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A numerical study of the cavitation behaviour of two-dimensional hydrofoils simulating a section of an inducer blade is presented. Two leading edge shapes were chosen to approach rocket engine inducer designs. They were tested with respect to the development of sheet cavitation. The numerical model of cavitating flows is based on the 3D code FINE/TURBO™, developed by NUMECA International. The cavita tion process is taken into account by using a single fluid model, which considers the liquid vapour mixture as a homogeneous fluid whose density varies with respect to the static pressure. Numerical results are compared with experimental ones, obtained in the CREMHyG large cavitation tunnel(ll. Pressure distributions along the foil suction side and the tunnel walls were measured for different cavity lengths. Total pressure measurements along the foil suction side allow characterizing the effects of cavitation on the liquid flow. Influence of the leading edge shape on the cavitation behaviour and comparison between experiments and numerical predictions are discussed.

Introduction

The prediction of the cavitation behaviour is of first importance for the design of rocket engine turbo pumps.

Indeed, this phenomenon results in strong unsteady forces acting on the pump components, and it may lead to substantial performance losses. The analysis of the vapour occurrence in the pump, as well as the study of the unsteady effects related to cavita tion, could directly influence the pump inducer design. Total pressure measurements have been per formed using a 4 holes probe along 3 axes crossing the upper channel at 37%, 70% and 95% of the chord from the leading edge (Fig. 1).

Velocities have been deduced from the total and static pressure measure ments. Comparisons with LDA data acquired along the same axes were used to validate the method under non-cavitating and cavitating conditions. in which the interface is considered to be in dynamic equilibrium<6),(!s),(l4). The momentum transfer between the phases is thus strongly linked to the mass transfer.

In the present work the empirical barotropic law p(P) used is presented in Fig. 3. When the pressure is respectively higher or lower than the vapour pressure, the fluid is supposed to be purely liquid or purely vapour, according respectively to the Tait equation and to the perfect gas law. The two fluid states are joined smoothly in the vapour-pressure neighbour hood. It results in the evolution law characterized mainly by its maximum slope 1/Amin2, where Amin2= dP/dp. Amin can thus be interpreted as the minimum speed of sound in the mixture. (16), [START_REF] Choi | The Application of Preconditioning in Viscous Flows[END_REF]. It consists in multiplying the pseudo-time derivatives by a preconditioning matrix r-1. Such modifications have no influence on the converged result, since these terms are of no physical meaning, and converge to zero.

The discretization is based on a finite volume approach. We use a second order central scheme, which must be associated with two artificial dissipa tion terms, respectively of second and fourth order.

The first one is activated in the strong pressure gradi ent areas, such as shocks. The other one is used in the whole domain, and it results in a second order space accuracy. The pseudo-time integration is made by a four-step Runge-Kutta procedure.

The physical time-derivative terms are discret ized with a second order backward difference scheme that ensures a second order accuracy in time. Experimental results are also provided on these figures, to enhance comparison. We obtain a reliable agreement between numerical and experimental results, the case of the SLE foil at 4.5 degrees angle of attack needing nevertheless at particular treatment, as will be discussed hereafter. Figure 7 shows the density of the fluid obtained for the four cases, for the cavitation number corre sponding to a cavity length close to 15% of the chord.

It can be noticed that the high angle of attack leads to a faster growing of the cavity thickness downstream of the detachment point, and to a larger void ratio along the foil surface.

Quantitative comparisons are investigated be tween experiments and the numerical results in the case of the bevelled leading edge at high angle of attack. The static pressure evolution along the profile is represented in Fig. 8 for a cavity length increasing from 5% of the chord to 20% of the chord.

We observe a general good agreement between the numerical results and the experimental data : the charts confirm that the cavity length is correctly predicted. The pressure downstream of the closure area is a little over-estimated by the calculation, which is mainly an effect of the 2D simulation that do not take into account the obstruction effects linked to 8
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 21 Fig. 2. The first leading edge presents a parabolic shape, about 3 mm long, creating with the suction side
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 32 Fig. 2 Geometry of the bevelled leading edge (BLE) and the sharp leading edge (SLE) . Angle of attack= 4.5 degrees
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 3 Fig.3The barotropic state law p(P)
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 5 This numerical model was adapted to treat the cavitation process<9). The key point of this adaptation is the modification of the state law of the fluid. Our barotropic law implies the simultaneous treatment of two different cases : the fluid is highly compressible in the two-phase flow areas (the Mach number can be as high as 4 or 5) and it is almost incompressible in the pure vapour or pure liquid areas. So the main difficulty consisted in managing these two different states of the fluid, without creating any spurious discontinuity in the flow field. Besides, the cavitation consists in a very sharp and very rapid process. It means that the density time fluctuations and the density repartition must be smoothed, to avoid numer ical instabilities. Thus, we use an under-relaxation of the variations of the density to prevent too fast chang ing during one pseudo-time step. We also modified the switch between the two types of artificial dissipations. The second difference term is now also activated in the strong density gradient areas, such as cavitation sheet interface. Turbulence model We use for the calculations presented in this paper a classical Baldwin-Lomax turbulence model. Other calculations considering k-E turbulence models are in progress to improve the physical analyses. A more detailed study of the influence of the turbulence model on unsteady cavitation simulation is proposed in Ref. (18). It shows a major effect of the compres sibility effect modelling on the unsteady behaviour of cloud cavitation. Boundary conditions The boundary condition setting is based on a system of dummy cells. Classical incompressible types of boundary conditions are applied : imposed velocities at the inlet, and an imposed static pressure at the outlet. Numerical studies have been started in LEGI to improve these conditions, mainly by taking into account the test rig influence<'9l, but have not been applied in the cavitating case yet. Laws of the wall are applied along solid boundaries. Initial transient treatment First of all, a steady step is carried out, with a pseudo vapour pressure low enough to ensure no vapour presence in the whole computational domain. Then, this vapour pressure is increased progressively BLE during the early time steps, until the required cavita tion number !5 is reached. Vapour appears progres sively in the low static pressure regions during this transient. The cavitation number is then kept con stant throughout the computation. Two-dimensional Results 2D computations were performed on both geome tries, for the two experimental angles of attack of 4.1 and 4.5 degrees. A 10 000 cells mesh was applied in the four cases (Fig. 4), and a large range of cavitation numbers was considered, according to the experimen tal results. In the case of the SLE foil at 4.5 degrees incidence, a second mesh has been tested, more refined near the leading edge. In all computations a cavitation sheet appears on the suction side of the foil and completely stabilises as soon as the operating cavitation number is reached. Then, decreasing the cavitation number !5 in succes sive steps allows drawing the relationship: cavitation number !5 versus cavity length. Figures 5 ( a ) and ( b ) present the results for the two angles of attack, respectively in the case of the BLE and SLE foils.
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 4145526 Fig. 4 Detail of the mesh near the leading edges : BLE and SLE foil
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 7 Fig. 7 Shape of the cavities with Lcav=15% Lref, (a) Bevelled leading edge -i=4.5", (b) Bevelled leading edge -i=4T, (c) Sharp leading edge -i=4.5", (d) Sharp leading edge -i=4.1"

6I

  .,..-_ --+--+---1-----+--+-----0 . 8 +-. --+----+---+---+-----+----;' .......0 --o .......: iU .O.C) beveled leading edge i=4.5' Lcav/Lref=1 0% 0 . 8 ---••-•••-

Fig. 8

 8 Fig. 8 Static pressure dis tribution on the profile : numerical and experimen tal results (BLE foil, Vref=16 m/s) the boundary layers developing along the sidewalls of the tunnel. Nevertheless, the most important discrep ancy concerns the pressure increase in the cavity closure area, which appears more pronounced in the calculations than in the experiments. This sharp elevation predicted by the model in the cavity wake can be related to the complete stabilization of the cavitation sheet. The real behaviour involves self oscillations of the cavitation sheet and the measured time-averaged pressure distributions downstream of the cavities appear smoothed. Velocity profiles across the upper channel are more closely studied. The velocity distribution along three axes almost perpendicular to the foil suction side, respectively at 37%, 70%, and 95% of the chord
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 12812910 Fig. 9 Velocity profiles in three sections located respectively at 37%, 70%, and 95% of the chord. All values are divided by the mean velocity in the corresponding section in non cavitating condition. (BLE fo il at 4.5 degree, Vref=16 m/s). Non cavitating condition experimental points+; numerical result (fu ll line) ; Cavitating condition (Lcav/Lref=15%) experimental points .A ; numerical result (fu ll line) ; Difference between non-cavitating and cavitating conditions experimental e ; numerical result (fu ll line)
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 6 Three-dimensional Computation A three dimensional calculation taking into account the complete experimental geometry was performed, to illustrate the 3D ability of the numerical code and to estimate the effect of 2D simplifications applied in the previous cases. A 106 cells mesh of the SLE foil at 4. 1 degrees angle of attack is used. The cavitation number is fixed to 0.2, which leads to a cavity length close to 5% of the chord. The cavity shape, shown in Fig. 10, is clearly three-dimensional, with an important influence of the sidewalls boundary layers, also visible on the streamlines drawn from the foil leading edge.

A

  numerical study of the cavitation behaviour of two-dimensional hydrofoils simulating a section of an inducer blade was presented. Two-dimensional com putations were performed in different cases : two different foil leading edge shapes, two different angles of attack. A good agreement with experiments is generally obtained for the cavity length at different cavitation numbers. In one case, namely the sharp leading edge foil at the higher angle of attack, the presence of a separated flow near the sharp leading edge, observed for non-cavitating conditions, creates the condition of a strong hysteresis phenomenon in the numerical result. Only the simulation performed by increasing the cavitation number from its minimum value provides a behaviour that conforms to experi mental observations. With this angle of attack, the cavity is larger than with the bevelled leading edge foil, in both experiments and simulations. The self oscillating behaviour of cavitation is not simulated at the present stage of the model. There is no effect of the leading edge shape at the lower angle of attack. Static pressure distributions along the foil suction side and velocity profiles in the cross sections of the foil suction side channel agree well with measurements. The presence of the cavitation sheet leads to the modification of the boundary layer all along the foil, with a probable effect on the trailing edge flow. A first 3D computation shows the influence of sidewall bound ary layers on attached cavity.
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