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Abstract 

In the present study, a reduced model of the Francis-99 model turbine was investigated numerically at part load 

operating condition. The reduced model consists of a standalone draft tube domain of the Francis-99 model turbine. 
Numerical studies performed in the past on nearly complete hydro-turbine models (inclusive of the spiral casing, 

distributor domains, runner, and draft tube) reportedly consist of a large number of computational grids. This may increase 

the computational costs and data storage required to perform numerical analysis, which could be a setback for future 

research on new design concepts and optimization study of the draft tube domain. The reduced model was developed by 

mapping the phase averaged axial, radial, and tangential velocity profiles from the runner exit to the inlet of the standalone 

draft tube domain. Additionally, turbulent kinetic energy (k) and turbulent eddy dissipation (ε) variables were also 

considered for better flow prediction inside the draft tube domain. Two methods for mapping inlet boundary conditions 

were considered in the present study. In the first method, the entire planar profile of the runner-draft tube interface was 

considered. In the second method, the variables along a radial profile at the runner exit were considered with an axis-

symmetric flow assumption over the entire draft tube inlet plane. The numerical results obtained from the Francis-99 

reduced model turbine were validated against the numerical model of the NVKS Francis-99 model turbine (with available 
structured mesh) that was also analysed using the passage flow numerical technique and available experimental results. 

The results were found to be in reasonable agreement, with each other. The present study could be useful for the future 

mitigation study of rotating vortex rope by modifying the draft tube domain. 
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1. Introduction 

The idea of using renewable resources such as wind and water in modern engineering to produce electricity has been proven extremely 

efficient and effective. For centuries, these renewable resources were preferred over limited/non-renewable resources due to their easy 
access and vast availability. Also, their ability to produce clean output energy could counter the adversity caused by limited resources. 

Among such renewable energy resources, the use of hydraulic turbines is the most favoured technique for power production [1-5]. Hydro-

turbines can operate at varying operating loads that make it a relatively superior technology when compared to other alternative renewable 

resources-based technologies. In hydro-turbines, high energy water from the dam enters the turbine with a force that contributes to the 

rotation of the turbine, where energy is extracted and transferred to the generator. The water is then released back to nature. Though 

hydro-turbines are designed to operate at best efficiency point (BEP), varying energy demands in recent years imply a flexible operation 

of hydraulic turbines [1-5]. This means that the efficiency of the turbine should not be largely compromised in off-design conditions, 

which is not the actual case today [3-7]. 

 

   One such phenomenon that affects the performance of the turbine adversely is the formation of the pressure pulsations in the draft 

tube mainly at lower operating condition of part load (PL). Experimental studies performed on high head Francis-99 model turbine (a 

mixed flow hydro-turbine) showed that at BEP condition, the turbine is 93.4% efficient [3]. However, in case of load decrease, i.e., from 
BEP to PL, the formation of a very low-frequency signal that had a dominating effect was observed. The formation of a very low-

frequency signal inside the draft tube is associated with the formation of rotating vortex rope (RVR) and leads to flow instabilities [4-

6]. Similar studies about pressure pulsations in the draft tube were performed on FLINDT project Francis turbine [8], Kaplan 

prototype turbine [9], and pump as turbine (PAT) working in pump mode [10]. In all cases, the formation of low-frequency pressure 
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pulsations at lower specific speeds or lower operating conditions was well explained. The pressure pulsations are characterized by 

applying a fast-Fourier transformation (FFT) of the pressure signals in the draft tube. Though the experiments are considered as the 

most reliable source for accurate flow analysis in hydro-turbines, it is highly expensive and a tedious process. A low cost and alternate 

approach to analyse the flow behaviour in hydro-turbines can be done by using computational fluid dynamics (CFD) tools. The advantage 

of CFD techniques over the experiments are well-known for such complex geometries. However, the accuracy of CFD results has always 
been debated [3]. 

Table 1 Summary of numerical analysis performed on hydro-turbines. 

Authors Turbine Domain 
Mesh elements 

(×106) 

Turbulence 

model 

Analysis 

type 

Time 

step 

Goyal et al. [7] Francis Complete 13 

Standard k-

ε and SST 

k-ω 

Unsteady 0.5º 

Ciocan et al. [8] Francis 

• Just draft tube 

• Runner and 

draft tube 

• Distributor, 
runner, and 

draft tube 

0.6 
Standard k-

ε 
Unsteady 1º 

Rivetti et al. [9] Kaplan Complete 24 RNG k-ε Unsteady 1º 

Wallimann et al. [11] Francis Complete 13.1 SST Unsteady 2º 

Minakov et al. [12] Francis Complete 5  RSM Unsteady - 

Mössinger et al. [13] Francis Complete 30 SST k-ε Unsteady 4º 

Jakobsen et al. [14] Francis Complete 22 – 100 SST Unsteady  

Dewan et al. [15] Francis Complete 14 SST k-ω Unsteady 1º 

Minakov et al. [16] Francis Complete 14 

SST k-ω, 

Realizable 
k-ε, LES 

Unsteady 2º 

Casartelli et al. [17] Francis Complete 23 SST k-ω Unsteady 3º 

Amstutz et al. [18] Francis Complete 11 SST Steady - 

Sotoudeh et al. [19] Francis 

Distributor 

passage, runner 

passage and draft 

tube; Complete and 

passage domain 

Complete 

domain = 24 

Passage domain 

= 2.5 

SAS – SST Unsteady 

Complete 

domains 

= 25º 

 

Passage 

domains 

= 3º 

Iovanel et al. [20] Kaplan 

One guide vane 

passage, runner, 
and draft tube;  

14 SAS – SST Unsteady 
5º, 61º, 

121º 

 

Several validation studies of the experimental data have been performed in the past using CFD tools on hydro-turbines [7-9, 11-

20]. A summary of numerical studies performed on hydro-turbines are presented in Table 1. A major challenge in the use of CFD tools 

for the analysis of hydro-turbines is the development of affordable and efficient numerical methodologies that can produce high-

resolution results. Several numerical studies on hydro-turbines have been reported by considering full or partial computational domains, 

various time-step for transient analysis, and different turbulence models. One way to perform numerical analysis on a hydro-turbine is 

by considering the complete turbine model, i.e., including the spiral casing, the distributor domain with stay vanes, guide vanes, runner 

domain, and draft tube [7, 9-18]. The literature review presented in Table 1 indicates that the standard k-ε turbulence model can predict 

the numerical results in the complete hydro-turbine model, especially for the Francis turbine. Also, the time-step used for the studies 

was extremely small. The computational domain of the complete turbine model with full spiral casing, distributor, runner, and draft tube 

domains reportedly consists of a huge number of computational grids, as shown in Table 1. Hence, the computational time and required 

data storage to perform such analysis could be extremely huge. 
 

An alternative approach to mimic the complete turbine model is by considering the flow-passage approach for the distributor and 

runner domain [18, 19]. The distributor domain (with stay vanes and guide vanes) and runner domain (with main and splitter blades) 

have a cascade-type arrangement that divides the domains into a passage-like domain [3, 18, 19]. Amstutz et al. [18] performed 

numerical analysis on the Francis-99 turbine with the spiral casing, distributor domain passage, runner domain passage, and draft 

tube. The passage domains imitate the respective compete turbine domain using rotational periodicity. A comparative time-step 

sensitivity study on the Francis-99 model complete turbine domain and turbine with passage domain were performed by Sotoudeh 

et al. [19]. A similar time-step sensitivity study was performed by Iovanel et al. [20] on the Kaplan turbine numerical model with 

one guide vane passage domain and a complete runner–draft tube domain. The results of both studies confirmed that with larger 

time-step and reduce geometry modeling, the RVR frequency was captured accurately. However, the amplitude of the RVR 
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frequency largely depends on the time-step considered. More specifically, for smaller time-steps, larger RVR amplitude was 

observed and vice versa [20]. A literature review on numerical techniques applied to hydro-turbines done by Trivedi et al. [3] 

concluded that it still is quite challenging to obtain an accurate prediction of pressure amplitudes in the hydro-turbines, especially 

with RANS turbulence models. 

 
The experimental study on hydro-turbines has been conducted for decades now. The numerical validation on corresponding hydro-

turbine models has been performed and great insights on the formation of RVR at lower operating conditions have been presented in 

several numerical studies. Understanding the nature and formation of RVR is important to mitigate its effects on the turbine [5]. The 

formation of ‘snake’ like RVR happens mainly due to the deceleration of the swirling flow in the draft tube [5, 6]. The development of 

the decelerated swirling flow is caused by the adverse pressure gradient in the draft tube and the large swirl entering the draft tube 

resulting from the small wicket gates angle. The RVR induces high-pressure fluctuations and instabilities in the draft tube. Experimental 

results also showed the presence of synchronous (plunging) and asynchronous (rotating) fluctuations of the RVR in the elbow type 

Francis-99 model draft tube at PL operating condition. 

 

At present, one of the main focuses of the hydro-turbine research study is to mitigate the RVR and enhance the performance of turbines 

at lower operating conditions [24]. In addition, the new design of hydraulic turbines and optimization of existing designs require 

numerical methodologies with affordable computational time and storage at the initial stages of design study. It is known that the RVR 
is most prominent in the draft tube of any hydro-turbine which makes it the focal point of the RVR mitigation study. Using a complete 

turbine model (from spiral casing inlet to draft tube exit) or turbine with passage domains is not a feasible choice considering the 

computational cost and data storage required. In addition, this approach is not favoured while performing multiple numerical simulations 

simultaneously. Hence, an alternate approach is suggested in this paper by reducing the computational domain of the hydro-turbine to 

just the draft tube model. In the present study, a reduced Francis-99 model turbine has been presented by considering the standalone 

draft tube model to imitate the flow phenomenon inside the draft tube at PL operating condition. The present study is aimed to create 

a foundation for future design concepts to mitigate the RVR. Such a reduced model has been developed for a bulb turbine [22] but 

has not been performed for a Francis turbine yet.  

 

Table 2 Turbine properties at part load operating condition [25]. 

Parameters Symbol Unit Value 

Guide vane angle Α o 6.72 

Runner radius r0 mm 349 

Net head H m 11.87 

Flow rate Q m3/s 0.13962 

Runner angular speed Ω rpm 333 

Runner frequency f0 Hz 5.55 

Draft tube outlet pressure 
(abs) 

Pabs kPa 113.17 

Efficiency  η % 90.13 

Net torque  T N.m 421 

Flow rate ratio Q/ QBEP - 0.70 

2. Numerical modelling 

2.1 Geometry description 

The test case considered for the present study is the Francis-99 model turbine that is based at Water power laboratory, Norwegian 

University of Science and Technology (NTNU), Trondheim, Norway. The model turbine is a scaled down version of the prototype 

at Tokke power plant, Norway with a ratio of 1:5.1. The complete model turbine has a spiral casing, a distributor with 14 stay vanes 

and 28 guide vanes, a runner with 15 main and 15 splitter blades, and an elbow draft tube. The diameter of the runner is 349 mm. 

The performance data of the Francis-99 model turbine at PL operating condition is presented in Table 2. To measure pressure 

fluctuations, two pressure monitor points, DT5 and DT6 are placed in the draft tube, circumferentially across each other. The monitor 
points are located 305.8 mm below the origin coordinate system, as shown in fig. 1a). The detailed location of monitor points DT5 

and DT6 monitor points is presented in Table 3. The plunging and rotating mode for the two monitor points are calculated as follows: 

Plunging mode: 
PDT5 + PDT6

2
, 

(1) 

Rotating mode: 
PDT5 - PDT6

2
 . 

(2) 

The velocity profiles (axial, radial, and tangential components) were measured along three lines: line 1, line 2 and line 3 [25]. The 

schematic of monitor points is presented in fig. 1. Lines 1 and 2 are normal to the runner axis of rotation while line 3 is aligned with 

the runner axis of rotation in the draft tube. The location of line 1 and line  2 in the draft tube is 338.6 mm and 458.6 mm below 

the origin coordinate system, respectively. The details of the location of start-to-end of all three lines is presented in Table 4. The 
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experimental results provided in [25] were performed on a cavitation-free test rig and hence, the possible vaporizing effect of the 

RVR at part load operating condition is neglected [1-7]. 

 
a)  

 
b)  

Fig. 1 a) Computational domain of Francis-99 semi-model turbine, b) Location of monitor points [25]. 

 

Table 3 Location of pressure monitor points [25]. 

Location (mm) DT5 DT6 

x -149.1 149.1 

y -100.6 100.6 

z -305.8 -305.8 

 
The computational domains of the Francis-99 semi-model turbine is based on the passage-flow technique [3,19]. The 

computational domain consists of a passage of the distributor domain with one stay vane and two guide vanes, a runner passage 

with one main and one splitter blades, and a draft tube domain. The Francis-99 semi-model will be used for the mesh independence 

study. The schematic of Francis-99 semi model is shown in fig. 1a). 

 

A reduced model of the Francis-99 semi-model was investigated in the present study. The computational domain of the reduced 
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model is the standalone elbow draft tube domain. The domain consists of an inlet, outlet, and a rotating runner cone. The main 

advantage in restricting the numerical analysis to the draft tube domain is the significant reduction in the number of grid nodes, 

which in turn reduces both the required computational time and data storage. The three-dimensional computer-aided design (CAD) 

model of the draft tube is shown in fig. 1. 

 

Table 4 Location of velocity lines monitor points [25]. 

Location 

(mm) 
Line 1 start Line 1 end Line 2 start Line 2 end Line 3 start Line 3 end 

x 25.96 -25.56 25.96 -25.56 0 0 

y 133.55 -131.49 133.55 -131.49 0 0 

z -338.6 -338.6 -458.6 -458.6 -488.6 -308.6 

Number of 

points 
28 28 19 

 

Table 5 Mesh quality data of draft tube domain. 

Mesh 1 2 3 4 

Elements (×106) 0.59 0.89 1.54 1.85 

Nodes (×106) 0.54 0.83 1.33 1.62 

Maximum aspect ratio 52.05   51.95 46.31 43.19 

Maximum edge length 

ratio 
60.87 98.88 105.45 116.11 

Volume (m3) 1.10 1.10 1.10 1.10 

y+ 54 40 36 32 

Minimum orthogonality 75 70.5 68 66 

 

 
 

Fig. 2 Computational grid with 0.83×106 nodes used in the present study. 

 

2.2 Computational mesh 

A structured hexahedral mesh has been provided by NVKS Francis-99 second workshop for research purposes [25]. This 

available mesh will be used as the reference mesh for the mesh independence study of the newly generated mesh. In the present 

study, a three-dimensional hexa-dominant hybrid mesh was generated using ANSYS Mesh [26]. As the focus of the present study 

is on the elbow draft tube, four different meshes were generated for the draft tube domain, based on mesh element size and growth 

rate. The initial mesh was created by dividing the edges of the draft tube into mesh segments or grid points, thus, defining the first 
element size. The mapping of the mesh was done by defining a range of elements sizes and growth rate. The mesh quality was 

improved by increasing the number of elements from the coarsest with 0.59×106 to the finest mesh with 1.85×106 mesh elements. 

Mesh 1 has 0.59×106 mesh elements, mesh 2 has 0.89×106 mesh elements, mesh 3 has 1.54×106 mesh elements and mesh 4 has 

1.85×106 mesh elements, respectively. The corresponding number of nodes are 0.54×106 (mesh 1), 0.83×106 (mesh 2), 1.33×106 

(mesh 3), and 1.62×106 (mesh 4) respectively. The maximum aspect ratio is between 43 and 52 while the maximum edge length 

ratio ranges from 61 to 116. The near-wall y+ values for the coarsest and finest meshes are 54 and 32, respectively.  The 

computational mesh is shown in fig. 2 and information about the mesh quality is presented in Table 5.     
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2.3 Boundary condition and solver 

Francis-99 semi-model 

The boundary conditions for the Francis-99 semi-model computations were taken from the turbine performance data at PL 

operating conditions shown in Table 2. The Francis-99 semi-model consists of three sub-domains: a distributor passage, a runner 

passage, and the draft tube. The inlet boundary condition was specified as mass flow inlet with an appropriate flow direction. The 

average mass flow rate at the PL operating condition is 139.62 kg/s. This means that for one distributor passage; the inlet mass flow 

rate is 9.973 kg/s (the distributor has 14 passages). The flow rate at PL operating condition is almost 70% of the flow rate at BEP 

operating condition. A turbulence intensity of 5% was specified at the inlet to consider the effect of upstream conditions. The outlet 

boundary condition was specified as ‘opening’ with a relative static pressure of 0 kPa. The reference absolute pressure at PL 

operating condition at the draft tube outlet is 113.17 kPa. The runner domain and runner cone wall were specified as rotating and 

the rotational speed was set to 333 rpm (= 5.55 Hz). The Francis-99 semi-model consists of multiple sub-domains that are 
interconnected using domain interface. The interface pitch change angle between the distributor-runner passage was 25.7143º and 

24º, respectively. The interface pitch change angle between runner-draft tube passage was 24º and 360º, respectively. For iteration 

based steady-state analysis, ‘stage mixing plane’ frame change was specified and for transient analysis ‘transient rotor-stator’ frame 

change was considered. 

 

   
   

a) Axial velocity  b) Radial velocity  c) Tangential velocity  

 

Fig. 3 Inlet boundary conditions: velocity contours at the draft tube inlet. 
 

Table 6 Methods and different cases analyzed for Francis-99 reduced model. 

Approach 
Coordinate 

system 
Cases analyzed 

1 – mapping velocity 
components over 

entire planar profile. 

r, θ, z 
With inlet profile 

rotating 

Without inlet 

profile rotating 

2 – mapping velocity 

components along a 

radial profile and 

specifying the axis-

symmetric assumption 

R - 
Without inlet 

profile rotating 

 

Francis-99 reduced model 

The reduced model of the Francis-99 model turbine consists of an elbow-shaped draft tube and a runner cone. The inlet boundary 

conditions of the draft tube were mapped by considering the phase averaged axial, radial, and tangential velocity profiles from the 

runner-draft tube interface of the NVKS Francis-99 semi-model numerical analysis. The velocity profiles were extracted and 

specified in the polar coordinates system. Additionally, turbulent kinetic energy, k, and its dissipation rate, ε, were also specified at 
the inlet boundary condition of the Francis-99 reduced model. The axial, radial, and tangential velocity contours are displayed in 

fig. 3. A negative axial velocity denotes a downward velocity, see fig. 1 for the coordinate system. The negative tangential velocity 

denotes the rotation of the runner is in a clockwise direction. Two approaches were adopted to perform the numerical study which 

leads to three different cases for analysis.  The details of the numerical methods and different cases analyzed are given in Table 6. 

Two methods were considered to specify the boundary condition at the draft tube inlet and are as follows: 

• Method 1: By considering the velocity components (as shown in fig. 3), k, and ε variables over the entire inlet plane. The 

variables were extracted from the runner-draft tube interface of the NVKS Francis-99 semi-model. 

• Method 2: By assuming an axisymmetric flow and considering the velocity components, k and ε along a single radial line at the 

runner draft tube interface and extending it circumferentially.  

In method 1, a total of 3000 data points with respect to r, θ, and z-coordinates were considered. To maintain the effective resolution 

of the inlet boundary, the number of data points were kept higher in the present study. In method 2, a total of 50 data points was 
specified along a single line along the radial direction of the draft tube inlet and were extended circumferentially [23]. The data 

points, in this case, were specified along r-coordinate (one-dimensional consideration). The inlet velocity components of the draft 

tube are shown in fig. 3. Based on the mentioned two approaches, three different cases were derived: 
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• Case 1 - Method 1 with inlet rotation 

• Case 2 - Method 1 without inlet rotation 

• Case 3 - Method 2 without inlet rotation 

The rotational inlet of the draft tube was established by specifying a time-dependent expression to θ-coordinate at the inlet boundary 

condition of each variable as specified in eq. (3): 

θ(t) =  θo + ω (t + Δt). (3) 

This expression is only useful for three-dimensional inlet profiles which is r, θ, z-coordinates (Method 1). In the case of method 2, 

only one-dimension was considered. Hence, the inlet cannot be rotated based on eq. (3). The outlet boundary condition and reference 

absolute pressure for Francis-99 reduced model was as same as the Francis-99 semi-model. The runner cone boundary condition 

was specified as a rotating wall with a rotational speed of 333 rpm (= 5.55 Hz).  

 

The numerical study was performed in ANSYS CFX [26]. The standard k-ε model was used for turbulence modeling. According 

to the literature, this turbulence model converges fast and can produce realistic results [7, 8]. Initially, an iteration-based steady-

state analysis on the Francis-99 semi-model was performed for 400 iterations and the results were used as initial values for all 

transient computations including mesh independence studies. The time-dependent analysis was performed to reproduce the 

frequency of RVR for all numerical models. The total time for all numerical analysis was set to 4 s. To save computational time and 
data storage, the time-step used in the study is 25º of the runner rotation [19]. This is equivalent to 0.0125 s. The runner domain of 

the turbine model consists of 15 main blades and 15 splitter blades. This means that each passage size is 24º. Several relevant 

numerical studies in the literature have considered a time step of 1º of runner rotation. To save computational time, a time step of 

the runner rotation of 24º (one runner passage) + 1º was considered in the present study [19]. The effects of such time step have 

previously been investigated by Iovanel et al. [20]. A high-resolution advection scheme and second-order backward Euler transient 

scheme was specified in the present numerical study to solve the continuity and momentum equations. The convergence criteria 

were set as RMS 10−6 and the number of the coefficient loop was specified as 10 for better convergence control and desired 

accuracy [7]. 

2.4 Mesh independence study 

 
 

Fig. 4 Mesh independence study. 

 

A mesh independence analysis was performed on different draft tube meshes (see Table 5). The mesh independence study was 

performed by considering the Francis-99 semi-model technique, by including passage of distributor and runner domains with 

different draft tube meshes. To ensure the fidelity of the mesh independence study, the structured mesh of draft tube provided by 

NVKS Francis-99 second workshop was also investigated [25]. The mesh of the upstream domains from the draft tube remains the 

same for all numerical models. The phase averaged axial velocity profile for all mesh at line 1 was compared against the NVKS 
Francis-99 semi-model and the experimental results. The axial velocity comparisons are shown in fig. 4. The axial velocity profile 

indicates that the mesh with 0.59×106 mesh elements (mesh 1) under-predicted the velocity profile compared to the NVKS semi-

model results and experimental results. The mesh near the draft wall was able to predict the axial velocity quite well but showed a 

significant deviation in predicting axial velocity at the center of the draft tube. This indicates that the mesh density had to be 

increased especially at the center of the draft tube. The velocity profiles of mesh 2-4 show similar trends like the NVKS semi-model 

especially at the center of the draft tube. The mean axial velocity profile results at the center of the draft tube shows a reverse flow 

at the center of the draft tube which was also reported by Mössinger et. al. [13], Casartelli et. al. [17], and Sotoudeh et. al. [19]. 

This could be due to an axis-symmetric flow at the runner exit modeling [3, 17] and limitations of turbulence modeling [13, 19]. 

However, the result shown in fig. 4 indicates that the standard k-ε turbulence model can predict similar results as other turbulence 

models even at a larger time-step of 25º of the runner rotation [7, 13, 17, 19]. The mesh 2 to 4 were considered a suitable choice for 

further study. The mesh 2 with 0.89×106 mesh elements and y+ = 40 was considered for the subsequent computations using different 

methods of inlet boundary conditions. 
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3. Results and Discussion 

3.1 Reduced turbine modelling 

   In the present study, the numerical model of Francis-99 reduced model turbine with a standalone draft tube was investigated to 

imitate the flow inside the draft tube at PL operating condition. The total mesh elements in the Francis-99 semi-model and reduced 

model was 4.2 million [19, 24] and 0.89 million mesh elements, respectively. This means that the total number of mesh elements of 

the numerical model was reduced by 79% in the present study. Although the computational times are not mentioned in the present 
study, it is evident that a significant reduction in the numerical grids will reduce the computational time and data storage required 

significantly. As mentioned earlier, this approach could be extremely useful in the future design and optimization studies of hydro-

turbine draft tube, especially to mitigate RVR. 

3.2 Analysis of pressure pulsations and RVR frequency 

   The FFT of experimental mean pressure signals [25] at monitor points DT5 and DT6 are shown in fig. 5a) and the corresponding 

plunging and rotating modes are shown in fig. 5b). The results show the formation of a dominating frequency approximately at f/f0 
= 0.3 which has been already reported in the previous studies [3-7, 13-17, 19]. Here, f0 is the runner frequency of 5.55 Hz. This 

dominating frequency is also the RVR frequency. The results show that the pressure amplitude at DT5 is almost 53.4% higher than 

that at DT6. The corresponding rotating mode is 63.5% higher than the corresponding plunging mode which indicates the rotating 

characteristic of the vortex rope is more prominent. The pressure frequency observed at f/f0 = 30 indicates the number of runner 

main and splitter blades, respectively. The pressure frequency observed at f/f0 = 18 (which should be 15) indicates the number of 

runner-blade passages. The deviation is possibly due to the gyroscopic effect of the experimental setup due to elbow draft tube 

geometry [3]. The other frequencies were observed possibly due to the upstream effects in the draft tube. 

 

   Figure 5c) and 5d) show the FFT of the numerical study performed on the reduced model and the NVKS semi-model. It was 

found that all numerical cases considered for Francis-99 reduced model could reasonably predict the RVR frequency at f/f0 = 0.3 at 

both DT5 and DT6 and their corresponding plunging and rotating modes. Due to a large time-step in the present study, 25o of runner 
rotation, the larger frequencies at f/f0 = 15 & 30 cannot be captured for NVKS Francis-99 semi model. Also, the higher frequencies 

cannot be captured in Francis-99 reduced model due to the absence of upstream domains. The FFT results show that the amplitudes 

of the reduced domain numerical results do not match with the measured experimental amplitudes of the RVR and NVKS semi-

model domain. One reason is the large time-step in the present study which was also reported in Iovanel et. al. [20]. When large 

time-steps are considered in numerical modeling of hydro-turbines, the amplitudes of the corresponding frequencies are relatively 

lower. For this reason, the amplitude of the RVR frequency cannot be matched with the experimental results. However, in relative 

terms, the pressure amplitude at DT5 is higher than that at DT6 and the corresponding rotating mode (fig. 5e) is higher than the 

plunging mode (fig. 5f) which was also observed in the experimental results. 

 

   The RVR pressure amplitude predicted by Francis-99 reduced model was lower than Francis-99 reduced model for the given 

mesh, turbulence model, and time-step. This is due to the absence of upstream conditions which also influences the flow in the draft 

tube. Analyzing the performance of each method applied to the Francis-99 reduced model, method 1 with inlet rotation was found 
to be the less favorable approach. This method predicts the least pressure amplitude of all cases. Also, the inlet rotation boundary 

condition (Case 1) induced additional fluctuations and oscillations in the pressure signals of DT5 and DT6, which causes slight shift 

in RVR frequency from f/f0 = 0.3. This could be possibly due to the asymmetric mesh at the inlet of the draft tube which fails to 

interpolate the results as desired when the rotation of the inlet boundary is considered. This effect is eliminated by considering the 

draft tube inlet boundary condition as non-rotational. The FFT of the pressure-time signal for method 1 (Case 2) and method 2 (Case 

3) with non-rotating inlet could accurately predict the RVR frequency at f/f0 =0.3. Both approaches predict the same amplitude 

which is 30% less than the Francis-99 semi-model. As discussed, this is due to the absence of upstream domains which also 

influences the flow in the draft tube. Case 2 and Case 3 only predict RVR frequency. The understanding from the analysis of FFT 

of pressure signals of the Francis-99 reduced model was that there is no necessity to apply rotation at the inlet boundary condition 

of the reduced model, the stationary inlet boundary condition can predict RVR frequency accurately.   

3.3 Analysis of mean velocity profiles 

   In fig. 6, phase-averaged (mean) normalized axial and radial velocity profiles for the different cases of the Francis-99 reduced 

model at different locations (line 1, line 2, and line 3) were compared to the experimental data [25] and NVKS semi model numerical 

results. Additionally, the mean normalized tangential velocity profile along these locations was also plotted independently as there 

was no experimental data available for the tangential velocity. The velocity components were normalized using the inlet velocity of 

the draft tube, which was calculated from the given flow rate at PL operating condition and draft tube inlet area. The experimental 

mean normalized axial and radial velocity plots along line 1 and line 2 showed the asymmetry of the flow in the draft tube [3-6, 17 
19]. It could be possibly due to the uneven distribution of flow upstream of the draft tube, that is, from spiral casing [6]. The 

geometry of the draft tube (elbow shape) was also observed to influence the flow upstream [6]. The experimental axial velocity at 

line 1 does not show any flow reversal at the center of the draft tube. However, all numerical results show reverse flow (also seen 

in mesh independence study), which was also reported in previous numerical studies [3, 13, 17, 19]. So far, it is unclear as to why 

there is a significant deviation in flow behaviour between the experimental and numerical results at the center of the draft tube. 

Some studies claim it is due to the assumption of axis-symmetric flow at runner exit and the limitations of turbulence modeling [3, 

19]. This was also discussed in the mesh independence study (section 2.4). 
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.   

a) FFT of measured pressure signals at DT5 and DT6 

[25]. 

b) Plunging and Rotating modes of experimental data [25]. 

  
c) FFT of computed pressure signal at DT5. d) FFT of computed pressure signal at DT6. 

  
e) Plunging mode of numerical data f) Rotating mode of numerical data 

  

Fig. 5 FFT of pressure-time signal at DT5 and DT6. 

 

The computed mean normalized axial, radial, and tangential velocity profiles for the different cases showed consistency for all 

velocity components. However, in case 1 which is method 1 with inlet rotation, computations underpredict the axial velocity 

especially at the center of the draft tube. The mean normalized axial and tangential velocity profile showed the symmetric nature of 
the flow in the draft tube. This is due to the axisymmetric flow assumption in numerical modeling [3, 17, 19]. The numerical mean 

axial velocity indicates that there is flow reversal at the center of the draft tube at both line 1 and line 2. Though there is slight flow 

reversal seen in experimental results at line 2, the axial component of flow at the center of draft tube has not been fully understood 

yet and needs further study. The mean normalized tangential velocity profile, as shown in fig. 6 also, showed the presence of high 

swirling flow wrapped around a ‘nearly stagnant’ flow. 
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a) Axial velocity at Line 1 b) Axial velocity at Line 2 c) Axial velocity at Line 3 

   

   
   

d) Radial velocity at Line 1 e) Radial velocity at Line 2 f) Radial velocity at Line 3 

   

 

6

 
 

   

g) Tangential velocity at Line 1 h) Tangential velocity at Line 2 i) Tangential velocity at Line 3 

   
Fig. 6 Comparisons of velocity profiles at different locations in the draft tube. 

  
 

 
a) t = 0.2s b) t =0.2125s c) t =0.25s d) t =0.02625s 

 

Fig. 7 Pressure based iso-surface of the vortex core region in the draft tube (Method 1 without inlet rotation). 
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  The iso-surface of the pressure variable in the draft tube is presented in fig. 7. It is to be noted that at a pressure value of -900 Pa, 

all numerical models show the same iso-surface of the vortex core region in the draft tube at different time steps. For this reason, 

only the iso-surface for Case 2 which is method 1 without inlet rotation has been included in the paper. Figure 7a shows a fully 

developed RVR at 0.2s at pressure value of -900 Pa. This value is a relative static pressure and is the difference between the reference 

pressure (- 113.17 kPa) and the static pressure at any given point within the draft tube. A fully developed RVR was observed at P = 
-900 Pa, indicates that this value remains constant throughout the surface of RVR and hence, the surface profile of RVR can be 

achieved. The iso-surface of RVR shows that the upstream orientation of the RVR was nearly straight and further downstream the 

RVR attains a ‘snake-like’ configuration. The pressure iso-surface of the RVR also shows the splitting of vortex rope close to the 

draft tube elbow region. This effect could be possibly due to the adverse pressure gradient and elbow shape of the draft tube. As the 

velocity profiles and the pressure iso-surface of the vortex core region of RVR in Francis-99 reduced model agree well with the 

NVKS Francis-99 semi model and previous studies reported [3, 13, 19], it can be concluded that a reduced domain modeling can 

be useful in futuristic research especially on development of new designs within the draft tube domain. 

 

   

 
 

  

a) Mode 1 b) Mode 2 

  
  

c) Node 3 d) Mode 4 

  
  

e) Temporal coefficients C1 and C2 f) Temporal coefficients C3 and C4 

 

Fig. 8 Spatial and temporal representation of first four modes of RVR using axial velocity 

component. 

 



 

106 

3.3 Proper orthogonal decomposition (POD) of the RVR 

Proper orthogonal decomposition (POD) is a technique that provides the basis for modal decomposition for data (mostly velocity 

and vorticity components) obtained over time. This technique is useful to determine the regions of dynamic and spatial significance 

[27-30]. It is a linear statistical analytical method where it is assumed that the modes can be superimposed and can be reconstructed 

back to the signal. There are several methods used to perform POD on a set of data such as principal component analysis (PCA), 

Karhunen–Loève decomposition (KLD) method, and singular value decomposition (SVD) [28]. PCA technique is used to identify 

the dependent structure in a multi-variant stochastic process. It reduces the dimensionality of a data set and is often achieved by 

transforming the original set of data into an uncorrelated new set of variables or principal components, each showing the variation 

present in the original set of data. KLD technique is an extension of the PCA technique in the case of infinite-dimensional space. It 

uses a single parameter variable instead of a two-variable function to represent the correlation. In the case of SVD, it is considered 

as a general eigenvalue decomposition of non-square and non-symmetric matrices. 
 

Some flow phenomena, such as vortex breakdown, may limit the operation of hydro-turbines. Hence, the description of the flow 

structure in hydro-turbines, especially the draft tube, is important to improve their design. Therefore, the aim of the POD analysis 

of the flow in the draft tube is to study the characteristics of the coherent structures in the flow to obtain important flow features. In 

the present study, a SVD type of POD analysis was performed. A set of the temporally ordered axial velocity field, V (x, t), was 

considered at different time steps of the current numerical analysis. A set of matrices W of size N×T was created where N is the 

domain size at a given function of time and T is the number of snapshots [16]. W contains only the fluctuations data. The domain 

size, N corresponds to a column vector transformed V (x, t). The POD is given in eq. (4): 

 

W = ΦSC* (4) 

 
Considering Ω the number of modes of decomposition, S is a matrix of size Ω×Ω. The vector, λ that provides the total variance for 

each Ω is represented in eq. (5): 

 

λ = diag(S)2 / (N – 1) (5) 

 

   Figure 8 represents the first four modal decompositions of the axial velocity component in the draft tube which is also considered 

to have the most dominating effect on the flow. The spatial modes Φ1and2 and modes Φ3and4 were observed to occur in pairs but both 

pairs had different structures. Φ1and2 indicates that there is a periodic behavior in the vortex formation and shredding with a certain 

phase difference between the modes. The flow structure in fig. 8a) and 8b) reveals the translation motion flow in streamwise direction 

transported in the draft tube which also corresponds to the axial component of the flow. The flow structure in mode 1 and 2 (Φ1and2) 

also indicates that the flow does not intersect with the center axis of the draft tube. The flow intersecting at the center axis was not 

effectively shown in these modes. This means that these modes strictly correspond to the flow patterns in the streamwise direction. 
The modes in fig. 8c) and 9d) showed the third axis motion of the vortex which in the present case corresponds to the rotationality 

of the flow. It was observed that the flow structure in these modes (Φ3and4) were mostly seen at the center of the draft tube. Figure 

8e) and 8f) correspond to the evolution of the temporal coefficients. Temporal coefficients C1 and C2 indicate the fundamental 

frequency of the flow in the draft tube, which is, RVR frequency. The frequency of the temporal coefficients C3 and C4 is twice the 

fundamental frequency and is harmonic. This shows that the concentration of RVR is in close accordance with the draft tube 

centerline and the flow near the draft tube wall flows the streamwise direction to a greater extend. 

4. Conclusion 

In the present paper, a reduced model of the Francis-99 model turbine was investigated by considering the standalone draft tube 

domain to imitate the flow behavior during PL operating conditions. There are two ways to specify the inlet boundary conditions. 

The first method is by considering the flow variables (velocity components, k, ε) at the entire planar profile of the runner-draft tube 

interface from the NVKS semi model numerical results (method 1) and the second method is by considering the flow variables 

along a radial profile at the draft tube inlet and extending it circumferentially (method 2). The influence of the inlet rotation and 

non-rotation was also analyzed using the method 1. It was found that all the cases provide good agreement with the experimental 

results and the NVKS semi-model numerical results. However, the failure of mesh interpolation due to non-symmetric mesh at the 

draft tube inlet induced additional fluctuations in the numerical model which has no relevance with the flow behaviour inside the 

draft tube. Hence, consideration of inlet rotation is an unfavorable choice for reduced geometry modeling of the draft tube. The 

present study provides significant insight into RVR structure by analyzing the pressure-time signal, velocity profiles, iso-surface of 

pressure variable and POD of axial velocity component using a reduced geometry and mesh concept. The present paper is considered 
useful for the future research study of new design concepts of the draft tube domain to mitigate RVR. However, it is known that any 

modification in the geometry of the draft tube will affect the upstream flow behaviour. The reduced domain modeling is only useful 

to establish the working of any new design concept considered for RVR mitigation. To check the working of any such new design 

concepts, analysis of various combinations of design parameters is required. Hence, this methodology can reduce computational 

time/costs and data storage required for such analysis. It is to be noted that this methodology should only be considered at the initial 

stages of the design study of draft tube for RVR mitigation. If the working of any such design concepts considered for RVR 

mitigation is established using reduced domain modeling, further analysis should be considered by employing upstream domains 

(spiral casing, distributor and runner) with smaller time-steps to understand the influence of new design on upstream domains. The 

future work of the present study could be related to the reduction of pressure pulsations and mitigation of RVR.  
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Nomenclature 

C 
f 

fo 

ω 

r, θ, z 

Time evolution matrix 
Frequency [Hz] 

Runner frequency [Hz] 

Angular velocity (rpm) 

Polar coordinates 

T 
Δt  

Φ 

k 

ε 

Simulation time [s] 
Time step [s] 

Spatial evolution matrix 

Turbulent kinetic energy [J/kg] 

Turbulent eddy dissipation [m2/s3] 
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