Proceedings of ALGORITMY 2002 Conference on Scientific Computing, pp. 187–194

NUMERICAL SOLUTION OF FLOW OVER A PROFILE CONSIDERING DYNAMICAL AND AEROELASTIC EFFECTS^∗

RADEK HONZÁTKO^†, JAROMÍR HORÁČEK^‡, AND KAREL KOZEL^§

Abstract. Numerical solution of a 2D inviscid incompressible flow over a profile in a channel.

Key words. model of Euler equations, finite volume method, prescribed oscillating behaviour, dynamical effects

1. Introduction. The work deals with a numerical solution of a 2D inviscid incompressible flow over a profile in a channel. The finite volume method in a form of cell-centered scheme is used. The composite scheme applied to a numerical solution consists of more dissipative part (Lax-Friedrichs scheme) and less dissipative part (Lax-Wendroff). Governing system of equations is the system of Euler equations. Two possibilities are considered. Firstly the flow is influenced by a prescribed oscillating behaviour of the profile. Secondly the oscillation of the profile is influenced by a flow field in the channel. In both cases the profile is fixed in the centre of gravity.

2. Mathematical model. The behaviour of flow is described by the system of Euler equations for inviscid incompressible flow in conservation form:

RW_t + F_x + G_y = 0 , (1) where W = ‖^p_ρ , u, v‖^T F = ‖u, u^2 +^p_ρ , uv‖^T G = ‖v, uv, v^2 +^p_ρ ‖^T R = diag‖^1_{a2} , 1, 1‖ . (2)

Here ρ is density (constant), p is pressure and (u, v) is velocity vector. Upstream conditions are W = W_∞. Downstream condition is only given p = p_2. Next values of W_2 are extrapolated. Wall conditions are nonpermeability conditions (u, v)_n = 0 (normal component of velocity vector is zero).

The method of artificial compressibility and the time dependent method are used for computation of the steady flow.

In the case of an unsteady flow one has to consider a → ∞ or a ≫ K, where K is a big positive number.

∗This work was partly supported by Grants No.: 101/98/K001 GACR, 201/02/0684 GACR, Research Plan MSM 210000010 and 101/02/0391 GACR.

†Dept. of Mathematics, Faculty of Nuclear Sciences and Physical Engineering, Czech Technical Univeristy in Prague (honzatko.radek@seznam.cz).

‡Institute of Thermomechanics AS CR, Prague.

§Institute of Technical Mathematics, Faculty of Mechanical Engineering, Czech Technical University in Prague. 187

188 R. HONZ^´ATKO, J. HOR^´A^ˇCEK, K. KOZEL

The two possibilities of flow are considered:

• Prescribed oscillating behaviour of the profile:

The change of a position (angle of attack) of the profile fixed in the centre of gravity is given (fig. 1) by the formula

φ = φ_0 cos(2πft) ,

where φ is an angle of rotation of the profile from the position of equilibrium [rad], φ_0 is an initial angle of rotation of the profile from the position of equilibrium at t = 0 [rad], f is a frequency [s^{−1}], f = 2 Hz.

Fig. 1. Angle of rotation of the profile (shows positions of the profile in graphs in fig. 4, 5)

• Dynamical effects of fluid flow on the profile:

Dynamical effects (changes of a position of the profile fixed in the centre of gravity) are considered by the behaviour of the ODE

θφ̈ + k_tφ̇ + c_tφ = M_A(t) , (3) where φ is an angle of rotation of the profile from the position of equilibrium [rad], θ is a momentum of inertia [kg m^2], k_t is a coefitient of torsional damping [kg m^2s^{−1}], c_t is a torsional stiffness [kg m^2s^{−2}], M_A(t) is an aerodynamic momentum.

3. Numerical solution. The combination of Lax-Wendroff (LW) and Lax- Friedrichs (LF) schemes in finite volume form of composite (C) scheme is used: C(W ) = LW (W ) ⊗ LF (W ) at quadrilateral grid (fig. 2) in cell-centered form:

• LF Predictor:

W^{n+1/2} i = W^n_i − 1 2 Δt μ_i 4∑ k=1 (F̄^n_{ik} Δy_k − Ḡ^n_{ik} Δx_k) + ε 4 4∑ k=1 (W^n_k − W^n_i ) (4)

NUMERICAL SOLUTION OF FLOW PAST A PROFILE 189

Fig. 2. Structured mesh for a channel with a profile inside (Numerical results obtained for upstream conditions W = W_∞ = ‖12500P a, 5ms^{−1}, 0ms^{−1}‖ and downstream condition p = p_2 = 12500P a)

• LF Corrector:

W^{n+1}_i = W^{n+1/2}_i − 1 2 Δt μ_i 4∑ k=1 (F̄^{n+1/2} ik Δy_k − Ḡ^{n+1/2}_{ik} Δx_k) +

+ ε 4 4∑ k=1 (W^{n+1/2} k − W^{n+1/2}_i ) (5) • LW Predictor is the same as LF Predictor (4) • LW Corrector:

W^{n+1}_i = W^n_i − Δt μ_i 4∑ k=1 (F̄^{n+1/2} ik Δy_k − Ḡ^{n+1/2}_{ik} Δx_k ) , (6)

where F̄_{ik} =^1_2 (F_k + F_{k+1}), Ḡ_{ik} =^1_2 (G_k + G_{k+1}), ε ∈ (0, 1⟩ (fig. 3). Wall conditions are realised by using “reflection principle”, i. e. there are artificial volumes in the wall created by a reflection on the wall. The velocity vector (u, v) is also reflected on the wall.

Wall conditions on oscillating profile are realised by using “small disturbance theory” because one considers only small changes of angle φ, i. e. there is no real movement of the profile, the movement is approximated by the rotation of the normal vector to the profile (^{∂(u,v)}_{∂s} = f^′ + φ, where f is a function describing the pofile, s is a tangential vector to the profile and φ ≤ 8^0).

The ODE (3) is solved by the Runge-Kutta method of 4^{th} order.

4. Some numerical results. Figure 2 shows the channel with the profile inside and the structured quadrilateral mesh. The value x denotes the vertical profile position in the channel with respect to lower wall of the channel. Figures 1, 4 and 5

190 R. HONZ^´ATKO, J. HOR^´A^ˇCEK, K. KOZEL

Fig. 3. Using of neighbouring cells by application of numerical schemes in cell-centered form

concerns the prescribed oscillating behaviour of the profile. The figure 1 represents a distribution of the profile oscillation prescribed as the function φ = φ_0 cos(2πft), where f = 2 Hz. There are considered small angles of profile rotation up to φ_0 = 8 degrees. In the case of results presented is φ_0 = 3^o. Figure 4, resp. 5 shows graphs of velocity value q = √ u^2 + v^2 distributed along walls of the profile or along upper or lower wall of the channel. The figures are numbered with respect to numbers in fig. 1. It means that the n^{th} graph shows flow field in the corresponding time marked n in fig. 1. Charts labeled with number 1 are steady states of flow. After a transition state there it is possible to see periodical changes of flow with respect to periodical movement of the profile in figures 4, 5. Figure 6, resp. 7 represents oscillation of the profile described by the equation 3 for different upstream velocities u_∞ with profile position x = 58, 3%, resp. x = 83, 3%. Damping ratio [in %] depended on upstream velocity value is displayed in figure 8 for profile position x = 58, 3%, resp. figure 9 for profile position x = 83, 3%.

REFERENCES

[1] R. Honzátko, J. Horáček, K. Kozel, Numerické řešení nestlačitelného nevazkého obtékání mříže s uvažováním dynamických účinků (Numerical solution of incompressible inviscid flow through a cascade considering dynamical effects), Proceedings of “Fluid Mechanics 2001”, pp. 57–60, ISBN 80-85918-62-5, Institute of Thermomechanics, 2001.

[2] R. Honzátko, Numerické řešení nevazkého nestlačitelného obtékání mříže na síti trojúhelníků a čtyřúhelníků (stacionární a nestacionární), diplomová práce, Fakulta jaderná a fyzikálně inženýrská, ČVUT v Praze, 2000.

[3] K. Kozel, M. Janda, R. Liska, Composite schemes on Triangular Meshes, Proceedings of Conf. on Hyperbolic Problems 2000, pp. 563–572, Magdeburg, 2002.

[4] R. Honzátko, M. Janda, K. Kozel, Numerické řešení 2D stacionárního a nestacionárního proudění užitím kompozitního schématu (Numerical solution of 2D steady and unteady flows using composite schemes), Proceedings of “Fluid Mechanics 2000”, pp. 27–30, ISBN 80-85918-55-2, Institute of Thermomechanics, 2000.

[5] R. Honzátko, J. Horáček, K. Kozel, Numerické řešení obtékání oscilujícího profilu v kanálu (Numerical solution of flow past an oscillating profile in a channel), Proceedings of “Fluid Mechanics 2002”, pp. 33–36, ISBN 80-85918-72-2, Institute of Thermomechanics, 2002.

NUMERICAL SOLUTION OF FLOW PAST A PROFILE 191

Fig. 4. Velocity value distributed along the walls of the profile

Fig. 5. Velocity value distributed along upper and lower wall of the channel

192 R. HONZ^´ATKO, J. HOR^´A^ˇCEK, K. KOZEL

Fig. 6. Oscillation of the profile with respect to different upstream velocities u_∞, position of the profile is x = 58.3% (fig. 2)

NUMERICAL SOLUTION OF FLOW PAST A PROFILE 193

Fig. 7. Oscillation of the profile with respect to different upstream velocities u_∞, position of the profile is x = 83.3% (fig. 2)

194 R. HONZ^´ATKO, J. HOR^´A^ˇCEK, K. KOZEL

Fig. 8. Damping ratio with respect to upstream velocity, position of the profile is x = 58.3% (fig. 2)

Fig. 9. Damping ratio with respect to upstream velocity, position of the profile is x = 83.3% (fig. 2)