DIRECT NUMERIC CALCULATIONS OF FLOW AND HEATTRANSFER IN NON-LINEAR SYSTEMS�byFrancesc Giralt, J. Herrero, F. X. Grau1, I. Cuesta1 and J.A.C. Humphrey2Departament d’Enginyeria Qu�micaEscola T�cnica Superior d’Enginyeria Qu�micaUniversitat Rovira i VirgiliCtra. Salou s/n, 43007 Tarragona, Catalunya.AbstractThe structural characteristics of three different flow systems, natural convection in a cubicalcavity heated from below, viscous flow in an enclosed rotating cylinder pair and turbulent flowin an open channel are examined and discussed. The non-linear equations of motion coupledwith the heat transfer equation are solved numerically with the second order accurate in time andspace codes 3DINAMICS and CUTEFLOWS to characterise bifurcations and stability in thetwo former viscous flow and heat transfer problems. Kohonen maps are used to analyse thedirect numerical simulation data for the turbulent flow in an open channel reported in theliterature.

� J. Ferr�, J. Pallares, D. Puigjaner and R. Rallo have contributed to parts of this work ascurrent doctoral students of the University Rovira i Virgili.1 Departament d’Enginyeria El�ctrica i Mec�nica2 Department of Aerospace and Mechanical Engineering, University of Arizona, Tucson.

2The purpose of this work is to study numerically the structural characteristics of two viscousflows, where the non-linear convective terms in the Navier-Stokes equations play a significantrole, and of a turbulent flow bounded by a free-slip interface and a wall. The two viscoussystems studied are the flow and coupled heat transfer in a cubical cavity heated from belowand in a fixed cylindrical enclosure containing a pair of parallel disks attached to and corotatingwith a vertical hub. In the former system buoyancy has been induced by imposing a moderatetemperature difference between the bottom (hot) and the top (cold) plates with adiabatic verticalwalls, while in the latter centrifugal and Coriolis induced buoyancy forces are also present. Therespective geometrical configurations are shown in Figs. 1 and 2. The present study also dealswith the determinations of structural characteristics of the turbulent flow in an open channel.Kohonen maps (Kohonen, 1982a,b) are applied to analyse the instantaneous three-dimensionalvelocity time-records obtained previously by Lam (1989) and Lam and Banerjee (1992) using aFourier-Chebyshev pseudospectral method to solve the full Navier-Stokes equations.1˚FLOW STRUCTURES IN A CUBICAL CAVITY HEATED FROM BELOW1.1˚Problem definition and governing equationsThe geometry of the cubical cavity heated from below and with adiabatic vertical walls is shownin Figure 1. Both the bottom and the top plates are taken to be isothermal with the lower oneheld at temperature TH which is moderately greater than the temperature of the upper wall TC.The fluid considered in this study is air (Pr = 0.71). Compressibility effects, viscousdissipation and the variation of fluid properties with temperature have been neglected, with theonly exception of the buoyancy term, for which the Boussinesq approximation has beenadopted.The reference scales for length, velocity, time and pressure are, respectively, L, a/L, L2/a andra2/L2, with L being the height of the cavity, r the density and a the thermal diffusivity. Thenon-dimensional temperature is defined asT*

= T-ToDT

= T - (TH + TC)/2TH - TC(1)while all other variables are converted into dimensionless form using the above referencescales. The non-dimensional governing transport equations in Cartesian coordinates are,

¶ui*¶xi* = 0(2)

¶ui*¶t*

+ ¶(uj*ui*)¶xj*

= - ¶P*¶xi*

+ Pr ¶2ui*¶xj*xj* + Ra Pr T* di3(3)

3¶T*¶t*

+ ¶(uj*T*)¶xj*

= ¶2T*¶xj*xj*(4)where ui is the velocity vector, P the pressure and Ra the Rayleigh number.1.2˚Numerical method and computational procedureNumerical solutions of the governing equations in terms of the primitive variables wereobtained by using the CFD code 3DINAMICS (Cuesta, 1993; Cuesta et al., 1995). In this codeequations (2-4) are discretised following a control volume scheme (Patankar, 1980) with non-uniform three-dimensional staggered grids. The convective fluxes across the surfaces of thecontrol volumes were discretised using a second order QUICK scheme (Leonard, 1979).3DINAMICS incorporates the non-uniform grid version of QUICK proposed by Perng andStreet (1989) to enhance convergence. Second order approximations were also implemented forthe diffusive fluxes with a centred scheme. The SMAC algorithm Amsden and Harlow (1970)was applied to compute the velocity-pressure coupling.A critical step in the pressure algorithm, that affects the global performance of the code, is theoptimal solution of the Poisson equation. It is for this reason that a preconditioned version ofthe Conjugate Gradient Method (CGM) was adopted in the present study. A semi-implicit,second order accurate, ADI method proposed by Peaceman and Rachford (1955) was appliedfor time-marching integration.The boundary conditions for the dynamic field are ui = 0 at the walls, i.e., all six walls of thecavity are assumed to be rigid and at rest. The thermal boundary conditions are (¶T/¶n) = 0 atthe four adiabatic vertical walls, TH* = 0.5 at the bottom plate and TC* = -0.5 at the top plate.Initially, the fluid was assumed to be at rest and a conductive temperature distribution wasassumed. To start the Rayleigh-B�nard (RB) convective regime, a random disturbance with anamplitude of –0.05 was added to this initial thermal field, as suggested by (Gr�tzbach (1982).This procedure avoids the predetermination of the final structure. Heat transfer rates at the topand bottom walls are characterised with local and surface averaged Nusselt numbers, Nu =(¶T*/¶z*)wall.1.3˚Results and discussionThe most common approach to visualise three-dimensional structures in unsteady flows is toplot vector fields, streamlines, streaklines and particle lines. In this work the second invariantof the gradient of the velocity tensor (P) is also used to describe the structural characteristics ofthe flow (Hunt et al., 1988). In non-dimensional form, this magnitude is defined as

4P* = ¶ui*¶xj*

¶uj*¶xi* = Sij*Sji* + Wij*Wji*(5)In the cubical cavity with insulated vertical walls the critical Rayleigh number (Rac) is 3446(Catton, 1972). As the Rayleigh number increases, a buoyancy driven flow develops with acorresponding increase in heat transfer rates. Results for Rayleigh number 9000 are depicted inFigure 3 showing the isosurfaces of P for the four structures obtained (S1-S4). Three of thesestructures S1 and S2, and S4 were previously reported in the literature by Ozoe et al. (1976)and Hern�ndez et al. (1994), respectively. In the present study an new roll-type structure S3,with different topological and heat transfer characteristics is obtained. The dynamic fieldsindicate that structures S1 and S3 are formed by single rolling motions with clockwise or anti-clockwise rotation. The axis of rotation of the roll is parallel to the coordinate x or y,indistinctly. These two possible orientations are equivalent due to the symmetry of theenclosure. Their sense of rotation depends only on the random thermal distribution mentionedabove. There is a great similarity between S1 and S3 but the structure S3 is more tilted andelongated towards the top and bottom opposite edges than S1. This fact produces a substantialdifference in the heat transfer rates for both structures at the top and bottom plates. The secondstructure S2 is also a single roll but with a diagonal mode of circulation. It shows a greaterthree-dimensionality than S1 and S3. The topology of S4 over the range of Rayleigh numbersstudied is characterised by a cold descending current in the central region of the enclosure.Heating of this current at the bottom plate while moving towards the four lower corners causesthe fluid to ascend parallel to the vertical edges and to close the recirculation pattern depicted inFigures 3.The different type of recirculating motion present in each structure is also illustrated in Figure 4,where the two-dimensional distribution of the local Nusselt number at the top and bottom platesis plotted for Ra˚= 9000. These two-dimensional thermal fields are given in terms of lines ofconstant local Nusselt numbers. A maximum absolute value of the Nusselt number correspondsto a region of impingement of an ascending or descending current, while relatively low absolutevalues correspond to regions of boundary layer flow. Figures 4.a-b-c-d and 4.e-f-g-h show,respectively, the distribution of local Nusselt numbers at the top and bottom plates for the fourstructures present in the flow. For S1, S2 and S3 (a-b-c and e-f-g), the distributions of the hotand cold plates are perfectly anti-symmetrical, in accordance with the presence of a singlerotating roll. The maps for S4 agree with a nearly toroidal configuration with dominatingdescending currents at the vertical edges and a strong ascending current in the core.Among all different structures, S4 is by far the less effective for transferring heat between thetop and bottom plates, as indicated by the lower values of the local Nusselt numbers given inFigure 4.d and 4.h. On going calculations indicate that a new structure S5, formed by four rolls

5rotating parallel to the vertical walls, develops at a critical Rayleigh number Rac » 6,400. Thesequence of critical Rayleigh numbers determined numerically (Rac » 3,500 for S1, S2 and S3;Rac » 6,400 for S5 and Rac » 7,700 for S4) is in agreement with the values predicted by thelinear stability analysis which is presently carried out in collaboration with Prof. C. Sim� of theUniversity of Barcelona.2 FLOW STRUCTURES IN COROTATING ENCLOSED DISKS2.1˚Problem definition and governing equationsThe geometrical configuration investigated here consists of a fixed cylindrical enclosurecontaining a pair parallel disks attached to and corotating with a vertical hub. The top andbottom disks may be at different temperatures, while both cylindrical walls are alwaysadiabatic. A sketch of this geometry, hereinafter referred to as ECDP (Enclosed Corotating DiskPair), is shown in Fig. 2. Detailed literature reviews on the most relevant prior work inisothermal ECDP flow may be found in Humphrey et al. (1991, 1995). The first analysis ofthis flow configuration can be attributed to Stewartson (1957), who obtained approximateanalytical boundary layer solutions for the flow between corotating disks when a discontinuityin the disk angular velocity W is present at a certain radial position; in the context of the presentstudy, at R2 (Fig. 2). For the case with both disks rotating at the same angular velocity and thefluid at R2 rotating at an angular velocity W(1+d), with d being small but positive, Stewartson(1957) deduced that there should be a radial inflow along the disk Ekman layers of thicknessd/R2 » O(Re-1/2) with a corresponding outflow about the midplane between disks. In the aboveand subsequent expressions, the Reynolds number is defined as Re˚=˚WR22/n, where n is thekinematic viscosity of the fluid and W is the angular velocity of the rotating disks. HadStewartson (1957) analysed the case of negative d, he would have obtained the cross-streamrecirculation characteristic of the ECDP configuration analysed here, consisting of two counter-rotating toroidal vortices driven by an outflow along the disk Ekman layers.The cross-stream flow structure in steady ECDP flow was characterised much later in thecalculations of Duck (1986) and Chang et al. (1989), as well as by the analysis andmeasurements of Schuler (1990). Following the methodology of Greenspan (1968), Schuler etal. (1990) provide a comprehensive analysis of the distinct flow regions in the cross-stream (z-r) plane. The strong shear generated at the fixed enclosure wall causes an imbalance betweenthe radial pressure gradient and the centrifugal force in the disk Ekman layer, which results inan outwards-directed motion along the disks. For small aspect ratios, G˚=˚H˚/˚(R2˚-˚R1), thevortex pair formed in the z-r plane does not span the entire inter-disk space. Near the regionsurrounding the hub fluid is in solid body rotation.

6The cross-stream motion due to the vortex pair driven by the disk Ekman layers presents apattern similar to that of a cell pair in Taylor-Couette flow (Koschmieder, 1993). It should benoted that while the cross-stream motion in the ECDP is not driven by centrifugal instability,the Rayleigh stability criterion written in terms of the circumferential component of velocity vqin a fixed frame of reference

1^3r ∂ _2θv r( )∂ r 〉 0

(6)cannot be fulfilled everywhere in the flow at any Reynolds number.In the early experiments of Lenneman (1974) it was already observed that ECDP flow becomesunsteady beyond a certain critical value of the Reynolds number. More recently Abrahamson etal. (1989) reported the existence of circumferentially-periodic axially-aligned vortical structuresrotating at about 75% the angular velocity of the disks. They also found that the number ofstructures, m, tended to diminish with increasing Re while it increased with decreasing G.Similar conclusions were drawn by Schuler et al. (1990) who also reported hysteresis effects inthe transitions between different m states when increasing or decreasing the Reynolds number.As Tavener et al. (1991) pointed out, transition from 2D steady to 3D unsteady ECDP flowtakes place through a Hopf bifurcation, which is mathematically realisable even for theaxisymmetric case m=0. These authors also obtained a complete bifurcation diagram for valuesof the aspect ratio G in the range about 1£G £4, considerably higher than that of the presentstudy. The transition Reynolds number, Rec, was found to increase with decreasing G . In thepresent investigation, with G »0.2, the transition is detected at Rec ˚»˚18,000. The family ofsuper-critical anomalous steady solutions reported by Tavener et al. (1991) for G˚»˚1 is notp h y s i c a l l y r e a l i s a b l e i n isothermal ECDP flow for the present geometrical parameters.Notwithstanding, such anomalous solutions are obtained in 2D numerical calculations atReynolds numbers larger than about 45,000. Quantitative evidence of the link between thecircumferentially periodic vortical structures and the instability of the cross-stream vortices in3D ECDP flow has been provided by the numerical calculations of Humphrey et al. (1995).The effect of moderate buoyancy forces on the ECDP geometry of Fig. 2 has been analysednumerically by Herrero et al. (1994a,b) for the Reynolds range 3,500˚£ Re˚£˚17,000 wherethe flow is steady. This investigation was restricted to air (Pr˚=˚0.7) and to dimensionlesstemperature differences between disks DT/To ˚ £ ˚0.1 where the Boussinesq hypothesis isapplicable. In this expression To i s t h e f l u i d a v e r a g e t e m p e r a t u r e . F o r t h e c o n d i t i o n s investigated by these authors the Rayleigh number was Ra˚=˚gbDTH3 / na ˚»˚2,200, where gis the acceleration of gravity and b is the thermal expansion coefficient. At this relatively lowRayleigh number the rotational speed of the ECDP system is sufficiently high to inhibit the

7effect of thermal convection. The contribution of Coriolis buoyancy in the flow, Eqns. (11) and(12), is negligible and only centrifugally induced buoyancy effects are significant. Herrero et al.(1994a) characterised the effects of centrifugal buoyancy on the structure of steady ECDP flowwhen the bottom disk was set at a uniform temperature higher than the top one (see Fig. 2).These authors found that centrifugal buoyancy favoured a clockwise cross-stream circulation.Moreover, a slow centrifugally induced cross-stream circulation also developed in the innerflow region, originally in solid body rotation with the disks and hub.The effects of centrifugal buoyancy have been also investigated in other non-isothermal rotatingflow configurations. The experiments of Koschmieder (1967) on Rayleigh-B�nard convectionin a rotating shallow cylindrical cavity filled with a silicone oil showed that when theacceleration ratio, Ac˚=˚g/W2 R 2 , a t t a i n e d s u f f i c i e n t l y s m a l l v a l u e s ( A c ˚ < < ˚ 1 ) c e n t r i f u g a l buoyancy dominated over gravity-induced buoyancy, thus leading to a kind of cross-streammotiondifferentfromthetypicalrollpattern.AnalysisbyBarcilonandPedlosky(1967)andbyHomsy and Hudson (1969) confirmed the observations of Koschmieder (1967) and showedthat even for relatively large values of the acceleration ratio, Ac>1, such centrifugally inducedmotion will be always present in the absence of Rayleigh-B�nard convection. The numericalanalysis carried out by Herrero et al. (1994) on the buoyancy induced flow in the cylindricalcavity sketched in Fig. 2, but with the external cylindrical wall also rotating, confirmed thatmotion was controlled by the disk Ekman layers. In these layers the radial and azimuthalc o m p o n e n t s o f v e l o c i t y s c a l e d w e l l w i t h v E » wE » W R 2e, where e is the thermal Rossbynumber defined as e ˚ = ˚ b ˚ D T . Calculations of 3D ECDP flow have been carried out in the present study in the range ofReynolds numbers between 20,500 and 82,400, approximately. Results are shown here for thep e r i o d i c 3 D f l o w s t r u c t u r e t h a t d e v e l o p s a t R e ˚ » ˚20,565 (W˚ » ˚300 rpm) for the ECDPgeometry specified in Fig. 2. At Reynolds numbers larger than about 30,000, the isothermalflow is no longer periodic and becomes increasingly irregular and unsteady. On the other hand,the existence of anomalous solutions that arise as a result of a flow bifurcation is also examinedat Re˚=˚82,380. One of these steady anomalous 2D solutions for isothermal ECDP iscompared with the 3D quasi-periodic solution of this kind that is obtained in non-isothermalflow at the same Reynolds number.2.2 Conservation equationsThe fluid is assumed to be incompressible and Newtonian. All buoyancy terms present in theconservation equations are approximated by Boussinesq expressions. In rotating disk systems,the external radius R2 and the maximum velocity in the disk Ekman layer, vE˚»˚WR2, are oftenemployedaslengthandvelocityscales.Bydefiningthemodifiedpressure

8P| = P - ρ_ogz(7)and the dimensionless variables

U = u ΩR2 , V = v ΩR2 , W = w ΩR2 ,

Z = z R2 ; R = r R2 , τ = Ω t , P_{||} = P_| ρ 0 Ω_2R2

(8)the differential equations for the conservation of mass, momentum and energy in a frame ofreference rotating at an angular velocity W may be written for cylindrical coordinates (z, r, q) as

∂ U∂ Z + ∂ V∂ R + VR + 1R ∂W∂θ = 0

(9)

DUDτ = - ∂P||∂Z + 1Re ∇ 2U + Ac ε T|

(10)

DVDτ = - ∂P||∂R + 1Re ∇ 2V - R ε T| + 1 - ε T|[ ] 2W + W2 R ( )

(11)

DWDτ = - ∂P||∂θ + 1Re ∇ 2W - 1 - ε T|[ ] 2V + VW R ( )

(12)

DTDτ = 1RePr ∇ 2T

(13)In the above equations the operator �2 indicates diffusion in the corresponding direction, P isthe pressure, the dimensionless temperature T’ is defined as T’˚=˚(T˚-˚To ) / D T, and u, v, wa r e t h e r e s p e c t i v e v e l o c i t y c o m p o n e n t s f o r t h e a x i a l , r a d i a l a n d c i r c u m f e r e n t i a l ( z , r , q )directions. In Equations (11) and (12): R2 is the centrifugal force term due to the rotating frameof reference; 2V and 2W are the components of Coriolis force, also due to the rotating frame ofreference; W2/R and VW/R are centrifugal and Coriolis forces, respectively, due to the basevector variations of the cylindrical system used to describe the flow. These non-linear termscouple the radial and circumferential components of motion. Equations. (10-12) result afterlinearisation of the density as a function of the temperature in all those source terms involvingexternal or inertial forces. Note that the more familiar conservation equations for isothermalflowwouldbeobtainedforthelimitingcase�>0.Calculations have been performed using the CUTEFLOWS numerical algorithm for unsteadyincompressible flows. The algorithm is fully documented in Schuler et al. (1991). It has beenextensively tested and applied to a variety of isothermal and non-isothermal flow configurationsincluding rotating disks, bluff bodies and two backward-facing step benchmark problems.Briefly, the algorithm is based on a staggered-grid, control volume discretisation approach to

9derive finite difference forms of the conservation equations in terms of primitive variables.Central differencing is used to approximate the pressure and diffusion terms in the momentumequations. The second order accurate QUICK scheme is used for the convective terms.Continuity yields a discrete Poisson equation which is solved for pressure using the conjugategradient method. The algorithm is explicit in time and the use of a second order Runge-Kuttascheme renders it second order accurate in time as well as in space.The finite difference approximations to the conservation equations are solved numericallysubject to the following boundary conditions for velocity: u˚=˚0, v˚=˚0 and w˚=˚0 along allrotating surfaces and w˚=˚-WR2 a t t h e e n c l o s u r e w a l l . I n t h e c i r c u m f e r e n t i a l d i r e c t i o n , a p e r i o d i c f l o w b o u n d a r y c o n d i t i o n i s i m p o s e d . I n n o n - i s o t h e r m a l c a l c u l a t i o n s a u n i f o r m temperature distribution is prescribed for both disk surfaces while the cylindrical walls are setas adiabatic. All boundary conditions are implemented with second order accuracy. Dependingon the objective of a run, calculations are started either by interpolation of previous results orfrom an initial state which is motionless with respect to a fixed frame of reference. In the lattercase, all moving walls are impulsively set to their corresponding angular velocity at t˚=˚0. Thedimensionless integration time-step was set to D(Wt)˚£˚0.006 (see Table I). Several 2D test-runs show that this time-step is small enough to guarantee both stable behaviour and accuracyin the course of calculation. Results presented below for isothermal and non-isothermal flowhave been obtained on computational grids featuring 40x74 and 50x90 nodes in the (z-r) plane,respectively, and 52 nodes in the q direction. The latter figure corresponds to 12 calculationsnodes per wave-cycle plus the extra nodes required to implement the periodicity boundaryconditions.2.3 Results and discussionThe isothermal unsteady 3D ECDP flow at Re˚=˚20,565 develops a periodic structure with awave-number m=4. An example of the evolution of the axial velocity component u at r’˚=˚(r-R1 ) / ( R 2 - R 1 ) ˚ » ˚0.8 on the midplane is shown in Fig. 5a for this Reynolds number.Unsteadiness sets in at Wt about 60, after the whole system has already undergone up to 9-10complete revolutions and the typical structure of 2D steady ECDP flow is almost fullydeveloped. Then a transient is required before reaching the final characteristic shape of thecross-stream 3D structure for ECDP flow illustrated in Fig. 5b, which is periodic both in q andtime. In this figure the structure is shown in terms of the stream function. The sense of rotationof these vortices is dictated by the outflow in both disk Ekman layers, which is the result of theimbalance between the radial pressure gradient and the centrifugal force, first and third termsrespectively in the RHS. of Eq. (11).The oscillation present in the u velocity component in Fig. 5a corresponds to alternating axialdisplacements of the midplane jet that is inwards directed between the cross-stream vortices

10portrayed in Fig. 5b. Maxima or minima in u at z/H˚=˚0.5 imply that fluid with low (morenegative) circumferential velocity is displaced above or below the midplane. As a consequence,the Coriolis force component in Eq. (11) induces a larger radial motion in the jet between thetwo cross-stream vortices. Because of the mass conservation constraint, Eq. (9), these radialand circumferential accelerations above/below the midplane are associated with alternatingpositive and negative axial motions. The resulting oscillation produces significant deformationsin the cross-stream vortices, as illustrated by the velocity vectors plotted in Figs 6a and 6b.Figures 6a and 6b also include the distribution of the axial vorticity component at the cross-stream plane. Regions with high (positive) wz at large radial positions in the disk Ekman layersare typical of ECDP flow. As the cross-stream motion circulates fluid from the Ekman layersinto the midplane, positive axial vorticity is also advected. Maximum values of positive axialvorticity arise about the midplane at circumferential locations corresponding to maxima orminimainu.Notehowtheaxialdeparturesofthemidplanejetareassociatedwithintrusionsofpositive axial vorticity which is even transported inwards from the enclosure wall to lowerradial positions. As Humphrey et al. (1995) pointed out, the distribution of the circumferentialvelocity component is to a large extent dictated by the cross-stream flow, while the relationbetween w and the axial vorticity component is obvious from the definition of wz itself. Figs.6a and 6b also portray the great complexity acquired by the vorticity field, with differentregions with relatively low and relatively high wz at a given line of constant z above or belowthe midplane. In our opinion, and in agreement with Humphrey et al. (1995), the radial andc i r c u m f e r e n t i a l a l t e r n a t i o n o f m i n i m a a n d m a x i m a o f wz accounts for the observations ofaxially-alignedvorticalstructuresreportedintheearlierliterature.When the flow is isothermal anomalous steady solutions are detected for Re>45,000 in 2Dcalculations only. Figure 7a shows an example of one of these solutions at Re˚=˚82,380.Although the flow portrayed in Fig. 7a is steady, the streamline pattern in this plot is quitedifferent from that typical of steady ECDP flow at low Reynolds numbers (Fig. 5b). Note that3D calculations of the same flow yield almost chaotic velocity fields. A completely differentbehaviour has been detected in a 3D non-isothermal flow calculation at Re˚=˚82,380,Pr˚=˚0.7 and e˚=˚0.1. The evolution of the axial and circumferential velocity components atz/H˚=˚0.5 and r’=0.8 is plotted in Fig. 7b. This 3D non-isothermal calculation begins at adimensionless time Wt˚»˚315, after the corresponding isothermal ECDP calculation has alreadydeveloped an irregular pattern. At this time Wt˚»˚315 the preselected temperature differencebetween both disks is suddenly set up. Figure 7b shows clearly that at about Wt˚=˚360 theflow has evolved from highly irregular to a quasi-periodic behaviour. The cross-streamstructure that has developed after this time at a given q-plane is depicted in Fig. 7c in terms ofthe velocity vectors. Note the similarities that exist with the streamline pattern of the anomaloussteady, isothermal ECDP solution given in Fig. 7a for the same Reynolds number. The

11presence of buoyancy alters the bifurcation map for ECDP flow, as demonstrated by theanomalous solution reported in Fig. 7 for Re˚=˚82,380.3.˚STRUCTURES IN A TURBULENT OPEN CHANNEL FLOW3.1 Problem definition and governing equationsThe problem considered is the incompressible flow in an open channel driven by gravity asshown in Fig. 8. A no-slip condition is imposed at the channel wall and free-slip condition,i.e., velocity fluctuations parallel to the surface are not restrained and have zero gradients, at thegas-liquid interface. The coordinates x1 , x2 and x3 represent the streamwise, spanwise andnormal directions, respectively. The flow is assumed to be fully developed and homogeneousin the streamwise and spanwise directions. The direct numerical simulation results analysedhere were obtained by Lam (1989) and reported by Lam and Banerjee (1992). At the gas-liquidinterface velocity fluctuations parallel to the interface are unimpeded due to the much lowerdensity(inertia)ofthegasandtherearenowaves.Thegoverningequationsarethemassandmomentumconservationequations(2)and(3)forani n c o m p r e s s i b l e N e w t o n i a n f l u i d . T h e p r e s s u r e g r a d i e n t m a y b e e l i m i n a t e d f r o m t h e s e conservationequationstoyield

¶w 3*¶t* - ¶ C 2*¶ x1* + ¶ C 1*¶ x2* = 1Re�*2w3*(14)¶¶t*(� * 2 u 3*) = � * 2 C 3* - ¶¶ x3*(¶ C j¶ x j*) + 1Re�*4 u 3*(15)for the normal velocity and vorticity components, u3 and w3. In these equations Ci are the non-linear convective terms minus the mean kinematic pressure gradient, and variable are madedimensionless with respect to the interface velocity and fluid film height. With u3 and w 3known it is possible to calculate u1 and u2 b y s o l v i n g s i m u l t a n e o u s l y t h e c o n t i n u i t y a n d vorticityequations,

¶ u 1*¶ x1*

+ ¶ u 2*¶ x2*

= - ¶ u 3*¶ x3*(16)

¶ u 2*¶ x1*

- ¶ u 1*¶ x2* = w3*(17)A "pseudospectral" method was used by Lam and Banerjee (1992) to solve efficiently the non-linear terms in Eqns. (14) and (15) following the procedure proposed by Kim et al. (1987).Time advancement was done by the two-level explicit Adams-Bashforth scheme for the

12convective terms and by the implicit Crank-Nicolson method for the diffusion terms. FiniteFourier expansions were used to represent solutions in the homogeneous x1 and x2 directions,while Chebyshev polynomials were applied in the cross-stream or normal direction x3 . TheturbulencedataanalysedbelowaretheresultofthecalculationsreportedinLam(1989).3.2 Pattern recogniton of turbulent velocity fieldsThe case analysed here is one with no shear at the interface. The Reynolds number Re based onthe half depth h and the effective shear velocity is 60.4. The corresponding Reynolds numberbased on average velocity and equivalent diameter is ReD = 1 1 , 0 0 0 . T h i s r e l a t i v e l y l o w Reynolds number is a practical limitation of direct numerical simulation of turbulence. Moredetailsaregivenelsewhere(Lam,1989).The pattern recognition analysis of the 3D data base has been carried out with self-organisingmaps (Kohonen, 1982a,b). These artificial neural nets consist of an unsupervised, competitivelearning scheme. In the present study the turbulent velocity data were first pre-processed toextract the features of the different motions present. This pre-processing consisted in filteringthe raw signals according to a predetermined phase spatial distribution of the velocity vectors.The extracted features of the different classes were then used to train the net. Finally, the rawvelocity data were analysed at all planes x1 - x 2 , x1 - x 3 and x2 - x 3 of the domain to detect andclassify statistically significant events. Figure 8 shows a typical velocity vector plot at the x2-x3plane where fluid exits the domain.Of all possible coherent structures that occur in wall-bounded turbulent flows (Kline, 1988;Ottino, 1990; Glendinning, 1994) Fig. 9 depicts four of the classes identified in the presentwork. They correspond to two of the three characteristic flow zones identified by Hunt et al.(1988) in turbulent flows. The four classes identified in the turbulent open channel flow by theKohonen map are divergence and convergence zones (Fig. 9 a & b), and two eddies with acounter-clockwise and clockwise rotation (Fig. 9c & d). When the divergence and convergencezones occur at the free interface (x3* = 0) they correspond to down-wellings and up-wellingsfrom and to this (x1- x 2) surface. Also, most of the vortices classified in cross-stream planes,such as the one depicted in Fig. 8, are the result of projecting into these surfaces the spirallingmotion of 3D funnel-like vortices with w1 vorticity. These eddies were first visualised byKaftori (1993). They are the dominant coherent wall structures and are the high speed regionsobserved in wall layers. The regions between funnel vortices correspond to low speed streaks.AcknowledgmentsThe collaboration of the doctoral students J. Ferr�, J. Pallares, R. Rallo and D. Puigjaner isgratefully acknowledged. Financial support was provided by the DGICYT project No. PB93-0656-C02-01.

13ReferencesAbrahamson, S. D., Eaton, J. K. & Koga, D. J. 1989. The flow between shrouded corotatingdisks. Phys. Fluids. A 1, 241-251.Amsden, A. A. and Harlow, F. H. 1970. The SMAC method: A numerical technique forcalculating incompressible fluid flows, Los Alamos Scientific Laboratory of the University ofCalifornia, LA-4370.Barcilon, V. & Pedlosky, J. 1967. On the steady motions produced by a stable stratification ina rapidly rotating fluid. J. Fluid Mech. 29, 673-690.Catton, I. 1972. The effect of insulating vertical walls on the onset of motion in a fluid heatedfrom below. Int. J. Heat Mass Transfer 15, 665-672.Cuesta, I. 1993. Estudi num�ric de fluxos laminars i turbulents en una cavitat c�bica, TesiDoctoral, Universitat Rovira i Virgili, Tarragona.Cuesta, I., Grau, F. X. & Giralt, F. 1994. Simulaci�n num�rica de flujos 3D no estacionariosmediante el c�digo de segundo orden 3DINAMICS, Submitted to Anales de Qu�mica.Chang, C. J., Schuler, C. A., Humphrey, J. A. C. & Greif, R. 1989. Flow and heat transferin the space between two corotating disks in an axisymmetric enclosure. J. Heat Transfer, 111,625-632.Duck, P. W. 1986. On the flow between two rotating shrouded disks. Computers & Fluids14, 183-196.Glendinning, P. 1994. Stability, instability and Chaos: An introduction to the theory ofnonlinear differential equations. Cambridge texts in applied mathematics, Cambridge Univ.Press.Greenspan, H. P. 1968. Theory of rotating fluids. Cambridge University Press.Gr�tzbach, G. 1982. Direct numerical simulation of laminar and turbulent B�nard convection,J. Fluid Mech. 119, 27-53.Hern�ndez, R. and Frederick, R.L. 1994. Spatial and thermal features of three dimensionalRayleigh-B�nard convection, Int. J. Heat Mass Transfer 37, 411-424.Herrero, J., Humphrey, J.A.C. & Giralt, F. 1994. Numerical investigation of the flow andheat transfer between corotating disks in cylindrical enclosures. CML Report No. 94-002,Department of Mechanical Engineering, University of California at Berkeley.Herrero, J., Humphrey, J.A.C. & Giralt, F. 1994. Comparative analysis of coupled flow anheat transfer between corotating disks in rotating and fixed cylindrical enclosures, ASMEWinter Annual Meeting, Chicago.Homsy, G. M. & Hudson, J. L. 1969. Centrifugally driven thermal convection in a rotatingcylinder. J. Fluid Mech. 35 part 1, 33-52.Humphrey, J. A. C., Chang, Ch.-J., Li, H. & Schuler, C. A. 1991. Unobstructed andobstructed rotating disk flows: a summary review relevant to information storage systems.Adv. Info. Storage Syst. 1, 79-110.Humphrey, J. A. C., Schuler, C. A & Webster, D. 1995. Unsteady laminar flow between apair of disks corotating in a fixed cylindrical enclosure. To appear in Phys. Fluids.Hunt, J.C.R., Wray, A.A. and Moin, P. 1988. Eddies, streams and convergence zones inturbulent flows, Proc. Summer Program CTR, NASA Ames - Stanford Univ.Kaftori, D. 1993. Structures in the turbulent boundary layer and their interaction with particles,Ph.D. Thesis, Univ. of California at Santa Barbara.Kim, J., Moin, P. and Moser, R. 1987. Turbulence statistics in fully developed channel flow ata low Reynolds number, J. Fluid Mech., 177, 133.

14Kline, S.J. 1988. Proc. Zaric Memorial International Seminar en Near-Wall Turbulence,Dubrovnik.Kohonen, T. 1982. A simple paradigm for the self-organized formation of structured featuremaps. In Competition and Cooperation in Neural Nets, edited by Amari, S. and Arbib, M.A.,Lecture Notes in Biomathematics, 45 (1), 248-266, Springer-Verlag.Kohonen, T. 1982. Self organizing: Formation of topologically correct feature maps,Biological Cybernetics, 43 (1), 59-69.Koschmieder, E. L. 1967. On convection on a uniformly heated rotating plane. Beitr. Phys.Atmos. 40, 216-225.Koschmieder, E. L. 1993. B�nard cells and Taylor vortices, Cambridge monographs onmechanics and applied mathematics, Cambridge Univ. Press.Lam, K. 1989. Numerical simulation of turbulent flow bounded by a wall and a free-slipsurface, Ph.D. Thesis, Univ. of California at Santa Barbara.Lam, K. and Banerjee, S. 1992. On the condition of streak formation in a bounded turbulentflow, Phys. Fluids A, 4 (2), 306-320.Lenneman, E. 1974. Aerodynamic aspects of disk files. IBM J. Res. Develop. Nov., 480-488.Leonard, B. P. 1979. A stable and accurate convective modelling procedure based on quadraticupstream interpolation, Comp. Meth. App. Mech. and Eng., 19, 59-88.Ottino, J. M. 1990. The kinematics of mixing: Stretching, chaos, and transport, Cambridgetexts in applied mathematics, Cambridge Univ. Press.Ozoe, H., Yamamoto, K., Churchill, S.W., and Sayama, H. 1976. Three-dimensional,numerical analysis of laminar natural convection in a confined fluid heated from below, Journalof Heat Transfer, 202-207.Patankar, S. V. 1980. Numerical heat transfer and fluid flow. Series in Comp. Meths. inMech. and Term. Sc., McGraw Hill.Peaceman, D. W. & Rachford, H. H. 1955. The numerical solution of parabolic and ellipticdifferential equations, J. Soc. Ind. Appl. Math. 3, 28-41.Perng, CH-Y. and Street, R.L. 1989. Three-Dimensional Unsteady Flow Simulations:Alternative Strategies for a Volume-Averaged Calculation, Int. J. for Numerical Methods inFluids, 9, 341.Schuler, C. A. 1990. Investigation of the flow between rotating disks in an enclosure. Ph. D.Thesis, University of California at Berkeley.Schuler, C. A., Treidler, E. B., and Humphrey, J. A. C. 1991. CUTEFLOWS (ComputingUnsteady Three-dimensional Elliptic Flows): A user’s guide. Computer Mechanics LaboratoryReport No. CML-91-001, Department of Mechanical Engineering, University of California atBerkeley.Schuler, C. A., Usry, W., Weber, B., Humphrey, J. A. C. & Greif, R. 1990. On the flow inthe unobstructed space between shrouded corotating disks. Phys. Fluids, A 2, 1760-1770.Stewartson, K. 1957. On almost rigid rotations. J. Fluid Mech., 3, 17-26.Tavener, S. J., Mullin, T. & Cliffe, K. A. 1991. Novel bifurcation phenomena in a rotatingannulus. J. Fluid Mech. 229, 483-497.Figure Captions.Figure 1.˚Physical model of the cubical cavity heated from below.

15Figure 2.˚Schematic of the ECDP geometry investigated. Dimensional values are H˚=˚9.53mm, R1 ˚ = ˚ 5 6 . 4 m m , R 2 ˚ = ˚ 1 0 5 m m , G ˚ = ˚ H / ( R 2 - R 1 ) ˚ = ˚ 0 . 1 9 6 a n d h ˚ = ˚ R 2 / R 1 ˚ = 1 . 8 6 2 . F i g u r e 3 . ˚ I s o s u r f a c e s o f t h e s e c o n d i n v a r i a n t v e l o c i t y g r a d i e n t t e n s o r a t R a = 9 0 0 0 f o r t h e structures S1 (a) P*=-3000; S2 (b) P*=-4000; S3 (c) P*=-3000; S4 (d) P*=-500.Figure 4.˚Distribution of local Nusselt number at the bottom plate (a, b, c & d) and top plate (e,f, g, & h) at Ra=9000 for the structures S1 (a & b); S2 (c & d); S3 (e & f); S4 (g & h).Figure 5.˚Three-dimensional calculations at Re˚=˚20,565. (a) Evolution of the axial velocitycomponent at the location z/H˚=˚0.5 and r�˚»˚0.8. (b) Streamtube illustrating the 3D structureof the periodic flow.Figure 6.˚Combined plot of velocity vectors and contours of the dimensionless axial vorticitycomponent, wz, at two cross-stream planes (a) q˚=˚p/8 and (b) q = 3p/8.Figure 7.˚(a) Streamlines for the anomalous isothermal 2D solution at Re˚=˚82,380. (b) Timeevolutions of the dimensionless axial and circumferential velocity components at z/H˚=˚0.5and r’˚=˚0.8 for a non-isothermal 3D calculation with Pr˚=˚0.7 and e˚=˚0.1. (c) Velocityvectors at the cross-stream plane for the 3D calculation in (b).Figure 8.˚Flow system showing the coordinate system and the cross-stream plane x2-x3 at theexit of the domain. A free-slip condition is imposed at the interface (x 3* = 0) and a no-slipcondition at the wall (x3* = -1). A coherent structure with w1* vorticity exiting the domain is alsoshown.Figure 9.˚Classes of coherent structures detected by a Kohonen map. (a) divergence zone (up-welling at x3* = 0); (b) convergence zone (down-welling at x3* = 0); (c) counter-clockwisevortex; (d) clockwise vortex.