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Abstract. The simulations of high head Francis turbine model (Tokke) are performed for three 
operating conditions - Part Load, Best Efficiency Point (BEP) and Full Load using software 
Ansys Fluent R15 and alternatively OpenFOAM 2.2.2. For both solvers the simulations 
employ Realizable k-ɛ turbulence model. The unsteady pressure pulsations of pressure signal 
from two monitoring points situated in the draft tube cone and one behind the guide vanes are 
evaluated for all three operating conditions in order to compare frequencies and amplitudes 
with the experimental results. The computed velocity fields are compared with the 
experimental ones using LDA measurements in two locations situated in the draft tube cone. 
The proper orthogonal decomposition (POD) is applied on a longitudinal slice through the draft 
tube cone. The unsteady static pressure fields are decomposed and a spatio-temporal behavior 
of modes is correlated with amplitude-frequency results obtained from the pressure signal in 
monitoring points. The main application of POD is to describe which modes are related to an 
interaction between rotor (turbine runner) and stator (spiral casing and guide vanes) and cause 
dynamic flow behavior in the draft tube. The numerically computed efficiency is correlated 
with the experimental one in order to verify the simulation accuracy. 

1.  Introduction 
The numerical simulations of hydraulic turbines are recently common for industrial companies. The 
main goal is to predict hydraulic efficiency of the machine for an entire range of operating conditions 
and thus to verify turbine hydraulic design. Nevertheless in the industry there are not usually enough 
computational resources and time to deal with complex calculations to verify turbulence models, 
discretisation schemes and perform time-consuming post-processing on large computational grids. 
Therefore the Francis-99 test case is a good option to deal with the post-processing methods e.g. 
proper orthogonal decomposition (POD) and compare it with the experimental results of the model 
Francis turbine [1]. POD offers complete spatio-temporal description of unsteady flows and it is 
especially suited to flows with strong coherent structures. The model turbine of specific speed 
푛 = 3.65푛푄 . 퐻 . = 86.03 with the runner composes of 15 splitters and 15 full length blades 
(Drunner = 0.349 m, H = 12 m) is a scaled down (1:5.1) 110 MW prototype turbine (Drunner = 1.779 m, H 
= 377 m) operated at Tokke power plant in Telemark region of south Norway. The scheme of 
experimental test rig is shown in figure 1. 
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The numerical calculations are carried out using both commercial software Ansys Fluent R15 and 
open source software OpenFOAM 2.2.2 for three operating points - Part Laod (Q = 0.071 m3s-1), BEP 
(Q = 0.203 m3s-1) and High Load (Q = 0.221 m3s-1). 

 

 
Figure 1. Experimental test rig of Tokke Franciss turbine model [2] 

2.  Computational study 
In order to perform numerical calculations, both commercial and open source software were chosen 
with opportunity to test code performance. The turbine geometry and meshes are prepared in ICEM 
software and provided by the workshop organizers through the website [2]. Only small necessary 
corrections were made to enhance quality of the interfaces between the spiral case and turbine runner. 
The meshes contain two stationary (spiral casing and draft tube) and one rotational (runner) parts. The 
mesh for each operating point includes approximately 12.5 million of elements. All computations ran 
employing linux cluster partitioned into 16 cores in case of Ansys Fluent and into 64 cores in case of 
OpenFOAM software. The unsteady solutions were performed for all three operating points until the 
periodic flow state was achieved, then the time averaged flow fields and pressure monitors were 
recorded. The geometrical view of computational domain is presented in figure 2. 

 
 

 
Figure 2. Computational domain geometry 

2.1.  Computation using Ansys Fluent R15 
Using commercial software brings relatively easy case set-up due to proved setting options and 
graphic user interface. On the other hand user is restricted by a number of available licences and 
inaccessible code modifications. The Ansys Fluent was chosen because it is not as widely spread in 
turbo-machinery computations as for example CFX and also due to authors’ previous experiences. 

The case set-up of Ansys Fluent calculation presented in table 1 is identical for all three operating 
regimes. The material properties and operating conditions (density, kinematic viscosity, runner speed 
and flow rate) were defined according to the measurements [2]. The time-step size was chosen to 
correspond with 1° of the runner rotation. 

 

Francis-99 Workshop 1: steady operation of Francis turbines IOP Publishing
Journal of Physics: Conference Series 579 (2015) 012002 doi:10.1088/1742-6596/579/1/012002

2



 
 
 
 
 
 

Table 1. Ansys Fluent case set-up 
Turbulence Model Realizable k-ɛ [3] 
Near-Wall Treatment Non-Equilibrium Wall Function 
Pressure-Velocity Coupling SIMPLE/PISO 
Spatial Discretization 

Gradient Least Square Cell Based 
Pressure Second Order Upwind/PRESTO! 

Momentum Second Order Upwind 
Turbulent Kinetic Energy Second Order Upwind 

Turbulent Dissipation Rate Second Order Upwind 
Transient Formulation Second Order Implicit 

Boundary conditions 
Inlet Velocity inlet – 5% of turbulence intensity 

Outlet Pressure outlet – 10% of turbulence intensity 
The value of pressure computed from measured inlet 
pressure and differential pressure between inlet and outlet 

Time-step Size 
Part Load 4e-4 s 

BEP 5e-4 s 
High Load 4.5e-4 s 

 

2.2.  Computation using OpenFOAM 
The open source software OpenFOAM has become arguably the best option for the license-free 
calculations. We have used OpenFOAM in version 2.2.2 and incompressible pimpleDyMFoam solver 
with implemented AMI interfaces between the mesh parts. The calculations are carried out using 
identical meshes as in case of Ansys Fluent which were transformed to the OpenFOAM format via 
fluent3DMeshToFoam utility. 

The case set-up for calculations using OpenFOAM is similar with Fluent except particular 
differences in the spatio-temporal discretization, see table 2. At the outlet of the domain the value of 
pressure boundary condition was set to zero considering that the OpenFOAM use kinematic pressure 
in form 푝 휌. 

Table 2. OpenFOAM case set-up 
Turbulence Model Realizable k-ɛ [3] 
Near-Wall Treatment kqRWallFunction/epsilonWallFunction/nutkWallFunctions 
Pressure-Velocity Coupling PIMPLE 
fvSchemes 

ddtSchemes Euler 
gradSchemes Gauss linear 
divSchemes  Gauss upwind (U,k,epsilon), Gauss linear 

laplacianSchemes Gauss linear corrected 
interpolationSchemes linear 

snGradSchemes limited corrected 0.333 
Boundary conditions 

Inlet Velocity – fixedValue, value corresponding to flow rate 
Pressure – zeroGradient 
Turbulent Kinetic Energy – fixedValue, value corresponding 
to 5% of turbulence intensity 
Turbulent Dissipation Rate – fixedValue, value 
corresponding to 5% of turbulence intensity 

Outlet Velocity – zeroGradient 
Pressure – FixedValue, Value 0 
Turbulent Kinetic Energy – zeroGradient 
Turbulent Dissipation Rate – zeroGradient 

Time-step Size 1.5e-5 s (for Co = 1) 
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3.  Velocity profiles in the draft tube 
The experimental velocity profiles measured in two lines situated downstream in the draft tube cone 
were provided in order to verify numerically computed flow exiting the turbine runner [2]. The 
locations of LDA measuring lines are shown in figure 3. The locations are 64mm (LDA-1) and 
382mm (LDA-2) below the draft tube inlet. 
 

 
Figure 3. Locations of LDA measuring lines 

 
In figures 4-6 the numerically computed axial and tangential profiles are compared with the 
experimental measurements. At Part Load the OpenFOAM fails in prediction of tangential velocity 
and large discrepancy in the axial velocity can be observed in the wall region, see figure 4. The 
tangential velocity computed using Fluent is in better agreement but magnitude is underestimated, 
even more in the LDA-2 location, see figure 4b. At BEP and High Load the largest discrepancies can 
be observed close to the draft tube axis, where especially in LDA-2 location the magnitude of 
numerically computed axial velocity is significantly underestimated. The velocity profiles at BEP and 
High Load computed using OpenFOAM show very good agreement for axial velocity apart the area 
close to the centre of the draft tube cone where the computed results underestimate experimental ones. 
On the other hand tangential velocity profiles computed using OpenFOAM have better agreement with 
the experimental one than in case of Ansys Fluent calculation. Analysis shows that axial velocity 
profiles are much better predicted than the tangential ones for both Fluent and OpenFOAM. While in 
the wall region the inaccuracy between measurements and computations is probably caused by the 
near wall modelling, the significant variation in the central region (especially at BEP and FullLoad) is 
attributed to both inaccuracy of LDA measurements (see figure 6b, where the measured tangential 
velocity in the axis suppose to be zero) and inaccuracy in turbulence models (large discrepancy 
between Fluent and OpenFOAM). 
 

 
Figure 4. Profiles of axial (Umean) and tangential (Vmean) velocities in LDA-1 (a) and LDA-2 (b) 

locations at Part Load 
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Figure 5. Profiles of axial (Umean) and tangential (Vmean) velocities in LDA-1 (a) and LDA-2 (b) 

locations at BEP 
 

 
Figure 6. Profiles of axial (Umean) and tangential (Vmean) velocities in LDA-1 (a) and LDA-2 (b) 

locations at High Load 
 

It has to be mentioned, that slight difference between measured and computed profiles at BEP and 
Full Load can arise due to different absolute values of the head, flow rate and runner speed used for 
the measurements in order to suppress vibrations induced in the test rig [2].  

4.  Pressure pulsations 
The numerical unsteady pressure pulsations were evaluated in a three different probe locations. The 
first probe (VL01) is situated in the gap between the spiral distributor and the turbine runner, the 
second probe (DT11) and the third probe (DT21) are situated in the cone of the draft tube. The probe 
locations correspond with the locations of pressure transducers during the experiment, see figure 7. 

 

 
Figure 7. Location of pressure probes 
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First, the average values of computed pressure are estimated and compared with the experiment, 
see table 3. The numerical results are presented in a form of percentage deviation from the 
experimental measurements. The largest discrepancy between computed and measured pressure was 
found at High Load for DT11 probe where the value of numerical pressure underestimates the 
experimental one by 7.7 % (Fluent) and 8.3 % (OpneFOAM). The best agreement between the 
computed and measured pressure is at BEP for OpenFOAM where the numerically computed pressure 
in DT21 probe underestimate the experimental one just by 0.3%. 

 
Table 3. Average pressure in DT11, DT21 and VL01 probes 

 Part Load BEP High Load 

Probe EXP 
(Pa) 

Deviation  
Fluent (%) 

Deviation  
OF* (%) 

EXP  
(Pa) 

Deviation 
Fluent (%) 

Deviation 
OF* (%) 

EXP 
(Pa) 

Deviation 
Fluent (%) 

Deviation 
OF* (%) 

DT11 101603 -2.6 -2.2 102779 -2.5 -0.8 101651 -7.7 -8.3 
DT21 101389 -2.3 -2.4 102284 -2.1 -0.3 100780 -6.7 -7.4 
VL01 175408 4.6 5.6 171644 6.2 5.9 182636 -1.3 -4.9 
*OpenFOAM 

 
 The amplitude-frequency spectra are carried out using general FFT function in MATLAB software 

for all three operating points. The frequencies are normalized assuming the runner angular speed, see 
table 4. The runner has 15 full length and 15 splitter blades, thus the normalized frequency, 
corresponding with the blade passing frequency is 푓 = 30 with its higher harmonics 푓 = 60, 90, … 
Due to influence of splitter blades the normalized frequency 푓 = 15 also appears. 

The frequency spectra of DT11 and VL01 probes are presented in figures 8, 10 and 12 and figures 
9, 11 and 13 respectively. The spectra of measured signals can be compared with the spectra of 
computed signal of both Ansys Fluent and OpenFOAM (please note different scales of vertical axes in 
all plots). The best agreement for VL01 probe was found at High Load (figure 13) where the 
amplitude magnitudes and normalized frequencies of both numerical spectra well correspond with the 
measured one. On the other hand, the largest disagreements in amplitude magnitudes were found for 
DT11 probe (figures 8b, 10b and 12b) in case of numerical simulations using Ansys Fluent where the 
high frequency noise can be observed. It is clear that the source of this noise arises from the numerical 
calculation and we think that the reason can be influence of the mesh interfaces interaction produced 
downstream to the draft tube. 

Furthermore, the particular discrepancies in the amplitude magnitudes can arise from the different 
lengths of pressure signal and different sampling frequencies used for the measurements and 
computations. 

 

 
Figure 8. Frequency spectra in DT11 probe of measured (a) and computed (b) pressure signal, 

Part Load Q = 0.071m3s-1 
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Figure 9. Frequency spectra in VL01 probe of measured (a) and computed (b) pressure signal, 

Part Load Q = 0.071m3s-1 
 

 

 
Figure 10. Frequency spectra in DT11 probe of measured (a) and computed (b) pressure signal, 

BEP Q = 0.203m3s-1 
 
 

 
Figure 11. Frequency spectra in VL01 probe of measured (a) and computed (b) pressure signal, 

BEP Q = 0.203m3s-1 
 

 
Figure 12. Frequency spectra in DT11 probe of measured (a) and computed Fluent (b) and 

OpenFOAM (c) pressure signals at High Load Q = 0.221m3s-1 
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Figure 13. Frequency spectra in VL01 probe of measured (a) and computed Fluent (b) and 

OpenFOAM (c) pressure signals at High Load Q = 0.221m3s-1 

5.  Integral energy characteristics 
The calculated (Fluent/OpenFOAM) and measured (EXP) turbine parameters are summarized in table 
4. Initially the Second Order Upwind discretization scheme for the pressure was chosen in Ansys 
Fluent. In order to compute hydraulic efficiency (1) the integral values of pressure and velocity are 
calculated using mass-weighted integrals (7) over the inlet and outlet of the domain. 
  

 휂 = ∙
∙ ∙ ∙

= ∙ ∙ ∙
∙(∆ ∆ )

 (1) 
 
The 푇  and 푇  is pressure and friction torque respectively, n is the runner angular speed, Q is the flow 
rate and ∆푝  and ∆푝  is differential static pressure and differential dynamic pressure respectively. In 
case of OpenFOAM the integral values of pressure and velocity were calculated using patchAverage 
utility on corresponding patches. 
 

Table 4. Computed and measured turbine parameters 
 Part Load BEP High Load 
 EXP Fluent OF* EXP Fluent OF* EXP Fluent OF* 

Net Head H (m) 12.29 14.16 15.6 11.91 14.04 14.6 11.84 12.37 12.17 
Flow Rate Q (m3s-1) 0.071 0.071 0.071 0.203 0.203 0.203 0.221 0.221 0.221 

Runner Angular Speed n (s-1) 6.77 6.77 6.77 5.59 5.59 5.59 6.16 6.16 6.16 
Torque T (Nm) 144.06 188.8 253.5 628.41 733 767.7 605.62 639.3 683.8 

Differential Pressure Δp (kPa) 120.394 138.6 152.3 114.978 135.3 141.2 114.033 118.4 116.5 
Hydraulic Efficiency η (%) 71.69 81.41 99.5 92.61 92.02 92.41 90.66 92.3 100.3 

*OpenFOAM 
 
The best agreement between computed and measured hydraulic efficiency is at BEP. While the 

Fluent calculated hydraulic efficiency with 0.64% error compare to the experiment the OpenFOAM 
was more accurate with error only 0.22%. However the significant discrepancies were obtained for 
off-design conditions at Part Load and High Load. At Part Load the Fluent calculated hydraulic 
efficiency with 11.87% error compare to the experiment and at High Load with 1.75% error. Moreover 
the hydraulic efficiency calculated using OpenFOAM shows irrational results of hydraulic efficiency 
휂 = 99.5% for Part Load and 100.3% for High Load. At High Load the head and differential pressure 
computed using OpenFOAM are in much better agreement with the experiment than the Fluent 
calculation. Nevertheless the runner torque is considerably overestimated which is here the main 
reason of nonsensical hydraulic efficiency. At Part Load the OpenFOAM wrongly computes both the 
runner torque and net head which is influenced by the inaccuracy of tangential velocity profile at the 
runner outlet, see figure 4. Considering the Euler equation (푔퐻 = 푢 푣 − 푢 푣 ) the computed head 
respectively specific energy is higher than in case of measurements. 

Due to discrepancy in results at Part Load and High Load the PRESTO! scheme for pressure 
discretization was tested for Ansys Fluent calculations. The PRESTO! scheme is generally 

Francis-99 Workshop 1: steady operation of Francis turbines IOP Publishing
Journal of Physics: Conference Series 579 (2015) 012002 doi:10.1088/1742-6596/579/1/012002

8



 
 
 
 
 
 

recommended for highly swirling flows which are supposed to appear in the draft tube, when the 
Francis turbine is operated out of the best efficiency point. Nevertheless one can see that for both Part 
Load (12.66% error) and High Load (2.2% error) the PRESTO! scheme brings worse accuracy. 

The comparison of computed and measured efficiency versus flow rate is presented in figure 20 for 
all calculations. 

 
Figure 20. Computed and measured hydraulic efficiencies 

6.  Proper orthogonal decomposition 
The proper orthogonal decomposition (POD) was introduced into the field of fluid mechanics by 
Lumley [4] as a technique which enables to bridge time and frequency domain and obtains spatio-
temporal information about the flow in a form of spatio-temporal eigenfunctions. Comprehensive 
theoretical description of POD, including classical approach and its properties, can be found in [5]. 
The POD provides a basis for the modal decomposition of a set of functions and most efficient way of 
capturing the dominant components, i.e. coherent structures. The POD can be used to analyze 
experimental as well as numerical data being applied to scalar or vectorial functions. The scalar 
function 푝(풙; 푡), e.g. pressure field, is considered in following theoretical explanation. For instance, a 
set of data 푝(풙, 푡) as a function of physical space 풙 and time t, can be expressed using POD as a set of 
orthogonal spatial basis functions 휙 (풙) (i.e. spatial modes), and temporal functions 푎 (푡) (i.e. 
temporal modes), respectively. Where 푖 = 1,2, … , 푁, N is the number of grid points and 푘 =
1,2, … , 푀, M the number of snapshots. Accordingly, the approximation of the data set onto the first k 
snapshots can be written in terms of the spatial and temporal functions as follow 

 푢 (풙, 푡) = ∑ 푎 (푡) 휙 (풙) (1) 
where 퐾 < 푀 has the largest mean square projection [6].  

In the method of snapshots suggested by Sirovich [7], the general N x N eigenvalue problem is 
reduced to M x M eigenvalue problem. Especially, this solution brings a substantial reduction of 
computational effort if the number of grid points N significantly exceeds number of data set snapshots. 
Numerical computation is an appropriate example to use snapshot method. The inner product between 
every pair of pressure fields, i.e. snapshots, is the temporal correlation matrix 퐶(푡, 푡 ) used as the 
kernel and defined by eq. 

 퐶(푡, 푡 ) = ∫ 푝(풙, 푡), 푝(풙, 푡 ) 
Ω 푑풙 (2) 

Temporal modes 푎 (푡) are the eigenvectors of matrix 퐶(푡, 푡 ) being obtained by solving the 
eigenvalue problem of the form (3): 

 ∫ 퐶(푡, 푡 ) 푎 (푡 )푑푡 = 휆 푎 (푡)  (3) 
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The spatial modes ϕ (x) are calculated based on orthogonal property: 

 휙 (풙) = ∑ 푎 (푡)푝 (풙, 푡)  (4) 
Particularly, the flow structure is fully described using spatio-temporal representation of modes 

푎 (푡), 휙 (풙). The correlation matrix 퐶(푡, 푡 ) is symmetric and positive definite. Thus the eigenvalues 
are real and define the contribution of the coherent structure into complex flow [8]. Correspondingly, 
the eigenvalue magnitude of one single mode represents an amount of this contribution from the total 
sum ∫ 〈p (x)p (x)〉dx 

Ω  [7]. Finally, the computed modes are sorted out taking into account the largest 
value of the eigenvalue magnitude in order to identify the most significant structures. As a result, the 
temporal modes 푎 (푡) are calculated by projecting the data function 푝(풙; 푡) on the eigenfunction 
휙 (풙). 

 푎 (푡) = ∑ 푝  (풙, 푡) 휙 (풙)  (5) 
Throughout, the decomposed function 푝(풙; 푡) is considered in dimensionless form in order to compare 
the values associated to different investigated cases. The dimensionless form of the pressure field is 
done as follows 

 푝(풙; 푡) ≡ ∆ (풙, )  (6) 

where ∆푝(풙, 푡) = 푝(풙, 푡) − 푝 , 푝(풙, 푡) is the static pressure field obtained in numerical simulation at 
each time step t, p  static pressure mean value on the outlet surface of the domain (draft tube outlet) 
computed as a mass-weighted surface integral in form: 

 푝 = ∫ 푝 dQ   (7) 

and 푣  corresponds to bulk velocity at the draft tube inlet. 

7.  POD of pressure fields 
The successful application of the POD for investigation of the vortex rope dynamic in the draft tube of 
the hydraulic turbine can be found in [9] and [10]. The previous investigations were carried out for a 
constrained domain of the simplified draft tube. In this paper the entire turbine domain ensure full 
dynamical influences, primarily the rotor-stator interaction. The POD analysis is applied on the 
numerical data from the Ansys Fluent calculations for all three operating points. The node values of 
the static pressure are extracted in the longitudinal slice along the draft tube cone, starts180 mm and 
ends 638 mm below the dividing plane of the spiral casing. The pressure data are stored with the 
specified number of constant time-step intervals. Then the POD is executed using script written in 
Matlab software where the eigevalues and eigenvectors are calculated employing the eig function. The 
resulting spatio-temporal representations of the static pressure modes can be correlated with the 
dynamic behaviour extracted from the pressure monitoring points. Thus we are able to decide which 
mode is consequence of the rotor-stator dynamic and which is caused by the self-induced instability in 
the draft tube. It is necessary to say that when the significant coherent structure (e.g. vortex rope) does 
not appear in the draft tube (as is case of these operating points), the resulting modes have very small 
eigenvalue magnitude compare to the mean flow, see table 5. 
 

Table 5. Eigenvalue magnitudes compare to the mean flow 
 mean flow 1st mode 2nd mode 3rd mode 4th mode 5th mode 
Part Load 99.9691% 0.0182% 0.0040% 0.0032% 0.0014% 0.0012% 
BEP 99.9882% 0.0062% 0.0021% 0.0019% 0.0005% 0.0004% 
High Load 99.9881% 0.0041% 0.0017% 0.0016% 0.0009% 0.0008% 
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In the following subsections the spatio-temporal representations of the first five modes for each 
operating point are presented and their relation to the turbine regime is discussed. The value of static 
pressure is normalized according to the equation (6). For all three operating points no significant 
vortex rope leading to the strong modes of self-induced instability appears [9]. Therefore in the present 
analysis we will distinguish two kinds of the static pressure modes. The modes related to the forced 
instability with the frequency at ratio of the runner rotational frequency and modes related to the rotor-
stator interaction at the blade passing frequency. 

7.1.  Part Load Q=0.071 m3s-1 
In figure 14a the normalized mean static pressure p* at Part Load operating point is shown. At this 
operating point the main flow is realized close to the cone wall with the strong swirl exiting turbine 
runner. The first mode of static pressure at Part Load (figure 14b) has very low normalized frequency 
푓 = 0.1, see figure 15. This mode together with fourth mode (figure 14e) 푓 = 1 is consequence of 
forced instability. The second, third and fifth modes (figure 14c, d, f) are related to the rotor-stator 
interaction with normalized frequencies correspond to the blade passing frequency 푓 = 30 and its 
higher harmonics 푓 = 60. It is important to notice, that the third mode with 푓 = 15 is a consequence 
of the splitter blades. 
 

 

 
Figure 14. Mean static pressure (a) and spatial representation of the first five modes (b-f) 

 
Figure 15. Amplitude-frequency spectra of the first five temporal modes, Part Load 
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7.2.  BEP Q=0.203 m3s-1 
In the figure 16a the contours of normalized mean static pressure p* at BEP operating point are 
presented. Similarly as at Part Load two main kinds of the modes appear. The modes related with the 
rotor-stator interaction (figure 16b, c, d) have main normalized frequency 푓 = 30 (the first mode) and 
푓 = 15/30 (the second and the third mode), see figure 17a. The fourth and the fifth mode (figure 16e, 
f) represent forced instability with normalized frequency 푓 = 1 caused by the swirl at the runner 
rotational speed. The second and third modes have 푓 = 30 and 푓 = 15 with the difference that in 
case of the second mode the higher normalized frequency is 푓 = 15 and in case of the third mode it is 
푓 = 30. It is clear that the pressure field is influenced differently whether the guide vanes interact 
with the full length blade or the splitter blade. The fourth and the fifth mode caused by the forced 
instability have same order of magnitude but they are phase shifted by 0.27 radians, see figure 17b. 
 

 

 
Figure 16. Mean static pressure (a) and spatial representation of the first five modes (b-f) 

 
Figure 17. Amplitude-frequency temporal modes (a) and phase shift between the fourth and the fifth 

temporal modes (b) 

7.3.  High Load Q=0.221 m3s-1 
The contours of normalized mean static pressure p* at High Load (figure 18a) are very similar to ones 
at BEP operating point. In case of High Load the first mode (figure 18b) has two dominant 
frequencies, see figure 19. It is clear that the normalized frequency 푓 = 30 is response of the rotor-
stator interaction and 푓 = 2 corresponds to the forced instability. The second and the third mode 
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(figure 18c, d) with normalized frequency 푓 = 2 and the fifth mode (figure 18f) with 푓 = 0.2  are 
consequence of the forced instability forming unstable swirl rotating in the draft tube cone two times 
faster (the second and third mode) respectively five times slower (the fifth mode) than the turbine 
runner. The fourth mode (figure 18e) has dominant normalized frequencies 푓 = 15 and 푓 = 30 and 
spatial representation shows correlation to the rotor-stator interaction combining full length blades 
with the splitter blades. 
 

 

 
Figure 18. Mean static pressure (a) and spatial representation of the first five modes (b-f) 

 
Figure 19. Amplitude-frequency spectra of the first five temporal modes, High Load 

8.  Result discussion  
At the BEP operating point one can see that the computed head using both Ansys Fluent and 
OpenFOAM is considerably overestimated. The cause lays in a wrongly computed tangential velocity 
profiles at the turbine outlet where the velocity magnitudes overestimate experimental measurements. 
Nevertheless the computed runner torques are also overestimated, thus the resulting numerically 
computed hydraulic efficiencies adequately correspond with the experimental ones. 

Different situation is for off-design conditions. While the Fluent is able to compute hydraulic 
efficiency with a relatively small error at High Load and with larger error at Part Load, the results 
obtained using the OpenFOAM are not credible. The main reason of OpenFOAM failure was found in 
a computation of the runner torque which is for both Part Load and High Load significantly 
overestimated. This supposes to be further investigation for the future reliable usage of the 
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OpenFOAM solver. The main difference between Fluent and OpenFOAM can be found in the 
different numerical schemes used in each solver and in the estimation of the runner torque. 

The unsteady pressure analysis shows large disagreement between computed and measured 
amplitudes in a case of DT11 probes. The spectra of numerical signal from Ansys Fluent include the 
high frequency noise which is not presented in the experimental results. We suppose that this noise is a 
main cause of the amplitudes disagreement. Nevertheless [2] informs about vibrations induced in the 
test rig at BEP and High Load, which interfered with the LDA measurements at these conditions. 
Regarding to the pressure measurements we think that the high amplitudes at the measured frequency 
푓 = 54 (BEP) and 푓 = 49 (High Load) in DT11 spectra could be potentially cause of these 
vibrations as well. 

From the POD analysis at Part Load and High Load operating points it was found that some 
temporal modes related to the forced instability have more than only one dominant frequency of the 
vortex rotation, the normalized frequencies related to the rotor-stator interaction are also visible. That 
means the rotor-stator interaction is significant source of the pressure pulsations in the draft tube. 
Moreover in a case of the rotor-stator interaction some modes with normalized frequency 푓 = 15 
appear. These modes are influence of fifteen splitter blades. From the eigenvalue magnitude presented 
in table 4 it is clear that the Part Load is the most dynamic operating regime. Nevertheless when the 
strong coherent structure, in a form of the vortex rope, does not appears as it is case of these 
investigated turbine regimes, the dynamic behaviour of the pressure field in the draft tube is very low 
as can be seen in the percentage amount of the eigenvalue presented in table 5. The most dominant 
pressure modes were found modes related to the rotor-stator interaction and the modes caused by the 
forced instability in a relation to the runner rotation. 

Due to the large discrepancy in the OpenFOAM results at Part Load and High Load, different 
numerical schemes were tested for the disretization of the time (backward) and the vector fields 
(Guass limitedLinear). It was found that the numerical schemes have large influence on the results 
accuracy especially on the runner torque calculation. Nonetheless using these schemes did not lead to 
more realistic value of the hydraulic efficiency at Part Load and High Load respectively. 
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