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LONG-TERM GOAL OF THE RESEARCH

The long-term goal of the research is to create a model able to simulate the hydrodynamics of flapping foils (rigid or flexible) used as an alternative propulsion device particularly for submarine vessels. The main advantages of such propulsion device are: i) improved efficiency, which is particularly relevant for remote controlled autonomous vessels, ii) a great control of the thruster output particularly in the start and stop regions, where the thruster is required to operate during hovering, iii) high maneuverability of the vessel due to the integrated nature of the main propulsor and the maneuvering control actuators. The model could also provide information for the design of propellers characterised by blades oscillating about a mean position. 

OBJECTIVES 

1) To formulate theoretical/numerical models of growing complexity aimed at investigating the propulsive efficiency of oscillating foils, 2) To obtain theoretical/numerical results concerning the hydrodynamics of oscillating foils and to compare them with experimental data, in order to validate the formulated models, 3) To make a preliminary investigation of the efficiency of oscillating foils in different areas of the parameter space.

APPROACH

Because of the optimal propulsive performances of fishes, which employ their oscillating tails to propel themselves in water, oscillating foils have been studied extensively (Triantafyllou et al., 2000). Thrust is produced through the periodic shedding of coherent vortex structures and the subsequent generation of a jet which appears when the flow is averaged over one period of oscillation. The phenomenon has been mainly investigated by experimental means (Triantafyllou et al., 1991; Gopalkrishnan et al., 1994; Andersen et al., 1998; Barret et al., 1999) because of the difficulties encountered  in theoretically predicting vorticity shedding and the highly nonlinear dynamics of the large vortices which are generated at the separating points. Presently we have  formulated different models of growing complexity able to describe vorticity shedding and dynamics. The first model (model A) is very simple and is aimed at a preliminary investigation of the phenomenon in the parameter space. Model A is based on Brown & Michael’s approach (Brown & Michael, 1954) and leads to the numerical integration of a moderate number of ordinary differential equations which describe the strength and position of the coherent vortices shed by the foil. The model is attractive for its simplicity and ability to give good qualitative and quantitative results, even though details of the flow near the edges and the structure of the growing vortex spirals are not properly represented. The second approach (model B) is based on the numerical integration of momentum and continuity equations in the vorticity-stream function formulation. The numerical model can simulate the details of the boundary layers and their separation from the foil surface, overcoming the deficiencies of the previous model. 
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WORK COMPLETED

During the 1st year the computer codes based on models A and B have been developed and tested. Moreover preliminary results have been obtained. A summary of the obtained results is made in the following section. A more exhaustive description can be found in the papers listed in section ‘Publications’.

RESULTS
Model A and its results: [image: image15.wmf] 
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some attempts to predict the flow generated by an oscillating foil/plate exist which are based on the assumption of large (strictly infinite) values of the Reynolds number, such that viscous effects have negligible influence on the overall flow and are significant only during the separation process. Hence, the problem becomes one of an inviscid flow. The free shear layers shed by the foil/plate are represented by many points of concentrated circulation (vortices). The crux of these discrete vortex approaches is the computational cost, which rapidly increases as the total number of vortices in the flow field increases. Presently the model due to Brown & Michael is used to simulate the phenomenon.  

	Figure 1.  Trajectories of the vortices shed by the plate at t  = 3T, for ( = 1, ( = (, ĥ = 2.5, ( = 14.3°, d = 1, (  = 90°, U0 = 1. (continuos line, trailing edge vortices; dashed line, leading edge vortices)


	Figure 2. Time average streamwise velocity component (u( plotted along the y-axis at five different cross locations downstream of the oscillationg plate, for ( = 1, ( = (, ĥ = 2.5, ( = 14.3°, d = 1, (  = 90°, U0 = 1


The vortex structures generated by boundary layer separation at the leading and trailing edges are replaced by simple concentrated vortices. The dynamics of the vortices in the process of being shed is obtained by imposing the condition of zero total force on the single vortex plus the cut joining it to the edge of generation. The Kutta condition closes the problem. In an inviscid approach, the strength of the vortices already shed by the plate remains constant. However, in actual flows the vortices are found to decay because of their inherent instability which causes their break down and their dissipation due to viscous effects. To take into account this vortex decay, the circulation of the shed vortices is heuristically assumed to exponentially decay in time. Before looking at the performances of pitching and heaving plates in steady forward motion, a preliminary set of runs has been made considering a plate which, immersed in a still fluid, harmonically oscillates without any rotation. By comparing the results of the numerical simulations with experimental flow visualizations, the code has been validated. Because of the efficiency of the code and the relative small computational costs, the present model allows an exhaustive investigation of the phenomenon in the parameter space to be made. Figure 1 shows the trajectories of the vortices, after few cycles from the beginning of the simulation, for a plate which moves with constant velocity and simultaneously pitches and heaves. At the beginning of the simulation two vortices are shed by the edges of the plate. Because of plate rotation and its forward steady motion, the strength of the two vortices is different as well as their trajectories are not symmetric with respect to the axis of the plate. Later on, more vortices should be considered and the flow becomes complex. However, after few cycles, the flow close to the plate attains a steady regime because the vortices are convected far away from the plate and decay. The oscillating plate generates thrust through the formation of a jet of fluid which leaves the foil. The jet is created by the vortices which are shed by the trailing edge with alternate sign every half cycle and form a staggered array of vortex structures resembling a Karman street behind bluff bodies, with vortices rotating in opposite directions. The jet clearly appears in Figure 2 which shows the time average of the streamwise velocity component at different cross locations downstream of the oscillating plate. 

Model B and its results: propulsive efficiency and vorticity dynamics: the flow field generated by a two-dimensional foil in steady forward motion and a combination of harmonic heaving and pitching oscillations has also been determined, by numerically solving momentum and continuity equations in the stream function-vorticity formulation. The vorticity equation and the Poisson equation relating the vorticity and the stream function are decoupled: each equation is solved once every time step. The vorticity transport equation allows to determine the vorticity at time ti = i (t provided the vorticity is known at the previous time step. The vorticity equation is discretized in space in a grid which uses constant steps in the z and ( directions, where the variable z is defined as function of the radial coordinate r straining the region close to the foil to resolve the large velocity gradients occurring near the foil surface. To solve the Poisson equation, which allows the stream function at time ti to be determined once vorticity is known, a pseudo-spectral approach is used. To obtain the pressure, which is required to determine the forces acting on the foil, momentum equations are used. To support the obtained results, the flow around an airfoil in steady forward motion and a combination of harmonic heaving and pitching oscillations has been computed and the results have been compared with the flow visualizations by Anderson et al. (1998). Then an investigation of the flow around an oscillating foil has been carried out and the force acting on the foil has been determined. There are seven principal parameters which control the results in addition to the shape of the foil (shape of the cross-section, aspect ratio), namely : 1) the heave amplitude-to chord ratio, 2) the average angle of attack, 3) the pitch amplitude 
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, 4) the phase angle between the heave and pitch oscillations, 5) the dimensionless distance of the point about which the foil pitches from the leading edge, 6) the dimensionless velocity of the foil U0, 7) the Reynolds number. Quite often the dimensionless velocity of the foil is replaced by the Strouhal number St defined as St = 1/(U0. The curves of the propulsive efficiency plotted versus the Strouhal number St and obtained at constant values of ( and heave-to-chord ratio, are characterized by a maximum for a value Stmax of St falling between 0.25 and 0.4. The peak is present at St = 0.25 for the smallest simulated value of 
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= 10°) and then it moves at larger Strouhal numbers when 
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is increased. At small values of 
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 the propulsive efficiency is poor, but it increases when 
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is increased till a value of 
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 equal to about 35°. Then, further increases of 
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 lead to a decreases of the efficiency (P even though the decrease is very small. Hence, the highest propulsive efficiency is found for angles ranging around 30°- 40° and for St ranging between 0.3 and 0.4, which are values similar to those characterizing the measurements of Anderson et al. (1998). The curves of (P versus St are characterized by a slow decrease of (P when the Strouhal number is increased beyond the value Stmax, while (P quickly drops if St becomes smaller than Stmax. Since the thrust coefficient cT monotonically increases with St, present results suggest that it is usually better to work at values of St slightly larger than Stmax even though a small decrease in the efficiency is present. One of the main advantages of numerically simulating the phenomenon with respect to an experimental investigation is that the access to the velocity and vorticity fields both in space and in time allows to investigate in more detail the flow close to the foil and to gain a clear picture of the vortex structures which give rise to the maximum propulsive efficiency. Figure 3 shows the vorticity dynamics generated by the oscillating foil at four phases of the cycle when the efficiency is maximum. The results show that high efficiency accompanied by significant thrust development is associated with the generation of moderately strong leading edge vortices, which subsiquently amalgamate with the trailing edge vorticity leading to the formation of a reverse Karman street. 
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Figure 3. Vorticity fields for RE = 1100, ĥ = 1, ( = -15°, (  = 80°, St = 0.3, at t = 12.566, t = 13.352, t = 14.137, t = 14.923.

Model B and its results: the chaotic regime: the obtained results show that periodic flows and periodic propulsive forces are usually associated to the periodic motion of the foil. However, the investigation of Vittori & Blondeaux (1993) shows that a periodic forcing can give rise to a chaotic flow. Therefore, an investigation of the phenomenon has been made in the parameter spece to identify the possible region of existence of a chaotic regime. To compare present findings with those described in Vittori & Blondeaux (1993), the new dimensionless parameter (, which is equal to the ratio between the thickness of the oscillatory boundary layer and the foil chord, has been introduced and some simulations have been performed for a heaving foil, keeping fixed the value of ( and varying the Reynolds number Re. When ( is equal to 0.1, for small values of Re a pair of small 'attached' vortices form in the wake of the foil during each half-cycle, resembling the vortex pair formed behind a symmetric body in an impulsively starting flow while the previous pair is convected by the free stream velocity and  dissipate. All the quantities characterizing the flow field turn out to be periodic and the flow at time t is the mirror image of that at time t+T/2 (T being the period of the foil oscillations). An increase of Re beyond a first critical value Rec1, which depends on the chosen value of (, leads to a flow which retains the time periodicity and the spatial symmetry with respect  to the foil axis (Y-axis) but such that the velocity and vorticity fields at the generic time t are no longer the mirror images of those at time t+T/2. Indeed, the vortices which form during the upward motion of the foil are different from those which are generated during the downward motion. Further increases of amplitude of the transverse oscillations induce the appearance of a low frequency component in the flow field. The modulation arises because the vorticity shed by the tips of the foil cannot be dissipated in the neighbourhood of the foil and a vortex street forms, with vortex structures leaving the foil along the negative Y-direction and following trajectories which slowly change in time. Larger values of Re lead to a chaotic flow as it appears from the analysis of the velocity spectra which show a broad band part.
The unpredictable time development of the system is associated with the breaking of the symmetry of the flow with respect to the Y-axis. The results described so far would indicate that the flow becomes chaotic through the scenario named quasi-periodicity and phase locking route to chaos as observed by Vittori & Blondeaux (1993) for the oscillatory flow around a cylinder of circular cross section. However, the results described so far are based on relatively short simulations. If the simulations are carried on for longer times, the flow field which appeared to be modulated in time and quasi-periodic for particular values of Re, looses its symmetry with respect to the Y-axis and becomes chaotic. Further results will be obtained in the following.

PERSONNEL EXCHANGES AND TRAVEL COMPLETED

Table 1. Summary of personnel exchanges and travel conducted under this NICOP.

	Name
	Home Institution
	Institution /

Location Visited
	Scientific / Technical

Purpose of visit
	Dates

	Guglielmini L.
	Dept. Environmental Eng.
	M.I.T.
	Use extension 3D of a numerical code
	from Febr. 2003 October 2003

	Blondeaux P.
	Dept. Environmental Eng.
	Toulouse
	Dissemination of results: V Eur. Fluid Mech. Conf.
	20-25 Aug. 2003

	Guglielmini L.
	Dept. Environmental Eng.
	Toulouse
	Dissemination of results: V Eur Fluid Mech. Conf.
	20-25 Aug. 2003


IMPACT/APPLICATIONS

The cooperation between the University of Genova and M.I.T. on the development of the numerical models of oscillating foils and on the comparison of the numerical findings with the experimental measurements obtained at M.I.T. has stood to benefit both the Italian and the US groups. The expertise of each group has been integrated with that of the other group to the greater good. An Italian Ph.D. student is going to complete a long stay (10 months) at M.I.T. Improved modelling of oscillating foils will be of benefit of both naval and civilian communities world wide. Indeed the results will allow optimisation of propulsion of possible remote controlled submarine vessels which can be used for underwater exploration and underwater works like laying cables under the sea floor, recovering unexploded mines and many other practical applications.

RELATED PROJECTS

The University of Genova has supported the project ‘Idrodinamica di animali marini’ which was aimed at starting the investigation of the phenomenon and in particular at a preliminary evaluation of the soundness of the proposed numerical approaches. The budged made available by the University of Genova was of about 20 K Euro. The University of Genova will support a postdoc to investigate in more details the chaotic regime previously described.
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