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Abstract 
 
Using renewable energy, such as water or wind, to produce electricity has been proven 

highly effective in Sweden. The ability of these renewable resources to make clean output 

energy counters the adversities caused by non-renewable resources. Amongst these, 

hydro turbines are one of the most preferred methods for generating electricity from 

water. Today, the hydro-turbines are designed to run at their peak efficiency only at a 

single operating condition called the best efficiency point. However, the recent increase in 

energy consumption requires the hydraulic turbine’s flexible operation. The issue of 

pressure pulsations in the draft tube of hydro-turbines, observed at part load operating 

conditions, has been unresolved for many years. These pressure pulsations are related to 

the rotating vortex rope seen at part load operation and adversely affect the hydro 

turbine’s lifespan and performance. Several techniques have been investigated in the past 

to reduce the pressure pulsations in the draft tube of a hydro turbine at part load 

operation and enhance the operational flexibility of the turbine. However, there is no 

universal solution. The current study presents a proof-of-concept of mitigation 

techniques to suppress pressure pulsations in a mixed-flow reaction turbine. The 

technique involves implementing a variable guide vane system in the draft tube of the 

Francis-99 model turbine. Guide vanes are mechanical devices that can direct the flow in 

the desired direction. Therefore, they can suppress the pressure pulsations by re-

directing the swirling flows in the draft tube at part load. The current research involved 

both numerical and experimental investigations. The guide vane system was initially 

designed using numerical methods. The geometry of the guide vanes, including the 

number of guide vanes, the chord length, the span, and the location of the guide vanes in 

the draft tube, is designed through numerical simulations. The results show that a set of 

three guide vane systems with a chord length of 86% runner radius and a leading-edge 

span of 30% of the runner radius is an ideal design that mitigates RVR when placed at 

some distance from the runner in the draft tube. For the experimental proof of concept, 

the guide vanes were tested on the Francis-99 model turbine at the Norwegian University 

of Science and Technology, Trondheim, Norway. During experiments, the guide vanes can 

rotate up to ±45°. There were six guide vane orientations selected between ±45°. The 

results indicate that the guide vanes can mitigate the pressure pulsations with a marginal 

efficiency loss in the turbine at part load operational regimes. However, there are slight 

efficiency improvements at the best efficiency point and high load. 
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CHAPTER I 

Introduction 
 

1.1. General background 

     The global awareness of climate change and the adversities of increased carbon 

emissions from fossil fuels is leading to a shift toward using renewable resources for 

energy production. As energy consumption has exponentially increased in the past few 

decades, one of the primary focuses is on producing electricity using renewable 

resources, with a long-term goal of promoting sustainable and greener energy 

production. It could contribute directly to global development as a society, especially by 

preserving the environment from greenhouse gas emissions caused by using conventional 

resources like coal and petroleum. Although using the sun, wind, and water for power 

production is an ancient technique, technology has advanced since then [1]. The ancient 

Egyptians were the first known group to utilize solar energy extensively for home heating 

[2]. To control the resident’s temperature during chilly desert evenings, they built their 

homes so that heat from the sun would be stored in the building walls during the day and 

released at sunset. As early as 5,000 BC, people used wind energy to power boats along 

the Nile River [3]. By 200 BC, small wind-powered water pumps were established in 

China, and windmills in Persia (currently Iran) and the Middle East contributed to 

processing grains. At nearly the same time, waterwheels or bladed wheels converted the 

kinetic energy of flowing water into mechanical energy [1]. These wheels were positioned 

either horizontally or vertically and were the predominant kind of water-powered 

technology at this time. They were typically used to turn a millstone to grind grain into 

flour. 

In the 1880s, hydropower was the first technology to switch to a commercial electricity 

generation source, which has developed swiftly ever since [1]. Over time, these traditional 

renewable resources have become cutting-edge and inventive power production sources. 

Today, hydro-turbines stationed at hydropower plants produce electricity on a 

commercial scale. According to Nordic energy research, approximately 58% of Sweden’s 

electricity uses renewable resources. Within this category, the contribution of 

hydropower alone is 65% [4]. As of 2020, 37% of Europe’s power production is from 

renewable energy; among them, hydropower constitutes nearly 33% [5]. The Eurostat 

and European energy consumption report of 2020 claims that Sweden is the highest 

consumer of power produced using renewable resources [5, 6]. Power production using 
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renewable resources at the global level is 11%. Hydropower contributes 17% of the 

world’s electricity production, making it the third-largest source of energy after coal and 

natural gas [7, 8]. Therefore, hydropower is the most popular technology for power 

production within the renewable energy resources spectrum.  

1.2. Hydro-turbines 

     Figure 1 presents the schematic of the working principle of the hydropower plant. The 

hydro-turbine is considered the central part of any hydropower plant and is responsible 

for its overall functioning [9]. It converts the potential energy of water stored in dams or 

reservoirs to mechanical energy to rotate the turbine and produce electricity through the 

generator. The amount of power production depends on the storage height of the dam, 

which is the available Head (H), specific energy (gH), and the flow rate (Q) of the water 

striking the turbine blades. With the aid of a step-up transformer, the voltage of the 

electricity is raised and then sent via transmission lines to the closest power grid [9]. The 

mathematical formulation for the turbine head calculation is given in equations A.1 to A.3 

in Appendix A.  

 

Figure 1 Working of a hydropower plant [9]. 

The selection of a turbine primarily depends on the available Head and volumetric flow 

rate [10]. Figure 2 presents the chart of turbine selection based on available Head and 

discharge [9]. Another approach for turbine selection is calculating the specific speed, 

which combines the Head and the volumetric flow rate; see equation A.4 in Appendix A. 

Other factors contributing to turbine selection are electricity market requirements, 
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landscape, environmental conditions, and costs [9-11].  

There are two main types of hydro-turbines based on pressure and velocity at the inlet of 

the turbine, a) reaction turbine and b) impulse turbine. The reaction turbine uses the 

pressure head and volumetric flow rate at the turbine inlet to rotate the turbine blades. 

The fluid goes through a guiding mechanism in reaction turbines before reaching the 

turbine runner. The impulse turbine uses high-velocity jets from a nozzle at the turbine 

inlet to turn the runner blades. The Pelton turbine is the most widely known impulse 

turbine. The most commonly used reaction turbines are Kaplan and Francis turbines.  

 

 

Figure 2 Turbine selection chart based on head and flow rate [10]. 

1.3. Hydro-turbine issues 

     The selection of a turbine based on the available Head and flow rate allows it to operate 

with the highest efficiency at a single operating condition, known as the best efficiency 

point (BEP). The turbine can operate continuously, providing maximum efficiency at BEP 
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for a prolonged period [11-13]. When the turbine operates at BEP, the flow exiting the 

runner is mostly axial or follows the turbine blade’s exit angle. There is a lesser swirl or 

tangential component in the flow going the runner into the draft tube; see Figure 3. The 

mathematical formulation of hydraulic efficiency is explained mathematically in 

equations A.5 to A.8 in Appendix A. 

 

Figure 3 Velocity triangles at different operating conditions. 

 

 

Figure 4 a) Rotating vortex rope at PL and b) Torch-like vortex at HL [11]. 

When the operating condition moves away from BEP, there is an efficiency loss in the 

a) b) 
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hydro-turbine [14-16]. Such operating conditions are known as off-design conditions. The 

research on hydro-turbines operating under off-design conditions showed intense 

vibrations, power swings, pressure pulsations, poor pressure recovery in the draft tube, 

noise, and fatigue loading on turbine blades [11, 14, 17-21]. The root causes are the 

vortex breakdown and the rotor-stator interaction (RSI) effects at off-design conditions, 

which eventually leads to the efficiency loss of the turbine [9, 20-25]. The continuous 

operation of the turbine under off-design conditions may adversely affect the turbine’s 

lifespan and, therefore, reflects upon its inflexibility. It may also lead to machine failure if 

subjected to prolonged operation.  

The flow exiting the runner at the off-design conditions has an extra swirl, leading to the 

flow with a higher tangential component into the draft tube cone, see Figure 3. The excess 

swirl rises due to extremely low or high distributor GV angles from the optimum. When 

the distributor GV opening angle is lesser than the optimum, the flow rate of the turbine 

becomes Q/QBEP < 1. This operating condition is known as part load (PL). At PL, the 

runner cannot compensate for the excess swirl incoming due to the low distributor GV 

angle; therefore, the flow with excess swirl leaves the runner [16-21, 25-28]. At this stage, 

there is a strong interaction between the high swirling flow and adverse pressure 

gradient in the draft tube cone, which leads to flow separation. The flow separation 

results in a low-velocity stagnation region in the center of the draft tube cone and a high-

velocity region in the outer regions of the draft tube cone [11, 14-17, 29-33]. The low-

velocity region is also known as the quasi-stagnant region. The flow recirculates within 

this quasi-stagnant region. The high-velocity flow in the outer regions of the draft tube 

cone wraps this stagnation region. It creates an interface of high shear between the low 

and high-velocity regions [34-39]. It leads to a vortex breakdown called the rotating 

vortex rope (RVR) in the draft tube at PL; see Figure 4a. The RVR rotates in the same 

direction as the runner. The RVR frequency ranges between 20% and 40% of the runner’s 

frequency [11, 19]. 

When the distributor GV opening angle is higher than the optimum, the flow rate of the 

turbine becomes Q/QBEP >1. The operating condition is known as high load (HL). At HL, 

the tangential velocity component exiting the runner is opposite to the runner rotation, 

see Figure 3. It leads to the formation of a torch-like vortex at HL operating conditions, 

which rotates in the opposite direction as the runner, see Figure 4b [11]. 

The vortex breakdown at PL and HL shows a fluctuating behaviour of the pressure 

variable in the draft tube. By performing a fast Fourier transform (FFT) on the pressure 

signals collected from mounted sensors on the draft tube cone, it is possible to determine 
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the vortex breakdown frequency and amplitude. Decomposing the pressure signals into 

plunging (synchronous) and rotating (asynchronous) modes can also further characterize 

the vortex breakdown. The plunging mode shows oscillations in an axial direction, and 

the rotating mode is the rotational behaviour. The decomposed pressure signals’ 

mathematical formulas are presented in equations A.9 and A.10 in the Appendix A. The 

mathematics of FFT is presented in Appendix B. 

The issues related to continuous operation at the off-design conditions are common in 

Francis and propeller turbines. These are single-regulated turbines, where only the 

distributor guide vanes (GVs) angle varies. There are limited operating ranges, especially 

within a single turbine operational head. Contrary to this, the Kaplan turbine is a double-

regulated turbine with variable distributor GVs and runner blade angles. There are 

comprehensive operating ranges. There are lesser adversities at off-design conditions in 

the Kaplan turbine. However, there are still some issues at deep part load (Q/QBEP is 

extremely low) and speed no load.  

As discussed earlier, there is an increasing demand in recent years for the existing and the 

future hydro-turbines to work under varying operating conditions, both on- and off-

design. One of the main reasons is the intermittency of solar and wind energy. Moreover, 

due to the varying energy market demands, the hydro-turbine are subjected to load 

ramping, frequent and quick start-stop operations, and emergency shutdowns [9]. 

Therefore, there is an increasing need for a flexible process of hydro-turbines without 

leading to machine failure and affecting the turbine’s efficiency. 

1.4. Hydro-turbine flexibility improvement attempts 

     Hydro-turbines can operate more flexibly by increasing the operating ranges beyond 

BEP. One way to enhance the flexible operation of the hydro-turbines is by mitigating the 

pressure pulsations at the off-design conditions. The mitigation attempts focus more on 

PL operating conditions because of higher pressure pulsation amplitudes and fluctuating 

behaviour of the RVR as compared to the vortex breakdown HL [11]. The available 

mitigation techniques can be classified into a) fluid mitigation techniques and b) 

geometry mitigation techniques. Moreover, the mitigation techniques can be either active 

or passive based on how different techniques are implemented. An active flow control 

technique needs a flow feedback system and an external controller. A passive flow control 

technique requires no flow feedback system or an external controller.  

Air admission [40-46] and water injection techniques [47-52] are today’s main fluid 

mitigation techniques. The air is introduced either from the center or the periphery of the 
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draft tube cone. The water is injected either axially or tangentially into the draft tube. 

Both techniques have proven to be beneficial in mitigating pressure pulsations at PL, thus, 

reducing the power swings, noise, and vibrations. Although used in simple models, the 

axial water injection technique results in maximum pressure pulsations mitigation with 

significantly less efficiency loss [48-51]. Both air and water injection techniques operate 

only at PL if implemented as an active flow control technique. Under other operating 

conditions, they are disabled. Therefore, the efficiency at operating conditions other than 

PL is not affected in this case. The primary concern with these techniques is that no 

universal design criteria are available. The amount of air and water injection varies 

significantly from the turbine to the turbine. The injection method is more of a trial-and-

error basis. The published articles III, V, and VI have more details regarding this 

technique. 

The geometry mitigation techniques include either grooving on the draft tube wall [53-

56] or inserting a set of fins [57], baffles [58], exit stay apparatus (ESA) [59], and radial 

rod protrusion [60]. The grooving on the draft tube wall or the j-grooves have varying 

shapes and sizes. The fins, baffles, and ESA are devices of different shapes and sizes. The 

fins have a sharper leading edge, while the baffles and ESA have a blunt and a smoother 

leading edge, respectively. The radial rod protrusion is an active technique and, therefore, 

is disabled at operating conditions other than PL. These techniques reduce or mitigate 

pressure pulsations but have some limitations. There is limited information on the 

influence of these techniques (except the radial rod protrusion) on operating conditions 

other than PL. The studies on pressure pulsations mitigation using baffles were numerical 

investigations and had limited experimental validation on full-scale turbines. The 

published articles III, V, and VI have more details regarding this technique 

1.5. Scope of the thesis and present research 

     Overall, both fluid and geometry mitigation techniques reduce the adversities at PL 

operating conditions, thus increasing the operating ranges beyond BEP. However, each 

mitigation technique has its drawbacks. Some methods are implemented on a 

straightforward test case, while others investigate specific operating conditions. Such 

limited studies leave the research incomplete, and the mitigation techniques still do not 

reach a developmental stage. The main drawback is the missing design criteria for each 

method. Most of them are trial and error and vary from the turbine to turbine. Therefore, 

there is scope for new or advanced versions of existing techniques because of the rising 

demands for more flexible operation of hydro turbines. More emphasis should be on 

overall turbine operating ranges and performance characteristics while investigating new 
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geometry mitigation techniques. Moreover, the new methods should focus on developing 

a proper design methodology. The present thesis aims to address all significant 

drawbacks of the previously reported geometry mitigation techniques and introduces a 

new pressure pulsations mitigation technique in the Francis turbine. 

 

Figure 5 Inlet guide vanes of a jet propulsion engine. 

1.6. Aims and objectives of the thesis  

     The research presented in the thesis aims to introduce a new pressure pulsations 

mitigation technique using a set of a variable (or adjustable) GV systems in the draft tube 

of a Francis turbine. One could think of the adjustable GVs in the draft tube as more 

sophisticated fins, baffles, or ESA versions. The GVs in the jet propulsion engines inspired 

the draft tube GVs design [61, 62]. In jet engines, such GVs are present at the inlet of the 

compressor or exit of the turbine to direct a swirl-free flow into the compressor or exit 

the engine. Such GVs in jet engines have proven effective and commercially used. Figure 5 

shows the presence of GVs at the inlet of the compressor of a jet propulsion engine. The 

thesis objectives are 

1. Develop a design methodology for the new technique. 

2. Detail the general shape and size of the draft tube GV system. 

3. Provide an experimental proof of concept with the following objectives: 

➢ Investigate how the draft tube GV influences pressure pulsations at lower 

operating ranges of the turbine. 

➢ Investigate the impact on the hydraulic efficiency of the turbine under all 

operating conditions of the considered turbine head. 

Inlet guide vanes 
in the jet 
propulsion engine 
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CHAPTER II 

Draft Tube Guide Vane System Design 
 

2.1. Objectives 

     Developing a numerical GV system design methodology was the primary goal of the 

first half of the research study. Due to the predominant nature of the pressure pulsations 

and pressure amplitudes reported in previous research studies [11, 17–21], the 

numerical analysis primarily focused on PL operating conditions. The goal was to design a 

GV system using a computationally efficient model of the Francis turbine. Instead of using 

the complete turbine numerical model, the research study developed a reduced domain 

model to imitate the flow characteristics similar to the complete domain model, which is 

discussed in detail in publications I and III. The advantage of such an approach is the 

reduced computational time and data storage needed due to reduced mesh elements. The 

design methodology enables faster GV system designing because numerous studies may 

be performed simultaneously in a constrained time. The method includes testing different 

combinations of the GVs in the draft tube after developing the reduced domain model of 

the Francis turbine. Lastly, the design methodology also consists of a one-way fluid-

structure interaction (FSI) analysis of the final GV system to choose the material before 

manufacturing and guarantee its structural effectiveness for the experiments. 

2.2. Francis model turbine 

     The test case for the present research is the Francis-99 model turbine situated at the 

waterpower laboratory, Norwegian university of science and technology (NTNU), 

Trondheim, Norway. The turbine has a spiral casing, a distributor domain with fourteen 

stay vanes and twenty-eight GVs, a runner with fifteen primary and fifteen splitter blades, 

and an elbow draft tube. The schematic of the Francis-99 model turbine is presented in 

Figure 6. The model turbine is a 1:5.1 scaled-down prototype version at Tokke 

powerplant, Norway. The runner diameter (D) is 0.349 m. A shaft couples the runner with 

an induction-type generator and transmits the torque from the runner to the generator. 

The draft tube cone length is 0.5 m, and the cone expansion angle is 3°. The operational 

conditions of the prototype and model turbine at BEP are in Table 1. At BEP, the speed 

factor of both the model and the prototype turbine is 0.18, see Figure 7. At BEP, the 

specific speed of the model turbine is 72, and the discharge factor is 0.15 [17-19]. The 

specific speed, speed, and discharge factors are defined in equations A.4, A.11 and A.12 in 

Appendix A, respectively. The hydraulic efficiency of the model turbine is 92.3% at BEP. 
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Figure 7 shows the Hill chart of the model turbine, indicating the hydraulic efficiencies at 

different operating conditions of the model turbine. 

 

Figure 6 Schematic of Francis-99 model turbine [63]. 

 

Table 1 Operational conditions  of Francis -99prototype and model turbine at BEP. 

Parameters Prototype Model 

Head (m) 377 12 

Discharge (m3/s) 31 0.2 

Power (MW) 110 (× 4 units) 0.03 

Runner diameter (m) 1.778 0.349 

Speed factor 0.18 0.18 

The numerical studies on the same Francis-99 test case with the complete domains, 

including the spiral casing, distributor, runner, and draft tube, were performed previously 

by Goyal et al. [21] and Sotoudeh et al. [37]. However, Sotoudeh et al. [37] did not use 

spiral casing. The mesh nodes reported for the entire numerical model were nearly 20 

million, which is highly expensive for a design methodology [21]. Many mesh nodes (or 

elements) combined with smaller time steps for numerical investigations may consume 

much time and storage memory. Therefore, the present research study used two domain-

based numerical modelling approaches. The first is a passage domain-based modelling 

approach [13, 37]. Instead of using the full distributor and runner domain for the 

numerical investigations, a passage of the runner and distributor is considered together 

with the complete draft tube. The numerical model is called the Francis-99 semi-model. 

The second method uses a Francis-99 simplified model with only the computational 
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domain of the draft tube. A draft tube cone, a draft tube elbow, and a runner cone made 

up the Francis-99 reduced model. Figure 8 shows the computational domain of the 

Francis-99 semi-model, which also includes the Francis-99 reduced model. 

 

Figure 7 Hill chart of Francis-99 turbine [63]. 

 

 

Figure 8 Computational domain of the Francis-99 semi-model. The Francis-99 reduced 

model includes only the draft tube domain. 
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Figure 9 a) Francis-99 semi-model and b) schematic showing the monitor points [63]. 

The pressure and velocity monitor points for all numerical analyses were according to the 

NVKS Francis-99 second workshop [63]. The results obtained at these monitor points will 

be compared with previous experimental and numerical results available [63]. It will 

ensure the feasibility of using such reduced domain models for GV system design. There 

are two monitor points, DT5 and DT6, placed 180° apart in the draft tube to measure 

pressure pulsations, see Figure 9. The pressure monitor points are approximately 0.70⋅R 

from the draft tube inlet. The details of the monitor points in the draft tube for numerical 

setup are available in reference [63]. The velocity profiles were predicted on three lines 

and compared against the 2-D PIV measured data. Line 1 and 2 are perpendicular to the 

runner axis of rotation, while Line 3 coincides with the runner axis. Lines 1 and 2 are 

approximately 0.892⋅R and 1.57⋅R from the draft tube inlet. The elbow is about 1.35 m 

from the draft tube inlet. 

2.3. GV system design process 

     The GV designing approach was in two stages: a) ideal GV design and b) realistic GV 

design. The ideal GV design aimed to estimate the GV geometry profile, and the realistic 

GV design process included additional investigations before manufacturing the final GV 

system. The GVs were designed in ANSYS BladeGen and integrated into the draft tube 

domain using ANSYS Spaceclaim [64]. There were four critical design criteria considered 

for the GV design. The first and foremost task was finding the number of GVs required to 

mitigate the pressure pulsations. The aim was to mitigate the pressure pulsations without 

introducing additional frequencies in the draft tube, and the GV design should be as 

simple as possible. The other design parameter was finding the chord length, the span, 

and the location of the GV system in the draft tube. The number of GVs, chord lengths, and 

a) b) 



25 

 

spans were tested using Francis-99 reduced model (ideal GV design process). The ideal 

GV design considered a single guide vane profile, which re-directed the flow from PL to 

BEP, see Figure 10a. It means that the inlet of the GV aligns with the flow angle at PL, and 

the exit angle is according to the flow angle at BEP. To calculate the flow angle, refer to 

equation A.13 in Appendix A. The GVs were very close to the draft tube inlet in case of the 

ideal GV system design. The thickness of the GVs was fixed and was 2 mm for all GV 

system profiles tested in both ideal and realistic designs.  

 

Figure 10 The GV profile for a) ideal and b) realistic design. 

 

 

Figure 11 Flowchart of GV system design methodology. 

a) b) 
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The realistic GVs were investigated on the Francis-99 semi-model to understand the role 

of upstream domains on both draft tube GVs and pressure pulsations mitigation. The 

focus of the realistic GV design study was to investigate the placement of the GVs at 

various locations in the draft tube. The design methodology is presented in Figure 11. 

Once the ideal GV design study confirmed the number of GVs, chord length, and span, the 

GV geometry was modified to imitate a more realistic design. The realistic GV comprised 

two hydrofoils. The upper hydrofoil could be adjustable (for the experiments), and the 

lower hydrofoil remains fixed, see Figure 10b. Position 1 of the GVs was very close to the 

draft tube inlet, like the ideal GV design. Positions 2 and 3 were 0.8·R and 1.6·R from the 

draft tube inlet. 

2.4. Mesh 

     The computational approach used the hex-dominant mesh technique in the draft tube 

for all numerical models, including a GV design methodology. The mesh has a maximum 

percent of hexahedral structured mesh and some unstructured tetrahedral and prism 

meshes. Such mesh technique is beneficial because of faster and easier meshing, 

especially with the GV system in the draft tube. In the current research investigation, just 

the draft tube domain was re-meshed. The distributor and the runner passage domain 

structured mesh was used from the NVKS Francis-99 second workshop [63]. The mesh 

tool used is ANSYS Mesh 17.2 [64]. The first hex-dominant draft tube meshes closely 

comply with the previously structured mesh, named hybrid mesh 1 [63]. The second 

mesh, hybrid mesh 2, is the refined version of hybrid mesh one by a factor of two. The 

mesh properties are given in Table 2. The mesh properties included comparing the 

number of mesh elements and nodes.  

Table 2 Mesh information. 

Mesh parameters NVKS Hybrid mesh 1 Hybrid mesh 2 

Elements (×106) 0.89 0.86 1.6 

Nodes (×106) 0.83 0.81 1.43 

Maximum aspect ratio 51.95 57.58 46.31 

Volume (m3) 1.10 1.10 1.10 

Maximum y+ 40 42 36 

Minimum orthogonality 70.5 72 66 

 

The mesh sensitivity study compares the axial and circumferential velocity profiles. An 

example of this is presented in Figure 12. The velocity components are normalized by 

draft tube inlet velocity, calculated from the flow rate at PL, the runner’s area, and the 

water’s density. The findings show a need for refined mesh with the hex-dominant mesh 
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technique. The hybrid mesh 2 with 1.6 million mesh elements agrees more with the 

results of NVKS structured mesh in the draft tube. Both axial and circumferential 

velocities agree, especially at the center region of the draft tube. The mesh independence 

study concludes that the mesh used for the draft tube with GVs should be more refined, 

and the properties should be closer to hybrid mesh 2, especially in terms of mesh 

elements and nodes. 

 

  

Figure 12 Mesh sensitivity study, a) axial velocity and b) circumferential velocity. 

 

2.5. Boundary conditions and solver 

          The Francis-99 semi-model used flow rate at the distributor inlet and pressure at the 

draft tube outlet as the boundary conditions. The flow rate at PL is 0.13962 m3/s, which 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 outlet static pressure is 0 kPa, specified as an 

‘opening’ boundary condition. The rotational frequency of the runner and the runner 

cone wall is 5.55 Hz. The reference pressure is 113.17 kPa. The Francis-99 semi-model 

consists of multiple domains connected using domain interfaces with specified pitch 

angles. The iteration-based steady-state analysis considered the stage mixing plane 

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

plane domain interface. The distributor and runner passage domain interfaces have pitch 

angles of 25.7143° and 24°, respectively, whereas the pitch angles for the runner and the 

draft tube interfaces are 24° and 360°, respectively. The total simulation time for all 

Francis-99 semi-models was 3 seconds, approximately five complete RVR rotations.  

a) b) 
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Figure 13 Inlet boundary conditions for Francis-99 reduced model. 

The inlet boundary condition of the Francis-99 reduced model is the velocity profile 

shown in Figure 13. The axial, radial, and circumferential velocities from the Francis-99 

semi-model runner exit are obtained and mapped on the standalone draft tube inlet. The 

flow is downward in the draft tube, as indicated by the negative axial velocity in Figure 

a) 

b) 

 

c) 
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13a legend. The negative circumferential velocity in Figure 13c legend means the swirling 

flow is in a clockwise direction. The data points for mapping the velocity profiles are 

selected from the hybrid mesh 2, discussed in subsection 2.4. 

Additionally, the turbulent kinetic energy (k) and its turbulent energy dissipation rate (ε) 

are the additional boundary conditions for the reduced model. The reduced model has a 

rotating runner cone wall with a rotational frequency of 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 and combinations considered during the pressure 

pulsations mitigation study. (Numbers, chord, and span).  

The numerical code used is ANSYS CFX [64]. The turbulence model used for all numerical 

studies is the standard k-ε model with wall functions. The selected turbulence model 

saves computational time and achieves relatively fast convergence compared to more 

advanced turbulence models like SAS-SST. The mathematical composition of the k-ε 

turbulence model is presented in Appendix C. 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 the initial values for all transient computations, 

including mesh independence studies and GV design studies. The time-step considered is 

2° of the runner rotations, equal to 1×10–3 s. The target RMS convergence criteria 

considered was 1×10–5. The number of inner iterations was 10. The high-resolution 

schemes approximate the nonlinear convective terms in all transport equations. The 

transient term in all transport equations is discretized using the second-order backward 

Euler scheme. 

2.6. Main conclusions from the numerical study 

     The first and foremost achievement of the entire numerical study was confirming that 

the Francis-99 reduce model imitates the semi-model. The NVKS and the semi-model also 

capture the runner passage and the runner blade frequencies at f/f0 = 15 and 30, 

respectively. The reduced model cannot capture these frequencies because of the absence 

of the upstream domains. The RVR pressure frequency for both cases agrees with the 

reported measure values in [63]; see Figure 14. However, all three numerical models 

underpredict the RVR pressure amplitudes, highlighting the limitations of reduced 

domain modelling and turbulence modelling. More information is available in the 

reported literature (Papers I and III).  
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Figure 14 Comparison of RVR pressure amplitudes and frequencies: a) Experiments, 

b) NVKS domain and mesh, c) Francis-99 semi-model with hybrid mesh, and d) Francis-

99 reduced model with hybrid mesh. 

The velocity predictions by the three numerical models agree with each other. However, 

they differ from measured values, see Figure 15. The experimental axial velocity shows an 

asymmetric behaviour because of the distributor domain’s uneven flow distribution and 

the draft tube’s elbow effect. Contrary to this, all numerical models have axisymmetric 

flow assumptions, which differ from experiments [63]. Nevertheless, the computational 

models, especially the Francis-99 reduced model, are in reasonable agreement with the 

experimental results. Therefore, this model can be used for GV design analysis. 

The ideal GV design study considered four GV sets: 14GV, 7GV, 3GV, and 2GV. The first 

number, 14GV, is similar to the number of stay vanes in the turbine. The aim was to use as 

minimum GVs as possible and achieve maximum pressure pulsations mitigation because 

a) b) 

c) d) 
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of the possible adverse effect on hydraulic efficiency with more GVs. The percent of 

pressure pulsations mitigated was measured by taking the difference between the RVR 

pressure amplitudes of the Francis-99 reduced model with no GVs and those with GVs. 

Three different chord lengths were considered: 86%, 43%, and 21.5% of the runner 

radius. Two spans were considered: 30% and 15% of the runner radius. The ideal GV 

design study gave 3GV and 2GV with chord length and span equal to 86% and 30% of the 

runner radius, respectively, that mitigated almost 100% of the pressure pulsations in the 

draft tube. 

   

 

Figure 15 The predicted velocity components from the numerical model compared 

against the experiments. 

The realistic GV design study was performed only on 3GV and 2GV and tested at different 

positions in the draft tube, as mentioned in section 2.3. The FFTs in Figure 16 shows that 

3GV is the most suitable choice for GV sets, with up to 95% of pressure pulsations 

mitigated. The 3GV system influences (and reduces) the circumferential velocity up to 

a) b) 

c) 
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40% from r/r0 = ±0.5 to the draft tube wall, see Figure 17. The circumferential velocity in 

Figure 17 is presented for the Line 1 profile. However, Line 2 profile also leads to similar 

conclusions and is presented in papers II and III in detail. 

 

 

Figure 16 Normalized pressure FFTs at DT5 for Francis-99 semi-model with a) 

3GVs and b) 2GVs in the draft tube. 

Furthermore, the swirl number at various locations in the draft tube, planes 1 to 4, shows 

the maximum reduction in the circumferential component of the flow in the draft tube 

with 3GVs, see Table 3. 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 draft tube inlet, 

more details in paper III. The swirl number is the ratio of the axial flux of the angular 

momentum to the product of the axial momentum flux and is presented mathematically 

in equation A.14 in Appendix A. Plane 1 is closest to the draft tube inlet, and plane four is 
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closest to the draft tube elbow. The overall numerical analysis confirms that a system with 

3GV of chord length 86% and span 30% of the runner radius shows promising outcomes 

regarding pressure pulsations mitigations.  

 

Figure 17 Circumferential velocity profile comparison at Line 1 for Francis-99 semi-

model with a) 3GVs and b) 2GVs in the draft tube. 

Table 3 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 

Moreover, the numerical studies also show some improvements in turbine performance 

in the presence of GVs in the draft tube, see Table 4, mainly because of improvement in 

torque and Head of the turbine with the GVs. However, if the numerical studies show any 

improvement in the turbine performance with the GV system does not mean anything 

until validated with the experimental work. The CFD ignored the losses between the 

runner and the generator torque because of the simplified domain modelling and 

considered the flow rate boundary condition at the inlet for all numerical models, which 
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is a significant deviation from the experiments. Therefore, some losses would be expected 

in experiments, which are discussed in the upcoming chapters.  

     .     . Table 4 Turbine properties without and with GV systems at PL. 

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 

 

2.7. Material selection for the GV manufacturing 

     After confirming the guide vane profile, the aim was to select a suitable material for the 

GV system to manufacture and implement on the Francis-99 draft tube cone. One-way FSI 

analysis was performed using ANSYS Mechanical [62]. First, the numerical analysis of the 

turbine model 3GV system was performed with HL operating conditions [61]. The flow 

rate is highest at HL, which makes the runner exit’s average velocity high; therefore, 

higher dynamic stresses will act on the GV system. At HL, the distributor GV opening angle 

is 12.44°. The inlet flow rate for one distributor passage is 17.3186 kg/s, and the 

reference pressure is 109.59 kPa. All other boundary conditions are the same, as 

mentioned in section 2.5. The numerical results were imported to ANSYS Mechanical, 

which allowed superimposing the pressure variable on the GV surface from CFD. Two 

materials, aluminium alloy, and structural steel, were considered for the FSI analysis, 

considering the costs and the material properties. The results in Table 5 and Figure 18 

show that the aluminium alloy and structural steel material perform nearly similarly, but 

structural steel is better suited because of its toughness (minimum deflection). The 

design’s safety factor was 2, which ensured that such thin structures would not break 

during the experiments. The final material for manufacturing the GVs is steel. 

Table 5 FSI results. 

Material Factor of Safety 

Maximum 

Von-Mises 

stress [Pa] 

Maximum 

deflection 

[mm] 

Aluminium alloy 2.24 1.25 · 10
8
 0.2 

Structural steel 2 1.26 · 10
8
 0.06 
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Figure 18 FSI results of the structural steel material. 
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CHAPTER III 

Experimental Investigations on Francis 
Turbine with Draft Tube GVs 
 

3.1. Objectives 

     After numerically establishing the GV profile, briefly discussed in the previous chapter, 

the new draft tube cone and the GV system were manufactured. The second half of the 

research focussed on investigating the experimental proof of concept of the impact of the 

draft tube system on pressure pulsations mitigation under PL operating conditions. The 

second main objective of the experiments was to investigate the hydraulic efficiency of the 

turbine under all operating conditions in the presence of GVs. The experimental work is 

discussed in detail in publications IV to VI. 

3.2. Draft tube cone and GVs manufactured for the experiments 

     Though the FSI investigations discussed in the previous chapter revealed that a GV 

system with a thickness of 2 mm is structurally efficient and can withstand high dynamic 

loads, the final GV design was slightly modified, see Figure 19a. The thickness of the GV 

pin was increased to 10 mm to mount and fix it efficiently at the draft tube wall and not 

break during the operation. Moreover, the GV thickness varied from 2 mm to 4 mm, with 

rounded ends to give it a more hydrodynamic profile. There is some clearance gap 

between the upper hydrofoil and the draft tube wall, which allows a smooth rotation of 

the upper hydrofoil, shown in Figure 19a. These modifications make the simplified CFD 

GV model and the manufactured GVs geometrically different because the entire numerical 

GV model was attached to the draft tube wall. Therefore, there were two GV positions in 

the draft tube for the experiments: a) 0.36·R and b) 0.8·R. However, the experiments were 

performed only at 0.36·R due to time constraints, and desired results were achieved. The 

new draft tube cone has grooving of 10 mm size to attach the GV and allow the upper 

hydrofoil movement up to ±45°; see Figure 19b. The lower GV is fixed at -10°, i.e., the flow 

angle at BEP. Details to calculate the lower hydrofoil orientation angle, which corresponds 

to the flow angle, are in Appendix A. The new draft tube cone outer wall has additional 

plates or coverings to enclose the GVs from outside and avoid flow leakage, see Figure 

19c.  
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Figure 19 The computer-aided design (CAD) illustration of the GVs and the new draft 

tube cone. 

3.3. Experimental setup 

Chapter 2 presents the Francis-99 test case in detail. In the waterpower laboratory, the 

experimental setup has an upstream and a downstream tank, as shown in Figure 20. The 

upstream tank can provide the desired operational Head to all loops. The upstream 

pressure tank’s diameter, height, and volume are 2.25 m, 4 m, and 18 m3, respectively. The 

downstream tank is a low-pressure tank placed immediately after the draft tube outlet 

and has a water-holding capacity of up to 7 m3. The model turbine can operate in the 

waterpower laboratory in open, semi-closed, and closed loops. The overhead and 

downstream tanks are open to atmospheric conditions for the open loop setup. In a semi-

loop setup, the overhead tank is closed, but the downstream tank is open to the 

a) 

b) 

GV pin thickness 
is 10 mm 

c) 

Draft tube grooving to 
allow GV movement Draft tube outer wall 

cover 
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atmosphere, whereas, in a closed-loop setup, both tanks are fully closed. In an open loop, 

the turbine’s maximum working Head is 12 m. The experimental investigations employ 

the semi-closed loop configuration. The modified draft tube cone and GV system for the 

experiments are presented in Figures 21 and 22, respectively. 

 
Figure 20 Francis model turbine experimental setup [15-17]. 

 

 

Figure 21 Francis-99 model turbine with modified draft tube at the Waterpower 

laboratory, NTNU. 
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Figure 22 a) The inside of the draft tube showing the thin GVs and b) the outer wall of the 

new draft tube cone showing how the GVs were adjusted. 

3.4. Instrumentation and calibration 

The instrumentation and calibration were according to the International 

Electrotechnical Commission (IEC) standards and the American Society of Mechanical 

Engineers (ASME) standards [66-68]. The operational parameters were measured using 

national instruments compact reconfigurable input-output (NI cRIO) model 9074 with a 

24-bit ±60 V analog to digital (ADC) converter with an anti-aliasing filter. The operational 

parameters measured include the discharge, runner rotational speed, distributor GV 

opening angle, inlet-outlet differential pressure, atmospheric pressure, friction torque, 

and generator torque. An electromagnetic flow meter (KROHNE AQUAFLUX IFS 4000 

series) with a range of 0 to 300 m3/s monitored the discharge at the turbine inlet. The 

angular speed of the runner was measured using a photocell and a disc with one groove. 

Alternatively, the runner’s angular speed was measured using the tachometer and 

stroboscope, as assessed by pulse frequency. The angular positions of the distributor GVs 

were measured using an angular position transducer (Stegman AG612). Two differential 

pressure transducers measured the inlet and the differential pressure across the turbine 

(Fuji Electric FHCW36WI-AKCAY). A load cell with a range of 1 to 1600 N·m (Hottinger 

Z6FC3) measured the generator torque and was also measured with the help of an 

external amplifier and a hydrostatic bearing. The load cell was positioned between the 

thrust block and the generator. The atmospheric pressure was monitored using a digital-

type barometer (Vaisala PTB220). A load cell of the Hottinger Z6FC3 type, with a range of 

1 to 21 N·m, was used to measure frictional torque since the thrust block’s axial and 

radial bearings guided the main turbine shaft. 

  

a) b) 
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Six draft tube sensors were distributed evenly across the cross-section at two axial 

locations in the draft tube cone. The first sensor set is placed at 0.36⋅R (L1), and the 

second set of sensors is positioned at 1.44⋅R (L2) from the draft tube inlet. It means that 

at each location, three sensors are 120° apart from each other. The pressure sensors are 

KULITE HKM 375, measuring up to 1.7 bar absolute pressure. However, one of the 

sensor’s ranges is 7 bar gauge pressure. Three pressure sensors (Kulite XTE 190) in the 

vaneless space region can measure up to 3.5 absolute bar pressure. 

 

Figure 23 Different GV configurations for the experiments. 

The magnetic flow meters, load cells, torque sensors, inlet, and outlet pressure 

transducers, and all KULITE draft tube pressure sensors were calibrated during the 

measurement campaign. The calibration tests were according to the requirements and 

procedures in the IEC standards [66]. The vaneless space sensors were not calibrated. It 
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was challenging and time-consuming to remove the runner first to obtain the sensors, 

which is a 2–3-day process; therefore, the most recent known calibration data was used 

[69]. Systematic uncertainties are obtained during the calibrated process. The random 

uncertainties were measured during the experiments. The overall uncertainty is the 

combination of systematic and random uncertainty. 

3.5. Measurement program 

The goal of the experiments was a) to investigate the pressure pulsations mitigation in 

the presence of draft tube GVs at PL and b) to investigate the impact on the hydraulic 

efficiency of the draft tube GVs at all operating conditions. All measurements were 

performed at a steady-state operating condition. The data sampling frequency, Fs of the 

measured data was 2 kHz, and the data was recorded for 120 s. Four operating conditions 

were considered for the experiments: PL1, PL2, BEP, and HL at 12 m operational head. 

PL2, BEP, and HL are similar to the previously reported experimental results in reference 

[63] and also provided in Table 6. An additional operating condition at lower PL was 

included to investigate the pressure pulsations mitigation. The distributor GV opening 

angle at PL is 5.45°, and the Q/QBEP is 0.59. More details of the operational performance of 

the Francis-99 model turbine with the new and modified draft tube cone are given in 

Table 7. 

Table 6 Performance of the NVKS Francis model turbine [63]. 

Parameters PL2 BEP HL 

Distributor GV 

angle (°) 
6.72 9.81 12.44 

H (m) 11.87 11.94 11.88 

Q (m3/s) 0.1396 0.1996 0.2425 

TGEN (N⋅m) 416.39 616.13 740.54 

n (rpm) 332.84 332.59 332.59 

η (%) 90.13 92.39 91.71 

Pin (kPa) 218.08 215.57 212.38 

Pout (kPa) 113.17 111.13 109.59 

Table 8 presents the measurements performed with and without the draft tube GV 

system. Instead of selecting many GV configurations that would have increased the time of 

experimentation and data, only six GV configurations were chosen. The configurations 

were set by changing the upper hydrofoil angles. The six upper hydrofoil angles 

considered are −35GV, −20GV, −10Gv, 0GV, +15GV, and +32GV, see Figure 22. The selected 

six GV configurations were at a reasonable interval from each other and were within the 
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±45° range. The negative angles of the upper hydrofoil orientation (-35°, -20°, and   -10°) 

are against the incoming flow, and the positive angles (+15° and   +32°) are in-line with 

the incoming flow direction. At 0GV, the upper hydrofoil orientation is vertical. The GVs 

were adjusted manually in the draft tube during the measurement campaign. The 

pressure pulsations mitigation was investigated using the fast-Fourier transform (FFT) 

technique, see Appendix B.  

Table 7 Performance of the current turbine with modified DT cone without GV. 

Parameters PL1 PL2 BEP HL Uncertainty 

Distributor GV 

angle (°) 
5.45 6.72 9.81 12.44 ±0.04 

H (m) 11.93 11.93 11.95 11.96 ±0.011 

Q (m3/s) 0.1184 0.1436 0.2020 0.2451 ±0.1 

TGEN (N⋅m) 351.76 439.4 621.23 751.18 ± 0.03 

n (rpm) 329 330 333 333 ± 0.05 

Pin (kPa) 239.12 239.19 234.20 229.18 ± 0.047 

Pout (kPa) 123.05 122.98 119.09 114.54 ± 0.001 

Table 8 Measurements performed. 

Guide vanes in the draft tube 
Operating conditions 

(OP) 
Repetitions for each OP 

No GV 

PL1, PL2, BEP, HL 

6* 

−35GV 1 

−20GV 1 

−10GV 2 

0GV 1 

+15GV 1 

+32GV 2 

*BEP operating condition has only three repetitions 

3.6. Summary of the experimental results 

     The current test case operational parameters are also similar to the previous, as shown 

in Tables 6 and 7. Some deviations in the power output (generator torque) and hydraulic 

efficiency in Tables 6 and 7 for both test cases are within the acceptable ranges. The 

Francis-99 turbine with the new draft tube cone showed high repeatability without the 

draft tube GVs, see Table 9. Therefore, the number of repetitions with the draft tube GVs 

shown in Table 8 was lesser. Another reason to do so was the time limitations to 

performing the experiments. Based on the pressure pulsations (or RVR) pressure 
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amplitudes at PL1 and PL2 operating conditions, a waiting time of six minutes was 

considered to restrict the number of experiments, as shown in Table 10.  

Table 9 Hydraulic efficiency (in %) details for different operating conditions. 

Test(s) 
Waiting 

time 
(minutes) 

PL1 
(%) 

PL 
(%) 

BEP 
(%) 

HL 
(%) 

1 0 88.36 90.47 92.02 91.32 

2 2 88.39 90.50 92.07 91.28 

3 4 88.44 90.53 92.03 91.36 

4 6 88.41 90.43 - 91.36 

5 8 88.47 90.45 - 91.32 

6 10 88.47 90.45 - 91.37 

Mean - 88.42 90.47 92.04 91.34 

STD - 0.045 0.037 0.026 0.034 

Table 10 Normalized pressure amplitudes of RVR at DT1 sensor for PL1 and PL2. 

Test(s) 1 2 3 4 5 6 Mean STD 
DT1 at 

PL1 
(×10-4) 

1.13 1.02 1.28 1.38 1.26 0.891 1.16 0.18 

DT1 at 
PL2 

(×10-4) 
0.29 0.13 0.19 0.14 0.11 0.12 0.16 0.06 

 

The pressure FFTs comparison for the DT1 sensor is in Figure 23. The mitigation is 

observed for all pressure sensors in the draft tube, vaneless space, and both plunging and 

rotating modes. More details are in the published literature, Paper V and VI. At PL1, the 

pressure pulsations mitigate completely using the 0GV configuration. Other 

configurations like −35GV, −20GV, and +15GV mitigate the rotating mode completely, but 

the plunging mode increases significantly. Therefore, these configurations are not well 

suited for RVR mitigation at PL1.  

At PL2, there are no 100% pressure pulsations mitigations for any GV configuration, see 

Figure 24. The best mitigation outcome ranges between 40% to 80% decrement in 

pressure pulsations amplitude for the 0GV configuration. Moreover, the RVR pressure 

amplitude becomes very weak, which is an optimistic outcome. At both PL1 and PL2, +32 

GV is the worst performing GV configuration, highlighting the limitations of numerical 

predictions and analysis. There is limited suppression of pressure pulsations amplitudes 

at PL1 and PL2 with +32GV, which implies that aligning the upper hydrofoil in the flow 
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direction does not influence the flow much. Moreover, the second half of the GV system 

alone cannot mitigate pressure pulsations. Therefore, for the upper hydrofoil to 

contribute to the pressure pulsations, the upper hydrofoil should be against the flow. In 

the case of the present test case, only 0GV is the best suited, as the other configurations 

contribute to increased axial oscillations (plunging mode) in the draft tube and vaneless 

space region.  

 

Figure 24 Normalized pressure signal FFTs for PL1 operating conditions without and 

with the GV system at DT1 sensor at L1. 

 

Figure 25 Normalized pressure signal FFTs for PL2 operating conditions without and 

with the GV system at DT1 sensor at L1. 
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The hydraulic efficiency given in Table 11 shows a marginal decrement in hydraulic 

efficiency for the 0GV configuration at PL1 and PL2. For 0GV, the efficiency at BEP 

increases by 0.12%. Contrary to this, the numerical results discussed in Chapter 2 show 

increased efficiency with the +32GV configuration, which was the initial design criteria. 

One reason for the deviation between the numerical and experimental results is the 

boundary conditions used for the numerical analysis, which is the inlet flow rate instead 

of the pressure head. Considering the same flow rate for all numerical cases showed an 

increment in the Head of the turbine in the presence of GVs, especially 3GV, see Table 4 in 

Chapter 2. In the experiments for nearly similar pressure heads, the flow rate decreases in 

the presence of GVs; see Table 12. Due to this, there is some decrement in the turbine 

efficiency. Some other reasons for the efficiency decrement are the generator torque and 

hence, the power output. Nevertheless, the efficiency decrement is marginal in the 

experiments.  

    Table 11 Hydraulic efficiency (η) and difference (Δη) without and with the GV system. 

Draft 
tube GV 

angle 

PL1 PL2 BEP HL 

η (%) 
Δη 

(%) 
η (%) Δη (%) η (%) Δη (%) η (%) Δη (%) 

No GV 88.36 − 90.47 − 92 − 91.32 − 
−35GV 87 −1.54 89.41 −1.2 92 − 91.11 −0.23 
−20GV 87.51 −0.96 89.79 −0.75 92.07 +0.08 91.20 −0.13 
−10GV 87.74 −0.70 90 −0.52 92.04 +0.04 91.16 −0.18 

0GV 87.87 −0.55 90 −0.52 92.11 +0.12 91.02 −0.33 
+15GV 88 −0.41 90.1 −0.41 92.09 +0.1 91.01 −0.34 
+32GV 88.1 −0.29 90.32 −0.17 92.07 +0.08 91.90 +0.64 

Table 12 Flow rate (Q) and difference (ΔQ) without and with the GV system. 
Draft 

tube GV 
angle 

PL1 PL2 BEP HL 
Q 

(m3/s) 
ΔQ 

(%)  
Q  

(m3/s) 
ΔQ (%)  

Q 
(m3/s) 

ΔQ (%)  
Q 

(m3/s) 
ΔQ (%)  

No GV 0.1184 − 0.1436 − 0.202 − 0.245 − 
−35GV 0.1162 −1.86 0.1426 −0.70 0.201 −0.5 0.245 − 
−20GV 0.1169 −1.27 0.1424 −0.84 0.201 −0.5 0.244 −0.4 
−10GV 0.1160 −2 0.1430 −0.42 0.201 −0.5 0.245 − 

0GV 0.1168 −1.35 0.1422 −0.97 0.200 −0.99 0.245 − 
+15GV 0.1169 −1.27 0.1430 −0.42 0.201 −0.5 0.245 − 
+32GV 0.1179 −0.42 0.1432 −0.28 0.200 −0.99 0.245 − 
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CHAPTER IV 

Main Conclusions of the Research  
 

     The current research demonstrated a proof of concept of implementing a draft tube GV 

system in a single-regulated mixed flow turbine (Francis turbine) to suppress/mitigate 

the pressure pulsation by re-directing the flow. The thesis presents a summary of the GV 

design methodology and the experimental approach along with the related literature 

published or in the review process, which presents the results in detail. The main 

conclusions of the research are as follows: 

i. Imitating the flow characteristics at PL within the Francis-99 draft tube is possible by 

considering the numerical model of a standalone draft tube domain. The inlet 

boundary conditions include mapping the velocity profiles taken from the runner exit 

to the draft tube inlet of a Francis turbine complete or passage domain numerical 

model. Additional boundary conditions include specifying the turbulent kinetic 

energy, k, and turbulent energy dissipation, ε, at the draft tube inlet.  

ii. The reduced domain modelling strategy was helpful in the draft tube GV design 

process as the reduced mesh numerical model saved computational time and data 

storage. Also, it allowed performing multiple simulations simultaneously in a limited 

time. 

iii. The major drawback of reduced domain modelling is that it does not represent the 

complete turbine. Any changes/geometry modifications will influence the flow 

upstream. Therefore, it is essential to investigate the new design or the modified draft 

tube geometry with the upstream domains.  

iv. The draft tube GVs were numerically designed, and the design process showed that a 

set of three GV systems with a chord length of 86% and a leading-edge span of 30% of 

runner radius could reduce pressure pulsation in the draft tube. 

v. The experimental investigations showed that the pressure pulsations mitigate 

completely at lower PL operating conditions. At upper PL, the maximum pressure 

pulsations suppression is up to 80%, which makes the RVR weaker. 

vi. The hydraulic efficiency loss at lower and upper PL is marginal, with maximum 

mitigation achieved. 

vii. It could be emphasized that mitigating the pressure pulsations in the Francis model 

turbine could increase its operational flexibility and improve the runner’s lifespan.  

viii. The experiments also revealed the limitations of numerical modelling because the 

+32GV configuration showed the best mitigation numerically but was the worst-

performing configuration experimentally. Nevertheless, the proof of concept was 
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demonstrated successfully.  

ix. The experimental approach also demonstrated the adjustability of the GVs in the draft 

tube. These GVs are simple and thin structures and easy to mount. They do not affect 

the flow adversely or create additional frequencies. 

x. The biggest drawback of the experiments was having to manually adjust the GVs, even 

if the research had achieved its objectives of pressure pulsations mitigation. The GV 

adjustment required the opening of the exterior plates, which required the partial 

shutdown of the turbine. Since the plates were opened and closed every time, 

performing additional leakage tests was essential. The overall process was time-

consuming. 
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CHAPTER V 

Future Scope of the Research 
 

     The draft tube GV system to mitigate the pressure pulsations in the Francis model 

turbine showed promising outcomes. Such adjustable devices could be beneficial in 

achieving the best pressure pulsations mitigation at PL and adjusting to other operating 

conditions to achieve maximum efficiency.   The present thesis has some ideas and 

recommendations for future research scope. They are as follows: 

i. While designing the draft tube GVs or any other type of geometry mitigation 

technique, apart from the reduced and passage domain type of numerical modelling, 

it would be beneficial to investigate the mitigation technique in the complete turbine 

model. Since the present research showed deviations in the pressure FFTs between 

the reduced and passage domain, numerical models with draft tube GVs, including 

numerical modelling with complete turbine domains, could be helpful. This 

additional step could be the one before the FSI investigation in the design 

methodology. 

ii. Keeping the suggestion mentioned above in mind, using different turbulence models 

may be helpful to confirm the mitigation effects further. The numerical investigations 

should include at least two turbulence models. One could be the k-ε turbulence 

model, and the other could be an advanced turbulence model, like SAS-SST.  

iii. For futuristic pressure pulsations mitigation study using numerical techniques, it 

could be beneficial if at least two or more PL operating conditions are investigated.  

iv. The current technique should be investigated in detail on Francis turbine prototypes 

using numerical techniques and then experiments (if possible). Finding the influence 

of the draft tube GVs on prototype turbine pressure pulsations and hydraulic 

efficiency could be beneficial for the study to reach a full-scale developmental phase. 

v. It would be helpful to develop a flow feedback control system for the self-

adjustability of the draft tube GVs. Doing so will convert a single-regulated turbine to 

a double-regulated one, requiring a re-assessment of the hill chart. 

vi. Another recommendation is to investigate the effects of draft tube GVs on another 

single-regulated turbine, for example, a propeller turbine. 

vii. The GV geometry can be further optimized by increasing the chord or span or by re-

adjusting its location in the draft tube to investigate if there is 100% mitigation at all 

part load operating conditions.  
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Appendix A 

Performance characteristics of Francis turbine 
 

The net Head,  of the Francis turbine is calculated as follows 

 (A.1) 

where,  is the difference of specific energy,  at the inlet and the exit of the turbine and 

 is the hydraulic losses in the turbine. The gross Head,  is given as follows: 

 
(A.2) 

Here,  is the pressure,  is the absolute velocity,  is the gravity and  is the height. The 

specific energy is represented as: 

 (A.3) 

The specific speed,  of the turbine is given as: 

 
(A.4) 

Here,  is the power available and  is the gross Head 

from equation (A.2). The power available is given by: 

 (A.5) 

where,  is the discharge rate or the flow rate and  is the gross Head from equation 

(A.2). The power output is given by: 

 (A.6) 

 

where,  is the angular frequency, and  is the torque produced by the runner and 

transmitted to the generator. The torque , is given by: 

 (A.7) 

where,  is the inlet turbine runner radius, is the circumferential (or tangential) 

velocity at the inlet of the runner,  is the outlet t runner radius, and is the 
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circumferential velocity at the outlet of the runner. The hydraulic efficiency,  of the 

turbine is given by: 

 
(A.8) 

The pressure pulsations plunging, and rotating modes are calculated using the pressure 

sensors placed evenly circumferentially in the draft tube. If j is the number of sensors 

evenly distributed cross-sectionally in the draft tube, then the plunging mode is given by: 

 

(A.9) 

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

sensor is given by: 

 (A.10) 

The speed factor,  is given by: 

 
(A.11) 

where,  is the rpm of the runner,  is the diameter of the runner,  is the gross Head 

from equation (A.2), and is the gravity. The discharge factor, is given by: 

 
(A.12) 

The flow angle, α, is calculated as follows: 

 
(A.13) 

Where,  is the axial velocity and  is the circumferential velocity. 

The swirl number is given as: 

 

(A.14) 
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Appendix B 

Fast-Fourier Transform (FFT) 
The fast-Fourier Transform is a computationally efficient method to compute discrete 

Fourier transform (DFT) [63]. DFT is implemented to capture necessary frequencies and 

amplitudes if a signal is discrete and periodic. Suppose a signal Zn in time domain 

discretized for time, n = 0 . . . N - 1. Then, the DFT is: 

 
 

(B.1) 

Here, the kth frequency can be obtained for frequency, f =  and time, n. By defining 

, eq. (B.1) can be expressed as: 

 
 

(B.2) 

Expanding eq. (B.2) in sine and cosine form (Euler’s method) for real and imaginary 

terms. The following equations are obtained.  

  (B.3) 

 (B.4) 

Eq. (B.4) can be represented in compact complex form as 

 
 

(B.5) 

Here, A represents all cos terms, and B represents all sin terms. The eq. (B.5) can be 

represented in a complex plane with real and imaginary coordinates. The term  is the 

discrete Fourier transformation of . 
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Appendix C 

k-ε turbulence modelling  
 

The Reynolds averaged Navier Stokes (RANS) equation is given as: 

 
(C.1) 

The equations allow obtaining the mean values of the variables required. Here, Is the 

Reynolds stress tensor and is given as:  

 (C.2) 

Many turbulence models are available that attempt to solve the RANS equations; however, 

the computational costs and accuracy are the key factors that influence the selection of a 

turbulence model. The two-equations-based turbulence models that solve the RANS 

equations based on two additional transport equations are the most popular.  

The k-ε turbulence model equations are as follows: 

 
(C.3) 

 
(C.4) 

Here, the constants are = 1.92, = 1.44, = 0.09, = 1.3, and = 1.00. After the 

estimation of k and , the eddy viscosity is calculated by 

 
(C.5) 
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