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Abstract: 
Bulb turbine units are one of the most installed turbines in run-of river projects with relatively low head. In order to enlarge the useful life of these turbines and avoid fatigue problems and cracks, it is of paramount importance to understand and determine the most relevant parameters and their influence on the dynamic response of the structure. In this paper, the modal characteristics of a bulb turbine unit in operation is numerically investigated, considering the rotation effect. A FEM model including alternator, shaft, runner and fluid is developed and the boundary conditions are determined. Firstly, the modal characteristic of the runner under different blade opening are analyzed. Then the influence of the rotation on the modal characteristic of the shaft and runner is discussed. The numerical method is verified by comparing with experimental results of a rotating and submerged disk. The results show that the runner modes are mainly blade-modes，which can be grouped according to the blade number, one jellyfish mode and four local modes in each group. A modified Campbell diagram of the global modes and a transformation matrix of natural frequency between dry modes and wet modes are proposed. Results of this study helps to understand the most influencing parameters, such as the added mass effect of water combined with the rotation. and the The proposed modified Campbell diagram could be used for an accurate calculation of natural frequencies and avoid possible resonance problems in future designs of bulb turbine units. 
Introduction
Rotating machineries, such as aeroengines, steam turbines and hydroturbines, have been widely used in the world, and have had problems with resonance and fatigue ever since. In order to avoid undesirable resonances and fatigue damages caused by excessive dynamic stress on the structure, it is of paramount importance to determine the dynamic response of the rotor structure, i.e., to determine its modal response. To determine the modal response of the rotating part of these machines is always complicated, as the rotor is usually composed of shaft, impeller or runner, alternator, bearings and seals, which have a very complicated complex and sometimes non-linear dynamic model. 
For hydroturbines, this task is even more challenging, as the turbine is usually submerged by in water, which is a dense fluid, that greatly affects the modal characteristics of the whole rotor. Therefore, in this type of machines, it is of paramount importance to study the “wet” modal characteristics of the rotating structure instead of the “dry” modal characteristics, in order to avoid critical failures caused by resonances [1]. Furthermore, these this type of turbines have to withstand extreme regulation, which means to work far away from the best efficiency point for long periods of time. Phenomena, such as pressure pulsation[2], cavitation vortex[3; 4] and generally cavitation[4; 5], may not only affect the hydraulic performance of a unit, but also threat its safe, stable and economical operation.
 When determining the dynamic behavior of bulb turbines, further complexities have to be considered. On one side, in these turbines the relative variation of the head is much more larger than in other turbines[6]. Also for these turbines, free surface vortices, fluctuations of the upstream and downstream level have a much larger effect on the unit stability[7; 8]. Finally, when determining the modal characteristics of a bulb turbine, it has to be considered that the added mass effect[9-11] of the water may be different depending on the blades position, which are continuously moved in order to maximize the efficiency. This implies, that the natural frequencies of the runner will also change depending on the operating condition. Note that this effect does not occur in other type of turbines such as Francis or Pump-Turbines where the blades are fixed. 
It is well known, that when a turbine runner is submerged in water, its modal characteristics are different than in air[12]. The most relevant effect is that the natural frequencies are lower, when the runner is submerged due to the added mass effect[13-15]. This means the unit is more likely to be excited by low frequency excitations. The modal characteristics affected by cavitation are rather complicated, for example, cavitation can change the structure mode shape and natural frequency as pointed out by some studies[16; 17]. Simplified models such as hydrofoils[16; 17] or disks[18-21], have provided a theoretical basis for understanding the influence of the fluid in the modal characteristics of runners. Some studies have proven that the behavior observed in the models is also observed in prototypes [11; 22]. Regarding, the added mass effect of the fluid on the turbine modal characteristics, most of the present literature is focused on Francis turbines and pump-turbines. However, only few researchers have studied and analyzed these effects in bulb turbines. 
Finally, besides the runner and its added mass effect, also the effects of the shaft on the whole rotor dynamics have to be considered. For hydroturbines, the modal characteristics of the runner are modified because of the shaft[23]. Furthermore, In hydraulic turbines, with generally long shaft, the gyroscopic effect plays an important role [24; 25], i.e., the rotational speed of the rotor cannot be ignored when analyzing the dynamic characteristics of the rotor. Also some researchers, pointed out the coupling shaft-runner, concluding that the coupling between the longitudinal vibrational mode of the shaft and the first bending mode of the blade could cause serious problems[26]. The influence of the bearings and its loads can affect the stability of the whole rotor[27]. 
From the literature researched it can be concluded that when analyzing the modal characteristics of a whole rotor, most of the studies do not consider the possible effects of the water or the “wet modes”. Furthermore, compared to other turbines, for bulb units, the studies are still very few and according to the authors’ knowledge, the wet mode characteristics of bulb turbine units have not been thoroughly researched. 
In this paper, the whole rotor of a bulb turbine unit is considered and the modal characteristic and its most influencing parameters have been analyzed in detail. The selected model is also an interesting case, because the real prototype suffered from serious cracks on the rotor after a short operating period. These cracks could be avoided with a more accurate calculation of the natural frequencies and this has also motivated the research of the present study. For the modal analysis, not only gyroscopic effects have been considered but also the acoustic fluid-structure interaction numerical method has been applied in order to determine the influence of the added mass effect and the influence of the relative rotation of the structure with respect to the fluid. In this way the natural frequencies and mode shapes of the whole rotor have been determined. 
Acoustic-structure coupling theory
Structural dynamic equilibrium equation considering the rotating effect
Traditional linear structural dynamic equilibrium equation usually ignores the influence of surrounding medium on the structure, the discretized linear structural dynamic equation is expressed as[28]: 
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where ,  and  are respectively, mass matrix, damping matrix and stiffness matrix (n×n matrix, n is the degree of freedom (DOF)); , ,  are respectively, acceleration, velocity and displacement.
Rotating machinery not only introduces gyroscopic effect, but also effect such as spin softening. Ignoring the rotating damping effect, the general rotordynamic equation can be expressed as:
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where  is the gyroscopic matrix, that depends on the rotational velocity; ,  is the spin softening matrix, that also depends on the rotational velocity. 
Acoustics governing Equations
For a mechanical structure, such as hydraulic machinery, usually submerged in medium whose density is much larger than that in air, the effect of fluid has to be considered when analyzing the dynamic characteristics of structure. In other words, the vibration of the submerged structure is greatly affected by surrounding fluid. Therefore, a method based on acoustics-structure theory[29] is generally used to obtain the structure dynamic characteristics. 
The Navier-Stokes equation is very complex and difficult to solve, especially when it needs to be solved simultaneously with structural governing equations. Thus, the fluid momentum and the flow continuity equation are simplified by assuming the fluid is compressible, irrotational, which has no body force and no mean flow. In addition, it is assumed that the pressure disturbance of the fluid is small. Then, the linearized continuity equation can be expressed as:
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where,  is the acoustic velocity,  is the acoustics pressure, is mean fluid density,  is mass source,  is the speed of sound in fluid medium and  is bulk modulus of fluid.
The linearized Navier-Stokes equation is then:
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With the linearized continuity equation ( 3 ) and the linearized Navier-Stokes Equation ( 4 ), the acoustic wave equation is:
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It is necessary to discretize the Equation ( 5 ) to get the finite element equations in discrete form[28] as the difficulty of coupling the fluid equation with the solid equation using Equation ( 5 ), the discretized wave equation in matrix notation is[29; 30]:
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where ,  and  are respectively, acoustic fluid mass matrix, acoustic fluid damping matrix and acoustic fluid stiffness matrix (n×n matrix, n is the degree of freedom (DOF)).  is the nodal pressure vector,  is acoustic fluid boundary matrix,  is acoustic fluid mass density constant,  is the acoustic fluid load vector. 
Acoustic fluid-structural coupling equation
The rotating structure governing equation ( 2 ) and the acoustics governing Equation ( 6 ) have to be solved simultaneously, the assembled form is:
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Numerical model
The model used in this paper is a model from a prototype which suffered serious cracks after one year of operation, probably due to an inaccurate calculation of the natural frequencies. Cracks were discovered at the flange root of the shaft near the runner side, as shown in Fig. 1 (a). The nondestructive flaw detection shows that the maximum depth of the crack even exceeds 120 mm after five years’ operation, which seriously threats the safe operation of the unit. For horizontal units, the cracks are very likely to occur, because the unit always bears the alternating load caused by gravity and buoyancy which cannot be avoided. That is, once the crack is initiated, it will expand rapidly and eventually lead to the fracture of the shaft. Thus, the purpose of this paper is to reveal the causes of the shaft cracks by determining the natural frequencies with numerical modal analysis and analyze possible dangerous hydraulic excitations. 
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	[bookmark: _Ref65577368]Fig. 1. Shaft cracks (a) and the model of bulb turbine unit (b).


The schematic diagram of bulb turbine is shown in Fig. 1 (b), where the bulb turbine unit is composed of alternator, shaft, runner and bearings. The distributor consists of 5 stay vanes and 16 guide vanes, the runner 5 blades. Other parameters are shown in Table 1. 
	[bookmark: _Ref65771995][bookmark: _Ref65771988]Table 1 Unit parameters

	Parameter
	Value

	Runner diameter (m)
	6.2

	Rated head (m)
	25.7

	Rated flow (m3/s)
	332.5

	Rated output (MW)
	49.0

	Rated rotational speed (rpm)
	107.1



For bulb turbine prototype unit, the whole rotor has been modeled. The model consists of all the rotating parts including the alternator, shaft, runner, bearings and the water surrounding the runner. Several blade angle positions, according to the operation of the machine, have been considered in the model. This will help to understand the added mass effect of the fluid for different blade positions. The resulting FEM model is shown in Fig. 2. 
The material of the rotating part is structural steel with a theoretical density of 7800 kg/m3, a Young’s modulus of 200 GPa, and a Poisson’s ratio of 0.3. The flow medium is water and it is assumed to be homogeneous with a constant density 1000 kg/m3 and a constant speed of sound 1482 m/s at 20 ℃. The solid186 element is used for solid domain and the fluid30 element for fluid domain. The bearings are considered with a stiffness coefficient of 2×109 N/m for radial bearing and 1×1010 N/m for thrust bearing, the magnetic pull is equivalent to the stiffness coefficient of the bearing to impose the boundary condition, with a stiffness 1×109 N/m. In addition, the impendence boundary is set with an acoustic absorption coefficient of 0.3 to reduce the problem size. 
A mesh sensitivity study is carried out previously using the natural frequencies as the comparing variable to determine the optimal number of nodes of the numerical model. Density of the mesh is changed into the axial, radial and circumferential direction to ensure the quality of the mesh and all possible parameters considered. The final mesh used has approximately 1,120,000 nodes and less than 0.2% error in respect to the densest mesh tested. 
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Results and discussion
In order to approach this complex problem, we first perform a modal analysis of the runner alone, then the shaft and finally the whole rotor.
Modal characteristics of the runner alone

	

	[bookmark: _Ref65444549]Fig. 3 Blade opening


The model of the runner alone is shown in Figure 3. For this model, the flange surface connecting the shaft and the runner is set as a fixed constraint. It is assumed that all blades have the same angle at the same time. The range of runner blade angle is -2° to 30°, as shown in Fig. 3, according to the operating characteristics given by the power station. 
Results of the modal analysis performed show that the mode shapes of the runner are mainly vibration of the blades, which can be grouped according to the number of blades n. In this case, the runner has 5 blades, and therefore 5 modes per group, as shown in Fig. 5 (a). Fig. 4 shows the characteristics of the mode shapes for the first group of Fig. 5. Every group consist of a jellyfish mode, in which all blades vibrate similarly at the same time, and it can be viewed as a global mode. The others are local modes, in which some blades vibrate largely and some blades almost do not vibrate. The results of the runner modes are similar to those in literature[26; 31; 32].
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	[bookmark: _Ref65692973]Fig. 4. The first mode group of runner at -2° (in water).


The effect of blade angle on natural frequencies is clearly shown in Fig. 5 (b), where the natural frequencies are plotted as a function of the blade angle for the different groups. It can be seen that the blade angle mainly affects the natural frequencies of the mode group 1. The difference between natural frequencies of mode group 1 is the largest at -2° and the smallest at 30°.

	

	[bookmark: _Ref65694072]Fig. 5. The natural frequencies and jellyfish modes of runner (a) and the natural frequency versus blade angle (b). 


In order to evaluate the added mass due to the fluid () over the modal mass (), the added mass factor λ[15], which is a dimensionless factor, is used in this paper, as shown in Eq.( 8 ).
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The added mass factor of the different jellyfish modes is shown in Fig. 6 (a). It can be seen that the blade opening mainly affect the added mass of the 1st jellyfish mode, while the other jellyfish modes are nearly not affected by the blade opening. As the blade opening decreases, the fluid gap between the blades gradually decreases, making the added mass larger[2; 15]. This effect is relevant especially for the first mode, which has a more global deformation.

	

	

	[bookmark: _Ref69032833]Fig. 6 Added mass factor of jellyfish modes (a) and fluid between blades (b).


Modal characteristics of shaft
Method verification
Before discussing, the modal characteristics of the shaft and the possible influence of the surrounding water on the rotor, the method is validated by comparing the numerical results obtained with a simplified shaft-disk model and the experimental ones obtained by Presas et al[18].
Fig. 7 shows the FEM model. Same elements as in the previous sections have been used. The grid independency study is also carried out to ensure the model is adequately accurate and the optimal mesh has approximately 240,000 nodes, less than 0.65 percent of difference between the densest mesh tested (1,610,000 nodes). 

	

	[bookmark: _Ref65685005]Fig. 7 FEM model of confined disk


The numerical and experimental results are shown in Fig. 8 (a) and (b), which are typical Campbell diagram, including forward whirling modes (2-pos, 3-pos and 4-pos) whose whirling direction is the same as the rotation direction and the natural frequency increases with the increasing of rotational speed, and backward whirling modes (2-neg, 3-neg and 4-neg) whose whirling direction is opposite to the rotation direction and the natural frequency decreases with the increasing of rotational speed. The predicted results by numerical method show good agreement with the experimental results.

	
(a)

	
(b)


	[bookmark: _Ref65771779]Fig. 8 Natural frequencies of the disk confined with rotation. Forward whirling modes (a) and backward whirling modes.


Presas et al[18; 33] experimentally observed and analytically justified that the difference between the forward and the backward mode when considering the disk rotating in water was less than the difference when the disk was rotating in air (nearly vacuum). Therefore, the results obtained here, which coincide with those ones obtained by Presas et al[33], show that the model is capable to consider the relative rotation of the structure with respect a dense fluid such as water.
Modal characteristics of the shaft without considering the surrounding fluid
[bookmark: _Hlk70603518]It is necessary to carry out a dry modal analysis to obtain the mode shapes natural frequencies of shaft in air and provide the basis for the following added mass analysis, although the real rotor includes the runner submerged in water. So, without considering the water, the first forty shaft modes at twenty-two rotational speeds (0-200rpm) have been numerically obtained. For this simulation, a runner blade opening from 30° is adopted. It should be noted that the mode characteristics at the rotational speed which is higher than the rated speed are analyzed to reveal the effect of rotational speed.
According to the results, there are three types of mode: the first is the global mode, which means the runner and rotor vibrate as rigid body, named as MR; the second is the local mode of runner, named as ML; the third is the coupling mode of shaft, runner and rotor, named as MC. The dry natural frequencies of the shaft at rated speed are shown in Fig. 9 (a), where ML1-ML4 correspond to mode group1-mode group4 in Fig. 5, respectively. The lower order modes are MRs, while the high order modes are MLs and MCs. MR mode and MC mode appear alternately. 
The global modes (MRs) are generally considered to be the most dangerous modes which threat the safe operation of the unit, thus the influence of rotation on MRs is mainly analyzed in the following part. 
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	[bookmark: _Ref68184563]Fig. 9. Natural frequencies of the rotor at rated speed (a) and Campbell diagram of MRs (b) in air.


The relationships of MR frequency and rotational speed are shown in Fig. 9 (b). The MR modes are whirling mode, axial mode and torsional mode of the shaft. The torsional mode and axial mode are constant at different rotational speeds. The whirling modes can be divided into forward whirling mode (FW, the whirling direction is the same as the rotation direction and the natural frequency increases with the increasing of rotational speed) and backward whirling mode (BW, the whirling direction is opposite to the rotation direction and the natural frequency decreases with the increasing of rotational speed). Fig. 10 shows the MR shapes at rated rotational speed. The mode shape of FW mode and BW mode are similar, thus only FW modes are listed (point B, D, G in Fig. 9 (b)).

	[image: ]FW1(point B)

	[image: ]FW2(point D)
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	[image: ]FW3(point G)

	[image: ]Axial (point H)


	[bookmark: _Ref68634028]Fig. 10. MR shapes at rated rotational speed.


Modal characteristics of the shaft including the surrounding fluid
In actual operation, the runner is submerged in water, which makes the mode characteristics different from those ones in air. Therefore, based on the acoustic fluid-structural coupling theory and the simulation approach developed in this paper, the effect of rotation on the shaft wet modal characteristics is studied. The modified Campbell diagram is proposed in Fig. 11 (a). The relationships between natural frequency and rotational speed of the shaft in water and in air has the same trend. At the same rotational speed, the natural frequency in water is lower than that of the corresponding mode shape in the air. 
According to Eq. ( 8 ), the added mass factor λ is calculated. The relationship between added mass factor and rotational speed is shown in Fig. 11 (b). This trend is similar to the trend shown in the Campbell diagram (natural frequency vs rotating speed). However, it does not necessarily mean that the added mass factor of FW mode will increase or the added mass factor of BW mode will decrease as the rotational speed increases, such as FW2 and BW2. 

	
(b)
(a)

	


	[bookmark: _Ref68695477]Fig. 11. (a) Modified Campbell diagram considering the surrounding fluid. (b) Added mass factor of the different modes as a function of the rotating speed


Considering these results, we propose the following transformation in order to consider the aforementioned described effects of added mass and rotation of the structure with respect to the fluid.  The relationship between the shaft natural frequencies in air and the shaft natural frequencies considering the fluid and the rotation can be expressed as: 
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where is the shaft natural frequency matrix in air and  is the shaft natural frequency matrix in water.  is the transformation matrix, where the elements of the matrix are =. n is the rotational speed and m is the mode order. This transformation matrix combines both effects and represents the added mass of water on the shaft for different rotational speed.
Influence of bearing stiffness on the modal characteristics
The bearing stiffness coefficient will change the stiffness matrix in Eq.( 7 ), thus affect the natural frequencies of the shaft. The effect of stiffness coefficient of the radial bearing near the runner is analyzed, from 2×109N/m to 1×1010N/m. The natural frequencies of MRs are shown in Fig. 12. It can be seen that the natural frequencies of whirling modes increase with the increase of the radial bearing stiffness coefficient, but the natural frequency of torsional mode and axial mode remains unchanged, as the whirling mode is a lateral vibration of the shaft.

	


	[bookmark: _Ref68900035]Fig. 12 MRs frequency versus bearing stiffness coefficient


Effect of rotation on the runner modes
The effect of rotation on MLs is quite complex, not only because ML is local mode and its mode shape is difficult to distinguish, but also because the shaft is affected by gyroscopic matrix, spin softening matrix and acoustic-structural coupling when calculating the rotor and surrounding water, which makes the natural frequency of MLs present different rules. 
The jellyfish modes of the runner are local modes for the shaft and are relatively easy to distinguish. Thus, the jellyfish modes are analyzed under different rotational speeds. In order to facilitate the presentation of natural frequency trends, the natural frequencies are normalized against the value of the rotational speed =0. The relationship between natural frequency and rotational speed is shown in Fig. 13 (a), and the added mass factor is shown in Fig. 13 (b). For shaft modes in air, the 1st and 2nd jellyfish mode natural frequency decrease while the 3rd and 4th natural frequencies of jellyfish mode increase with the increase of rotational speed, which means the spin softening effect is larger than the gyroscopic effect for 1st and 2nd jellyfish mode, but the spin softening effect is smaller than the gyroscopic effect for 3rd and 4th jellyfish mode. For the shaft modes in water, the 1st-4th natural frequencies of jellyfish mode decrease with the increase of rotational speed, but because of the added mass of the water, the descending speed slows down. Thus, the relationship between ML natural frequency and rotational speed is related to mode shape and added mass, and the effect of acoustic fluid-structural coupling is more obvious than the spin softening effect and the gyroscopic effect. 
In summary, for 1st and 2nd jellyfish mode, the effect of acoustic fluid-structural coupling > spin softening effect > gyroscopic effect. For 3rd and 4th jellyfish mode, the effect of acoustic fluid-structural coupling >gyroscopic effect> spin softening effect. In other words, the jellyfish mode of rotor is not only the vibration of blades, but also is accompanied by small vibration of the rotor (forward whirling). Therefore, the added mass of jellyfish modes when considering the shaft are absolutely different from those ones when only the runner is considered.
	
(a)

	
(b)


	[bookmark: _Ref68944677]Fig. 13. Natural frequency versus rotational speed (a) and added mass factor (b) of MLs.


Conclusions
The modal characteristics, i.e. mode shapes and natural frequencies of a bulb turbine rotor including the shaft, the runner, the surrounding fluid and the relative rotation of the structure with respect to the fluid have been analyzed in detail. Conclusions presented here can be useful for future designs of such units, where an accurate calculation of the natural frequencies is necessary in order to avoid fatigue problems. This study has been also motivated after several cracks found in some bulb units installed in the same power station. These cracks appeared after a short time of operation and they could have been avoided with a deeper knowledge of the modal characteristics of the rotor and its influencing parameters. 
The runner modes occur in group and can be grouped according to the number of blades n: every group of modes consist of a global mode (jellyfish mode) and n-1 local modes. These modes are greatly affect by the added mass, when the surrounding fluid is considered. The blade angle, which varies depending on the operating point, has also some effect on the natural frequency, especially for the lower mode of each group. For smaller angles, the added mass effect is larger and therefore the natural frequency is lower. 
[bookmark: _GoBack]The relative rotation of the structure with respect to a heavy fluid such as water has been also considered. The numerical method has been validated with previous experimental results obtained in a simplified test rig. Based on the added mass effect and the rotation of the fluid with respect to the structure, an modified Campbell diagram of the shaft modes, considering both effects, is proposed. Furthermore, as noted in this paper, these effects can be included in a transformation matrix, which allow to calculate the “wet” natural frequencies based on the “dry” natural frequencies 
The rotation of the shaft will also affect the local modes of the runner, and particularly jellyfish modes. The relationship between jellyfish natural frequency and rotational speed is related to mode shape and added mass of surrounding water. When considering effect of surrounding water, the jellyfish natural frequency decreases with the increase of rotational speed. 
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