowest GV angle, and 9.8◦
(70%) is the maximum GV opening. The generator was oper-
ated at nED = 0.179 during the transient measurements, where
the flow rate and the output power were managed by operating
the GV.

The tools to investigate the acquired signals were devel-
oped using Matlab. The pressure and other parameters, such
as flow (Q), head (H), and torque (TGEN ), were logged at
a uniform sampling rate of 5 kHz. The PIV images were
logged at a uniform sampling rate of 40 Hz. The commer-
cial PIV software, INSIGHT 4G from TSI, was used for
preliminary image processing to obtain the velocity vector
field. A cross correlation scheme for a smaller window size of
32 × 32 pixels with two refinement steps and a 50% overlap
between adjacent windows was applied on the acquired data
after performing the 2D calibration. A masking was applied
in processing to remove the un-illuminated portion of the
image. Therefore, a 272 × 178 mm2 area was processed to
obtain the velocity vector field in the draft tube cone. The
smoothing of the instantaneous vector field was carried out
using the Matlab smoothing function with the robust lowess
method.43,44

A measurement was performed for the synchronized pres-
sure and velocity data with respect to time. The transistor–
transistor logic (TTL) pulse from the runner was used to
determine turbine rotational speed (N) and to synchronize
the runner angular position with the GV movement. Spec-
tral analysis of the pressure and velocity data was performed
to determine the dominant frequencies of the flow and their
physical sources. The spectral analysis was performed with
Welch’s method and application of the Hanning window on the
fluctuating part [Eq. (3)] of the pressure and velocity data after
applying the calibration results to raw signals. The Nyquist fre-
quency of the pressure and PIV data was 2.5 kHz and 20 Hz,
respectively. The frequency of modulation of the pressure and
velocity signal was 0.008 Hz,

Ŝ(t) = S(t) − S̄, (3)

where Ŝ(t), S(t), and S are the fluctuating components of a
signal, the mean value of a signal, and the acquired signal,
respectively.

The smoothing of the transient data was carried out using
the Matlab smoothing function with the Savitzky-Golay fil-
ter. Subtraction of the smoothing signal from the original one
gives the fluctuating part of the signal during the transition.
The fluctuating signal was further used for the frequency anal-
ysis. A polynomial of order 2 with a frame size of 1 s was
selected as the input parameter for the smoothing function.
With the selected parameters, most of the fluctuations from
the original data were filtered out and could be captured in
the fluctuating vector after subtraction of the smoothed sig-
nal from the original data. The fluctuating signals from the
pressure and velocity data were used for the unsteady spec-
tral analysis. A built-in function of Matlab, spectrogram, was
used to present the transient spectral analysis. The function
uses the Goertzel algorithm to analyze the data. A window
size of 4.09 s with 95% overlap was selected after sensitivity
analysis for pressure spectral analysis. Similarly, the spectral
analysis of velocity data was presented after extracting the
fluctuating velocity along two points [see Fig. 3(b)] on the
PIV images. The coordinates for the velocity points P1 and P2
on PIV images are presented in Table V. A window size of 2 s
with 95% overlap was selected after sensitivity analysis for
velocity spectral analysis. The bar in the spectrogram shows
the power spectral density (PSD) of the frequency analysis on

TABLE V. Coordinates of extracted velocity points.

Location Coordinates (mm) Dimensionless coordinates (-)

P1 (�87.50, �30, 0) (�50, �0.17, 0)
P2 (87.50, �30, 0) (0.50, �0.17, 0)
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a logarithmic scale. Therefore, the level of fluctuations can
be clearly seen from the spectrogram. The following equation
was used for the PSD presented in the spectrogram:

PSDlog = 10 × log(10 × PSD). (4)

III. RESULTS AND DISCUSSION

Experimental measurements were performed to obtain the
synchronized time-resolved pressure and velocity fields in the
draft tube. The physics behind the disappearance of the vortex
rope is analyzed in this study. The spectral analysis of the pres-
sure and velocity signals has been carried out to estimate the
dominant frequency and its variation. A detailed investigation
of the instalocity field is also performed.

A. Main flow parameter (H, Q, α, T, and velocity)
repeatability

To investigate the flow parameter coupling and statistics
during the steady-state and transient processes, a series of sim-
ilar experiments were performed by systematically varying
the GV angle of the turbine, as shown in Fig. 4. A constant
GV angular speed [ωgv = 1/ti�f ·(αf � αi)] of 0.022 rad s�1

was achieved through the servomotor actuation mechanism
(ti�f indicates the total time of GV movement, and αi and
αf represent the initial and final positions of the GV during
the transient). For each case, the runner rotational speed of
333 rpm was kept constant. The experimental data for dis-
charge (Q), head (H), generator torque (TGEN ), and GV angle
(α) are normalized between the minimum value as 0 (0%)

FIG. 4. Schematic diagrams of guide vane angular movements during load
acceptance. The initial guide vane angle was 6.7◦, and the final guide vane
angle was 9.8◦.

FIG. 5. Signals (α, H, Q, and TGEN ) estimated during load acceptance from
PL to BEP for twenty repetitions.

FIG. 6. Instantaneous axial [(a) and (b)] and radial [(c) and (d)] velocity varia-
tions during load acceptance (PL to BEP) for twenty synchronized repetitions.
The velocity data are plotted along the points P1 and P2 (see Fig. 3 and Table V)
on the PIV measurement plane. The black dash line is the start of GV move-
ment, and the black solid line is the end of GV movement. (a) Axial velocity
at point P1. (b) Axial velocity at point P2. (c) Radial velocity at point P1.
(d) Radial velocity at point P2.
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FIG. 7. Absolute mean, axial, and radial velocity profiles
in the draft tube at PL and BEP operating conditions in
the spanwise direction for line 1 and line 2. V*, u*, and v*
are the normalized absolute, radial, and axial velocities,
respectively.

and the maximum value as 1 (or 100%), taking the uniform
signal length and using the linear relation between minimum
and maximum values of the signals [see Eq. (5)]. The percent-
age variation in Q, H, α, and TGEN for twenty repetitions of the
load acceptance process is shown in Fig. 5. The starting time
of GV movement for all transients was 7.4 s. Up to 7.4 s, the
turbine was operated under a steady-state operating condition
with a 6.7◦ angular position of the GV opening. At 7.4 s, the GV
was opened, and it reached a 9.8◦ angular position after 2.5 s
of transient operation. In twenty repetitions, the maximum esti-
mated random uncertainty in GV angular positions during the
transient was ±0.8%,

X[−] =
X − XMin

Xmax − XMin
. (5)

The discharge started to increase monotonically with the
GV opening and settled approximately 23.5 s after the initi-
ation of the transient process, as shown in Fig. 5. The esti-
mated random uncertainty for the repetitions was ±0.95%

for the discharge. The differential pressure (pdiff ) was mea-
sured to calculate the head of the turbine, where H = pdiff /ρ·g
+ (V2

1 −V2
2 )/2·g. With the opening of the GV, the head dropped

continuously up to 10.3 s. At 10.3 s, the head started to rise
and reached 3.8% higher than that of its minimum value. The
head almost stabilized approximately 14.2 s of the transient
process. In twenty repetitions, the maximum observed uncer-
tainty in the head was ±0.65%. The torque closely follows the
GV movement during the transient up to 11.2 s. The torque
started to oscillate at 11.2 s with an amplitude increasing up
to 17.5 s. These oscillations at specific steady-state conditions
are attributed to the unsteady pressure field inside the turbine
and interaction between runner blade leading edges and GV
trailing edges. In twenty repetitions, ±0.67% was the max-
imum estimated random uncertainty in the generator torque
during the transient. The resulting statistic shows the repeata-
bility of the transient measurements. The true value sought for
the results lies within the estimated uncertainty interval.

To present the repeatability of transient PIV measure-
ments, the velocity at points P1 and P2 (see Fig. 3 and Table V)

FIG. 8. Absolute mean, axial, and radial velocity profiles
in the draft tube at PL and BEP operating conditions in
the streamwise directions: x* = x/R = �0.75, 0.00, +0.75.
V*, u*, and v* are the normalized absolute, radial, and
axial velocities, respectively.
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along line 1 of the measurement plane was extracted for twenty
repetitions. Figures 6(a)–6(d) show the scatter of axial and
radial velocities at points P1 and P2 for twenty synchronized
repetitions. The synchronized repetitions ensured that the GV
movement began at the same time for all load acceptance mea-
surements. The observed maximum deviation in axial veloci-
ties was 2.9% and 3.5% at the points P1 and P2, respectively,
as shown in Figs. 6(a) and 6(b). The maximum deviation in
radial velocities during transient was 4.3% at P1 and 4.1% at
P2 as shown in Figs. 6(c) and 6(d), respectively. The devi-
ations in the velocities are observed in a well-defined band,
and they ensure that the measurements performed during load
acceptance can be trusted.

The extracted velocity points show that the flow exhibits
more turbulent fluctuations at the PL operating condition
because of high swirling flow leaving the runner. Flow in
the draft tube at the PL condition is generally dominated
by the precessing vortex rope. Therefore, significant fluctu-
ations in velocities are observed. The mean radial and axial
velocity profiles in the draft at the steady-state PL condition
were discussed in

Q
Sec. III (steady-state characteristics), where

the significant regions of low velocities were discussed. A
Q detailed investigation on the mechanism of mitigation of vortex

rope during load acceptance is presented in Secs. III B–III G,
followed by spectral analysis and the instantaneous velocity
field.

B. Mean absolute velocity profiles of steady-state
operations

Mean absolute (V* =
√

u∗2 + v∗2 ), axial (v*), and radial
(u*) profiles at steady-state operating conditions (i.e., PL and
BEP) are presented in Figs. 7 and 8. The velocity profiles were
extracted along two lines: line 1 and line 2 (see Fig. 3), in the
spanwise direction and along three lines (x* = x/R = �0.75,
0, and 0.75) in the streamwise direction of the measurement
plane. The velocity was normalized using the bulk mean veloc-
ity of the flow at the draft tube inlet for the BEP condition. The
result shows that the flow symmetry in the draft tube is depen-
dent on the operating condition and the runner outflow. The
gyroscopic effect introduced by the draft tube elbow resulted
in a little asymmetry in the flow along the draft tube line 2
for PL, as shown in Figs. 7(a)–7(d). This is attributed to the
geometry of the draft tube elbow. The elbow is the source of the
formation of Dean vortices in the straight diffuser, found after
the elbow, which pushes the flow toward one side and develops
a flow asymmetry in the straight diffuser of the draft tube when
combined with the remainder of the swirl.45 The asymmetry
in the flow decreased as the turbine operation moved from low
discharge to optimum discharge, as shown in Figs. 8(a)–8(d).
A large flow seemed to pass through the left side of the draft
tube cone.

At the low discharge condition, the mean absolute velocity
at the draft tube center axis approached an almost zero value
since swirling flow left the runner to breakdown, decreasing
the flow along the cone center. The region of low velocity near
the center (x* = x/R = 0.00) appeared due to the high circumfer-
ential velocity (i.e., swirl) transferring momentum away from
the center. The significant amount of swirl in the draft tube is a
well-known condition of high turbulence production and shear

layers, leading to the formation of the vortex rope in the cone.
The magnitude of the absolute and axial velocities went on
to increase in the streamwise direction along the center axis
of the draft tube, as shown in Figs. 8(a)–8(d). The absolute
velocity profiles at the optimum discharge condition were dif-
ferent due to a quasi-swirl-free flow condition [see Fig. 7(a)].
At optimum discharge (BEP), the maximum mean absolute
velocity was measured below the crown cone leading edge,
and the velocity decreased near the draft tube center axis and
toward the draft tube cone wall. The velocity profile at BEP
reached a high absolute mean velocity along the draft tube cen-
ter in the spanwise direction (see line 1 and line 2) due to the
disappearance of the high swirling flow in the cone, as shown
in Figs. 7(a) and 7(b).

C. Experimental evidence of vortex rope

The previously discussed complex behavior of the mean
velocity deficit observed at the low discharge operating con-
dition motivates the characterization of the vortex rope in
the draft tube. The PSD analysis of the pressure-time and

FIG. 9. Spectrograms of the pressure-time signal during transient from PL to
BEP (a) for pressure sensor DT1 and (b) for pressure sensor DT3. Black solid
line: guide vane angle (α) with the y-scale to the right.
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velocity-time signals during load acceptance from PL to BEP
is presented in Figs. 9 and 10, respectively. The analysis shows
the strength of the corresponding properties (pressure and
velocity) as functions of frequency. It shows the strong and
weak frequency variations for any signal. The y-axis is nor-
malized using a runner rotational frequency (fn) of 5.55 Hz.
A normalized frequency of 0.29·fn is observed at locations
DT1 and DT3 in the PL condition, which corresponds to the
vortex rope frequency [see Figs. 9(a) and 9(b)]. The same is
observed from other pressure sensors, which are thus not pre-
sented. The same frequency is observed from the velocity-time
signal at point P1 (�87.50 mm, �30 mm, 0 mm) and P2 (87.50
mm, �30 mm, 0 mm), as shown in Figs. 10(a) and 10(b). The
vortex rope precession frequency is normally in the range of
0.2-0.4·fn (Rheingans frequency), depending on the rotational
speed and design of the turbine considered. The precession is
the motion of the vortex rope around a fixed center axis of the
draft tube.

The precessing vortex rope resulted in strong pressure and
velocity fluctuations in the draft tube, as shown in Figs. 9 and

FIG. 10. Spectrograms of the velocity-time data during transient from PL to
BEP (a) for velocity point P1 and (b) for velocity point P2. Black solid line:
guide vane angle (α) with the y-scale to the right.

10. The normalized frequency of 0.58·fn and 0.87·fn is also
present in the spectrograms. These coincide with the harmon-
ics of the vortex rope frequency. However, to estimate these
frequencies correctly, a larger number of pressure sensors are
required in a radial plane. Higher amplitudes of the pressure
fluctuations of the vortex rope frequency may sometimes indi-
cate resonance with the natural frequency of the structure. It
may be harmful to a hydropower plant to operate continu-
ously at PL. Therefore, turbines are usually limited in their
operation at PL. The amplitude of the precession frequency
started to decrease during the transient process. A frequency
was observed during the mitigation process of the vortex rope,
which lies in a frequency band of 0.24·fn–0.38·fn, well within
the ranges of the Rheingans frequency. The frequency com-
pletely disappeared from the pressure-time and velocity-time
data before the GV reached the BEP operating condition. This
led to a rotating vortex-rope-free operation of the hydraulic tur-
bine at the BEP condition. However, some swirl was available
to avoid flow separation along the draft tube cone wall.

FIG. 11. Spectrograms of asynchronous and synchronous modes: (a) asyn-
chronous mode in the pressure-time signal; (b) synchronous mode in the
pressure-time signal. Black solid line: guide vane angle (α) with the y-scale
to the right.
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Several low-frequency fluctuations, which range from
0.01·fn to 0.15·fn, were observed in the pressure-time signals
during the transient operation, as shown in Figs. 9(a) and 9(b).
These could be associated with the mechanical vibration of the
machines as the flow rate of the turbine decreased. These fre-
quencies stabilized with time as the turbine reached the BEP
condition. The occurrence coincided with the stabilization of
the head (see Fig. 5). Similar observations were obtained from
the other pressure sensors and velocity points. Instantaneous
vertical broad bands are observed in the velocity-time data, as
shown in Figs. 10(a) and 10(b). The broadband is not expected
to be attributed to turbulence, as the frequencies are present in
a low range. As a matter of fact, transients may give rise to a
sudden and rapid generation of turbulence related to the end
of a transient.46

D. Synchronous and asynchronous modes

The vortex rope in a Francis turbine operating at the PL
condition is characterized by the existence of two modes,
namely, synchronous and asynchronous.7 However, the mit-
igation of these two modes has never been discussed for a
Francis turbine during load acceptance. It has been discussed
using unsteady pressure measurements in a Kaplan turbine
model by Amiri et al.4 Here, both pressure and velocity mea-
surements were used to fully characterize the mitigation of
both modes. To discriminate between these two modes, decom-
position47 of the pressure-time and velocity-time signals has
been carried out using Eqs. (6)–(9),

pDT1 + pDT3

2
→ Synchronous mode, (6)

pDT1 − pDT3

2
→ Asynchronous mode, (7)

vP1 + vP2

2
→ Synchronous mode, (8)

vP1 − vP2

2
→ Asynchronous mode, (9)

where pDT 1 and pDT 3 are the pressure signals from two pres-
sure sensors radially 180◦ apart and vP1 and vP2 are the veloc-
ities of two velocity data points radially 180◦ apart extracted
from the PIV plane.

The spectrograms of the synchronous and asynchronous
modes in the pressure and velocity signals are shown in Figs. 11
and 12. The asynchronous mode reveals exclusively rotational
pressure and velocity fluctuations, as shown in Figs. 11(a) and
12(a), where the vortex rope frequency at 0.29·fn is observed.
The phenomenon is observed due to precession motion of

FIG. 12. Spectrograms of asynchronous and synchronous modes. (a) Asyn-
chronous mode in velocity-time data, (b) synchronous mode in velocity-time
data. Black solid line: guide vane angle (α) with the y-scale to the right.

the vortex rope in the elbow draft tube. The subsequent 2nd
and 3rd harmonics of the vortex rope are hardly observed in
the asynchronous mode, whereas they are observed moder-
ately in the spectrograms of the pressure and velocity signals
(see Figs. 9 and 10). However, accurate estimation of the har-
monics of the synchronous and asynchronous modes required
four or more pressure sensors and velocity points in the radial
plane. The frequency of 0.29·fn is observed in the synchronous

FIG. 13. Helical vortex rope at low dis-
charge (PL) operating condition, half of
vortex rope period: average of velocity
field from twenty similar repetitions of
measurements.
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FIG. 14. (Left) Photograph of an RVR at the PL operat-
ing condition of the investigated model Francis turbine.
(Right) Schematic of the RVR in the draft tube cone.
ω1 is the angular velocity of the precession, and ω2 is
the angular velocity of the vortex rotation around its own
axis. rRVR denotes the precessing radius. The figure on the
right is reproduced with permission from B. Mulu, “An
experimental and numerical investigation of a Kaplan
turbine model,” Ph.D. thesis, Division of Fluid and Exper-
imental Mechanics, Department of Engineering Sciences
and Mathematics, Lulea University of Technology, Lulea,
Sweden, 2012. Copyright 2012 Berhanu Mulu.

mode with a lower amplitude compared to that of the asyn-
chronous mode, as shown in Fig. 11(b). The 1st harmonic of
the vortex rope is dominating. In the synchronous mode of
the velocity signal, 0.58·fn is the dominant frequency, and the
frequency of 0.29·fn is not available, as shown in Fig. 12(b).
The amplitude of this frequency (0.58·fn) is also larger than the
frequency of 0.29·fn, as observed from the synchronous mode
of the pressure signal in Fig. 11(b). This represents a specific
behavior of the synchronous mode in the elbow draft tube.

The flow in the draft tube cone increased during the load
acceptance operation. As a result, the swirling flow tended
to be a little axisymmetric along the centerline of the draft
tube. The relative increases in the level of synchronous fluctu-
ations in the range of 0.01·fn–0.29·fn are observed in Fig. 11(b).
These “subcritical” synchronous fluctuations in the draft tube
cone may be related to the Benjamin16 theory, i.e., the spi-
ral vortex breakdown is moving to a subcritical swirling flow
to sustain waves. The corresponding phenomenon is termed
as a subcritical swirl configuration of synchronous fluctua-
tions. Once the GV of the turbine reached the BEP condition,
the subcritical synchronous fluctuations disappeared because
of the “negligible swirling” flow configuration at the BEP
operating condition of the turbine. In the mitigation process,
the traces of synchronous fluctuations at 0.29·fn continuously
appeared even at the BEP operating condition of the tur-
bine, as shown Fig. 11(b). Our results clearly show that the
asynchronous and synchronous fluctuations in the elbow draft
tube at the critical frequency (0.29·fn) behave autonomously.
However, the subcritical frequencies are dependent on the
swirling flow configuration, which sustains axisymmetric
waves.

E. Mitigation of the vortex rope/breakdown

The velocity fields in the draft tube cone feature a well-
defined periodical behavior at the precessing vortex rope fre-
quency. Figure 13 shows the streamlines of time-averaged
[Eq. (10)] velocity fields obtained from synchronized repe-
titions, where N represents the number of repeated measure-
ments. Such a type of averaging allows for good statistics on
the velocity measurements despite a low initial sampling rate.
In the present study, N = 20 measurements were repeated.
Figure 13 represents the flow over a time difference of 0.31 s,

i.e., half the precessing vortex rope period (tVR = 1/f VR = 0.62),

V 〈(x, y, t)〉 = 1
N

N∑
1

V (x, y, t). (10)

FIG. 15. Instantaneous normalized axial velocity (v*) at Line 1 [see
Fig. 3(b)]: (a) steady-state at PL, (b) transient from PL-BEP. The black dashed
line is the start of the transient operation, and the black solid line is the end of
the transient operation.
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The vortex breakdown may be of different types, but in
the case of the Francis turbine, the helical vortex breakdown is
a common phenomenon at the PL condition. A helical vortex
breakdown was observed in the present study at the PL condi-
tion, which is wrapped around a low velocity zone, as shown in
Figs. 13 and 14. The flow instabilities near the central region of
the vortex (i.e., forced vortex region) may be associated with
the formation of helical vortex breakdown. The helical vor-
tex core was observed to precess around the symmetric axis
of the draft tube. The vortex precessed about the symmetric
axis of the draft tube (ω1), which is not the center axis of
the draft tube (see Fig. 13). The vortex also rotates around
its own axis (ω2). A schematic representation of the helical
vortex configuration at the PL condition is shown in Fig. 14
(right), where the vortex is assumed to rotate around the center
axis of the draft tube and around its own axis. The vortex rope
feature is normally identified as a manifestation of the vortex
breakdown phenomenon.32,34 This helical vortex breakdown is
termed as a precessing vortex core (PVC) in general and RVR
in case of turbines. The center of the low-velocity region at any
time defines the position of the vortex rope around the draft
tube center axis. The exact position and radius of the RVR in
the draft tube may be obtained from the phase-averaged tan-
gential component of the velocity, as described by Mulu.48

Just to visualize in Fig. 14 (left), the radius of the RVR is
found to be approximately half of the cone radius. The present
results are in accordance with a vortex breakdown obtained

at high Reynolds numbers, Re ≈ 105, and in fact, they can
be extended to larger Reynolds numbers.20 At high Reynolds
numbers, similar to that in the present case (Re ≥ 105), the
centerline velocity never becomes negative. Furthermore, the
spiral vortex breakdown appears to be the fundamental form
of the vortex breakdown.

Contours of the instantaneous axial velocity (v* = v/VBEP)
in the spanwise direction at Line 1 during flow acceleration are
presented in Figs. 15(a) and 15(b). The measurements reveal a
central vortex core characteristic of a vortex breakdown flow
interacting with a swirling outflow, as shown in Fig. 15(a).
The perturbations in the flow show uniform characteristics
in the measured cross section at the PL condition. The per-
turbations in the flow grew near the center axis of the draft
tube as the turbine operation moved toward the BEP condi-
tion. An imbalance in axial flow momentum was observed,
which induced a negative flow acceleration just upstream of
the stagnant region, and the flow tended to decelerate along
the center axis of the draft tube, as shown in Fig. 15(b). As this
imbalance grew during the turbine operation toward the PL, an
increase in decelerated flow was observed near the center axis.
A region of negative axial velocity was formed, as shown in
Fig. 15(b). This negative region in the flow is characterized by
a vortex breakdown bubble or vortex breakdown related to the
Kelvin-Helmholtz instability. This theory of vortex breakdown
is related to the findings of Benjamin,16 and for the very first
time (to the author’s knowledge), the same has been identified

FIG. 16. Instantaneous normalized iso-
contours of zero to negative axial veloc-
ity (v*) at line 1: (a) steady-state at PL;
(i) positive velocities, (ii) zero and nega-
tive velocities and (b) transient from PL-
BEP; (i) positive velocities, (ii) zero and
negative velocities. The black dashed
line is the start of the transient opera-
tion, and the black solid line is the end
of the transient operation.
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in a Francis turbine draft tube. To depict vortex breakdown fea-
tures more clearly, the region of low/zero/negative velocities
is extracted from Figs. 15(a) and 15(b) and redrawn separately
in Figs. 16(a) and 16(b). It is also evident from Fig. 16(a–ii)
that the flow imbalance at any instant pushed the flow toward
the draft tube wall. This is the negative flow along the center
axis of the draft tube, which pushes the flow toward the draft
tube wall, as shown in Fig. 16(a–i). It is also evident from Fig.
16(a–ii) that the negative flow was wrapped by the stagnation
region in the draft tube.

The vortex breakdown phenomenon is normally char-
acterized by the development of this stagnation region or
negative flow region. Several important features regarding
the disappearance of the vortex breakdown were observed in
the draft tube, as shown in Fig. 16(b). The region of neg-
ative flow, observed at low discharge condition, collapsed
toward the center axis of the draft tube after 0.44 s of the
start of transient operation (i.e., when discharge to the tur-
bine was increased). The continuous reduction in the length
of the stagnation region was observed after this point of tran-
sient operation. A final stagnant point along the center and
downstream of the decelerated flow was observed to the left

of the draft tube. Our result shows that the flow near the
criticality or imbalance was near to the stagnant region. It
was earlier presented by Goyal et al.12 and Susan-Resiga
et al.32 that the vortex breakdown in the draft tube of a Francis
turbine is a consequence of the stagnation. Similar findings
were earlier suggested by Hall:13 flow near a criticality or
an imbalance may be flow near the stagnation. A different
theory was suggested by Cary et al.:49 the stagnation is the
secondary instability of the vortex breakdown. However, our
result shows that the stagnation is a primary instability of the
vortex breakdown in the draft tube of a Francis turbine.

A known phenomenon of the vortex breakdown is a
change in axial velocity from a jet-like profile to a wave-like
profile before and after the breakdown, respectively.50,51 This
change in axial velocity could be associated with the transition
in the helical symmetry of the vortex structure, as described
in the literature.28,52 However, the results of the present study
predict a different transition; the change in axial velocity was
from a wake-like profile to a jet-like profile before and after the
breakdown, respectively, as shown in Figs. 15(a) and 15(b). As
the guide vanes opened, the Reynolds number increased while
the swirl number decreased, allowing such a transition.

FIG. 17. Streamlined patterns for the
averaged steady solution of the flow
for twenty similar repetitions in the
draft tube during the transient (PL-BEP)
operating condition. Note that the times
of representation of the figures start
from intermittent PL to BEP.
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The first signs of a stability developing with the tran-
sient condition were noticeable at 0.44 s after the start of
the transient operation [see Fig. 15(b)]. The vortex core is
characterized by the stagnation region on the draft tube center
axis.12 The increase in discharge to the turbine produced an
abrupt contraction of the vortex core around the draft tube
centerline to break the envelope of negative fluid wrapped
by some stagnation region. Previously, the envelope had a
degree of symmetry over whole draft tube length. The enve-
lope of the negative fluid region was completely destructed
1.4 s after the start of the transient operation. The GV angle
at this particular position is 7.9◦ (see Fig. 5). As the flow to
the turbine increased further, an unstable stagnation region
was observed in the draft tube after 1.8 s from the start of
the transient operation. The GV angle was 8.6◦ at this instant
of time. This is an important finding, as it suggests that the
mitigation of the vortex breakdown in the draft tube is mainly
focused on the elimination of the stagnation and reversed flow
regions.

F. Shear layers

The previously discussed complex behavior of the instan-
taneous velocity deficit observed in the draft tube cone
(Figs. 15 and 16) motivates the characterization of the flow
instability after averaging the repetitions of similar measure-
ments. The vortex breakdown in the draft tube is a 3D unsteady
phenomenon, and its elimination can be represented by a
steady flow field, considering the stagnation and recirculat-
ing/counter flow regions. Figure 17 shows the streamlines of
the averaged [see Eq. (10)] velocity field during transient at
particular instants of time. The transient start and stop times
were 7.4 s and 9.9 s, respectively. It is shown in Fig. 17(a) that
the vortex rope resulted from the shear layer at the interface of
the recirculating eddies near the centerline of the draft tube and
swirling outflow. Increasing discharge to the turbine resulted
in the breaking up of the rolling shear layers at the interface of
two recirculating eddies (Kelvin-Helmholtz instability) with
different velocities into one recirculating eddy along the draft
tube centerline, as shown in Figs. 17(b) and 17(c). A fur-
ther increase in discharge resulted in the elimination of the
recirculation flow, and some region of flow separations were
observed, as shown in Figs. 17(d) and 17(e). The flow in the
draft tube was separated by a stagnant region, as discussed
earlier (see Figs. 15 and 16). The shear layer resulting from
high axial velocity gradients between the stagnation region and
the high swirling outflow near the centerline of the draft tube
resulted in the vortex breakdown or the vortex rope in the draft
tube. The flow was observed to be streamlined in the elbow
draft tube cone at the BEP operating condition, as shown in
Fig. 17(f). The stagnant region appeared as the final unsteady
feature before elimination of the vortex rope/breakdown of the
draft tube. Therefore, a countermeasure technique to mitigate
the vortex rope at an off-design condition requires preventing
the formation of the stagnant region in the draft tube. Differ-
ent methods, such as draft tube fins, runner cone extension,
and air/water jet injection, were proposed to mitigate the vor-
tex rope in the draft tube.32,46 Each of these methods required
the introduction of some additional losses in the draft tube.5

To mitigate the vortex rope successfully, a region of focus

(i.e., stagnation region, recirculating region, or wall shear) is
required.

G. Velocity gradients

The study of axial velocity gradients (dv/dx) is useful in
the case of an elbow draft tube, where zero, negative, and
high axial velocities are developed at off-design and transient

FIG. 18. Axial velocity gradients in the elbow draft tube: (a) steady-state at
PL, (b) transient from PL-BEP, and (c) steady-state at BEP. The black dashed
line is the start of the transient operation, and the black solid line is the end of
the transient operation.
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operating conditions of the Francis turbine. Several impor-
tant features regarding the devolution of the vortex breakdown
flow structures in terms of velocity gradients are displayed in
Figs. 18(a)–18(c). First, the strong velocity gradient zone
between x/R = �0.5 and 0.5 was observed in the draft tube
at the PL operating condition of the turbine. These velocity
gradients lie within the free shear layer (see Fig. 17) between
the stagnant region and swirling outflow [see Figs. 15(a) and
16(a)]. Second, with the increase in flow to the turbine, the
axial flow momentum increased within the center of the draft
tube, resulting in stretching and breakup of the velocity gradi-
ents toward the cone centerline, as shown in Fig. 18(b). This
reduced the potential of the shear layers to roll up and elim-
inated the vortex rope, which survived practically at the PL
operating condition of the turbine.

Theoretically, the Francis turbine is assumed to have a
“negligible swirling” flow condition at the BEP. However, in
practice, a small amount of residual swirl is always tuned at the
runner outlet to prevent the flow separation along the draft tube
wall.5 It is evident from Fig. 18(c) that at the BEP condition of
the turbine, low axial velocity gradients are available at the cen-
terline of the elbow draft tube. This amount of swirl and veloc-
ity gradients has an almost negligible effect on the efficiency
of the draft tube.6 Some low axial velocity gradient pockets
are always seen in the flow, as shown in Figs. 18(a)–18(c).
The high Reynolds number (ρvDi/μ = 5.1 × 105–7.3 × 105)
of flow and the associated turbulence in the flow in the present
study exhibit such low gradient pockets in the elbow draft
tube.

IV. CONCLUSIONS

The instantaneous head and torque generated by a model
Francis turbine were found almost unmodulated during the
repetitions of the similar measurements. The results showed
that the velocity profiles near the runner outlet have a moder-
ate swirl at BEP, which prevents the low velocity and stagnant
region formation, thus enhancing the draft tube performance.
The increased high axial flow near the center of the draft tube at
the BEP also minimizes the risk of backflow. The mean veloc-
ity profiles showed that the elbow draft tube has an immoderate
amount of swirl at the PL operating condition of the turbine,
which induces low velocity, stagnant, and backflow regions in
the draft tube cone.

The spectral analysis confirmed that this instability has
a low frequency (i.e., 0.01·fn–0.29·fn) and a Rheingans fre-
quency in the 0.2–0.4·fn range. The critical frequency at
which the present turbine was observed to develop the insta-
bility, i.e., vortex rope, in the elbow draft tube is 0.29·fn.
A well-defined approach was adopted to quantify the syn-
chronous (plunging) and asynchronous (rotating) modes of
the vortex rope at this critical frequency in the velocity-
time and pressure-time signals. The results clearly depicted
the autonomous behavior of synchronous and asynchronous
fluctuations in the elbow draft tube at the critical frequency.
The observed subcritical frequencies were dependent on the
swirling flow configuration, which sustains axisymmetric
waves.

The abrupt contraction of the vortex core near the cen-
terline of the draft tube was observed with the increased flow

rate to the turbine. This elucidated the envelope of the recir-
culating fluid, which is wrapped by some stagnation region.
Before, the envelope had a degree of symmetry over the whole
draft tube length. The results demonstrated the rolling up of
shear layers at the interface of two recirculating eddies, which
shows the Kelvin-Helmholtz instability in the draft tube. The
potential of the rolling up of shear layers was reduced as
the axial flow momentum increased toward the center of the
draft tube. This was evidenced by the stretching and breakup
of the axial velocity gradients toward the draft tube center.
An atypical type of transition (i.e., wake-like to jet-like) is
observed in the presented experiments compared to the typical
transition (i.e., jet-like to wake-like breakdown). Finally, the
measurements demonstrated the evidence of the little-tuned
swirl condition in the BEP operation of the Francis turbine.
The disappearance of the vortex rope/breakdown in a conical
draft tube was observed for the first time during the transient
from a low to high discharge operating condition of a Francis
turbine.
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NOMENCLATURE

ADC analog-to-digital converter
BEP best efficiency point
BSL best straight line
CCD charge-coupled device
CFD computational fluid dynamics
cRIO compact reconfigurable input /output
EPFL École Polytechnique Fédérale de Lausanne
FLINDT flow investigation in a Francis draft tube
GV guide vane
FS full scale
FSO Full-scale output
LED light-emitting diode
Nd:YAG neodymium-doped yttrium aluminum garnet;

Nd:Y3Al5O12

NTNU Norwegian University of Science and Technology
PIV particle image velocimetry
PL part load
PSD power spectral density
RPM revolutions per minute
RSI rotor-stator interaction
RVR rotating vortex rope
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TTL transistor–transistor logic
a soundwave velocity (m/s)
Di draft tube inlet diameter (m)
H head (m)
E specific hydraulic energy (E = gH)
f frequency obtained from the pressure and velocity

signal (Hz)
f sv standing wave frequency (Hz)
fn runner rotational frequency (5.55 Hz)
Q flow (m3/s)
qED specific flow (-) qED = Q

D2
√

gHM

nED specific speed (-) nED = nD√
gHM

V bulk flow velocity (m/s)
u radial velocity (m/s)
v axial velocity (m/s)
N turbine rotational speed (rpm)
r runner radius (mm)
Δp differential pressure (kPa)
ρ density (kg m�3)
λ wavelength
g gravity, 9.82 (m s�2), as tested and measured

at NTNU
TGEN generator torque (N m)
α guide vane angle (◦)

Subscripts
M- model
P- prototype
Sec.- section
s- systematic
r- random
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ABSTRACT  

The frequency band of the power grid is normally controlled by automatic opening and closing of the guide 

vanes of hydraulic turbines. Increased penetration of intermittent energy resources like solar and wind has 

disturbed the standard frequency band of the power grid network. This has increased the number of start-up

cycles as compared to the defined ones for the normal operation of the turbine. Start-up induced a

significantly higher level of unsteadiness in the flow field of the turbine, decreasing its expected life. This 

paper presents the experiments performed on a high head model Francis turbine during start-up. Synchronized 

time dependent pressure and velocity measurements were performed to investigate the instabilities in the 

turbine. A total of four steady state operating points, namely synchronous load, part load, best efficiency 

point, and high load are considered to perform the turbine start-up. The runner angular speed was observed 

to increase almost exponentially during the guide vanes positions from completely closed to no load 

condition. The head was observed as the most affected parameter during all phases of turbine start-up. The 

frequency of wave propagation due to the interaction between runner blades and guide vanes was observed 

to follow the trend of increase of runner angular speed. A vortex rope frequency was captured in the draft 

tube during the second phase and first scheme, i.e. synchronous load to part load, of the start-up. Two different 

mechanisms, namely, the development of stagnation point and the available recirculation regions were 

observed to cause the formation of vortex rope in the draft tube.   

Keywords: Francis turbine, start-up, pressure fluctuations, particle image velocimetry, stagnation point, 

recirculating flow rotating vortex rope. 

1. Introduction 

The increased penetration of solar and wind energy creates large variation of the grid frequency.

The stability of the grid in many countries is achieved by operating hydroelectric power plants over 

a wide range of operating conditions. The power generating units including turbine needs to sustain 

sudden change in its operating conditions to balance the grid frequency. Thus, the hydraulic 

turbines experience more starts and stops per day, which cause key problem such as runner fatigue, 

instrument malfunctioning, vibration in the system, wear and tear, and runner life reduction (Trivedi 

2013). 

Normal turbine shutdown and related start-up are generally carried out to meet specific 

conditions such as no electricity requirement, water scarcity, monsoon flood, maintenance purpose, 

and other safety related issues. The deregulated electricity market and introduction of renewable 

energies have resulted in random and significantly more frequent start-up cycles of the turbine. 

Normally, a Francis turbine, operating over the guaranteed efficiency range, is designed to have 1-

10 start-stop cycles per year to balance the grid (Huth, 2005). But the number of start-stop cycles 

is observed to increase by 500 per year over the last decades due to increased penetration of other 
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renewable energy sources, and deregulation of energy market (Deschênes et al. 2002). The 

hydroelectric turbine start-up cost as a function of operating hours and refurbishment period was 

calculated by Bakken and Bjorkvoll (2002). All start-up costs were observed to be either directly 

proportional to the number of start-stop or increased with the operating hours of the turbine. Each 

start-up is observed to cause a wear equivalent to a certain number of operating hours. An individual 

start-stop cycle is estimated to shorten the refurbishment time period by approximately 15 hours 

(Bakken and Bjorkvoll 2002, Nilsson and  Sjelvgren, 1997 a,b).

The hydraulic turbines power output is controlled by opening or closing the guide vanes of a 

turbine. The angular position of the guide vanes is controlled automatically by a governing servo-

motor mechanism as a function of the required power output. The guide vane sequences for normal 

start-up conditions are predefined at the time of installation of the turbine and adopted later on 

during the operation. The increased number of start-up cycles may lead to an inappropriate opening 

of the guide vanes, inducing unsteady pressure fluctuations on different components of the turbine 

(Trivedi 2013). With the time, the predefined optimum sequence of the guide vanes may behave 

differently, consequently, the turbine may experience significant dynamic pressure loading on the 

components which sometimes may cause damage to the turbine (Trivedi 2013, Nicolle et al. 2012). 

Kobro (2010) experimentally investigated the dynamic pressure loading on a model and 

prototype Francis turbine. A strong coupling between the pressure amplitudes and operating 

conditions of the turbine was observed. The reduction in vaneless gap between the runner blades 

and guide vanes, and high velocity in the flow passages induces the high amplitude of the rotor-

stator interaction (RSI) pressure fluctuations in the turbine (Trivedi 2017a, b). Such amplitude of 

pressure fluctuations are developing the fatigue loading on the runner blades.  The fatigue loading 

on the runner blades become more significant during the turbine start-up. The crack propagation 

rate on the runner blades due to cyclic fatigue loading is affected by the angular speed of the guide 

vanes. During fast movement of guide vanes, the crack propagation rate is faster than a slower 

movement (Gagnon et al. 2010). The fatigue loading to the turbine is mainly dependent on two 

parameters; number and amplitudes of load cycles. Two different start-up schemes (I-II) of guide 

vanes angular movement were experimentally investigated by Trivedi et al. (2014 a). The angular 

speed of the guide vanes during scheme-II of start-up is nearly twice of the scheme-I. An 

incompetent fast movement of guide vanes results in unfavorable pressure loading on the runner 

blades. The cyclic loading generated by such pressure fluctuations are considerable, especially in 

high head machines where the guide and stay vanes need to be made thicker. The thicker geometries 

in the water passage produced larger wakes downstream of the trailing edges which may further 

transport into the draft tube.  
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Most of the investigations on hydroelectric turbines are focused on the dynamic pressure 

loading on the runner blades and flow unsteadiness in the vaneless space and draft tube near best 

efficiency point (BEP). Recently, a few experimental and numerical studies (Kobro 2010, Trivedi 

et al. 2013, Trivedi 2014 a,b, Nicolle et al. 2012, 2014) have pointed out that the transient operation 

like start-stop may greatly affect the life expectancy of the hydroelectric turbine. These 

investigations have mainly focused on the static and dynamic pressure loading in the vaneless 

space, runner blades, and draft tube. The vibrations in the turbine during start-up were mainly 

explained as the fluctuations in the blade pass and guide vane pass frequencies of the RSI. However, 

it may also be associated with the low frequency fluctuations and transient flow condition 

downstream to the runner during different start-up schemes. The resonance between the natural 

frequency of the runner and developed low frequency fluctuations may also be associated to the 

vibrations of the turbine. The transient flow downstream the runner has never been studied with 

different start-up sequences to our best knowledge. In order to understand more in details the impact 

of a start-up, synchronized pressure and 2D particle image velocimetry (PIV) measurements have 

been performed on a model Francis turbine. The measurements are performed for different guide 

vanes openings similar to the prototype operation of the turbine. The effect of RSI has been 

investigated during different schemes of turbine start-up. The investigation of the low frequency 

fluctuations has been performed in both synchronize pressure and velocity data. The unsteadiness 

in the flow during transient has been investigated downstream of the runner, i.e. draft tube, during 

different startup schemes. 

2. Experimental apparatus and procedures   

2.1 Reduced-scale model 

The Francis turbine used is a scaled model (1:5.1) of the prototype turbine (Hp =377 m, Pp =110x4 

MW, Dp =1.779 m, QP = 31 m3s-1, nED=0.18) operating at the Tokke Power Plant in Norway. The 

model turbine (H =12.5 m, P = 30 KW, D =0.349 m, Q = 0.2 m3s-1, and nED =0.18) is installed at 

the Water Power Laboratory (WPL) at the Norwegian University of Science and Technology 

(NTNU), Norway. The model test rig is described in detail in the literature, e.g., Trivedi et al. 

(2014a,b) and Goyal et al. (2016a,b, 2017a,b). An open loop hydraulic circuit was used to operate 

the model test rig, similarly to the prototype operation. Such configuration is necessary for transient 

operation of the model turbine. 
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2.2 Instrumentation, Calibrations, and Synchronization  

The instrumentation, calibration, and measurements are performed according to guidelines 

available in International Electrotechnical Commission (IEC) standards 60041 (1991) and 60193 

(1999). In addition to basic measurement instruments (magnetic flow meter, differential pressure 

transducer, torque sensor, angle transducer etc.) related to the test rig, two Kulite pressure sensors, 

and six Kistler pressure taps are mounted in the vaneless space and draft tube of model Francis 

turbine, respectively, as shown in Fig. 1 and Table 1. The national instruments (NI) compact 

Reconfigurable Input /Output (cRIO) model 9074 (Sampling rate  400 MHz) with a 24 bit, ± 60V

analog to digital converter (ADC) is used to record the data from all the instruments. The data are 

sampled at 5 kHz with a separate ADC for each channel. A Lab-VIEW program was developed to 

acquire the data to a computer. The accuracy and calibration uncertainties (systematic and random) 

of the instruments were performed to estimate the accuracy of the results. For further details 

regarding the calibration of instruments, see literature of Goyal et al. (2017a, b). Steady state 

measurements were performed to estimate the hydraulic efficiency ( ) of the model Francis turbine. 

The maximum hydraulic efficiency of 92.4±0.15 % was estimated under steady state operating 

condition at guide vanes angle ( ) = 9.8°, specific speed (nED) = 0.18, and specific flow (qED) = 

0.15, which is marked as BEP. The total estimated uncertainty is ± 0.15 % in the hydraulic 

efficiency at BEP. 

A 2D PIV system (TSI Inc.) was used to perform the velocity measurements in a transparent 

Plexiglas draft tube of model Francis turbine. A pulsed light sheet of about 3 mm thickness is 

generated by two double cavity Nd: YAG lasers providing 100 mJ by pulse. The illuminated field 

is visualized by a low noise digital charge-coupled device (CCD) camera (VC-4MC-M180) of 2048 

x 2048 pixel’s resolution, with a series of paired images acquired at 300-400 s. Polyamide seeding 

particles with a density of 1.016 g/cc, a refractive index of 1.52, and a mean diameter of 55 m 

were used for the measurements. To minimize the optical distortion, an index matching box of 

refractive index 1.52, made of glass and filled with water, was used during the calibration and 

measurements. An ex-situ calibration with a specially designed 2D target plate, having dots of 

diameter 2 mm and 20 mm spacing between the dots, was performed in the draft tube due to 

practical limitations associated with the in-situ calibrations. A sensitivity analysis test was 

performed and a sampling rate of 40 Hz was found appropriate for the measurements. A random 

uncertainties of 2-3% in velocity field was estimated under the steady state condition at BEP. The 

synchronization between PIV and cRIO (acquiring pressure and operating flow parameters) 

measurements were performed using an external triggring mechanism. A 5 V pulse is generated 

using a separate cRIO to externally trigger the synchronizer of the PIV system and main cRIO 
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measurements ( , Q, H, TGEN, and pressure) together. The transistor–transistor logic pulse from the 

runner is used to determine the turbine rotational speed (N). The guide vanes movement is 

controlled by a computer-controlled relay, acquiring both guide vanes angle ( ) and runner 

positions as inputs. This ensured that the guide vanes movement began at the same angular position 

for all measurements. For more details regarding the synchronization, see literature of Goyal et al.

(2017a).      

Fig. 1a Drawing of the model Francis turbine, top view 

Fig. 1b Drawing of the model Francis turbine, side view 

Fig. 1 Sensor placement as seen from the top presented in Fig. 1a and from the side in Fig. 1b. 
Target PIV plane of measurements is presented in Fig. 1b. The sensor corresponding to the numbers 
is shown in Table 1. All dimensions are in mm. The radial distance of the sensors was made 
dimensionless by the runner radius (R=D/2=174.5 mm)  
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Table 1 Position of pressure sensors 

Sensor Placement Dimensionless radial 
position

DT1 1A 1.12
DT2 1B 1.12
DT3 1C 1.12
DT4 1D 1.12
DT5 2B 1.03
DT6 2D 1.04
VL1 3E 1.23
VL2 3F 1.84

2.3 Measurement program and range of parameters 

Synchronized pressure and velocity measurements were performed on a model Francis turbine 

during start-up. The discharge to the Francis turbine is controlled by the guide vanes angular 

movement. In the investigated model Francis turbine, the guide vanes angular position 0° 

corresponded to the no discharge condition, i.e., 0% guide vanes opening (GVO), and 14° to the 

maximum discharge condition, i.e., 100% GVO. Four steady-state operating points were selected 

for the transient measurements: one at the minimum discharge (  =0.8°), one at the low discharge 

( =6.7°), one at BEP (  =9.8°), and one at the high discharge ( =12.4°). The 0.8° (6 % of GVO) 

is the minimum angular position of the guide vanes at which the synchronization of turbine-

generator takes place at the synchronous speed of 333 rpm. This operating condition is marked as 

no load (NL) condition when the runner is spinning freely, and synchronization load (SL) condition 

when the generator is magnetized. The 6.7° (48% GVO), 9.8° (70% GVO), and 12.4° (89% GVO) 

angular positions of the guide vanes correspond to the part load (PL), best efficiency point (BEP),

and high load (HL) conditions, respectively. The specifications of the operating conditions are 

shown in Table 2. The steady-state conditions are focused on the operating points where high 

pressure fluctuations due to rotating vortex rope (RVR) at PL and torch-like vortex structure at HL 

are observed in the turbine.  
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Table 2 Specifications of the steady state operating points 

Guide vane

angle (°)

Head 

H (m)

Flow rate

Q (m3/s)

Specific speed   

nED (-)

Specific flow

qED (-)

Hydraulic 

efficiency (%)

0.8 12.14 0.02 0.18 0.01 20.9
6.7 11.87 0.14 0.18 0.11 90.1
9.8 11.94 0.20 0.18 0.15 92.4

12.4 11.88 0.24 0.18 0.18 91.8

The turbine start-up sequence is divided into two phases in the present study. During phase-I, 

the guide vanes are opened from 0 to 6% to couple the generator to the turbine at the synchronous 

speed, and during phase-II, the guide vanes angular positions are further opened up to the selected 

steady state operating points (see Table 2). Three schemes of the guide vanes opening in phase-II

are performed, including scheme-I (6-48%), scheme-II (6-70%), and scheme-III (6-89%). All 

measurements after magnetization of generator are performed at synchronous speed to match the 

operating conditions similarly to prototype operation.    

2.4 Data processing 

The pressure signals and flow parameters ( , Q, H, and TGEN) were uniformly sampled during the 

synchronized measurements which allow an instantaneous transient variation and spectral analysis 

to be carried out during different phases and schemes of the turbine start-up. An in-built Matlab 

function with Savitzky-Golay (s-g) filter is used to smooth the transient pressure data. The function 

uses the Goertzel algorithm to analyze the data. Spectral analysis is performed using a standard 

method of Fast Fourier Transformation (FFT). The Welch’s method with a Hanning window is 

used for the spectral analysis of the pressure signals. The Welch’s method provides a better 

approximation of amplitudes and frequencies which are difficult to elucidate from the raw pressure 

signals. The methodology is described in details by Proakis et al. (1992) and Vekve (2004). A

window size of 4 s with 95% overlap of the pressure signal is observed to predict a good 

approximation of the amplitudes and frequencies. 

INSIGHT 4G software from TSI Inc. is used for preliminary processing of the paired images.

A cross-correlation scheme is applied for a window size of 32 x 32 pixels with two refinements 

steps and 50% overlap between the adjacent windows. A spatial domain of 272 178 mm2 is

processed to obtained the velocity vector field of the plane considered in the draft tube. Obtained 

instantaneous velocity field during transient is smoothened using a Matlab smoothing function with 
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Robust Lowess method as described by Garica ( 2010, 2011). Similar to pressure signal, the spectral 

analysis of the velocity data is performed after extracting the fluctuating velocity field along four 

points on the PIV measurement plane. The coordinates of the points are presented in Table 3. A 

window size of 2 s with 95% overlap of velocity data is observed to predict a good approximation 

of the amplitudes and frequencies. 

Table 3 Coordinates of extracted velocity points 

Location Coordinates 
(mm)

Non-dimensional
Coordinates (-)

P1 (-87.50,-30, 0) (-50, -0.17, 0)
P2 (87.50, -30, 0) (0.50, -0.17, 0)
P3 (-87.50,-149,0) (-0.50, -0.85, 0)
P4 (87.50,-149,0) (0.50, -0.85, 0)

3. Result and discussion  

The time-resolved synchronized pressure and velocity measurements were performed on a high 

head model Francis turbine during start-up which consists of 3 start-up schemes performed in 2 

phases. The variation in the flow parameters ( , Q, H, and TGEN) and pressure for the transient 

operation are firstly presented. Detailed investigations of the transients are then presented with 

special emphasis on the frequency development, variation due to rotor-stator interaction (RSI) and 

rotating vortex rope (RVR), axial (v*) and radial (u*) velocity distributions.    

3.1 Transient variation of flow variables ( , Q, H, and T) 

The representation of turbine start-up phases with a variation of basic flow variables such as the 

head (H), discharge (Q), torque (TGEN), and guide vane position ( ) of the model Francis turbine 

are shown in Fig. 2. The values of , Q, H, and TGEN are normalized with the maximum value, 

corresponding to 1 (100%) and a minimum value corresponding to 0 (0%) taking the uniform length 

of the signal using Equation (1).

[ ] Min

Max Min

X XX
X X

         (1) 
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The generator in the laboratory is connected to a direct current converter. The converter unit 

supplies and takes power to and from the generator so that the selected operating point could be 

maintained. The converter also fixes the angular velocity of the generator at the selected value. In 

the present study, the generator is rotating at a constant angular speed of 333 rpm which is the 

synchronous speed of the generator. During the start-up measurements, the guide vanes of the 

model Francis turbine are opened slowly so that the runner reaches up to the synchronous speed of 

the generator. The average angular speeds ( gv) of the guide vanes movement during the 

measurement is 0.0022 rad/s. The generator is then magnetize at this synchronous speed during 

phase-I of the measurements as shown in Fig. 2(a). Thereafter, the guide vanes are further opened 

to get the required operating condition, such as PL, BEP, and HL, as shown in Fig. 2(b-d). The 

corresponding maximum and minimum values of the flow variables during the phase-I and phase-

II are shown in Table 4. 

Table 4 Maximum and minimum values of the flow variables during start-up 

Parameters Phase-I Phase-II

Scheme-I Scheme-II Scheme-III

Min Max Min Max Min Max Min Max

[°] 0 0.8 0.8 6.7 0.8 9.8 0.8 12.4

H [m] 12.18 12.68 11.76 12.64 11.59 12.64 11.46 12.64

Q [m3/s] 0.003 0.03 0.02 0.15 0.02 0.20 0.02 0.24

T [Nm] 0 9.3 9.4 457.23 9.3 695.86 9.3 791.4
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(a) Phase-I of start-up (b) Scheme-I and Phase II of start-up

(c) Scheme-II and phase II of start-up (d) Scheme-III and phase II of start-up

Fig. 2 Transient variation of the normalized head (H), discharge (Q), guide vane angle ( ), and 
generator torque (TGEN) during turbine start-up, 0% indicate that the guide vanes are closed, Phase-
I indicates the GVO from 0-6% (0-SL) and Phase-II indicates the GVO from 6-48% (SL-PL), 6-
70% (SL-BEP) and 6-89% (SL-HL). Vertical gray dot line: guide vanes stop, Vertical black dashed 
line: generator magnetization 

The runner angular speed is observed to increase almost exponentially as the guide vanes are 

opened from completely closed positions to the NL operating condition of the turbine. The 

synchronous speed of the runner is achieved in about 12 s after stopping the guide vanes movement. 

Transient variations of the discharge follow closely the guide vanes movement. The head is 

observed to decrease monotonically with the guide vanes opening which further increases after the 

transient and stabilizes in around 21 s after the transient operation. The smooth synchronization of 

turbine-generator during the generator magnetization is obtained since no significant fluctuations

in the head and discharge is observed. However, a linear increment in torque by 1.7 N-m is observed 

after the magnetization of the generator.  
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The transient variation of the discharge and generator torque during 3 different schemes of 

phase-II almost follows the trend of the guide vanes movement as shown in Fig. 2(b-d). The torque 

fluctuations (see Fig. 2c) at 70% opening of the guide vanes may be attributed to the oscillations in 

runner angular speed. The fluctuations in the runner angular speed is discussed in detail later in the 

spectral analysis (Sec. 3.3). Steady state hydraulic torque values are measured as 457.23 N-m, 

695.86 N-m, and 791.4 N-m at PL, BEP, and HL conditions, respectively. The net head is observed 

to decrease initially since the differential pressure across the turbine inlet decrease as the guide 

vanes moved suddenly. The trend of head variation during scheme-I to III is almost similar and 

settles in around 11-13 s after stopping the guide vanes movement. 

3.2 Pressure fluctuations  

The time dependent pressure fluctuations during start-up of the turbine are shown in Fig. 3 (a-d). 

The two sensors, namely VL1 and DT1, located in the vaneless space and draft tube, respectively, 

are selected to investigate the pressure variation in the turbine. Since similar behaviour is observed 

for the other pressure sensors, they are not presented. The values of the guide vane angle ( ) and 

pressure (Pnorm) in the figures are normalized using Eq. (1).  

The pressure in the vaneless space corresponds to the movements of the guide vanes during the 

phase-I of the startup as shown in Fig. 3a. With the opening of the guide vanes, the transient 

pressure is observed to increase steadily from 100 kPa and reached to an operating pressure of 148 

kPa, 14 s after the end of the transient operation. The maximum pressure fluctuations in the vaneless 

space are ± 1.5%. In the draft tube, the pressure is observed to increase slowly with the opening of 

the guide vanes and then decreased soon after the end of the transient. The observed pressure 

variation in the draft tube is less than 1 kPa. The maximum pressure fluctuations was ±12.5% is in

the draft tube during phase-I of the start-up.    
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(a) Phase-I of start-up (b) Scheme-I and phase II of start-up

(c) Scheme-II and phase II of start-up (d) Scheme-III and phase II of start-up

Fig. 3 Transient variation of the normalized pressure at sensor location VL1 and DT1 during turbine 
start-up, 0% indicates that the guide vanes are closed, Phase-I indicates the GVO from 0%-6% (0-
SL) and Phase-II indicates the three GVO sequences from 6-48% (SL-PL), 6-70% (SL-BEP) and 
6-89% (SL-HL) 

Figure 3(b-c) shows the pressure variation at the same locations during phase-II of the start-up. 

Three schemes of the guide vanes opening are presented to investigate the transient pressure 

variation in the vaneless space (VL1) and draft tube (DT1). In the vaneless space, the pressure 

observed corresponds to the opening of guide vanes in all schemes (I-III). The transient pressure is 

steadily increasing in the vaneless space for all schemes of the guide vanes opening and reached to 

an operating pressure of the corresponding steady state condition. The pressure in the vaneless 

space is observed to increase from 148 kPa to 163 kPa (9% increase) during scheme-I (SL-PL) as 

shown in Fig. 3(b). A decrease in normalized pressure fluctuations by ± 2.1 % is observed in the 

vaneless space. However, an increase of ± 1.3% is observed in the draft tube during scheme-I. This 

is the operating condition (48 % GVO) where the maximum pressure fluctuations in the draft tube 

are observed. The 48% opening, i.e. PL condition, of the guide vanes is dominated by a precessing 

173



vortex rope in the draft tube as presented in a previous investigation (Goyal et al. 2017a). It induces 

low-frequency fluctuations in the draft tube. Thus, the higher fluctuations at 48% opening of guide 

vanes may be attributed to the low-frequency fluctuations in the draft tube.    

The pressure in the vaneless space is observed to increase from 148 kPa to 167 kPa (11.4% 

increase) during scheme-II as shown in Fig. 3c. The pressure in the draft tube is observed to increase 

by 1.9%. The maximum pressure recovery in the draft tube is observed during scheme-II (SL-BEP) 

of the start-up. At 70% opening, i.e. BEP condition, of the guide vanes, a negligible amount of swirl 

is expected from the runner in the draft tube. This reduces the losses in the draft tube due to marginal 

swirling flow condition. A decrease in normalized pressure fluctuations by ±0.7% is observed in 

the vaneless space during scheme-II.  

The pressure in the vaneless space is observed to increase from 148 kPa to 172 kPa (14% 

increase) during scheme-III (SL-HL) as shown in Fig. 3d. The pressure recovery (~1%) in the draft 

tube during scheme-III is similar to that observed for the scheme-I. At 89% opening, i.e. HL 

condition, of the guide vanes, a torch-like vortex structure was seen in the draft tube (Goyal et al. 

2017 b). This may be a reason for the reduced pressure recovery in the draft tube during scheme-

III of the start-up. A decrease in normalized pressure fluctuations by ± 1.1% is observed in the 

vaneless space. However, an increase of ± 1.6% is observed in the draft tube during scheme-III due 

to the swirling flow. The different cycles of pressure signal fluctuations in the vaneless and draft 

tube (see Fig. 3) show the existence of high and low-frequency oscillations in the draft tube which 

are discussed in the next sections.        

3.3 Spectral analysis 

3.3.1 Rotor-stator interaction  

Spectral analysis of the acquired pressure and velocity data during start-up of the turbine at 

locations VL1 and DT1 is performed to investigate the dominant frequencies of the fluctuations. A

built-in function in Matlab, spectrogram, is used to present the transient spectral analysis. Figure 4

shows the transient variation of the blade passing frequency at VL1 during phase-I of the start-up. 

The bar in the spectrogram shows the power spectral density (PSD) of the frequency analysis in 

logarithmic scale. Therefore, the level of the fluctuations can be seen from the spectrogram. The 

following equation is used for the PSD, presented in the spectrogram: 

PSD log = 10 × log (10 × PSD)                   (2) 
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Seen in the Fig. 4a, the runner of the turbine is maintained at standstill condition up to 2.5 s 

before the start of transient operation. At this position, the guide vanes of the turbine are fully closed 

and no flow is taking place inside the turbine. At 2.5 s, the guide vanes are opened consequently, 

water starts to flow into the runner blades and the runner is accelerated. After 12 s of the end of 

transient, the runner achieved the required angular speed. The runner speed is observed to increase 

slowly with the opening of the guide vanes. As a blade passes guide vanes, a pressure wave 

develops and propagates in the vaneless space and the runner. The frequency of the wave 

propagation increases with the increase of the runner speed as shown in Fig. 4 a. This finally 

achieves the normalized blade passing frequency of 30 (f=166.5 Hz) which is equal to the number 

of runner blades. The harmonic (15) of the blade passing frequency is also observed to develop 

exponentially together with the fundamental blade passing frequency highlighting the presence of 

15 blades and 15 splitter blades.     

The runner acceleration speed in the turbine during start-up is a function of the rate of the guide 

vanes angular movement.  Since the generator is magnetized at the synchronous speed of 5.55 Hz, 

the blade passing frequency remained uniform for all schemes (I -III) of start-up (phase-II) as shown 

in Fig. 4b -d. During the phase-I, the frequency of the developed pressure waves, captured in the 

signal VL1, increases from 0 to 166.5 Hz. A significant normalized fluctuations of ± 0.2 (166.5 ± 

1.1 Hz) in blade passing frequency is observed at the beginning of the guide vanes movements for 

all schemes of the phase-II. The fluctuations may be attributed to the increase in discharge to the 

turbine which results in some fluctuations in runner angular speed. The blade passing frequency is 

simply a multiplication of runner angular frequency and number of runner blades. The number of 

runner blades are constant and only the fluctuations in runner angular speed which causes the 

fluctuations in blade passing frequency. The maximum variation in normalized blade passing 

frequency (30) for the scheme-II of the start-up is shown in Fig. 4b. The variation is observed in a

range of 29.4 to 31.4, i.e. 166.5 ± 2.2 Hz. The frequency variation starts to oscillate immediately 

after the stop of the transient operation which corresponds to the BEP condition. This variation may 

be attributed to the fluctuations in the runner speed due to an increase in the discharge. It is believed 

that this variation in blade passing frequency during the transient is temporary since no variation is 

captured at the steady-state BEP condition during previous findings (Goyal et al. 2017a).  
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(a) Phase-I of start-up (b) Scheme-I and Phase II of start-up

(c) Scheme-II and Phase II of start-up (d) Scheme-III and Phase II of start-up

Fig. 4 Spectrograms of the pressure signal in the vaneless space (VL1) during Phase-I (0-6% GVO) 

and Phase-II of start-up. Phase-II corresponds to the three GVO sequences: 6-48% (SL-PL), 6-70% 

(SL-BEP) and 6-89% (SL-HL) 

PSD analysis of the pressure signals shows that the strength of the signal as a function of 

frequency. It shows strong and weak frequency variations in all signals. The color in the 

spectrograms also indicates the strength of the signal as a function of its amplitude. The amplitudes 

of the blade passing frequency are observed to increase with the increase in discharge. The increase 

in amplitudes are significant during the synchronization procedure of the turbine-generator. This 

can be seen in Fig. 4a, that for no load condition (up to t= 17.3 s), the strength of the blade passing 

frequency is weak as compared to that of the synchronized condition. Some random fluctuations in 

the spectrograms are observed for the scheme-I and scheme-III. The fluctuations correspond to the 

small and large spacing between the guide vanes trailing edge and runner blades leading edge. Also, 
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the high swirling flow from the runner at PL and HL conditions may be attributed to these random 

fluctuations in spectrograms. The optimum opening of the guide vanes (BEP), results in no random 

fluctuations because the turbine is designed to operate at this operating condition with the maximum 

efficiency. 

3.3.2 Rotating vortex rope 

The low-frequency fluctuations are depicted by zooming out the spectrograms of the pressure 

signals in the normalized frequency range of 0-1 (f=0-5.55 Hz) captured in the vaneless space and 

draft tube. No significant amplitudes at low-frequency are observed in the vaneless space and 

therefore, they are not presented. Figure 5 shows the zoom of the spectrograms of the draft tube 

pressure sensor (DT1) during phase-I and phase-II of the start-up. Similarly, the spectrograms of 

the mean velocity-time data at point P1 during phase-I and phase-II are presented in Fig. 6. A

similar behaviour of the frequency is observed for the other velocity points (P2, P3 and P4) 

extracted from the image plane, therefore, the spectrogram of only velocity point P1 is presented.  

During the phase-I of the start-up, no significant fluctuations at low frequency is observed in the 

pressure and velocity data as shown in Figs 5a and 6a, respectively. Some random higher PSD 

strength is observed in the velocity data of phase-I as shown in Fig. 6 (a). This may be associated 

with the noise in the signal due to the low sampling rate of the velocity measurements. The 

normalized frequency of 0.29 is observed to develop in both pressure and velocity data during 

scheme-I of the start-up as shown in Figs. 5b and 6b, respectively. This shows the development of 

the RVR frequency in the draft tube.  
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(a) Phase-I of start-up (b) Scheme-I and Phase II of start-up

(c) Scheme-II and Phase II of start-up (d) Scheme-III and Phase II of start-up

Fig. 5 Spectrograms of the pressure signal in the draft tube (DT1) during Phase-I (0-6% GVO) and 

Phase-II of start-up. Phase-II indicates the three GVO sequences 6-48% (SL-PL), 6-70% (SL-BEP) 

and 6-89% (SL-HL) 

Some random low normalized frequency fluctuations in the range of 0-0.05 are observed in the 

pressure signal at the start of the transients of all the schemes (I-III). Some background noise level 

at particular time intervals is observed in the spectrograms of velocity data. Usually, the noise levels 

are higher from the PIV measurements due to under sampling. In the spectrogram of the velocity 

data, some low-frequency fluctuations in the range of 0.2-0.5 are observed during scheme-II of the 

start-up as shown in Fig. 6c. The normalized frequency of 0.29 is observed at 48% openings of the 

guide vanes during the scheme-II. This operating condition is referred as the PL condition of the 

turbine. The turbine operation during scheme-II is approaching towards the BEP condition, 

therefore, the RVR frequency is not observed to develop completely in the system. Since similar 
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behaviour is not captured during the scheme-III of the start-up, therefore, the observed 

characteristics may be associated with some noise level or some random fluctuations in the 

frequencies.  

(a) Phase-I of start-up (b) Scheme-I and Phase II of start-up

(c) Scheme-II and Phase II of start-up (d) Scheme-III and Phase II of start-up

Fig. 6 Spectrograms of the velocity in the draft tube at velocity point P1 (-87.50 mm,-30 mm, 0 

mm) on Line 1 during Phase-I (0-6% GVO) and Phase-II of start-up. Phase-II indicates the three 

GVO sequences 6-48% (SL-PL), 6-70% (SL-BEP) and 6-89% (SL-HL) 

3.4 Flow investigations  

3.4.1 Steady operations (before and after start-up conditions)    

Figure 7 shows the mean velocity (V= 2 2u v ) contours in the draft tube at steady-state operating 

condition obtained before and after the transient. The horizontal (x) and vertical (y) axis are made 

dimensionless using the runner radius (R=174.5 mm). Nearly 1000 images are captured for each 
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transient in order to obtain stable mean value. A central dead core is observed in the draft tube at 

the synchronization load (6% GVO) condition as shown in Fig. 7a. The flow is asymmetrical and 

more concentrated towards the right wall of the draft tube. The flow at synchronization load is 

almost detached from the right side of the draft tube wall. The low flow rate and inappropriate swirl 

leaving the runner at this condition may be associated with the formation of the dead core and flow 

detachment. In the case of 48% opening of the guide vanes, the flow is attached to the wall but a 

wider region of zero/low velocity is observed in the draft tube center as shown in Fig. 7a. The large 

pressure gradient in the radial direction close to the wall causes a negative radial velocity in the 

draft tube and pushes the flow outwards. The low-velocity region forms as a consequence of the 

large swirl leading to vortex breakdown. The PL condition of the investigated model Francis turbine 

is dominated by a precessing vortex rope in the draft tube. The low guide vanes angle and the runner 

inability to extract the swirl generated by the guide vanes at PL result in a high swirling flow exiting 

the runner and causing the formation of the RVR in the draft tube.  

A high velocity region is found at the draft tube center for 70% opening of guide vanes as shown 

in Fig. 7c. The turbine is designed to operate at BEP condition, therefore, the high velocity is 

observed around the draft tube center. However, a little amount of swirl is always present in the 

Francis turbine draft tube to avoid the flow separation along the draft tube wall. The asymmetry in 

the flow is also observed at the BEP condition. In the case of 89% opening, a central region with 

zero/low velocity is observed in the draft tube as shown in Fig. 7d. The large guide vanes angle and 

the runner inability to extract the swirl generated by the guide vanes at HL result in a swirling flow 

exiting the runner and causing the formation of torch-like vortex core in the draft tube, another 

form of vortex breakdown. Interestingly, the flow is more concentrated towards the left wall of the 

draft tube at BEP and HL conditions as compared to that of the SL and PL conditions. The torch-

like vortex core at HL rotates in a direction opposite to the runner direction (Dorfler et al. 2013,

Magnoli 2014, Rodriguez et al. 2016) and that pushes the flow towards the opposite wall of the 

draft tube as compared to PL and BEP condition. Amiri et al. (2016) showed that the flow symmetry 

in an elbow draft tube is a function of turbine operating conditions and flow conditions at the draft 

tube inlet. Dean vortices (two counter-rotating vortices) that form after the draft tube bend are 

usually distorted and induce some flow asymmetry. The change in flow asymmetry towards the left 

and right wall of the draft tube with the operating conditions is mainly associated with the change 

in the strength of the left and right Dean vortices.          
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(a) 6% GVO (b) 48% GVO

(c) 70% GVO (d) 89% GVO

Fig. 7 Steady-state mean velocity (V= 2 2u v  , m/s) contours in the draft tube; (a) 6% GVO , (b) 
48% GVO, (c) 70% GVO, (d) 89% GVO 

Mean axial (v*) and radial (u*) velocity profiles at the preceding and succeeding steady state 

operating conditions of the start-up are presented in Fig. 8a-b, respectively. The velocity profiles 

are extracted along line1 in the spanwise direction of the measurement plane (see Fig. 1). The 

velocity is normalized using the bulk velocity (2.1 m/s) of the flow at the draft tube inlet for BEP 

condition. At the minimum discharge condition (6% GVO), the mean axial velocity in the draft 

tube approaches a zero value because of the low flow rate and inappropriate swirling flow leaving 

the runner as shown in Fig. 8a. Most of the flow at this operating condition slides through the wall 

of the draft tube, i.e. potential side flow, and thus, positive flow is difficult to capture in the center 

of the draft tube. The radial velocity at this operating condition is almost zero as shown in Fig. 8 b.

The region of zero and negative velocity is normally a condition of high circumferential velocity 

in the draft tube. The significant amount of swirl in the draft tube is a well-known condition of high 

turbulence production and shear layers leading to the formation of vortex core in the cone (Dorfler 

et al. 2013, Amiri et al. 2016).  
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Positive velocity is observed during the turbine operation at 70% opening as shown in Fig. 8a-

b. The mean axial and radial velocity profiles at optimum discharge condition are different due to 

a quasi-swirl free flow condition. For this condition, the maximum mean axial velocity is found 

below the crown cone leading edge. The velocity decreases from the draft tube center axis towards 

the cone wall. The velocity profiles are flattened in the draft tube center in the spanwise direction 

as compared to the other operating conditions due to the disappearance of the high swirling flow in 

the cone. An increase or decrease in the flow rate results in a zero/low velocity regions in the draft 

tube center for 48%, i.e. PL, and 89%, i.e., HL, opening of the guide vanes as shown in Fig. 8a-b.  

Fig. 8 Steady state mean axial (left) and radial (right) velocity profiles along Line 1 (see Fig. 1) in 

the draft tube at 6 %, 48 %, 70%, and 89% guide vanes openings  

3.4.1 Transient operations  

The flow in the draft tube cone increases during the turbine start-up. Initially, the flow is increased 

to obtain the synchronous speed of the runner, then turbine-generator synchronization is achieved 

by the magnetization of the generator at synchronous speed. As a result, the turbine starts to operate 

at a constant angular velocity.  The turbine is operating at off-design condition under transient 

operation until steady-state operation is reached at the BEP. The model Francis turbine is designed 

to operate at BEP condition where the high axial flow is available around the centerline of the draft 

tube (see Fig. 7c). The off-design conditions of Francis turbine are normally observed to develop 

some unsteadiness in the flow such as vortex rope and torch-like vortex core in the draft tube 

(Dorfler et al. 2013). Therefore, the variation in instantaneous axial velocities during turbine start-

up is presented in Figs. 9-12. The time scale is maintained same according to the synchronized 

measurements (see Figs. 2-6) and right side axis represents the guide vanes opening in percent. The 

horizontal axis is made dimensionless using runner radius (R=174.5 mm). Both phases (I-II) of
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start-up with different schemes (I-III) are considered to investigate the unsteadiness in the flow 

downstream of the runner. 

Fig. 9 Transient variation of dimensionless axial velocity (at Line 1) in the draft tube cone during 
0 to 6% (phase-I) opening of guide vanes. Black dashed line: guide vanes start, black solid line: 
guide vanes stop  

Figure 9 shows the dimensionless axial velocity contour for the start-up phase-I during guide 

vanes opening from 0 to 6%. Up to 2.5 s, the guide vanes are fully closed. At 2.5 s, the guide vanes 

are opened slowly to achieve the turbine-generator synchronization at synchronous speed. Some 

negative flow regimes start to appear in the draft tube as the turbine operation moved towards the 

SL condition. The maximum dimensionless instantaneous axial velocity is observed as 0.4 and 

minimum as -0.25 as shown in Fig. 9. The flow at this operating condition slides through the wall 

of the draft tube. The measurements include a PIV system in which the CCD camera is set to capture 

the images few millimeters away from the draft wall to avoid the aberration of light due to cone 

high curvature, therefore, the positive flow cannot be captured along the draft tube side walls. The 

negative part of the velocity may be associated with the swirling flow leaving the runner at such 

minimum opening of the guide vanes (see Fig. 7a).  
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Fig. 10 Transient variation of the dimensionless axial velocity (at Line 1) in the draft tube cone 
from 6 to 48% (scheme-I) opening of the guide vanes. Black dashed line: guide vanes movement 
start, black solid line: guide vanes movement stop 

Figure 10 shows the dimensionless axial velocity contour for the phase-II of start-up during 

guide vanes opening from 6 to 48%, i.e. scheme-I. The maximum dimensionless instantaneous 

axial velocity is 1.5 and minimum -0.5. Some alternate positive and negative flow regions are 

observed to develop during scheme-I of the start-up. The 48% opening, i.e. PL condition, of the 

investigated model turbine is dominated by a precessing vortex rope. The formation of a stagnant 

region is observed as the primary instability in the draft tube during the turbine operation from BEP 

to PL (Goyal et al. 2017a). However, during turbine operation from SL (6% GVO) to PL, a 

stagnation point is not observed as a recirculation region already exists. The precessing movement 

of the high swirling flow leaving the runner and negative flow region at the draft tube center creates 

an unstable configuration (Chen et al . 2017) leading to the development of the vortex rope in the 

draft tube. Near the draft tube wall, high axial velocity is observed to develop during the transient. 

This may be associated with the high flow pushed by the rotating vortex rope towards the draft tube 

wall. The alternate positive and negative signs of the axial velocities in the draft tube even after 

achieving the PL condition indicate a self-rotating flow together with the vortex rope. This self-

rotating flow in the draft tube defines the position of the vortex rope.  
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Fig. 11 Transient variation of the dimensionless axial velocity (at Line 1) in the draft tube cone 
from 48 to 70% (Part of scheme-II) opening of guide vanes. Black dashed line: guide vanes 
movement start, black solid line: guide vanes movement stop 

 Figure 11 shows the dimensionless axial velocity contours for the phase-II of start-up during 

guide vanes opening from 6 to 70%, i.e. scheme-II. Similar flow characteristics are observed for 

the guide vanes opening from 6 to 48%, therefore, a zoom from 48 to 70% opening of the guide 

vanes is presented in Fig. 11. The maximum and minimum dimensionless instantaneous axial 

velocities are 1.5 and -0.5, respectively. The region of negative flow velocity observed at 48% 

opening of guide vanes, disappear towards the center axis of the draft tube. This is due to a better 

guide vane angle allowing a better gobbling of the circulation by the runner. Finally, the flow 

reaches to a stagnant point after which a higher velocity develops along the center of the draft tube. 

This corresponds to the 70% opening, i.e. BEP condition, of the guide vanes. Almost negligible 

swirl is available in the draft tube at BEP condition. However, in practice, a little amount of swirl 

is always tuned in the draft tube to avoid flow separation along the wall.  
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Fig. 12 Transient variation of the dimensionless axial velocity (at Line 1) in the draft tube cone 
from 70 to 89% (Part of scheme-III) opening of guide vanes. Black dashed line: guide vanes 
movement start, black solid line: guide vanes movement stop

Figure 12 shows the dimensionless axial velocity contours for the phase-II of start-up during 

guide vanes opening from 6 to 89%, i.e. scheme-III. Similar flow characteristics are observed for 

the guide vanes opening from 6 to 70%, therefore, a zoom at 70 to 89% opening of the guide vanes 

is presented. A recirculation region starts to appear in the draft tube as the turbine operation moves 

towards the 89% opening, i.e. HL condition, of the guide vanes. A stagnation point initially appears 

in the draft tube center and a recirculation region appears. The separation of a two-dimensional 

flow (boundary layer) is a condition for the vortex breakdown as presented by Hall (1967).  The 

flow further starts to oscillate along the draft tube center as shown in Fig. 12. This is characterized 

by the reduced axial velocity component along the draft tube center during the transient. This 

further develops a torch-like vortex structure in the draft tube which rotates in the direction opposite 

to the runner. The flow around this core is observed with some asymmetry as shown previously 

also in Fig. 7d. The flow is more concentrated towards the left side of the core due to the vortex 

rotation in a direction opposite to the runner.     
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4 Concluding remarks 

An experimental study on a high head model Francis turbine is performed during start-up. The 

turbine start-up is divided into two phases namely, phase-I (0-6% GVO) to achieve the turbine-

generator synchronization and phase-II to obtain the required steady state operating condition, i.e. 

48% (scheme-I), 70% (scheme-II), and 89% (scheme-III) GVO. The time-resolved synchronized 

measurements of discharge, head, guide vanes angular position, runner shaft torque, pressure and 

velocity fields (2D PIV) are performed during both the phases of star-up. A maximum hydraulic 

efficiency of 92.4±0.15% is observed at 70% opening of the guide vanes which is marked as BEP. 

The runner speed increases almost exponentially during phase-I and the synchronous speed of the 

generator is achieved after 12 s of the stopping of the guide vanes movement. The head decreases 

initially to increase after the end of the transient and stabilizes after about 21 s. The trend of the 

head variation is almost similar during both the phases of the start-up. A smooth magnetization of 

generator is obtained after achieving the synchronous speed of the turbine-generator.  

Pressure fluctuations of ±1.5% are observed in the vaneless space during phase-I of the start-up. 

In phase-II, the maximum pressure fluctuations in the vaneless space are observed during scheme-

I. A frequency related to the RSI is observed in the vaneless space. The frequency varies with the 

runner speed and shows a normalized value of 30 (f=166.5 Hz) which is equal to the number of 

runner blades time the runner frequency. Significant fluctuations (±1.1 Hz) in the blade passing 

frequency are observed at scheme-II of start-up due to fluctuations in the runner rotational speed. 

A vortex rope frequency (f=1.61 Hz) is observed during scheme-I of the start-up in both pressure 

and velocity time data. The scheme-I ends by a steady state operation at PL condition.  

A central dead core is observed in the draft tube during the initial phase of the start-up with an 

asymmetric shape. The flow is more concentrated towards the right wall of the draft tube in phase-

I and scheme-I of start-up. During scheme-II and scheme-III, the higher flow is concentrated 

towards the left wall of the draft tube due to a stronger Dean vortices on the right side of the draft 

tube wall. Moreover, during scheme-III, the vortex core which is rotating in the opposite direction 

of the runner, pushing the higher flow towards the left wall. Some negative flow regions appear in 

the draft tube during the initial phase of start-up, i.e. 0-6% GVO, and is attributed to the swirling 

flow exiting the runner. The adverse flow condition after the turbine-generator synchronization 

may be associated with the flow detachment from the draft tube wall.  

The high swirling flow leaving the runner during scheme-II, i.e. 6-48% GVO, induces some 

alternate positive and negative velocities which further developed into a RVR in the draft tube. In 

the present investigation, the formation of a stagnation region is not observed as primary instability 

in the formation of RVR, however, the precessing swirling flow developed from SL condition is 
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observed to cause the RVR formation. During scheme-II, i.e. 6-70% GVO, the vortex rope 

formation was not observed in the draft tube due to a better guide vanes angle allowing a better 

gobbling of the circulation by the runner. A stagnant region is observed as finally left instability 

during scheme-II of the start-up. Again, a stagnation point appears in the draft tube and separates 

the flow along draft tube centerline during scheme-III, i.e. 6-89% GVO. The separation of a two-

dimensional flow (boundary layer) is a condition for the vortex breakdown and develops a high 

load vortex core in the draft tube. 
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