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Abstract. This article presents a methodology developed to perform a detailed computational simulation of the flow-
induced vibration of a hydraulic turbine stay vane. The flow around the vanes was computed using a commercial CFD
code, ANSYS Fluent, and the calculation of the structural response and its coupling with the flow equations was done
with User Defined Functions. With this methodology, the structural response of the vane for a range of operational
flow conditions can be analyzed, and the situations for which resonance occurs can be identified. A proper design of
the vane should avoid such situations, because they can lead to structural failure or decrease of the vane's service life.
The methodology developed has the advantage of helping the design of such components without depending excessively
on experimental methods or empirical rules. Also, it allows either modifying existing profiles or choosing the best
shape for new ones based on the best manufacturing criteria.
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1. INTRODUCTION

The problem of vortex-induced vibration in different components of hydraulic turbines has been studied and
discussed by many authors. Regarding the stay vane (see Figure 1), one can mention mainly Gissoni (2005) and
Kurihara et al. (2007), whose works have as main approach to modify the trailing edge either machining a chamfer or
performing another modification that narrows this edge. Some recent works, as Yao, et al (2014) and Zobeiri, et al.
(2009), try to show as well the influence of the trailing edge on the vibration of the structure. Both use a NACA 0009
profile to compare empirically a Donaldson trailing edge (oblique) to a blunt trailing edge and the results once more
prove that narrow trailing edges undergo smaller vibrations. Most part of the actions taken into account in order to
avoid such vibrations are, as showed above, either empirical or based on previous experiences.
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Figure 1. Spiral case and the set of stay vanes. Venturatto, et. al (2013)

The main objective of this work is to develop a computational methodology to analyze such vibrations without
depending excessively on experimental methods. It can lead to even better profile formats because it makes possible to
test different geometries using few resources.

With this goal in mind, we have developed a computational method that uses a moving reference frame solidary to
the structure and solves the fluid and the structural equations (rigid bodies elastically mounted) in a coupled manner, so
it is possible to evaluate the fluid-structure interaction at each time step. Since we have a non-inertial system fixed to
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the body, we have to modify the Navier-Stokes and the boundary conditions (see section 2.2). Figure 2 below shows

how the variables are related to each other.
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Figure 2. Relationship between flow and structure variables

2. THEORETICAL FORMULATION

The objective of this section is to present some of the concepts employed throughout this paper. The items explore
topics related to CFD, such as: finite volume method (section 2.1) and solver corrections for simulations with body
motion (section 2.2). Also, we present the forces applied by the flow on the structure due to fluid-structure interaction
(section 2.3) and the integration of structural equation (section2.4).

2.1  Finite Volume Method

Once the governing equations are defined, the next step to solve these equations numerically is to discretize them in
a certain domain. That is, transform the differential equations in a set of algebraic equations. Each equation expresses
the conservation of a transported property in some points of a numerical grid. If the problem is transient, time is

discretized as well. The method employed by the solver in this work is called finite volume method. In such method, the
governing equations in the conservative form, Eq.(2.1), are integrated over a control volume (CV).

¥+V.(p¢\7)=v.(rv¢)+s¢ (2.1)

where: ¢ is the transported property, I" is the diffusivity coefficient, V = T% + _f% + E@g is the gradient operator;
Z

v is the velocity vector, p is the density, S, is the source term. Applying the Gauss divergence theorem to the
convective and diffusive terms of Eq.(2.1), we obtain:
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In which integrals over the CV were turned into a flux over the volume faces. Equation (2.2) applied to all cell in a
domain lead to the set of algebraic equation below:
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where: Nfaces: Number of cell faces, ¢, value of ¢ convected through face f, p,v,.A+ mass flux at face f, Ar area

vector (V¢), isthe ¢ gradient at face f, V cell volume.

Specific information about spatial discretization, gradients and derivatives evaluation, temporal discretization,
pressure-velocity coupling and so on can be found on Fluent 15,0 user’s Guide (2014).

2.2 Solver correction for simulations with body motion

A broadly employed method in simulations where there is a structure vibrating due the interaction with a flow
around it is named ALE (Arbitrary Lagrangian—Eulerian), where the mesh is deformed at each time step. This procedure
has a relatively high computational cost and it is more difficult to converge. In situations where the time of simulations
is important, for instance a CFD analysis as a part of an optimization process, one should search for methods that
demand less time to produce results. One of such methods consists in define a non-inertial reference frame solidary to
the body and correct the CFD solver due to this change. In this work, we have a body mounted in an elastic base and a
flow exercising forces around it. With a C++ code (the UDF mentioned in section 1), we can solve the structural
equations and pass the information obtained from the body motion (displacements, velocity and acceleration) to the
solver in order to correct the Navier-Stokes equations (a momentum source term) and the boundary conditions. The way
to do that is showed below.

2.21  Momentum source term
According to Li, Sherwin and Bearman (2002), the Navier—Stokes correction for a system with a moving reference is

given by the Eq.(2.4) , considering a system free to oscillate in both x and y direction and also rotate of an angle theta.
See Figure 3. As the momentum equation is divided by p, the momentum becomes acceleration.

h(t)

Figure 3. Moving reference frame solidary to a body. Li, Sherwin and Bearman (2002)

% +(V.VIV = -Vp+ W4 +[G(V,1)] (2.4)
Where: [G(V,t)] = 26[1,IV +(0)* %+ 6[1,]X ~[A"][d]

With: [|0]=((1) _01],[AT]=(§?§Z _Czi::j,[d]:(g(t),ﬁ(t))T,t:time,X:displacement

The dot over the variables represents a time derivative, Xy’ the fixed reference frame and xy the moving reference
frame.
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2.2.2  Boundary conditions correction

Two types of boundary conditions may change with the motion of the body. Inlet (Dirichlet) and Outlet (Neuman).
We present below the relationship between these conditions in systems xy ¢ x’y’.

2.2.2.1 Dirichlet

Differentiating the following relation X'=d +[A]X;X =[A"](X'-d) , we obtain:
V=0[1,]%+[AT](v'-d) (2.5)
Where V' is the velocity in the far-field measured in the fixed system.

2.2.2.2 Neumann

One can prove that for the outlet, where the Neumann condition is applied, the velocity gradient normal to
boundary is given by:

Vuii=gy -6n,;Vvii=gy -on, (2.6)

Where gy, and gy, are known function. If there is no rotation of the body or it is too small, the Neumann condition
does not change even though the body is moving. This is the case presented in the results, on section 4.

2.3 Forces in Fluid Structure Interaction

The forces applied on the body by the fluid are due to pressure and viscous stresses, and are given by Eq (2.7).
Since the only degree of freedom employed is y, we present only the force in the normal direction to flow.

_ _ N u, v w v
F,=F,+F, =psA +/{26y5ﬁ\/ +(6y+6x]5A‘ J{ay +az]5AZJ (2.7)

2.4  Dimensionless structure equation and time discretization

The dimensionless form of the mass-spring-damper equation for the structure is given as follows:
My +Cy +K'y =F/ (2.8)

Where M* is the dimensionless mass of the system, C* is the dimensionless damping of the system and K* is the
dimensionless stiffness. Fy* is the force in the transversal direction.

These variables are related to the dimension variables according the relationships below. U_ is the velocity at the
bulk flow, D is the stay vane chord, L is the depth, p is the water specific mass, M is the structure mass and t, time. C,
is the lifting coefficient.
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The variables §*, y" and y"are the displacements, velocities and accelerations and are related to the dimension
variables as follows:
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A different approach to define M*, C* and K* is to relate these variables with m*(mass ratio), £ (damping ratio) and
V, (reduced velocity). These dimensionless terms are very common in literature when it comes to experiments/
simulations with the cylinder:

« 2 . C ‘m’ . m’
m* = 4M2 = C ,Vr=U°°= ﬂ'Uw,M _zm ’C:nmg,K :ﬂ'T 2.11)
prD°L 2 KM f.D K D 4 Vv, V,
M

Finally, a time discretization of the Eq. (2.8) must be obtained in order to get the structural variables at each time
step of the solution. The method employed was also adopted by Neto (2007). The degree of freedom employed in this
case is y, since both the vibration in the streamwise direction and the rotation are negligible.

*
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y( )[ r 2 4 J y( )[ r 2 7 j y (t) > (2.12)

3. COMPUTATIONAL MODELING

The CFD code used to perform flow calculations was ANSY'S Fluent, and a C++ code, called UDF (Used Defined
Function) was written in order to correct some aspects of the solver and solve the structural equations, as mentioned
before. All cases were set for a transient, two-dimensional simulation.

Firstly, a fixed body simulation was carried out in order to correctly evaluate the parameters of the simulation per se
(mesh, time step, turbulence model, P-V coupling, etc.). Afterwards, the moving stay vane was simulated for Re = 8x
10°, same value adopted for the fixed case. All cases were simulated with U_=1 and D=1 (stay vane chord). The

density was p =1. Therefore, the dynamic viscosity was defined by Re = ™. The stay vane computational model is

showed below, in
Figure 4. This stay vane is from CESP’s Ilha Solteira Power Plant and it is the base for this work.

ix /

Figure 4. Stay vane computational model. Source: CESP.

The turbulence model employed was k-« SST and the cell fluxes calculated by a second order upwind scheme.
4. RESULTS
4.1  Fixed stay vane — Re=8x10"6.

The results bin this section come from a mesh with 174906 faces, 68474 nodes e 106462 cells. The dimensions are:
Xmin=-2.5, Xmax=5.5, Ymin=-1.1 e Ymax=1.2, consistent with the space that 1 out of 24 stay vanes occupies around
the stay ring. The time step is 5 x 105, the inlet is a velocity-inlet type (velocity prescribed, pressure free) and outlet an
outflow type (velocity gradient normal to boundary equal zero, pressure equal zero). Two periodic conditions were
defined in the parallel direction to the stay vane chord. They simulate the influence of the other neighbor vanes. The
first element height in the boundary layer was defined so y+=1 for this element. An attack angle of 58° is defined on the
inlet, according to the angle the flow comes from the spiral case.

The vorticity contours (Figure 5) and the Strouhal number (Figure 6) are presented below. Strouhal number gives
an idea of the vortex shedding frequency and, therefore, weather the vortex can cause or not resonance in the structure.
We can notice that not a single dominant frequency is present and the higher frequency (downstream the trailing edge)
with St=0.17.



Renato Venturatto Junior, Bruno Souza Carmo
Computational Simulation of an Hydraulic Turbine Stay Vane

Figure 5. Vorticity contours for the fixed stay vane simulation Re=8x10"6

2.00e+00
1.00e+00
0.00e+00
0 01 02 03 04 05
Freguency (Hz)

Figure 6. Strouhal number for fixed stay vane. The higher frequency (downstream the trailing edge) has St=0.17
4.2 Moving stay vane — Re=8x10"6.

Following the same characteristics of the fixed case above (size of domain, mesh, boundary condition, etc), we
present below in Figure 7 the results for the displacements in the normal direction related to flow, y, that is used to
evaluate the effects of resonance in the vanes. The value of V, ,defined in section 2.4, was assumed to be 5. In Figure 8
we can see the Strouhal number for the moving case, which is similar to the previous fixed case (St=0.16). Therefore,
this is the region of frequencies to pay attention in case of resonance problems.
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Figure 7: Displacements in y
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Figure 8. Strouhal number for moving stay vane. The higher frequency (downstream the trailing edge) has St=0.16.
5. CONCLUSIONS

We have presented in this article a methodology to analyze the vortex induced vibrations in a given structure
mounted over an elastic base, using a commercial CFD code (Fluent) associated to a C++ code, used to correct some
aspects in the solver and to solve the structural equation numerically, at each time step. The methodology for the flow
around the stay vane was successfully already applied. A future work could try to combine this CFD analyses with an
optimization process so it is possible to reach a satisfactory design automatically.
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