
 
 
 
 
 
 

Draft tube guide vane system to mitigate pressure pulsations 

J Joy1*, M Raisee2 and M J Cervantes1 

1 Department of Engineering Sciences and Mathematics, Luleå University of 

Technology, Sweden  
2Hydraulic Machinery Research Institute, School of Mechanical Engineering, College 

of Engineering, University of Tehran, Iran 

*Corresponding author: jesline.joy@ltu.se  

Abstract: The present study introduces the concept of mitigating pressure pulsations in a hydro-

turbine draft tube. The concept refers to using an adjustable guide vane system in the draft tube. 

The adjustability relates to its ability to rotate around an axis. The test rig for the experimental 

study is a high-head Francis model turbine. Three sets of guide vanes are distributed evenly 

circumferentially in the draft tube. Each guide vanes consists of two hydrofoils. The upper 

hydrofoil can move around an axis. The lower hydrofoil is fixed. The turbine operating head for 

the experiments was 12 m. The operating condition considered is at part load, for Q/QBEP = 0.71. 

The results indicate that using the guide vanes in the draft tube, the plunging mode of the rotating 

vortex rope becomes insignificant for nearly all upper hydrofoil configurations considered. The 

reduction in the rotating mode of the vortex rope is between 50% and 80%. The vortex rope 

frequency shifts from 0.307⋅f0 and varies between 0.33⋅f0 to 0.617⋅f0, which is a function of upper 

hydrofoil angles 

1. Introduction 

In recent years, the primary focus of hydro turbine research has been to improve the hydraulic system's 

operational flexibility and performance [1]. The main objective is to increase the turbine's start-stop 

operation per day without compromising the turbine efficiency [1]. However, the turbine's performance 

deteriorates significantly under off-design operating conditions, especially at part load (PL) [2, 3]. At PL, 

the pressure pulsations in the draft tube and the formation of the rotating vortex rope (RVR) affect the 

turbine's efficiency adversely, which is not resolved yet [2-8]. The RVR forms due to the draft tube's 

decelerated flow and high flow rotation. The RVR leads to draft tube instabilities which degrade the 

turbine's performance. Several research studies are available on the RVR formation and its characteristics 

in the single [4-6] and double-regulated turbines [7, 8]. 

 

One way to enhance the turbine's flexibility is by mitigating the RVR. Many researchers have reported 

and successfully demonstrated several RVR mitigation techniques. These techniques can either be active 

[9-13] or passive [14-16]. However, there is no universal solution yet. Therefore, there is scope for 

developing new or pre-existing mitigation techniques for more versatile applications. 

 

The present study introduces a method to mitigate RVR by implementing an 'adjustable' draft tube guide 

vane (GV) system. The GV system is like the exit stay vanes (ESA) implemented in the draft tube of the 

hydro-turbine by Fraser et al. [15]. However, an adjustable version of such GVs in the draft tube does not 

exist. The objective of the present study is to examine the influence of a flexible GV system in the draft 

tube of a single regulated turbine on RVR mitigation as a proof of concept. A single regulated turbine has 

adjustable distributor GVs, unlike a double regulated turbine where distributor GVs and runner blades are 
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movable. Due to this reason, a single regulated turbine has limited operating conditions, especially at a 

single operating head. Therefore, the present experimental investigations used a single regulated turbine for 

measurements.  

2. Materials and methods 

2.1. Model test rig 

The test rig for the present study is the Francis-99 model turbine based at the Waterpower Laboratory, 

Norwegian university of science and technology (NTNU), Trondheim, Norway [4, 5, 17]. The model 

turbine is a 1:5.1 scaled-down version of the prototype at the Tokke power plant in Norway. The model 

turbine consists of a spiral casing, a distributor with 14 stay vanes, 28 GVs, a runner with 15 primary 

and 15 splitter blades, and an elbow draft tube. The runner diameter (D) is approximately 349 mm. A 

modified version of the draft tube cone was employed in the present study to hold and adjust/rotate the 

GV system, see figure 1. The length of the draft tube cone is approximately 500 mm, and the cone angle 

is 3°. During the experiments, the turbine operated at an operational head of 12 m on a semi-loop setup. 

The overhead tank was closed, and the downstream tank was open to ambient conditions. 

 

 
 

Figure 1. Draft tube cone a) outer section with the pressure taps locations and b) inner section, 

showing GV mounting for Francis-99 model turbine. The details of the sensor locations are in section 

2.3. 

2.2. Guide vanes in the draft tube 

The GV system geometric profile was derived using the computational fluid dynamics (CFD) technique 

by Joy et al. [21]. There are three GVs evenly distributed circumferentially at a 0.36⋅R distance below 

the draft tube inlet. The GVs have a varying span, with the leading-edge span equal to 0.30⋅R. The GVs 

have a variable thickness ranging from 2 mm to 4mm, making them a hydrodynamic structure. The GVs 

total chord length is 0.86⋅R. Each GV consists of two equal hydrofoils. The upper hydrofoil is adjustable 

up to ±45°; see figure 1(b) for the illustration. The lower hydrofoil remains fixed at -10° from the vertical 

to re-direct flow closer to the best efficiency point (BEP) flow angle. There is some clearance gap 

between the upper hydrofoil and the draft tube wall for the effective adjustment/rotation of the GV 

system; see figure 2. 



 
 
 
 
 
 

 
 

Figure 2. Computer-aided design (CAD) model of the GV system showing different configurations 

investigated in the present study. 

2.3. Instrumentations 

The instrumentation and calibration for the present experiments are according to IEC 60041, IEC 60193, 

and ASME PTC 18 standards [18-20]. The measured parameters are discharge rate, turbine head, 

atmospheric pressure, differential pressure, runner rotational speed, generator torque, friction torque, 

hydraulic efficiency, and distributor GV opening angle. The pressure fluctuations in the draft tube are 

measured using six sensors (DT1 to DT6). The sensors are distributed evenly in the draft tube at levels 

1 (L1) and 2 (L2). It means that there are three sensors at each level, which are 120° apart. L1 is 0.41⋅R, 

and L2 is 1.44⋅R distance from the draft tube inlet, where R is the runner radius. The data is collected 

using a 24-bit National Instruments (NI) cRIO model 9074 with ±60V ADC and an in-built antialiasing 

filter 

2.4. Methods 

The experiments performed were at steady-state operation. The parameters were measured using 

instruments mentioned in section 2.3. The sampling frequency of each data recording was 2 kHz. The 

total time specified for each measurement was 120 s. The operating condition selected is PL. At PL, the 

distributor GV opening angle is 6.72°, and Q/QBEP = 0.71. The present study considered six upper 

hydrofoil configurations for the RVR mitigation investigations: see figure 2. These configurations 



 
 
 
 
 
 

resemble the upper hydrofoil angles. They are: -35GV, -20GV, -10GV, 0GV, +15GV and +32GV. As 

mentioned earlier, the lower hydrofoil remains stationary. During the measurement campaign, the upper 

hydrofoils of the GV system were adjusted manually to achieve the desired configuration. The turbine 

was partially shut down to open the plates/covers on the draft tube outer wall and change the upper 

hydrofoil orientation, see Appendix A.  

 

The present study investigated RVR mitigation by decomposing it into plunging and rotating modes. 

The plunging mode resonates with the axial oscillation of the RVR, and the rotating mode indicates the 

rotational behaviour of the RVR. If N is the number of sensors distributed evenly circumferentially in 

the draft tube, then the plunging mode is given by: 

Pplung(t)=
1

𝑁
∑ 𝑃𝑖

𝑁

𝑖 = 1

(𝜃𝑖, 𝑡) (1) 

Here, i are the sensors DT1 to DT3 at L1 or DT4 to DT6 at L2. The rotating mode for each sensor is 

given by: 

Prot.i= P𝑖(𝜃𝑖, 𝑡)  −  Pplung(t) (2) 

 

The same approach is applicable for the sensors at L2. The pressure data obtained from each sensor and 

their corresponding plunging and rotating modes are analysed using MATLAB fast-Fourier transform 

(FFT). 

3. Results and Discussions 

3.1. Without the GV system in the draft tube 

 
 

Figure 3. FFT comparison of the normalized pressure signals from the current test rig with the old 

NVKS model [17]. 

 

Figure 3 presents the normalized pressure FFTs of the current and the NVKS test rigs. The difference 

in both test rigs is the draft tube cone. The NVKS test rig has a conventional draft tube cone [17], while 

a modified draft tube cone is used in the current test rig, see figure 1. The pressure signals are normalized 

using the pressure fluctuation factor (ρf0
2D2) [18-20]. The NVKS 1 and NVKS 2 sensors are positioned 



 
 
 
 
 
 

180° apart at 0.69⋅R from the draft tube inlet [17]. The dominating RVR frequency for the NVKS test 

rig is at 0.288⋅f0, where f0 is the runner frequency. The current test rig's dominant RVR frequency is at 

0.307⋅f0. The RVR amplitude varies significantly in both test rigs; see figure 3. The possible cause of 

such variation could be the location differences of the sensors. The location of the sensors in the NVKS 

test rig is between L1 and L2 locations used in the current test rig, which influences the pressure 

amplitudes. Another possibility for such a difference could be the modified regions of the new draft tube 

cone implemented in the current test rig with wall grooving, which could influence RVR amplitudes, 

see figure 1. The operational performance presented in Table 1 indicates that the performance of both 

test rigs is similar at nearly 12 m head. 

 

Table 1. Operational parameters comparison at PL of the Francis-99 model turbine. 

Parameters NVKS test rig Current test rig Uncertainty 

Distributor GV angle (°) 6.72 6.72 ±0.04 

H (m) 11.87 11.93 ±0.01 

Q (m3/s) 0..1396 0.1436 ±0.08 

Q/QBEP 0.70 0.71 - 

T (N⋅m) 416.39 439.4 ±0.02 

n (rpm) 332.84 333 ±0.05 

η (%) 90.13 90.47 ±0.1 

Pin (kPa) 218.08 239.19 ±0.045 

Pout (kPa) 113.17 122.98 ±0.01 

 

 
Figure 4. Plunging mode FFT of the normalized pressure signals at L1 without and with guide vane 

system of different configurations. 

3.2. With the GV system in the draft tube 

Figures 4 and 5 show the FFT of the RVR's plunging mode at L1 and the rotating mode of the DT1 

sensor in the current test rig without and with the GV system of different configurations. The plunging 

mode of the RVR at L2 and the rotating modes of all other sensors in the draft tube agree with the FFTs 

presented in figures 4 and 5, respectively. Therefore, they are not included in the current article. The 



 
 
 
 
 
 

plunging mode of the RVR is insignificant at L1 in the current test rig without the GV system in the 

draft tube, see figure 3. The plunging mode reduces further at L1 with the GV system in the draft tube, 

except for the +32GV configuration, see figure 4. At DT1, there is some reduction in the RVR rotating 

mode pressure amplitudes at L1 in the presence of the GV system, see figure 5. The decrement in the 

rotating mode pressure amplitude is nearly 40 to 60% with the GVs compared to the no GV 

configuration for the DT1 sensor, except for +15GV: see figure 5. 

 
Figure 5. Rotating mode FFT of the DT1 sensor without and with guide vane system of different 

configurations. 

 

Figure 6 presents an overview of the percentage decrement in the RVR plunging and rotating modes 

amplitude compared to the no GV configuration at L1 and L2. The results indicate a higher decrement 

in the RVR amplitudes downstream at L2. Therefore, there are better mitigation effects downstream. 

Overall, the RVR amplitude reduction of the 0GV configuration is the highest. Including GVs in the 

draft tube significantly shifts the RVR frequency and is a function of the GV configurations. The RVR 

rotating mode frequency is 0.307⋅f0 without the GV system. The frequency shifts are 0.432⋅f0, 0.528⋅f0, 

0.554⋅f0, 0.617⋅f0, 0.429⋅f0 and 0.437⋅f0 for -35GV, -20GV, -10GV, 0GV, +15GV and +32GV, 

respectively.  The possible reason for frequency shift can be the conservation of the mass law. 

�̇� = 𝜌 ⋅ 𝐴 ⋅ 𝑣 (3) 

  

𝑉 = 𝑟 ⋅ 𝜔 (4) 

 

The three GVs in the draft tube reduce the cross-sectional area in the draft tube. The reduced cross-

sectional area restricts the movement of the quasi-stagnation region of the RVR by decreasing the radius 

available for the RVR to move. Hence, the swirling flow has a limited area to rotate. According to 

equation 3, the flow velocity increases. If there is a slight increase in flow velocity, the local 

circumferential velocity within the quasi-stagnation region increases. Therefore, according to equation 

4, 𝜔 increases, and hence, frequency f increases. Joy et al. [21] also explain this using the CFD 

technique. 

 

Figure 7 compares the pressure signals at sensors DT1 to DT6 in the current test rig without and with 

the 0GV system. The 0GV is the best configuration, with the frequency shift to 0.617⋅f0. The pressure 

signals with no GV show higher oscillations downstream (DT4 to DT6) of the draft tube, agreeing with 



 
 
 
 
 
 

the FFTs presented in figure 3. There is a significant reduction in the pressure pulsations in the draft 

tube with the 0GV system, see figure 6, which concurs with previous results. As discussed earlier, the 

pressure signals also show a higher decrement in the pressure pulsation downstream of the draft tube. 

 
 

 
 

Figure 6. Comparison of the RVR plunging and rotating modes pressure amplitudes at a) L1 and b) L2 

at PL2 operating condition. 

 

a) 

b) 



 
 
 
 
 
 

  
  

  
  

  
  

  
  

  
  

  
  

Figure 7. Pressure signals comparison of sensors DT1 to DT6 a) without and b) with the 0GV in the 

DT. 

a) b) 



 
 
 
 
 
 

4. Conclusions and future scope 

The present study successfully demonstrates the proof of concept of the draft tube GV system to mitigate 

pressure pulsations. The conclusion of the study is as follows: 

1. At 12 m operational head, the performance characteristics of the current and the NVKS test rig 

are similar.  

2. The major difference is the variation in the RVR pressure amplitudes between both test rigs. 

3. The GVs in the draft tube suppress the RVR amplitudes by 50-80%.  

4. The mitigation effect is higher downstream of the draft tube.  

5. The draft tube GVs also increases the RVR frequency.  

6. With current GV geometry, the RVR rotating mode frequency tends to approach the runner 

frequency 

7. The 0GV configuration shows the overall best results.  

8. The future scope of the present study can be the GV geometry optimization. 

 

 The scope of employing such techniques in a real-time turbine (prototype) seems possible with some 

challenges. The GV system demonstrated in the present study is extremely thin and hydrodynamic. For 

prototypes, some additional analysis must be considered to ensure the feasibility of the GV system as 

they are thin structures. The GVs are adjusted manually in the present study, which could be a significant 

drawback if implemented in the prototype. Therefore, developing an active flow feedback technique for 

a self-adjustable draft tube GV system could also be the future scope of the present study. It could be 

helpful in the implementation and operation of the GV systems in the draft tube of the prototype turbines. 

Furthermore, a self-adjusting GV system in the draft tube could be helpful in the analysis of the transient 

flows. 
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APPENDIX A 

 

 
Figure A.1 Draft tube cone. 

 

 
Figure A.2 Draft tube cone opened to adjust the GV system. 

 


