






[image: PDFHALL.COM]






Menu





	 maison
	 Ajouter le document
	 Signe
	 Créer un compte







































Free surfaces, buoyancy and turbulent incompressible ... - Description

5.1 Introduction. In the previous ..... Studies of convective motion and heat transfer in a porous medium are essential to understand many ... give a brief introduction to such flows in this section. Porous medium ..... F.P. Incropera and D.P. Dewitt. 

















 Télécharger le PDF 






 1MB taille
 9 téléchargements
 397 vues






 commentaire





 Report
























5 Free surfaces, buoyancy and turbulent incompressible flows 5.1 Introduction In the previous chapter we have introduced the reader to general methods of solving incompressible flow problems and have illustrated these with many examples of newtonian and non-newtonian flows. In the present chapter, we shall address three separate topics of incompressible flow which were not dealt with in the previous chapters. This chapter is thus divided into three parts. In the first two parts the common theme is that of the action of the body force due to gravity. We start with a section addressed to problems of free surfaces and continue with the second section which deals with buoyancy effects caused by temperature differences in various parts of the domain. The third part discusses the important topic of turbulence and we shall introduce the reader here to some general models currently used in such studies. This last section will inevitably be brief and we will simply illustrate the possibility of dealing with time averaged viscosities and Reynolds stresses. We shall have occasion later to use such concepts when dealing with compressible flows in Chapter 6. However the first two topics of incompressible flow are of considerable importance and here we shall discuss matters in some detail. The first part of this chapter, Sec. 5.2, will deal with problems in which a free surface of flow occurs when gravity forces are acting throughout the domain. Typical examples here would be for instance given by the disturbance of the free surface of water and the creation of waves by moving ships or submarines. Of course other problems of similar kinds arise in practice. Indeed in Chapter 7, where we deal with shallow water flows, a free surface is an essential condition but other assumptions and simplifications have to be introduced. Here we deal with the full problem and include either complete viscous effects or simply deal with an inviscid fluid without further physical assumptions. There are other topics of free surfaces which occur in practice. One of these for instance is that of mould filling which is frequently encountered in manufacturing where a particular fluid or polymer is poured into a mould and solidifies. We shall briefly refer to such examples. Space does not permit us to deal with this important problem in detail but we give some references to the current literature. In Sec. 5.3, we invoke problems of buoyancy and here we can deal with pure (natural) convection when the only force causing the flow is that of the difference
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between uniform density and density which has been perturbed by a given temperature field. In such examples it is a fairly simple matter to modify the equations so as to deal only with the perturbation forces but on occasion forced convection is coupled with such naturally occurring convection.



5.2 Free surface flows 5.2.1 General remarks and governing equations ~ ~ ~ ~ ~ ~



~



-



In many problems of practical importance a free surface will occur in the fluid (liquid). In general the position of such a free surface is not known and the main problem is that of determining it. In Fig. 5.1, we show a set of typical problems of free surfaces; these range from flow over and under water control structures, flow



Fig. 5.1 Typical problems with a free surface.



~
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around ships, to industrial processes such as filling of moulds. All these situations deal with a fluid which is incompressible and in which the viscous effects either can be important or on the other hand may be neglected. The only difference from solving the type of problem which we have discussed in the previous chapter is the fact that the position of the free surface is not known a priori and has to be determined during the computation. On the free surface we have at all times to ensure that (1) the pressure (which approximates the normal traction) and tangential tractions are zero unless specified otherwise, and (2) that the material particles of the fluid belong to the free surface at all times. Obviously very considerable non-linearities occur and the problem will have to be solved iteratively. We shall therefore concentrate in the following presentation on a typical situation in which such iteration can be used. The problem chosen for the more detailed discussion is that of ship hydrodynamics though the reader will obviously realize that for the other problems shown somewhat similar procedures of iteration will be applicable though details may well differ in each application.



5.2.2 Free surface wave problems in ship hydrodynamics Figure 5.2 shows a typical problem of ship motion together with the boundaries limiting the domain of analysis. In the interior of the domain we can use either the



Fig. 5.2 A typical problem of ship motion.
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full Navier-Stokes equations or, neglecting viscosity effects, a pure potential or Euler approximation. Both assumptions have been discussed in the previous chapter but it is interesting to remark here that the resistance caused by the waves may be four or five times greater than that due to viscous drag. Clearly surface effects are of great importance. Historically many solutions that ignore viscosity totally have been used in the ship industry with good effect by involving so-called boundary solution procedures or panel methods.Ip" Early finite element studies on the field of ship hydrodynamics have also used potential flow equations.I2 A full description of these is given in many papers. However complete solutions with viscous effects and full non-linearity are difficult to deal with. In the procedures that we present in this section, the door is opened to obtain a full solution without any extraneous assumptions and indeed such solutions could include turbulence effects, etc. We need not mention in any detail the question of the equations which are to be solved. These are simply those we have already discussed in Sec. 4.1 of the previous chapter and indeed the same CBS procedure will be used in the solution. However, considerable difficulties arise on the free surface, despite the fact that on such a surface both tractions are known (or zero). The difficulties are caused by the fact that at all times we need to ensure that this surface is a material one and contains the particles of the fluid. Let us define the position of the surface by its elevation 7 relative to some previously known surface which we shall refer to as the reference surface (see Fig. 5.2). This surface may be horizontal and may indeed be the undisturbed water surface or may simply be a previously calculated surface. If 7 is measured in the direction of the vertical coordinate which we shall call x3,we can write 7 ( t ,XI 1
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= x3



-



X3ref



(5.1)



Noting that 7 is the position of the particle on the surface, we observe that



and from Eq. (5.1,) we have finally



where (5.4) We immediately observe that 7 obeys a pure convection equation (see Chapter 2) in terms of the variables t , uI , u2 and u3 in which u3 is a source term. At this stage it is worthwhile remarking that this surface equation has been known for a very long time and was dealt with previously by upwind differences, in particular those introduced on a regular grid by Dawson.' However in Chapter 2, we have already discussed other perfectly stable, finite element methods, any of which can be used for dealing with this equation. In particular the characteristic-Galerkin procedure can be applied most effectively.
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It is important to observe that when the steady state is reached we simply have



which ensures that the velocity vector is tangential to the free surface. The solution method for the whole problem can now be fully discussed.



5.2.3 Iterative solution procedures x___
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An iterative procedure is now fairly clear and several alternatives are possible.



Mesh updating The first of these solutions is that involving mesh updutings, where we proceed as follows. Assuming a known reference surface, say the original horizontal surface of the water, we specify that the pressure and tangential traction on this surface are zero and solve the resulting fluid mechanics problem by the methods of the previous chapter. Using the CBS algorithm we start with known values of the velocities and find the necessary increment obtaining u"+' and p"+' from initial values. At the same time we solve the increment of 17 using the newly calculated values of the velocities. We note here that this last equation is solved only in two dimensions on a mesh corresponding to the projected coordinates of -yI and x 2 . At this stage the surface can be immediately updated to a new position which now becomes the new reference surface and the procedure can then be repeated.



Hydrostatic adjustment Obviously the method of repeated mesh updating can be extremely costly and in general we follow the process described as hydrostatic adjustment. In this process we note that once the incremental q has been established, we can adjust the surface pressure at the reference surface by



Ap" = A$pg (5.6) Some authors say that this is a use of the Bernoulli equation but obviously it is a simple disregard of any acceleration forces that may exist near the surface and of any viscous stresses there. Of course this introduces an approximation but this approximation can be quite happily used for starting the following step. If we proceed in this manner until the solution of the basic flow problem is well advanced and the steady state has nearly been reached we have a solution which is reasonably accurate for small waves but which can now be used as a starting point of the mesh adjustment if so desired. In all practical calculations it is recommended that many steps of the hydrostutic udjustment be used before repeating the mesh updating which is quite expensive. In many ship problems it has been shown that with a single mesh quite good results can be obtained without the necessity of proceeding with mesh adjustment. We shall refer to such examples later. The methodologies suggested here follow the work of Hino et al., Idelshon c t d., Lohner et ul. and Oiiate et u l . 1 3 p 1The x methods which we discussed in the context
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of ships here provide a basis on which other free surface problems could be started at all times and are obviously an improvement on a very primitive adjustment of surface by trial and error. However, some authors recommend alternatives such as pseudoconcentration methods," which are more useful in the context of mould filling,20-22 etc. We shall not go into that in detail further and interested readers can consult the necessary references.



5.2.4 Numerical examples Example 1. A submerged hydrofoil We start with the two-dimensional problem shown



in Fig. 5.3, where a NACAOO12 aerofoil profile is used in submerged form as a hydrofoil which could in the imagination of the reader be attached to a ship. This is a model problem, as many two-dimensional situations are not realistic. Here the angle of attack of the flow is 5" and the Froude number is 0.5672. The Froude number is defined as Fr



IUSI



=-



m



(5.7)



In Fig. 5.4, we show the pressure distribution throughout the domain and the comparison of the computed wave profiles with the e ~ p e r i m e n t a land ~ ~ other numerical solution^.'^ In Figs 5.3 and 5.4, the mesh is moved after a certain number of iterations using an advancing front technique.



Fig. 5.3 A submerged hydrofoil. Mesh updating procedure. Euler flow. Mesh after 1900 iterations.



Free surface flows



Fig. 5.4 A submerged hydrofoil. Mesh updating procedure. Euler flow. (a) Pressure distribution. (b) Comparison with experiment.



Figure 5.5 shows the same hydrofoil problem solved now using hydrostatic adjustment without moving the mesh. For the same conditions, the wave profile is somewhat under-predicted by the hydrostatic adjustment (Fig. 5.5(b)) while the mesh movement over-predicts the peaks (Fig. 5.4(b)). In Fig. 5.6, the results for the same hydrofoil in the presence of viscosity are presented for different Reynolds numbers. As expected the wake is now strong as seen from the velocity magnitude contours (Fig. 5.6(a-d)). Also at higher Reynolds numbers (5000 and above), the solution is not stable behind the aerofoil and here an unstable vortex street is predicted as shown in Fig. 5.6(c) and 5.6(d). Figure 5.6(e) shows the comparison of wave profiles for different Reynolds numbers. Example 2. Submarine In Fig. 5.7, we show the mesh and wave pattern contours for a submerged DARPA submarine model. Here the Froude number is 0.25. The converged solution is obtained by about 1500 time steps using a parallel computing environment. The mesh consisted of approximately 321 000 tetrahedral elements.
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Fig. 5.5 A submerged hydrofoil. Hydrostatic adjustment. Euler flow. (a) Pressure contours and surface wave pattern. (b) Comparison with e ~ p e r i m e n t . ~ ~



Example 3. Sailing boat The last example presented here is that of a sailing boat. In this case the boat has a 25" heel angle and a drift angle of 4". Here it is essential to use either Euler or Navier-Stokes equations to satisfy the Kutta-Joukoski condition as the potential form has difficulty in satisfying these conditions on the trailing edge of the keel and rudder. Here we used the Euler equations to solve this problem. Figure S.S(a) shows a surface mesh of hull, keel, bulb and rudder. A total of 104577 linear tetrahedral elements were used in the computation. Figure S.S(b) shows the wave profile contours corresponding to a sailing speed of 10 knots.
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Fig. 5.6 A submerged hydrofoil Hydrostatic adjustment Navier-Stokes flow (a)-(d) Magnitude of total velocity contours for different Reynolds numbers (e) Wave profiles for different Reynolds numbers
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Fig. 5.7 Submerged DARPA submarine model. (a) Surface mesh. (b) Wave pattern.
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Fig. 5.8 A sailing boat. (a) Surface mesh of hull, keel, bulb and rudder. (b) Wave profile.



5.3 Buoyancy driven flows 5.3.1 General introduction and equations In some problems of incompressible flow the heat transport equation and the equations of motion are weakly coupled. If the temperature distribution is known at any time, the density changes caused by this temperature variation can be
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evaluated. These may on occasion be the only driving force of the problem. In this situation it is convenient to note that the body force with constant density can be considered as balanced by an initial hydrostatic pressure and thus the driving force which causes the motion is in fact the body force caused by the difference of local density values. We can thus write the body force at any point in the equations of motion (4.2) as
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where p is the actual density applicable locally and px. is the undisturbed constant density. The actual density entirely depends on the coefficient of thermal expansion of the fluid as compressibility is by definition excluded. Denoting the coefficient of thermal expansion as Pr, we can write



P‘-p - I ( ” ” )dT



(5.9)



where T is the absolute temperature. The above equation can be approximated to (5.10) Replacing the body force term in the momentum equation by the above relation we can write (5.11)



For perfect gases, we have p=-



P RT



(5.12)



and here R is the universal gas constant. Substitution of the above equation (assuming negligible pressure variation) into Eq. (5.9) leads to (5.13) The various governing non-dimensional numbers used in the buoyancy flow calculations are the Grashoff number (for a non-dimensionalization procedure see references 24, 25) (5.14) and the Prandtl number Pr
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where L is a reference dimension, and v and a are the kinematic viscosity and thermal diffusivity respectively and are defined as (5.16)
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where u , is the dynamic viscosity, k is the thermal conductivity and c,, the specific heat at constant pressure. In many calculations of buoyancy driven flows, it is convenient to use another non-dimensional number called the Rayleigh number (Ra)which is the product of Gr and Pr. In many practical situations, both buoyancy and forced flows are equally strong and such cases are often called mixed convective flows. Here in addition to the above-mentioned non-dimensional numbers, the Reynolds number also plays a role. The reader can refer to several available books and other publications to get further detail^.^^-^^



5.3.2 Natural convection in cavities Fundamental buoyancy flow analysis in closed cavities can be classified into two categories. The first one is flow in closed cavities heated from the vertical sides and the second is bottom-heated cavities (Rayleigh-Benard convection). In the former, the CBS algorithm can be applied directly. However, the latter needs some perturbation to start the convective flow as they represent essentially an unstable problem. Figure 5.9 shows the results obtained for a closed square cavity heated at a vertical side and cooled at the other.24Both the horizontal sides are assumed to be adiabatic. At all surfaces both of the velocity components are zero (no slip conditions). The nonuniform mesh used in this problem is the same as that in Fig. 4.3 of the previous chapter for all Rayleigh numbers considered. As the reader can see, the essential features of a buoyancy driven flow are captured using the CBS algorithm. The quantitative results compare excellently with the available benchmark solutions as shown in Tables 5.1 .I4 Figure 5.10 shows the effect of directions of gravity at a Rayleigh number of 10‘.” The adapted meshes for two different Rayleigh numbers are shown in Fig. 5.11. Another problem of buoyancy driven convection in closed cavities is shown in Fig. 5.12.” Here an ‘L’ shaped cavity is considered where part of the enclosure is heated from the side and another part from the bottom. As we can see, several vortices appear in the horizontal portion of the cavity while the vertical portion contains only one vortex.



Table 5.1 Natural convection in a square enclosure. Comparison with available numerical solutions.” References are shown in square brackets RN
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Fig. 5.9 Natural convection in a square enclosure. Streamlines and isotherms for different Rayleigh numbers.
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Fig. 5.1 0 Natural convection in a square enclosure. Streamlines and isotherms for different gravity directions, Ra = IO6.



5.3.3 Buoyancy in porous media flows
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Studies of convective motion and heat transfer in a porous medium are essential to understand many engineering problems including solidification of alloys, convection over heat exchanger tubes, thermal insulations, packed and fluidized beds, etc. We give a brief introduction to such flows in this section. Porous medium flows are different from those of single-phase fluid flows due to the presence of the solid particles which for our purpose are considered as rigidly fixed in space. Many textbooks on porous medium flows are already a ~ a i l a b l e . Similar ~~.~~ porous media occur in problems of geomechanics in which generally the motion of
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Fig. 5.1 1 Natural convection in a square enclosure. Adapted meshes for (a) Ra = IO5 and (b) Ra = IO6.



Fig. 5.12 Natural convection in an 'L'shaped enclosure. (a) Streamlines and (b) isotherms, Ra = IO6.
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the fluid and of the solid are coupled. For a survey of this problem the reader is referred to the recent book by Zienkiewicz et Here we use the averaged governing equations derived by many investigators to solve buoyancy driven convection in a porous m e d i ~ m .These ~ ~ . equations ~~ can be summarized for a variable porosity medium as46 continuity all; -ax1 =o
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(5.19) where u, are the averaged velocity components, E is the porosity of the medium, K is the medium permeability, C is a constant derived from experimental correlations and here we use Ergun’s relations47 in our calculations (some investigators vary the nonlinear term using a non-dimensional parameter called the Forchheimer number; interested readers can consult reference 48), k is the thermal conductivity of the porous medium and RIfis the averaged heat capacity given as &I
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In the above equations, subscriptsf and s correspond to fluid and solid respectively. The following relation for permeability can be used if the porosity and average particle size are known E 3 d; K =



150( 1



(5.21)
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where d,, is the particle size. Some researchers use a value for p different from the fluid viscosity. However, here we generally use the fluid viscosity. More details on the derivation of the above equations can be found in the cited articles. As the structure of the above governing equations is similar to that of the singlephase flow equations, the application of the CBS algorithm is o b v i o u ~ . ~However ”~~ the fully explicit or semi-implicit forms cannot be used efficiently due to strong porous medium terms. Here, to overcome the time step limitations imposed by these terms (last two terms before the body force in the momentum equation) we need to solve them implicitly, though quasi-implicit scheme^^'.^^ can be used. Although the CBS algorithm is an obvious choice here, use of convection stabilizing terms can be neglected in low Rayleigh number (Reynolds number) porous media flows.
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Fig. 5.13 Natural convection in a square enclosure filled with a fluid saturated porous medium, Pr = 1, velocity vector plots for different Rayleigh and Darcy numbers.
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The Darcy number and thermal conductivity ratio are the two additional nondimensional parameters used in porous media flows in addition to the Rayleigh and Prandtl numbers. The Darcy number and thermal conductivity ratio are defined respectively as



(5.22) where kref is a reference thermal conductivity value (fluid value). Figure 5.13 shows the velocity vector plots of buoyancy driven convection in a square cavity for different Darcy and Rayleigh numbers.46 As we can see, at smaller Darcy numbers ( the velocity is higher near the walls and decreases towards the centre of the enclosure (Fig. 5.13(a)). However at higher Darcy numbers a pattern similar to single-phase flow is obtained with the velocity increasing from zero at the walls to a maximum value and then decreasing towards the centre of the cavity, indicating the viscous effects. Figure 5.13(b) shows a condition between Figs 5.13(a) and 5.13(b) and here the transition from the Darcy to non-Darcy flow regime occurs. These governing equations approach a set of single-phase fluid equations when E 1. Thus these equations are suitable for solving problems in which both a porous medium and single-phase domains are involved.



5.4 Turbulent flows 5.4.1 General remarks We have observed that in many situations of viscous flow it is impossible to obtain steady-state results. The example of flow past a cylinder given in Fig. 4.16 illustrates the point well. As the speed increases the steady-state picture becomes oscillatory and the well-known von Karman street develops. For higher speed the oscillations and eddies become smaller and distributed throughout the whole fluid domain. Whenever this happens the situation is that of turbulence and here unfortunately direct simulation is almost out of the question though many attempts at doing so are being made for realistic problems. It would be necessary to use many millions or hundreds of millions of elements to model reasonably the behaviour of the flow in real situations at high Reynolds numbers where turbulence is large, and for this reason attempts have been made to create approximate models which can be time a ~ e r a g e d . ’ ~Here - ~ ~ continuation of the direct numerical simulation (DNS)65.66is used in so-called large eddy simulation (LES)67.6X but that is also very costly. For this reason simpler models involving n additional equations have been created and perform reasonably satisfactorily although they cannot always represent reality. We do not have space in this book to implement and discuss all the above models in detail. The reader will observe that, in addition to solving the flow equations with viscosity which now varies from point to point, it is necessary to solve n additional effective transport equations each one corresponding to a specific defined parameter.
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Such calculations can readily be carried out by the same algorithm as that used in CBS and indeed this was done for some problems.64



5.4.2 Averaged flow equations The Reynolds averaged Navier-Stokes equations can be derived by considering the flow variables as
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where is the mean turbulent value and 4' is the fluctuating component. With such averaged quantities the governing equations can be rewritten as continuity
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where rijis the deviatoric stress tensor (Eq. 3.7) given as (5.26) and 7; is the Reynolds stress tensor divided by the density. We use the first-order closure models and here the Boussinesq model is employed which relates the shear stresses and turbulent eddy viscosity vT. The turbulent viscosity can be calculated by different methods. We use the one and two equation models to demonstrate the application of the CBS algorithm. We can write the following relation from the Boussinesq model (5.27) where vT is the turbulent eddy kinematic viscosity and n is the turbulent kinetic energy. The reader will observe that the form of the original equations (governing laminar flow) is now reproduced in terms of the averaged quantities, thus confirming that the standard CBS algorithm can be used once again. Before proceeding further, it is necessary to define the turbulent eddy viscosity which we do below.



One-equation model In the momentum equation the turbulent eddy viscosity is determined from the following relation



Turbulent flows



where e,' is a constant equal to 0.09, K is the turbulent kinetic energy and l,,, is the Prandtl mixing length (= 0.4y, where y is the distance from the nearest wall). The Prandtl mixing length i,,, is often related to the length scale of the turbulence L as (5.29) where C Dand are constants. The turbulent kinetic energy 6 is calculated from the following transport equation
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where ax is a constant generally equal to unity. Further, 63/2 E =
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(5.31)
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Two-equation models (K-E and K-w models) Here in addition to the form



K



equation given above, another transport equation of the
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(5.32)



is solved and here Ccl is a constant ranging between 1.45 and 1.55, C,, is a constant in the range 1.92-2.0 and a, is also a constant equal to 1.3. In the above two-equation model, vT is calculated as



These models are not valid near walls. To model wall effects, either wall functions or low Reynolds number versions have to be employed. For further details on these models the reader can refer to the relevant works.56.62We give the following low Reynolds number versions for the sake of completeness.



Low Reynolds number models For the one-equation model, the following form is suggested by W ~ l f s t e i n ~ ~ ut = e,'1 1 4 ~ 1 1 2) ?1I . f',I



(5.34)
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where 1' is the distance from the nearest wall. For two-equation models, the coefficients ell, CEland C,, appearing in the twoequation model discussed above are multiplied by damping functionsf;,, .fil and ,L2
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respectively and these functions are given as62 f = (1 -ee- 0.0165Rk)2 (1 I 20.5) fi



R, 0.05 3 L,=1 + (T)



(5.37) (5.38)
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where R, = K ~ / Y E . The wall boundary conditions are K = 0 and & / a y = 0. A model of somewhat similar form is known as the K-w model. This differs in the definition of the function w which obeys a similar equation to that of E now with a different parameter.69 The reader can now notice that the one and two equation models are again similar to the convection-diffusion equations discussed in Chapter 2 and thus the use of the CBS algorithm is obvious. A detailed study is described in reference 62. Here we give some results of flow past a backward facing step at a Reynolds number of 3025. In Fig. 5.14(a) the velocity profiles are compared with the experimental data of Denham et al.” As can be seen the agreement between the results is good. The streamlines and details of the recirculation are given in Fig. 5.14(b).



Fig. 5.14 Turbulent flow past a backward facing step, velocity profiles and streamlines, Re = 3025.
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