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Abstract 

Guide vanes are a mechanical system used to direct flow in the desired direction. At lower operating conditions, 

implementing a guide vane system in the draft tube of a hydro-turbine can decrease the excess swirl in the flow and, thus, 

reduce pressure fluctuations. The present study discusses a numerical methodology to design an effective guide vane 

system in the draft tube of a high head Francis model turbine. The numerical method is computationally efficient and thus, 

saves excess computational time and data storage required for parametric analysis of the guide vane system. The aim is to 

mitigate the ‘rotating’ vortex rope with minimum additional losses in the turbine. The factors considered for the guide 

vane system design are a) number of guide vanes, b) chord length, c) span, d) inlet-outlet angles of the guide vanes, and 

e) their position in the draft tube. The parametric study comprises a) ideal guide vane design and b) realistic guide vane 

design study. The ideal guide vane design study was with the standalone draft tube domain. The realistic guide vane design 

study used the passage domains of the distributor, runner, and complete draft tube. From the ideal guide vane design study, 
a guide vane system with two or three guide vanes of chord 86% of runner radius and leading-edge span of 30% of runner 

radius effectively mitigates the rotating vortex rope. The system with three guide vanes is the most efficient when placed 

at some distance below the runner exit with mitigation above 95% 

Keywords: Draft tube, Francis turbine, Guide vane system, Methodology, Mitigation, Rotating vortex rope. 

1. Introduction 

In recent years, the flexible operation of hydro-turbines has become the primary research focus [1, 2]. The aim is to increase the 
turbine start-stop per day and increase the operating ranges without deteriorating the lifespan of the turbines. The hydro-turbines, in 

general, are designed for maximum efficiency at a single operating range named the best efficiency point (BEP). At BEP, the hydro-

turbines can operate for a very long period, allowing a long lifespan [1, 2]. However, the performance of hydro-turbines deteriorates 

when the operation moves from BEP to other operating conditions, mainly at part load (PL) [3-5]. At PL, the turbine operation is 

unstable due to unfavorable pressure loading on the runner blades [4, 6]. In industries, the enforced turbine operation at PL is due 

to available energy or market demands [1]. An undesirable phenomenon arises, known as the rotating vortex rope (RVR) in the draft 

tube [4, 5, 7-10, 16]. Therefore, it is essential to consider the off-design conditions while designing new turbines or performing 

operational maintenance of old turbines [6-8]. 

The experimental pressure and velocity measurements in the runner, vaneless space, and the draft tube of the Francis model turbine 

gave some insights into the RVR characteristics [4, 5, 9-11, 13-16]. In the Francis turbine, the process of load variation from the 

BEP to a lower flow rate (Q/QBEP < 1) leads to an uneven pressure distribution on the runner blades due to the complexity of the 

flow interaction between the distributor guide vanes and the runner blades [6-10]. It results in a high swirling flow entering the 
runner. The distributor guide vanes and runner inlet region also develop an unsteady pressure and velocities, creating a 

hydrodynamic force at the runner inlet. At this stage, the runner cannot compensate for the incoming swirling flow, and therefore, 

the flow leaving the runner induces significant flow separation [9, 10, 12, 14]. The flow separation leads to a low-velocity region at 

the center of the draft tube at PL, also known as the quasi-static region [7-9, 11, 12]. It leads to a vortex breakdown in the draft tube, 

creating a flow recirculation at the center of the draft tube cone [9, 10]. Moreover, the high swirling flows exiting the runner induce 

a centrifugal force on the flow, which results in high axial velocity in the outer edges of the draft tube [9, 15, 16, 20]. This high 

swirling flow wraps around the low-velocity stagnation region [9, 17]. This phenomenon causes self-induced unsteadiness and high 

shear in the flow, and hence, the RVR forms. The RVR is a spiral vortex that leads to pressure fluctuations in the draft tube [4-6]. 
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The RVR has the large-scale vortices, stagnation region (quasi-static region), re-circulating zones, and regions with high shear [3, 

7-10]. It leads to a complex flow phenomenon in the runner and draft tube, generating noise and vibration. It adversely affects the 

dynamic stability of the turbine, its performance, and its lifespan. The RVR frequency ranges from f/f0 = 0.2 to 0.4, where f0 is the 

runner frequency and often shows a dominant pressure amplitude [4, 5, 9, 14, 16]. The RVR frequency is also associated with the 

system vibrating frequency and may lead to resonance in hydraulic turbines.  
  The decomposition of RVR into its synchronous and asynchronous modes represents its dynamic characteristics. The synchronous 

mode represents the pressure and velocity fluctuations in the axial direction. The asynchronous mode means the pressure and velocity 

fluctuations induced by the vortex rope rotation [5-10]. At PL, the asynchronous mode dominates the synchronous mode. The 

occurrence of the RVR in the draft tube is associated with high swirling flows that rotate around the centerline of the draft tube [6]. 

The swirling flow can be related to the excess flux of angular momentum to axial momentum, the ratio of which indicates the swirl 

number [14-16]. The key factors that lead to the efficiency compromise at PL are a) the RVR formation and its extension up to the 

elbow of the draft tube, b) the induced pressure pulsations and flow instabilities in the draft tube, and c) the interaction of RVR with 

the secondary flows at the elbow region of the draft tube [6].  

   One way to achieve flexible operation of hydro-turbines is by reducing the pressure fluctuations in the draft tube arising from the 

RVR formation [20]. Several experimental and numerical studies reportedly mitigated the RVR using different techniques. These 

techniques are a) active and b) passive flow control techniques. The active techniques need a controller and external power input to 

operate. In contrast, the passive techniques do not need any controller and are often associated with geometry modification or any 
external devices in the turbine. Some active flow control techniques are a) rotating valve exciter for flow injection [21], b) air 

admission [22-24], and c) water injection [25-27] in the draft tube. The rotating valve exciter reduces the pressure fluctuations in 

the draft tube but induces other frequencies. The technique of air admission in the draft tube is the most popular. It decreases the 

pressure difference at the admission region of the draft tube, which reduces the RVR amplitude [22]. However, studies have reported 

that the air admission technique can leave a residual synchronous mode of lower amplitude and frequency [23] and, in some cases, 

increase the runner blade frequency [22]. Also, it is essential to predict the air discharge rate in the draft tube. The water injection 

technique allows the water jet flow injection from the tip of the crown cone. This technique can successfully mitigate the RVR 

without affecting the runner and draft tube [25, 30]. Similar studies performed by Bosiac et al. reported a nearly 30% increase in the 

pressure recovery coefficient of the draft tube with the water injection technique [27]. The air and water injection techniques are 

active in lower operating conditions where the mitigation of RVR is a priority. Under other operating conditions, these techniques 

are inactive. Therefore, the performance of the turbine is unaffected by other operating conditions. However, finding the right 
injector size and injection flow rate is often challenging. Moreover, the operation and maintenance of active techniques are 

demanding [21-27]. 

   Some passive flow control techniques are a) grooving of runner cone [28-33], b) exit stay apparatus (ESA) [34], c) fins in the draft 

tube [35], and d) baffles in the draft tube [36]. The grooving of the runner cone shows some improvements in the flow characteristics 

but cannot successfully mitigate the RVR. The efficiency of the turbine remains unaffected by implementing this technique. 

Therefore, more studies to reduce/mitigate the RVR using this technique may be helpful. The ESA is a device placed right after the 

turbine runner exit to mitigate the RVR for a range of operating conditions [34]. The ESA did not reduce the RVR under some 

operating conditions. However, the turbine efficiency improved at operating conditions other than BEP [34]. The use of sharp-edged 

fins or baffles in the draft tube restrains and regulates the flow, reducing the RVR amplitude significantly but not ultimately. The 

use of fins in the draft tube improved the turbine pressure recovery. However, these techniques need further investigation because 

there is limited information on their influence on other operating conditions. 

   Though several techniques exist to mitigate the RVR in hydro-turbines, there is no universal solution. Furthermore, there are 
limited studies on passive RVR mitigation techniques. The previous studies did not discuss the influence of implementing external 

objects in the draft tube on the flow characteristics at other operating conditions. Therefore, there is still development potential for 

passive flow control concept combined with active control concept. Of particular interest is inserting an ‘adjustable’ guide vane 

(GV) system in the draft tube-like in the distributor domain. Unlike the fins and baffles used in the draft tube as reported in the 

earlier studies, the GVs can rotate around an axis which allows them to direct or re-direct flow in the desired direction. Such GVs 

already exist in jet propulsion engines [37, 38]. The vanes are implemented at the engine inlet or exit to allow the flow with zero 

swirls to enter or exit the jet engine, respectively. These GVs can be either stationary or variable. The fixed form of such vanes in 

the Francis turbine is ESA [34]. The GVs are mechanical systems that are hydrodynamic in shape and can be helpful in the smooth 

transition of the flow without inducing any additional fluctuations in the draft tube. Another advantage of implementing ‘adjustable 

GVs’ is to adjust at every operating point so that the flow at other operating conditions other than PL is not affected. 

   The present study presents the numerical design methodology of an active flow control technique based on an adjustable GV 
system in the draft tube to mitigate the pressure pulsations in the draft tube. The adjustability of the GVs refers to their ability to 

rotate about an axis. The design study aims the RVR mitigation with minimum losses. The present study is the foundation for 

developing the final GV system design to manufacture and perform real-time experiments on the test rig. The remaining of this 

paper is as follows. Section 2 describes the numerical method, boundary conditions, and grid independence study details. Section 3 

first presents the numerical results for an ideal GV design. Subsequently, the computational results for the realistic GV design are 

discussed. Finally, the main findings of the present study are summarized.  
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2. Numerical model 

2.1 Geometry description 

 
a) Francis-99 model turbine [39]. 

 
b) Francis-99 semi-model (CFD) 

 

Fig. 1 Schematic of the Francis-99 model turbine. 
 

   The test rig considered in the present study is the Francis-99 model turbine [1-3, 6-9, 39]. The model turbine is a scaled-down 

version of the prototype turbine from Tokke powerplant, Norway. To imitate the realistic operating condition of the prototype 

operation, the experiments on the model test rig were on an open-loop and cavitation-free test case, conducted by Goyal et al. [1-3, 

6-9, 39]. Both the overhead and downstream tanks were open to the atmospheric pressure. The model turbine has a spiral casing, a 

distributor domain with fourteen stay vanes and 28 GVs, a runner with 15 main blades and 15 splitter blades, and an elbow draft 

tube. The runner diameter is 349 mm. The draft tube cone length is approximately 500 mm, and the cone angle is 3°. The performance 

characteristics of the Francis-99 model turbine at all operating conditions and their corresponding uncertainties are presented in 

Table 1 [39]. The experimental data for the current test rig is available at NVKS Francis-99 second workshop for study purposes 

[39]. The experimental data includes the steady-state pressure measurements axial and radial velocity profiles at line profiles 1, 2, 

and 3, respectively. The circumferential velocity data is not available [39].  
    The numerical modeling technique used in the current study is the passage flow technique [2, 3, 17, 18]. The computational 

domains are available at NVKS Francis-99 second workshop [39]. The computational part comprises a distributor passage with one 

stay vane and two GVs, a runner passage with one main blade, one splitter blade, and the draft tube [3, 17]. The passage domain 

model turbine is called Francis-99 semi-model. The schematic of the Francis-99 semi-model turbine is in fig. 1b, A simpler model 

of the Francis-99 semi-model, called the Francis-99 reduced model, was used to design an ideal GV system in the draft tube. Joy et 

al. [19] developed this technique using a standalone draft tube domain. The reduced model saves computational time and data 

storage, allowing multiple computations at a time. The Francis-99 reduced model consists of the elbow draft tube and part of the 

runner cone [19].  
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Table 1 Francis-99 model turbine performance details in open-loop setup [39]. 

Parameter Symbol PL BEP HL 
Uncertainty 

(%) 

GV angle (o) Α 6.72 9.81 12.44 ±0.04° 

Specific speed Ns 57.91 69.54 76.72 ±0.14% 

Net head (m) H 11.87 11.94 11.88 ±0.011% 

Discharge (m3/s) QPL 0.1396 0.19959 0.24246 ±0.1% 

Runner angular speed 

(rpm) 
Ω 333 333 333 ±0.05% 

Runner frequency (Hz) f0 5.55 5.55 5.55 ±0.05% 

Draft tube outlet pressure 

(kPa) 
Pabs 113.17 111.13 109.59 ±0.001% 

Hydraulic efficiency (%) Η 90.13 92.39 91.71 ±0.14% 

Net generator torque 

(N⋅m) 
T 416.39 616.13 740.54 ±0.03% 

Flow rate ratio QPL/ QBEP 0.70 1 1.21 - 

Water density (kg·m-3)  999.8 999.8 999.8 ± 0.01% 

Gravity (m·s-2)  9.82 9.82 9.82 - 

 

Table 2 Details of the pressure monitor points from the origin [39]. 

Monitor points x (mm) y (mm) z (mm) 

DT5 -149.1 -100.6 -305.8 

DT6 149.1 100.6 -305.8 

 

Table 3 Details of the velocity monitor points from the origin [39]. 

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 

The origin is indicated in fig. 1. 

 

   There are two monitor points, DT5 and DT6, placed 180° apart in the draft tube to measure pressure fluctuations, see fig. 1. The 

monitor points (DT5 and DT6) are approximately 0.704⋅r0 (= 122.85 mm) distance from the draft tube inlet. The details of the 

monitor points in the draft tube for numerical setup reference are in Table 2. The 2-D PIV measurements are available at three lines: 

line 1, line 2, and line 3 (see fig. 1b). Line 1 and 2 are perpendicular to the runner axis of rotation, while Line 3 coincides with the 

runner axis. Table 3 presents the start and end coordinates of all velocity profile monitor lines. Lines 1 and 2 are approximately 

0.892⋅r0 (= 155.65 mm) and 1.57⋅r0 (= 273.97 mm) from the draft tube inlet. The elbow is about 1.35 m from the draft tube inlet. 
As mentioned earlier, the experimental results for the axial and radial velocity profiles are reported [39]. There are no experimental 

results available for the circumferential velocity [39]. 

2.2 Guide vanes design process 

    The inlet angle of the GV system in the draft tube corresponds to the flow angle at PL, and the outlet angle corresponds to the 

flow angle at BEP operating condition. The GVs are distributed evenly in the circumferential direction, see fig. 2. To minimize the 

losses, the thickness of the GVs system considered is 2 mm for the parametric study. The GV design process has two parts: a) ideal 
GV design and b) realistic GV design. The ideal design process considers a system with a single hydrofoil with the shape varying 

smoothly from the leading to the trailing edge, see fig. 2. The ideal GV design process aims to achieve a GV system with the design 

factors considered that can mitigate RVR with minimum losses. Moreover, the objective is to achieve an ideal GV design that is 

compact and not significantly significant. The speculation is that large structures inside the draft tube will obstruct the flow 

aggressively, inducing losses in the turbine. The factors considered are a) position of the GV in the draft tube, b) number of GVs 

required in the draft tube, c) chord length, and d) span length of the GVs. The initial position of the ideal GV system is very close 

to the draft tube inlet, as seen in fig. 2. The number of GVs investigated is 14GV, 7GV, 3GV, and 2GV. The inspiration of the initial 

GV number is from the number of stay vanes in the turbine. Three chord lengths for the GVs considered are 86%, 43%, and 21.5% 

of the runner radius. The span of the GV systems considered is 30% and 15% of the runner radius. Figure 3 presents the GV design 

methodology. 
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Fig. 2 Schematic of the computational domain for ideal and realistic GV designs, ideal GV design (left) and 

realistic GV design (right).  
 

 

 

 
 

Fig. 3 GV system design methodology. 

 

   The realistic GV system geometry is the modified version of the ideal GV system. The final chord of the ideal GV system is split 

into two halves for a realistic design. For the parametric study, the upper hydrofoil corresponds to the flow angle at PL. The lower 

hydrofoil is at the BEP flow angle. There is also a clearance gap of 1 mm between both hydrofoils. The realistic GV design aims to 

imitate the final design. In the final design, the upper hydrofoil of the GV system is adjustable according to the varying operating 

conditions, and the lower hydrofoil will remain stationary (see Appendix A) and is also further discussed in section 4. The GV 

system was designed in ANSYS BladeGen [40]. The GVs domain was integrated with the draft tube domain using ANSYS 
Spaceclaim design modeler [40]. Figures 2 and 12 present an ideal and realistic GV system inside the draft tube. The ideal GV 

system is very close to the runner exit. The location of ESA inspired the initial position of the GVs [34]. However, in the realistic 

GV design analysis, the positioning of the GV system inside the draft tube was investigated and finalized to achieve maximum RVR 

mitigation. 
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Fig. 4 Inlet boundary conditions: for Francis-99 reduced model. 

 

2.3 Computational grid 

   The runner and distributor domain meshes considered are structured and are provided by the NVKS workshop [39]. The NVKS 

draft tube mesh is also a structured mesh with 0.89×106 mesh elements. The current study used ANSYS Mesh to create a new hex-

dominant hybrid mesh for the draft tube domain [40]. The hybrid mesh technique was considered for easier meshing as it is difficult 

and time-consuming to produce structured mesh at regions close to the GVs surfaces. Furthermore, the hybrid mesh is relatively 

more straightforward to make high-resolution finer mesh between small gaps or clearance regions of GVs. The present study only 

created the mesh for the draft tube domain, with and without GV systems. The initial hex-dominant hybrid mesh of the draft tube is 

similar to the NVKS structured mesh [39]. This mesh is called hybrid mesh 1. The hybrid mesh 2 is a refined version of hybrid mesh 
1 by two factors. The newly generated draft tube meshes have 0.8×106 and 1.6×106 mesh elements, respectively, 

 

2.4 Computational details 

   The operating condition considered in the present study is the PL. The turbulence model used is the standard k-ε model that saves 

computational time and achieves relatively fast convergence compared to other more advanced turbulence models like SAS-SST. 

The study of the Francis-99 model turbine, including all domains, has already been performed and validated using the standard k-ε 
turbulence model by Goyal et al. [17]. The first step in the current study was to perform an iteration-based steady-state analysis on 

the semi-model and the reduced model. The steady-state results were then the initial values for all transient computations, including 

mesh independence studies, ideal GV design analysis, and realistic GV analysis. The time-step considered in the present study is 2° 

of the runner rotations, which is equal to 1×10-3 s. The solver specified was a high-resolution advection scheme with a second-order 

backward Euler transient scheme for all numerical analyses. The target RMS convergence criteria considered was 1×10-5. The 

number of the coefficient loop was 10. 

2.4.1 Boundary conditions: Francis-99 semi-model 

   For the Francis-99 semi-model, the inlet boundary condition is the flow rate specified at the distributor domain inlet. The inlet 

flow rate at PL is 0.13959 m3/s. The flow rate is nearly 70% of the BEP flow rate. The inlet flow rate for one passage of the distributor 

domain is 9.971×10-3 m3/s. The relative static pressure at the draft tube outlet specified is 0 Pa. The reference pressure at PL is 

113.17 kPa. The rotational speed of the runner and runner cone wall is 333 rpm (= 5.55 Hz). The Francis-99 semi-model consists of 
multiple domains connected using domain interfaces with specified pitch angles. The iteration-based steady-state analysis 

considered stage mixing plane domain interface, and the time-dependent analysis considered the transient rotor-stator plane domain 

interface. The pitch angle between the distributor and runner passage domain was 25.7143° and 24°, respectively. The pitch angle 

between the runner passage and the draft tube was 24° and 360°, respectively. The total simulation time for all Francis-99 semi-

models was 3 seconds, approximately five complete RVR rotations. 

2.4.2 Boundary conditions: Francis-99 reduced model. 

   The inlet boundary condition of the Francis-99 reduced model is the velocity profiles shown in fig. 4. For this, the axial, radial, 

and circumferential velocities from the Francis-99 semi-model runner exit are obtained and mapped on the standalone draft tube 

inlet [19]. The data points for mapping the velocity profiles are selected from the hybrid mesh 2, discussed in subsection 2.5. Joy et 

al. [19] has already reported a similar approach. There are 50 equally spaced data points along the runner exit radial profile to obtain 

the velocity components. The velocity components along these radial points specified are with an axis-symmetric flow assumption. 

The turbulent kinetic energy (k) and turbulent energy dissipation rate (ε) are also the additional boundary condition for the reduced 

model. The reduced model has a rotating runner cone wall with a rotational velocity of 333 rpm (= 5.55 Hz). The outlet boundary 

condition and the reference pressure are the same as the Francis-99 semi-model. The total physical simulation time for all Francis-

99 reduced models specified is 20 s, nearly 33 complete RVR rotations. The time considered is expected to ensure the effects of 

various GV system parameters (numbers, chord, and span) considered for RVR mitigation. The negative axial velocity in fig. 4 

legend indicates the flow is downward in the draft tube. The negative circumferential velocity means the swirling flow is in a 
clockwise direction. 
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2.5 Grid independence study 

 
 

Fig. 5 Combined RMS residuals: k and ε for mesh convergence study. 

 

  
Fig. 6 Grid independence study: Axial velocity at line 1 (left) and Circumferential velocity at line 1 (right). 

 

  The grid independence study on Francis-99 semi-model turbine, to assess the quality of the hex-dominant hybrid mesh of the draft 

tube domain, considered the boundary conditions specified in subsection 2.4. The study compared the phase averaged axial, 

circumferential velocity profiles at line 1 and the time-dependent combined residuals of k and ε. The comparison was between 

NVKS, hybrid mesh 1, and hybrid mesh 2 numerical models, and only the axial velocity profile comparison considered the 

experimental data [39]. Figure 5 presents the time-dependent mesh convergence for combined residuals of k and ε. The results 

presented are between 0-1 s as the solutions do not vary with time. The results presented in fig. 5 indicate that hybrid mesh 1 fails 

to meet the target convergence criteria. It also means that the mesh interpolation for hybrid mesh 1 is ineffective, and a finer mesh 

is required.  
   As shown in fig. 6, the velocity components are normalized using bulk velocity at the draft tube inlet. The phase averaged 

normalized axial velocity profiles of the hybrid mesh 1, and 2 agree well with the NVKS Francis-99 semi-model. Both numerical 

models compute a reverse flow behavior below the runner cone. However, the experimental results show a near-stagnation region 

at the center of the draft tube, below the runner cone. Sotoudeh et al. [18] also reported the presence of the reverse flow region at 

the center of the draft tube in the numerical models. Such behavior is possibly due to the numerical setup, turbulence modeling, and 

axisymmetric flow assumption limitations. The circumferential velocity profiles, as shown in fig. 6), indicate that the results 

predicted by the hybrid mesh 2 agree well with the NVKS model mesh, especially at r/r0 = ±0.5. Though hybrid mesh 1 predicts the 

axial velocity well, the circumferential velocity is under-predicted. The swirling flow is not captured well for this mesh using the k-

ε turbulence model. The hybrid mesh 2 and NVKS model meet the convergence criteria and agree well in predicting axial and 

circumferential velocities. Therefore, for further design studies of the GVs system in the draft tube, the mesh will have a hex-

dominant hybrid mesh with properties close to the hybrid mesh 2. 
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3. Results and Discussion 

3.1 Francis-99 reduced model validation. 

 
a) At DT5. 

 

 
b) At DT6. 

 

Fig. 7 FFT of the experimental and numerical results for Francis-99 test case [39]. 

 

   Figure 7 presents the fast Fourier transform (FFT) of the experimental and numerical pressure signals obtained at DT5 and DT6 
pressure sensors/monitor points. For both monitor points (DT5 and DT6), there is a dominating frequency at f/f0 = 0.3, which is 

reportedly the RVR frequency for the Francis-99 model turbine at PL [1-3, 7-9, 17, 18]. Here, f0 is the runner frequency which is 

5.55 Hz. The pressure signals are normalized using the head coefficient (ρE). In both cases, the runner blade frequency captured is 

at f/f0 = 30. The runner passage frequency, which is supposed to be at f/f0 = 15, is not captured experimentally in the draft tube. 

However, previous studies have reported capturing the runner passage frequency in the vaneless space region of the same test rig 

[7-9]. The peak observed at f/f0 = 18 is associated with the one-third harmonics of the three-phase rectifier and second harmonics of 

the grid frequency, as reported by Goyal et al. [7-9]. The normalized frequencies at f/f0 = 2.9 and 7.5 are associated with the turbine 

standing waves due to the runner hydraulic pipe system lengths upstream and downstream [7-9]. For all the frequencies, f/f0 = 2.9, 

7.5, 18, and 30, the amplitudes observed at DT5 and DT6 are similar. The RVR frequency (= f/f0 = 0.3) amplitudes at DT5 and DT6 

vary significantly. There is a 50% difference in RVR frequency amplitude between DT5 and DT6 experimental pressure signals. 

The difference in the RVR amplitudes at DT5 and DT6 is mainly due to the uneven flow in the distributor domain and the effects 
of the elbow-shaped draft tube. 

   The FFTs of the numerical data for DT5 and DT6 indicate that both NVKS and Francis-99 semi-model show similar trends, see 

fig. 7. For both cases, the runner blade frequency captured is at f/f0 = 30. The amplitudes of the runner blade frequency are nearly 

similar for the experimental and numerical models (NVKS and semi-model). The runner passage frequency captured numerically 

is at f/f0 = 15, which was not present in the experimental data. The RVR frequency captured by both numerical models is at f/f0 = 

0.3. However, the RVR amplitude is significantly lower when compared to the experimental results. At DT5, the numerical RVR 

amplitude is nearly seven times lower than the experimental results. AT DT6, the numerical RVR amplitude is almost 4.5 times 

lower than the experimental results. The significant difference in RVR amplitude predictions of numerical results is possibly due to 

the limitations in URANS turbulence modeling [1, 3, 17-19]. Trivedi et al. [1, 3], Goyal et al. [17], and Sotoudeh et al. [18] also 

reported such discrepancies in the prediction of the RVR amplitudes in their numerical results. Some factors that contribute to either 

overprediction or underprediction of RVR frequency amplitudes are a) geometry (entire or passage model), b) time step considered 
(larger or smaller), c) turbulence models considered, and d) simulation run time. In the Francis-99 reduced model, the RVR 

frequency is approximately at f/f0 = 0.3. There is nearly 10% under prediction of RVR pressure amplitude at DT5 and DT6 compared 

with the NVKS and semi-model. The lower amplitude prediction at f/f0 = 0.3 by Francis-99 reduced model may be because of the 

reduced geometry modeling, which ignores the influence of the upstream flow. Due to the absence of upstream domains, the reduced 

model cannot capture any other frequency other than the RVR frequency. 

 

0.3⋅f0 

0.3⋅f0 

 

0.3⋅f0 

 

0.3⋅f0 
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a) Axial velocity profiles at line 1 (left), line 2 (center), and line 3 (right). 

   

   
b) Radial velocity profiles at line 1 (left), line 2 (center), and line 3 (right). 

 

   

   
c) Circumferential velocity profiles at line 1 (left), line 2 (center), and line 3 (right). 

   

Fig. 8 Velocity profiles at different locations in the draft tube. 

 

   The phase averaged velocity profiles of the axial, radial, and circumferential velocities of the experimental results, NVKS model, 
semi-model, and reduced model are further compared along lines 1, 2, and 3, respectively, see fig. 8. The velocity components are 

normalized using the bulk velocity at the runner exit/draft tube inlet at PL, calculated using the flow rate (QPL) and the runner area 

[9, 42]. The normalized velocity profiles are relevant to present the general trend of flow below the runner exit at part load. The L/r0 

at the x-axis for line 3 velocity profiles indicates the distance from the draft tube inlet. The experimental uncertainties in axial and 

radial velocity measurements are less than 0.1% and 0.3 to 0.4%, respectively. For the experiments, the phase averaged axial 

velocities at lines 1 and 2 show an asymmetric flow field (see fig. 8a. The asymmetric behavior is possibly due to the uneven 

distribution in the distributor domain and the shape of the elbow draft tube that influences the flow upstream [7-9]. On the other 

hand, the axial velocity predictions by all numerical models exhibit symmetric behavior and agree with each other, see fig. 8a. The 
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experimental axial velocity profile indicates that the lower axial velocity region starts from r/r0 = ± 0.7. But for the numerical models, 

the lower axial velocity region starts from r/r0 = ± 0.48 – 0.5 for both passage domains (NVKS and Francis-99 semi model) and 

Francis-99 reduced models. All numerical results show a reverse flow behavior at the center of the draft tube at line 1 and line 2, 

respectively, briefly discussed in section 2.5. The exact reason behind this behavior is unknown and needs further assessment. 

However, axis-symmetric flow assumption at the inlet and limitations of turbulence model and modeling are some main reasons for 
the predicted reverse flow behavior [1, 3, 17-19].  

 
 

a) At DT5. 

 
 

b) At DT6. 

 
Fig. 9 Normalized pressure FFTs at DT5 and DT6 for Francis-99 reduced model with different number of GVs 

 

   As demonstrated in fig. 8b, similar trends are observed for the radial velocity at lines 1, 2, and 3, respectively. The experimental 

radial velocity does not show any symmetric distribution and fluctuates significantly in the radial direction, especially along line 1 

profile. For line 2, the radial profile shows an increment in an outward direction from the center of the draft tube (r/r0 = 0). The 

radial velocity for all numerical models shows consistent symmetric behavior, see fig. 8b. The numerical radial velocity also 

increases in the radial direction and is almost zero at the center of the draft tube. The circumferential velocities at line 1 and line 2 

indicate the presence of high swirling flow, especially at r/r0 = ±0.5, that wraps the inner low-velocity region and corresponds to the 

RVR structure. The circumferential velocity at the center of the draft tube is zero, see fig. 8c. The circumferential velocity at line 2 

predicted by Francis-99 reduced model deviates at r/r0 = ±0.75. The exact reason for this deviation is unknown. Considering the 

circumferential velocity prediction at line 1 is in reasonable agreement, it may be because of the limitations of the k-ε turbulence 
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model.  

   Considering the pressure FFTs, the axial, radial, and circumferential velocities reach similar conclusions and agree for all 

numerical models (NVKS, semi- and reduced models). It implies the rationality behind using the Francis-99 reduced model for ideal 

GV design analysis. Though a reduced model is not an actual representation of the entire turbine model, the significant reduction in 

the mesh will account for computational time and power savings. It is crucial to accomplish multiple/countless numerical analyses 
in a limited time, especially in parametric studies. Therefore, the ideal GV design analysis considered the Francis-99 reduced model 

approach.  

 
 

a) 3GV 

 

 
 

b) 2GV 

 

Fig. 10 Normalized pressure FFTs at DT5 for Francis-99 reduced model with different chord lengths 

 

3.2 Ideal GV design study 

   Estimating the number of GVs for an ideal GV system is required. The GVs considered are 14GV, 7GV, 3GV, and 2GV. The 

position of the GVs is close to the runner exit, i.e., the draft tube inlet, see fig. 2. The normalized pressure FFTs at DT5 and DT6 is 

presented in fig. 9. The RVR pressure amplitude at f/f0 = 0.3 is reduced significantly at DT5 and DT6 by placing a GV system in the 

draft tube. At DT5, The RVR pressure amplitude for 14GV and 7GV decreased by 98% compared to the model with no GV. At DT6, 

it reduced by 95%, see fig. 9. The maximum reduction in RVR pressure amplitude is for 3GV (nearly 100%) at both DT5 and DT6. 

For the 2GV, the decrease in pressure amplitude is approximately 94%. Similar studies on RVR mitigation using fins and baffles 

inside the draft tube reported that the optimal number of fins/baffles ranges from 2 to 4 [35,36]. The GVs are evenly distributed 
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circumferentially in the draft tube. Each GV passage aims to re-direct the flow from PL to BEP, thus, damping the RVR amplitudes. 

The inclusion of the GVs show a significant increment in the pressure amplitudes at f/f0 = 0.01 for all GV system, see fig. 9. The 

exact reason for a dominant pressure amplitude at f/f0 = 0.01 is unknown and needs further investigation. Further analysis of the 

ideal GV system only considered 3GV and 2GV as they are sufficient to mitigate the RVR. Moreover, the pressure FFTs at DT5 and 

DT6 present nearly the same conclusion. Hence, only DT5 results are presented for ideal GV design analysis. 
 

 
 

a) 3GV 

 

 
 

b) 2GV 

 

Fig. 11 Normalized pressure FFTs at DT5 for Francis-99 reduced model with different span lengths 
 

   There are three-chord lengths (C) considered to analyze the effects of GV chords on RVR mitigation. They are.: 86%, 43%, and 

21.5% of runner radius. In fig. 10a, the maximum decrement in the RVR pressure amplitude at f/f0 = 0.3 is for 3GV with a chord 

length of 86%C. For other cases (3GV:43%C, 21.5%C), the mitigation of the RVR pressure amplitude at f/f0 = 0.3 is less than 86%C. 

The expected reduced mitigation of the RVR amplitude when the GVs chord reduces is because, structurally, the GVs chord is not 

enough to mitigate the RVR. The 2GV system also shows similar trends for different chord lengths, see fig. 10b. The maximum 

decrement in RVR amplitude observed is for the 2GV system with a chord length of 86%C. The chord of the GVs is related to the 

surface area in contact with the fluid. If the chord of the GV reduces, the surface area interacting with the fluid reduces. Therefore, 

lesser fluid is re-directed by the GVs with smaller chord lengths. Hence, the RVR pressure amplitude are less suppressed by 

decreasing the chord of the GVs. Figures 10a and 10b show a dominant low-frequency pressure amplitude at f/f0 = 0.01. The FFTs 

show similar trends as fig. 9. The pressure amplitude at f/f0 = 0.01 increases when the chord decreases. The reason is unknown and 
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needs further investigation. The 3GV and 2GV systems with a chord length of 86%C is the design chosen for further analysis to 

achieve the final ideal GV system.  

   The influence of the GVs span (S) on the RVR mitigation investigated is with two leading-edge spans: 30% (30%S) and 15% 

(15%S) of the runner radius, see fig. 11. Both 3GV and 2GV show a maximum decrement in the RVR pressure amplitude for 30%S 

at DT5, see fig. 11. For 15%S, the 3GV and 2GV systems show an 83% and 78% suppression of the RVR amplitude, respectively. 
The GV span indicates the potential region of swirl manipulation from the draft tube wall towards its center. In fig. 11a and 11b, the 

amplitude at f/f0 = 0.01 increases when the span reduces. If the span is too small, the interaction between the GV structure and the 

flow is less efficient. Hence, the possibility to mitigate the RVR decreases.  

   The ideal GV design analysis confirms that a system with 3GV and 2GV numbers, with a chord length of 86% of runner radius 

and a leading-edge span of 30% of the runner radius, mitigates the RVR as desired. Therefore, the analysis with increased chord and 

span of the GV system is not required for the current test rig. The reduced modeling strategy used in the present study for ideal GV 

system design is a choice with limitations. The reduced model lowers the computational costs in terms of power and storage. Also, 

it is a means to derive the dimensional estimates of the GV system. Such parametric studies must use a simplified model to evaluate 

several configurations. To imitate a more realistic setup, including the upstream domains in the numerical analysis is crucial for the 

study. The practical GV design is investigated further on the Francis-99 semi-model. As mentioned earlier, the GV geometry is 

modified for the realistic GV design process discussed in section 2.2. 

 

3.3 Realistic GV design study 

     
  

a) Position1  b) Position 2 c) Position 3 

Fig. 12 Different positions of realistic GV system in the draft tube. 

 

   This section primarily investigates the positioning of the GV system in the draft tube. Position 1 is close to the draft tube inlet, at 

L/r0 = 0.086. This location is the same as in the ideal GV design process. Position 2 is at L/r0 = 0.8 from the draft tube inlet. Finally, 

position 3 is at L/r0 = 1.6 from the draft tube inlet, see fig. 12. At position 1, there is no RVR mitigation for the 2GV system at DT5; 

see fig. 13b. The results at DT6 also present the same conclusion and hence, are not presented here. There is approximately 68.3% 

decrement in RVR pressure amplitude at f/f0 = 0.3 for the 3GV system at position 1; see fig. 13a. Placing the GV system at position 

1 could be risky due to the strong rotor-stator interaction (RSI) effect as the GVs are too close to the runner. It could also affect the 

mechanical behavior of the GVs. Fraser et al. [34] reported a similar conclusion on ESA placement immediately after the runner 

exit did not effectively mitigate the pressure fluctuations in the draft tube as desired. It also shows the shortcomings of the Francis-
99 reduced model because the inclusion of upstream domains did not mitigate the RVR as desired by positioning the GVs very close 

to the runner. 

   The maximum reduction in RVR pressure amplitude at DT5 is with the 3GV system at position 2 (see fig. 13a). At position 2, the 

3GV system decreases the RVR pressure amplitude at f/f0 = 0.3 by over 95%, and the 2GV system reduces the RVR pressure 

amplitude by 55%, see fig. 13. The impact of placing the GV system at position 3 did not influence the flow and RVR mitigation. 

Considering there is a significant distance from the runner exit to position 3, the flow upstream in the draft tube cone is not affected 

as the RVR is much more prominent at the initial stages of the draft tube. Therefore, the swirling flows causing RVR are unaffected 

in the draft tube cone. The RVR does not mitigate when the GVs are placed far downstream the draft tube. The GV system also 

influences the RVR frequency. At positions 1 and 3, there is no shift in RVR frequency for the 2GV system. For 3 GV system, the 

RVR frequency shifts from f/f0 = 0.3 to 0.31 at position 1. There is no shift in RVR frequency for the 3GV system at position 3. The 

RVR frequency shifts to f/f0 = 0.32 at position 2 for 2GV system. At position 2, the RVR frequency shifts to f/f0 = 0.34 for 3GV 
system.  

   One important observation regarding the FFTs, the pressure amplitudes of runner blade frequency (f/f0 = 30) vary at position 2 for 

3GV and 2GV systems from all other cases. The runner passage frequency amplitude for the 3GV system remains unaffected at 

position 2, but there is a reduced runner blade frequency amplitude than at other positions. For the 2GV system, the runner blade 

frequency is significantly lower at position 2. Though the solutions could meet the convergence criteria, the exact reason for varying 

runner blade frequency amplitude is unknown. It could be either due to the limitations in turbulence modeling or RSI effects induced 
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due to runner blades and GVs. Hence, the exact reason and the understanding is limited and needs further assessment. However, 

numerically a GV system with 3GV can completely mitigate the RVR.  

 

 
 

a) 3GV 

 

 
 

b) 2GV 

 

Fig. 13 Normalized pressure FFTs at DT5 for Francis-99 semi-model without and with the GV system 

 

   The phase averaged normalized circumferential velocity profiles in the draft tube from draft tube wall-to-wall show significant 

decrement at line 1 and line 2, respectively, for the 3GV system, see fig. 14. To do so, the start and the endpoints of lines 1 and 2, 

specified in Table 3, are further extended until the draft tube wall. In both cases, there is approximately 30-40% decrement of peak 

circumferential velocity at r/r0 = ±0.5, using 3GVs in the draft tube. For the 2GV system, there is relatively less decrement in 
circumferential velocity compared to the 3GV system. At line 1, there is less than a 10% decrement of circumferential velocity at 

r/r0 = ±0.5 for the 2GV system. At line 2, there is approximately 30% decrement in circumferential velocity at r/r0 = -0.5 and nearly 

no decrement in circumferential velocity at r/r0 = +0.5. The presence of the GV system in the draft tube also shows asymmetry in 

the flow, which is more prominent with a 3GV system at both line 1 and line 2, respectively. It could also be due to the odd number 

of GVs (3GV) placed circumferentially closer to each other than the 2GV system. However, for the 2GV system, the asymmetry in 

the flow was prominent downstream. There is a significant reduction in circumferential velocity near the draft tube wall for 3GV at 

line 2. The circumferential velocity profiles indicate that with the 3GV system, the overall reduction in the circumferential 

component of the velocity is higher. These results also agree well with the FFTs presented in fig. 13, where higher mitigation of the 

RVR observed is for 3GV than the 2GV system. It means that at least three GVs are required in the draft tube to mitigate the RVR 

for the considered chord length and span in the present study.  
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a) Line 1. b) Line 2. 

  

Fig. 14 Circumferential velocity profiles comparison for Francis-99 semi-model without and with GV 

system. 

 

   Figure 15 shows the absolute pressure distribution at the center-plane of the draft tube and the corresponding pressure iso-surface 
at a total pressure value of 112.2 kPa. The low-pressure region at the center of the draft tube corresponds to the vortex breakdown 

in the draft tube. The pressure gradient from the center to the draft tube wall shows significant variation below the runner exit. In 

fig, 15a, the pressure variation illustrates the ‘helical structure’ of the vortex rope. The pressure iso-surface shows the RVR extends 

until the elbow of the draft tube. The variation in pressure gradient from the center to the wall of the draft tube extends until and 

beyond the draft tube elbow, see fig.15a. In the presence of GVs in the draft tube (both 3GV and 2GV), the vortex core region of 

the RVR is more aligned to the center of the draft tube, see fig. 15b and 15c. The pressure iso-surface shows that the GVs restrict 

the movement of the RVR by influencing the circumferential velocity of the flow (that wraps the quasi-static region) in contact with 

the GVs. The restriction effect is more for 3GV than the 2GV. The pressure variation around the draft tube elbow improves due to 

the presence of GVs. 

  The phase averaged circumferential velocity component at four locations along the draft tube is shown in fig. 16. The relative 

distance (L/r0) of planes 1, 2, 3, and 4 from the draft tube inlet is 0.086, 1.23, 2.39, and 4.10, respectively, distance from the drat 
tube inlet. Plane 2 is at the initial chord of the upper hydrofoil, and plane 3 is close to the exit chord of the lower hydrofoil of the 

GV system. At plane 1, the circumferential velocity contours are similar near the draft tube wall, without and with the GV system 

see fig. 16a. However, there is some decrement in the high circumferential velocity near the center with the GVs. At plane 2, due to 

the GV system’s influence, there is a slight increase in the circumferential velocity close to the draft tube wall, see fig.16b. At plane 

3, there is a significant reduction in circumferential velocity component in the presence of a GV system, see fig. 16c. The decrement 

is higher for 3GV than the 2GV system, as expected. The reduction in the circumferential velocity further downstream is higher for 

the 3GV system, see fig. 16d. There is a decrease in circumferential velocity near the draft tube wall in the presence of the GV 

system at planes 3 and 4.  

   Similarly, the phase averaged axial velocity contours are investigated at the exact four locations in the draft tube, see fig. 17. At 

plane 1, the axial velocity components for the draft tube without and with the GV system is nearly similar, see fig. 17a. At plane 2, 

the axial velocity behind the GVs (both 3GV and 2GV) changes. There is some increase in axial velocity just behind the GVs; see 

fig. 17b. At planes 3 and 4, the axial velocity close to the draft tube wall reduces, probably due to the flow separation caused by the 
GV system. When the swirling flow reaches the GVs, it separates at the GV leading edge. Due to the structural connection between 

the GV to the draft tube wall, a low-velocity region is seen close to the wall, which develops further downstream the draft tube. In 

all cases, the axial velocity at the center of the draft tube is nearly unaffected. 

   The RVR observed in the high head Francis model turbine is a’ progressive’ type of helical vortex formed due to self-induced 

unsteadiness caused by swirling flows in the draft tube at Pl operating condition [4-9]. The formation of RVR results in outbound high 

swirling flow from the runner exit towards the outer region of the draft tube and the flow recirculation at the inner part of the draft tube, 

which creates a zone of high shear. Favrel et al. [14-16] reported that the RVR frequency is strongly dependent on the swirl intensity of 

the flow exiting the runner for the Francis turbine. One way to characterize the swirl intensity of the flow is by evaluating the swirl 

number, as expressed in eq. (3). Favrel et al. [15] derived a correlation between the swirl number as a function of operating conditions of 

Francis turbine, i.e., influenced by speed and discharge factor of the turbine. When the discharge factor approaches zero, the swirl 

number reaches +∞. For a given range of discharge factors at the PL operation, the swirl number for the Francis turbine ranges from 
0.3-1.25, which varies for different Francis turbines [15, 16]. In other words, beyond specific values of swirl number, higher 

circumferential velocity, vortex breakdown in the Francis turbine is observed [7-9]. 
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a) No GV. 

 
b) 3GV  

#  

c) 2GV. 

  
Fig. 15 Comparison of absolute pressure contours at the draft tube center of Francis 99 semi-model 

without and with GV system. 
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a) At Plane 1. 

   
b) At Plane 2. 

   

c) At Plane 3. 

   
d) At Plane 4. 

   

Fig. 16 Comparison of circumferential velocity contours at different locations in the draft tube of the Francis 99 semi-model with 

No GV (left), 3GV model (center) and 2GV model (right). 
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a) At Plane 1. 

 
  

b) At Plane 2. 

   
c) At Plane 3. 

   

d) At Plane 4. 

   

Fig. 17 Comparison of axial velocity contours at different locations in the draft tube of the Francis 99 semi-model with No GV 

(left), 3GV model (center) and 2GV model (right). 

   



 

206 

 

Table 4 Area averaged swirl number at different planes along the draft tube. 

Plane 
Semi-model with no 

GV 
Semi-model with 3GV Semi-model with 2GV 

  Value 
% 

Decrement 
Value 

% 

Decrement 

1 0.56 0.53 5.4 0.53 5.4 

2 0.52 0.28 46.2 0.44 15.4 

3 0.51 0.29 43.1 0.32 37.3 

4 0.45 0.29 35.6 0.31 31.1 

 

The influence of a GV system on the swirling flow in the draft tube is evaluated using the swirl number (Sw) at different planes 

along the draft tube. The swirl number is the ratio of the axial flux of the angular momentum to the product of axial momentum flux 

and the equivalent radius, as shown in eq. (1): 

𝑆𝑤 =
∫ 𝑢𝑤 𝑟2𝑑𝑟

𝑅

0

𝑟0 ∫ 𝑢2𝑟𝑑𝑟
𝑅

0

 (1) 

 

The area-averaged swirl numbers for each plane at a different location within the draft tube are in Table 4. The Francis-99 semi-

model without the GV system shows consistent swirl number from plane 1 to 3 and a slightly reduced swirl number at plane 4, 

which is near the elbow of the draft tube. The swirl number at plane 1 is similar for the turbine without and with the GV system. 

The table indicates that the maximum reduction in swirl number is for the 3GV system. The decrease in swirl number of the flow 

exiting the runner suggests a reduction of the circumferential component of the flow, as shown in fig. 16. The GVs influence the 

RVR and weaken it, thus reducing RVR frequency amplitude. The significant decrement in swirl number at different planes in the 

draft tube for the 3GV system supports the mitigation of RVR in the presence of the GV system.  

 

Table 5 Turbine properties without and with GV systems. 

Model 
T  

(N⋅m) 

H  

(m) 

η  

(%) 

Experimental 416.39 11.87 90.13 

Semi-model with no GV 438.2 12 92.9 

Semi-model with 3GV 465 12.6 93.23 

Semi-model with 2GV 441.2 12.07 93.08 

 

   Table 5 shows the turbine properties without and with the GV system in the draft tube. The turbine torque and head are extracted 
from the numerical results using the build in functions in CFX-post [40]. The power produced eq. (2) and the efficiency eq. (3) is 

calculated afterward from the different variables by using the relations: 

 

Power = T.ω (2) 
 

𝜂 =
Power
ρgQH

 (3) 

 

The numerical results overpredict the net torque and hydraulic efficiency by 5% and 3%, respectively. The difference is because the 

experimental torque measured is the generator torque, and the numerical results predict the runner torque. Usually, the generator 

torque is slightly lower than the runner torque due to the mechanical loss induced by the turbine shaft and bearings, which is 

impossible to quantify in the current CFD modeling. The difference in the experimental and the numerical efficiencies is due to the 
different torque used to calculate the practical and the numerical efficiencies. There is approximately a +0.35% and +0.19% 

increment in hydraulic efficiency for the 3GV and 3GV system respectively. The net torque improves by 6% and 0.68% for 3GV 

and 2GV, respectively. The present study confirms the mitigation of the RVR causing pressure fluctuations in the draft tube using 

an appropriate set of thin GV systems in the draft tube of the Francis-99 model turbine. 

4. Conclusion 

The present study demonstrated numerically the possibility of mitigating RVR using a GV system in the Francis-99 model turbine. 
A detailed design methodology of the GV system presented indicated various factors considered for the design. An efficient GV 

system should nullify the swirling flow effect in the flow within the draft tube without inducing additional instabilities in the flow. 

With this aim, the present study successfully demonstrates that a GV system comprising of three extremely thin GVs can mitigate 

rotating vortex rope by 95%. A GV system with two GVs can suppress RVR amplitude up to 55% but cannot mitigate it entirely. 
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The chord of the final GV system was about 86% of the runner radius, and the leading-edge span was about 30% of the runner 

radius. The GV was divided by its chord length into two equal components. The upper GV angle is adjustable, which means in 

practical applications, the upper hydrofoil can rotate about an axis (see fig. A1). The lower GV remains fixed according to the flow 

angle at BEP. The future scope of the present study is to demonstrate experimentally the mitigation of RVR using a 3GV system in 

the draft tube. Moreover, the flexibility and performance characteristics of the GV system at different operating conditions will be 
the focus of future experiments. The new draft tube cone and the GV system manufactured for the experiments are in Appendix A. 

The final dimensions of the GV system in the present study could be used as the foundation for any futuristic studies. 

Nomenclature 

E Specific hydraulic energy [J kg-1], E =gH u Axial velocity [m/s] 

H Head [m] v Radial velocity [m/s] 

L Distance [mm] w Circumferential velocity [m/s] 

Q Flow rate [m3/s] BEP Best efficiency point 
T Torque [N⋅m] CFD Computational fluid dynamics 

V Bulk velocity [m/s] C Chord length 

ε Turbulent eddy dissipation [m2/s3] FFT Fast Fourier transform 

f Frequency [Hz] GV GV 

fo Runner frequency [Hz] HL High load 

g Gravity [m/s2] PL Part load 

k Turbulent kinetic energy [J/kg] S Span length 

ω Angular velocity (rpm) abs Absolute (pressure) 

ρ Density of water [kg/m3] amp Amplitude  

r0 Runner radius [mm] in inlet 

r Radius [mm] out Outlet 
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APPENDIX A 

 

 
  

Fig.  A1 New draft tube cone and the thin GV system manufactured for the upcoming experiments. 

Note: The draft tube cone in the right picture is upside down. 

  

 


