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The In
uence of Unstructured Mesh Typeon the Prediction of Convoluted Shear LayersHayder Salman, James J. McGuirk, Gary J. Page,Department of Aeronautical and Automotive EngineeringLoughborough UniversityPierre MoinierOxford UniversityNumerical Analysis GroupLobed mixers are used in gas turbine engines to enhance mixing between hotand cold streams and to reduce noise. Computational modelling of such systemshas previously been carried out on structured meshes, although mesh generationdi�culties have encouraged the use of unstructured tetrahedral meshes. However,the ability of numerical schemes to predict the mixing behaviour correctly on tetra-hedral meshes has not been studied and is the subject of this work. Three di�erentmesh types for the mixing region resolution have been studied: purely hexahedral,purely tetrahedral, and a mixed mesh combining hexahedra, tetrahedra and pyra-mids. Results are presented for the evolution of both a planar and a convolutedturbulent shear layer. In regions of high shear, misalignment of control volumefaces has a major in
uence on spurious numerical spreading of the shear layer. Forthe tetrahedral mesh, there is an initial rapid mixing, followed by a reduction inmixing rate. The smoothing terms present are triggered by the combination ofa high gradient across a control volume face and a velocity normal to that face;this occurs on the diagonal edges of tetrahedral meshes. The magnitude of thespurious smoothing is diminished by increasing the aspect ratio of the cells. Forlobed mixer predictions, a mixed mesh with aligned high aspect ratio hexahedralelements in the shear layer region and pyramids and tetrahedra linking to the outerdomain provides a good compromise between ease of mesh generation and qualityof solution.Oxford University Computing LaboratoryNumerical Analysis GroupWolfson BuildingParks RoadOxford, England OX1 3QD May, 2000
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31 INTRODUCTIONLobed mixers are passive mixing devices providing augmentation of the mixing between twoco
owing streams. These devices, which have demonstrated much bene�t in terms of improvedmixing with minimum pressure losses, have become a common component of a modern gasturbine engine. The lobed mixer consists of a splitter plate separating the two streams witha corrugated trailing edge. The corrugations create radial de
ections of each stream throughthe lobes but in opposite directions. At the mixer's trailing edge, the two streams interact.Velocity di�erences present between the two streams cause a convoluted shear layer to formwith a waveform equivalent to the mixer's trailing edge. Superimposed on this shear layer areregions of streamwise vorticity of alternating sign arising due to the radially de
ected 
owsas observed by Paterson [7]. Within a small distance from the trailing edge, the streamwisevorticity causes the convoluted shear layer structure to rotate encompassing a large portion ofthe 
ow domain as seen in Fig. 1. These convoluted shear layers, together with the complex

Figure 1: Interaction of the streamwise vortex with the convoluted shear layernature of mixer con�gurations encountered, has resulted in the classi�cation of lobed mixer
ows as complex 
ows. To model them successfully, meshes have to be generated whichcorrectly represent the mixer whilst at the same time being appropriate for the capture of themixing layers.The computational modelling of such 
ows has been carried out predominantly throughthe use of structured grids. A recent study, employing a multi-block structured grid withbody-�tted curvilinear coordinates, was performed by Salman et al. [5] to model the mixercon�guration used here. This reference contains a review of computational modelling of mixersprior to 1999. All studies to date with such grids have highlighted grid generation as one of thekey di�culties in modelling these 
ows. It is thus believed that ultimately unstructured gridswill be necessary to capture the geometric complexity of the mixer. The use of unstructuredgrids for lobed mixers has been rare. Konrad et al. [3] used tetrahedral meshes to model the
ow over a scarfed mixer. A more fundamental study using tetrahedral grids was conductedby O'Sullivan et al. [12]. However, neither study was able to demonstrate, how accurately theconvoluted shear layers were being modelled. In particular, the e�ects of the tetrahedral gridsused on the solution quality compared to the more widely used hexahedral grids is an areathat has so far escaped attention.For Euler problems unstructured grids have demonstrated much potential, particularlywhen used with adaptive techniques. Having tackled the nonlinear convective terms, one



4might expect extension to the Navier Stokes equations to be straightforward. However, thepresence of thin, viscously dominated boundary layers around a body can only be resolvede�ciently through the use of highly stretched anisotropic elements. This reintroduces a formof structure into the grid normal to the surface in these regions. Such an approach is often seenin 2D aerofoil calculations. An O-Grid of highly stretched elements is wrapped around thebody with isotropic triangular elements used in the rest of the 
ow domain. The use of such anapproach raises two issues. Firstly, generating such grids is not necessarily a straightforwardtask, particularly for 3D cases. Secondly, not every form of high stretching is e�ective. In 2D,for example, the accuracy of a Finite Element approximation on triangular elements degradesas the maximum angle of the element increases. In a Finite Volume formulation, the accuracywill depend on how control volumes are constructed (e.g. median dual or containment dual).Indeed, since some form of structured clustering of the elements is required, the current trendis towards hybrid grids. Quadrilateral elements in 2D, and prismatic or hexahedral elementsin 3D are used next to a solid surface.In principle the concepts described above work well when the viscous e�ects are con�nedto thin regions near solid bodies and the direction in which gradients are high is known inadvance. In lobed mixer 
ows the viscous e�ects quickly spread throughout the 
ow domain.In addition, due to the formation of a convoluted shear layer, the direction of the normalgradients in the shear layer is not known a priori. These features combine to raise di�cultiesin the modelling of these shear layers and begin to seriously test modern unstructured solversin predicting viscous 
ows.The objective of the present work is to illustrate and investigate three di�erent meshingstrategies for lobed mixers with varying levels of automation of the grid generation process.This will include a purely hexahedral grid, a mixed tetrahedral/prismatic grid, and a mixedhexahedral/tetrahedral/pyramidal grid. An important aspect of this study is to quantify theaccuracy of the predictions for these di�erent mesh types through detailed comparisons of localand global parameters. This forms a necessary step in assessing the suitability of unstructuredmethods for modelling complex mixer con�gurations.The paper will begin with a description of the numerical scheme employed in this study. Adescription of the mixer con�guration and the 
ow conditions simulated is presented in section(3). Illustrations of the grids used are presented in section (4). Results are then presented,�rstly for a 2D planar shear layer. This will be used to study the sensitivity of the numericalsolutions of shear 
ows to di�erent grids in a simpli�ed setting. The additional issues ofresolving the geometrical and 
ow complexity of the lobed mixer convoluted shear layer arethen presented.2 NUMERICAL SCHEME DESCRIPTIONThe equations that are solved are the steady, compressible, Reynolds-averaged Navier-Stokesequations, which appear in semi-discrete form asdQdt +R(Q) = 0 (2.1)where Q denotes the set of conservative variables, and R(Q) is the residual vector of the spatialdiscretisation.



5Using a �nite volume approach, the discrete approximation of the residual for an interiorgrid point is Rj = 1Vj Xi2Ej Fij 4 sij 8j (2.2)where Vj is the size of the control volume (the median-dual) associated with index j, Ej the setof all nodes connected to node j via an edge, 4sij a face length (2D) or area (3D) associatedwith the edge, and Fij is the numerical 
ux.At a solid wall, an extra term from the boundary faces associated with the node is added.Tangency and no-slip wall conditions are enforced by zeroing out the momentum componentsassociated with the corresponding wall condition, whereas the far �eld boundary is treated byadding an extra upwinded 
ux di�erence.The inviscid 
ux discretisation is based on the 
ux-di�erencing ideas of Roe [10], combiningcentral di�erencing of the non-linear inviscid 
uxes with a smoothing term based on one-dimensional characteristic variables. This numerical dissipation is a blend of second and fourthcharacteristic di�erences with a limiter 	. Thus, the inviscid numerical 
ux takes the followingform F Iij = 12 �FIij(Qi) + FIij(Qj)� jAij j��13(1�	)(L̂lpi (Q)� L̂lpj (Q)) + 	(Qi �Qj)�� (2.3)where L̂lp is a linear transparent pseudo Laplacian [6]. The viscous 
ux is approximated half-way along each edge and uses the usual integration rule around each control volume, giving aconsistent �nite volume treatment of the inviscid and viscous terms. The equations are timeintegrated using the 5-stage Runga-Kutta method of Martinelli [4].At low Mach number the disparity between the acoustic and convective wave speeds cannotbe adequately handled by the current approach, and a slowdown of the convergence is observed.Furthermore, the numerical solution produced is often of poor quality with signi�cant errorsin the pressure distribution due to the relative scaling of the di�erent numerical smoothingterms. To address these di�culties, the inviscid equations are preconditioned by an invertiblematrix � expressed in symmetrised variables. The resulting numerical 
ux thus becomes
F Iij = 12 �FIij(Qi) + FIij(Qj)� Pij��1ij j�ij ~AijjP�1ij ��13(1�	)(L̂lpi (Q)� L̂lpj (Q)) + 	(Qi �Qj)�� (2.4)where Pij = MijNij and M and N are the transformation matrices from primitive variablesto conservative variables, and from symmetrised variables to primitive variables, respectively.Only the dissipation has changed, which makes the implementation attractive as it does notrequire any change of variables in the current code. Details concerning the low Mach numberpreconditioner and its formulation are given in [6].To improve convergence rates and to overcome discrete sti�ness in the equations, a matrixtime step or preconditioner is also used. Its e�ect is to cluster the eigenvalues of the residual



6spatial operator in a region of the complex plane where the iterative method has good dampingproperties. In this work the block Jacobi preconditioner is used, as in previous work with theturbulent Navier-Stokes equations on unstructured grids [6], and earlier on structured grids[9]. Thus, the pre-conditioned semi-discrete equation appears asP�1dQdt +R(Q) = 0 (2.5)where P�1 is the local point-implicit block-Jacobi preconditioner [11, 1]. The preconditionerP is based on a local linearisation of the 3D Navier-Stokes equations about a uniform 
ow,and built by extracting the terms corresponding to the central node. As the 
ux can be splitinto inviscid and viscous parts, the matrix preconditioner has contributions coming from both.Details of its construction are given in [6].To account for the e�ects of turbulence, the two equation k�� turbulence model of Launderand Spalding [2] with wall functions is used. An important requirement that must be ful�lledby the time integration procedure, is the positivity of the turbulence variables k and �. Toachieve this, a point-implicit treatment is adopted for the source terms. The equations arethen integrated using the same Runga-Kutta method as used for the 
ow equations.3 MIXER CONFIGURATIONThe mixer con�guration studied is the same as that modelled computationally in Salman et al.[5]. Details of the mixer con�guration studied are given in Fig. 2. The important parametersare the lobe wavelength (�), the lobe height (h), and the lobe inclination angle ('). A schematicof the mixer con�guration is also shown in the �gure. The wind-tunnel cross section is 198mmwide by 200mm high.
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Figure 2: De�nition of the mixer con�guration investigatedTo reduce the problem size and simplify the computations carried out here, a perfectlyperiodic 
ow structure is assumed within the mixing region. This simpli�cation implies the



7presence of planes of symmetry between adjacent streamwise vortices such that only half alobe need be modelled. This assumption is not strictly valid as pointed out in Salman et al.[5], but is justi�able for the issues being addressed here.Air at standard temperature and pressure was used as the working 
uid in the current work.The studies were carried out with the two streams set at a static pressure ratio and densityratio of 1.0. The velocities were set to 6ms�1 (Ulow) in the slow stream and 10ms�1 (Uhigh) inthe fast stream corresponding to Mach numbers of 0.0176 and 0.0294 respectively. The inletboundary conditions for the turbulence quantities in the k� � equations were evaluated basedon a turbulence intensity of 1% and an eddy viscosity equal to the molecular viscosity. At inletconstant pro�les were assumed. The top and bottom tunnel walls were modelled as slip walls.The above conditions are identical to those used in the study of Salman et al. [5].4 GRID GENERATIONGrids generated for the half lobe section described above are shown in Figs. 3, 4, and 5. Toallow appropriate comparisons to be made between the various grids, the number of unknownsshould be similar. In a cell vertex scheme, the unknowns are stored at nodal locations of theprimal grid. Thus, all three grids were generated with approximately 150,000 nodes.

Figure 3: Unstructured hexahedral gridThe hexahedral grid is shown in Fig. 3. This grid consists of a similar topology to themulti-block structured grid studied in Salman et al. [5]. The bene�ts of this topology are theimproved grid orthogonality within the mixing region and the ability to capture the mixersurface with a body-�tted grid. Further upstream, the grid orthogonality is sacri�ced but the
ow there is predominantly inviscid. Hexahedral elements allow highly stretched elements tobe used without deterioration of solution quality. This feature was employed in the streamwise



8direction where high grid resolutions are not required as axial gradients were generally smaller.An obvious problem is the ine�cient clustering of grids (e.g. wasted elements in the upstreamregion where the 
ow is essentially uniform).A second meshing strategy employing a fully automated process for generating the lobedmixer grid is shown in Fig. 4. The grid consists of two element types, prism elements, andtetrahedral elements. This approach allows the mixer geometry to be easily captured and hasthe potential of being easily extended to more complex mixers. A structured layer of prismelements is generated normal to the mixer surface to resolve the boundary layer e�ciently.Tetrahedral elements are then used to �ll the remainder of the computational domain. Unlikethe hexahedral grids, this approach provides signi�cant computational savings upstream ofthe mixer where the 
ow is uniform and much coarser grids can be used. However, e�cientresolution of the boundary layer requires highly stretched elements in the streamwise direction.Since prism elements are generated from triangular elements on a surface, anisotropic triangularelements are therefore required. Additionally a layer of highly stretched tetrahedra joiningthe prisms would need to be generated. Generating such highly stretched elements with thesoftware used presented problems. This limitation resulted in less e�cient resolution of the

Figure 4: Unstructured tetrahedral gridboundary layers with this grid. In the present study, this grid will simply be referred to as thetetrahedral grid since only tetrahedral elements were used within the mixing region where thefocus of interest lies for the current work.Finally, a mesh that employed hexahedral, tetrahedral, and pyramidal elements was studiedas shown in Fig. 5. This strategy provides an intermediate approach, semi-automating thegrid generation, but allowing control of the hexahedral parts of the grid. In principal, such anapproach should combine advantages from both of the �rst two strategies. Tetrahedral gridsare used in inviscid parts of the 
ow where 
ow gradients are much smaller and alignment ofthe grid with the 
ow is not required. In the viscous regions, hexahedral grids are used to
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Figure 5: Unstructured mixed gridresolve the boundary and shear layers. The ability to generate stretched hexahedral elementsthat do not deteriorate solution quality should allow these 
ow features to be resolved moree�ciently than with the tetrahedral grid. The two mesh types are then joined together atthe interface through transition pyramidal elements. In practice, one �nds di�culties in usinghighly stretched hexahedral grids. Such grids cause pyramidal elements with highly skewedsurfaces to be generated. Problems consequently arise in generating tetrahedral grids at theinterface with the pyramidal elements. To remedy this di�culty, the grid resolution in thestreamwise direction is increased to reduce the aspect ratios of the quadrilateral faces whichform the bases of the pyramidal elements. This modi�cation allowed the grid to be successfullycompleted with the grid generation software used. As pointed out earlier, a high grid resolutionis required only in a direction normal to the shear layer. Thus, this increased resolution in thestreamwise direction provides a degrading of e�ciency in the mixed grid. For brevity, in thetext that follows, this grid will simply be referred to as the mixed grid.5 RESULTS5.1 Planar shear layerAs a preliminary test, calculations will be presented for a 2D planar shear layer. Studies con-cerned with the planar shear layer, both computationally and experimentally, are extensivelydocumented in the literature (e.g. Wilcox [13]). This provides a benchmark study for whichthe mixing behaviour is well known. Moreover, it contains similar viscous/ turbulent mixingprocesses to those that occur in the convoluted shear layers of lobed mixers. Studying thesensitivity of the predicted shear layers in this simpli�ed 
ow helps understand some of theunderlying numerical issues in modelling mixing type problems on quadrilateral and triangular



10grids. The planar shear layer removes the problem of e�ciently clustering the grid cells as themixing layer position is known in advance.The planar shear layer was computed with the same inlet conditions as those used in thelobed mixer studies. Computations were performed on three grid types as shown in Fig. 6.These included a purely quadrilateral mesh, three triangular meshes, and a mixed mesh. Threeof these grids contained the same nodal distribution within the shear layer region. The nodal

(a) Quadrilateral grid (b) Coarse triangular grid (c) Mixed grid

(d) Re�ned triangular grid (1st case) (e) Re�ned triangular grid (2nd case)Figure 6: Planar shear layer grids near the inletdistribution was modi�ed for the last two grids shown in Fig. 6 for reasons described below.Thus the same three meshing strategies presented in section (4) for the lobed mixers have beenstudied here.An important property of the planar shear layer is the concept of self-similarity which the
ow attains at su�ciently large Reynolds numbers and downstream distance. Under theseconditions the mean and turbulent quantities at di�erent streamwise locations assume pro�les,which when scaled with the local shear layer thickness, have the same shape. This so calledself-preserving behaviour is associated with a linear growth of the planar mixing layer. Thebehaviour can be correctly predicted only if the correct physical mixing is simulated. Thespreading rate parameter can therefore be used as a quantitative measure of the level of mixingbeing predicted. The mixing layer thickness, dlayer, is de�ned as the distance between thepoints in the mean velocity pro�le where the square of the non-dimensional mean velocity is
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(b) (b) Comparison of triangular gridsFigure 7: Variation of shear layer thickness with downstream distance0.1 and 0.9 respectively. The non-dimensional mean velocity is given byU� = U � UlowUhigh � Ulow (5.1)Figure 7(a) presents the spreading of the mixing layer with downstream distance for grids (a),(b), and (c). A reference result for the self-similar spreading rate taken from Wilcox [13] hasalso been included using the same k � � model.Results for the quadrilateral grid reveal the correct spreading has been obtained with justeight nodes found across the mixing layer by x = 4m. The coarse triangular mesh shows avery di�erent behaviour. This is seen via a very rapid growth of the shear layer within the �rst1m. The spreading then decreases rapidly such that it is approximately 40% of the correctspreading rate by x = 2m.To identify the reasons for these results, two aspects of the discretisation are considered.Firstly, di�erences in control volumes between the triangular and quadrilateral grids associatedwith cells lying within the shear layer are shown in Fig. 8. Additionally, one needs to recallfrom section (2) that the inviscid 
uxes include a smoothing term based on one-dimensionalcharacteristic variables. This one dimensional decomposition is performed in a direction normalto the control volume faces. In a shear layer 
ow, the transverse components of velocity aremuch smaller than the streamwise components. Therefore, the 
ow is more or less aligned withhorizontal control volume faces and perpendicular to vertical faces. The resulting numericalsmoothing is thus very small in the quadrilateral grid. When moving to control volumes as intriangular grids, as shown in Fig. 8, control volume faces exist whose normal is oblique to themain 
ow direction. When performing the 1D decomposition into characteristic variables onsuch faces, a signi�cant contribution will arise in the cross stream direction resulting in highernumerical smoothing than in the quadrilateral grid. This accounts for the higher spreadingoccurring in the early stages of the shear layer indicated in the results. The increased spreadingreduces gradients across the layer resulting in lower production of turbulent energy and hence



12eddy viscosity. The rapid decrease in spreading rate that follows is believed to be a directconsequence of this drop in turbulent energy. The arguments presented above suggest thatreducing the angle (
) de�ned in Fig. 8, such that the oblique control volume faces becomemore aligned with the 
ow, may reduce numerical smoothing. This can be achieved either byincreasing the grid spacing (�x) in the streamwise direction or reducing the cell height (�y).
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Figure 8: Form of control volumes within the shear layer region obtained by usingquadrilateral and triangular gridsThe calculations for the triangular grid were repeated with two more cases. Firstly, thegrid resolution across the shear layer was doubled. Results for this case are shown in Fig. 7(b)together with the quadrilateral and coarse triangular grid solutions. This case is labeled asthe �ne triangular (1st case). Results now show a much lower spreading in the early stagescompared to the coarse triangular grid solution. Further downstream, the 
ow is able torecover reaching the expected self-similar behaviour. The problems encountered in the earlystages are associated with the low aspect ratio (�x=�y) elements present in this region. Asecond re�ned grid was therefore studied. This consisted of an equal number of nodes as the�rst re�ned grid. However, the nodes were redistributed across the shear layer to reduce theaspect ratios of the elements at the inlet. The shear layer spreading for this case also shownin Fig. 7(b) clearly demonstrates the reduced numerical smoothing which then results.Unstructured triangular grids clearly have an advantage in providing more e�cient cluster-ing of the grid. However, this simple study has demonstrated the superiority of quadrilateralelements in terms of solution accuracy. These �ndings motivate a mixed grid approach to tack-ling the shear layer problem. An example of a prediction using a mixed quadrilateral/triangulargrid is included in Fig. 7(a) corresponding to the mesh presented in Fig. 6(c). The grid consistedof 1531 nodes compared to the 2880 nodes found in the quadrilateral grid. The spreading ratecoincides with the solution from the quadrilateral grid. The solution quality illustrates clearlythe potential for such an approach to produce high quality numerical solutions at reducedcomputational cost.5.2 Convoluted shear layerIn the convoluted shear layers, additional complexities arise in producing appropriate 3D un-structured meshes as discussed in section (4). In particular the issues raised in the previoussection for triangular grids can be very serious for tetrahedral grids. Generating high aspectratio tetrahedral elements is not easily achievable and thus the accuracy of solutions for thethree grids presented in section (4) will now be addressed.



13Results for the three lobed mixer grids will be compared in detail in the near �eld ofthe mixer (0 � 3�). Comparisons further downstream will be presented in the form of globalquantities only. Figure 9 presents results obtained at four axial planes for the three di�erentgrids. Results are presented in terms of streamwise velocity contours normalised with theaverage velocity of the two streams (Ur). Also shown are the corresponding cross-sectionalgrids at each location. Figure 9(a) illustrates the formation and evolution of the shear layerdownstream of the lobed mixer trailing edge for the purely hexahedral grid. Although thecomputations presented for the purely hexahedral grid in Fig. 9(a) were obtained on a gridconsisting of only 150,000 nodes, the velocity contours are extremely similar to the resultspresented in Salman et al. [5] using a structured mesh consisting of approximately 700,000nodes. The results for the present hexahedral grid will therefore be used as a reference setagainst which the contour plots of other predictions will be compared.Results for the tetrahedral grid are presented in Fig. 9(b). Beginning at location x=� = 0:25,the grid is clearly seen to be �nely clustered along the mixer's trailing edge. Already at thislocation the velocity contours exhibit a noticeably di�erent distribution within the shear layerfrom Fig. 9(a)(i). In particular, the low velocity contours (U=Ur < 0:625) have been smoothedout signi�cantly. These contours are associated with the boundary layers on the mixer'ssurface. When present, additional high gradients within the shear layer exist. The higherlevel of smoothing in the tetrahedral grid has therefore contributed to the smoothing of thesegradients. Another signi�cant di�erence seen at this location is near the lobe trough of the lowspeed 
ow indicating a stronger rotation of the shear layer in comparison to the hexahedralresults. Further downstream, the grid is gradually coarsened as seen in Figs. 9(b)(ii-iv) toallow a similar number of nodes to be used in all the cases studied. The resulting e�ect on theshear layer is higher numerical di�usion evident from the higher spreading of the shear layer.Additionally, due to the convoluted shape of the shear layer, it is not possible to distributenodes e�ciently. An increase in numerical smoothing is noticed as the shear layer moves intorelatively coarse parts of the grid. An example of this is seen at location x=� = 1:0 in Fig.9(b)(ii) where a small part of the shear layer remains aligned with the vertical mixer walls.This portion is clearly less di�used than those that have migrated further out into the coarserregions of the grid, particularly if compared to the hexahedral solutions. An important featureto draw from location (ii) in Fig. 9(b) are the stronger kinks present in the shear layer whencompared to corresponding results from the hexahedral grids. This implies the streamwisevorticity responsible for this rotation is stronger than in the hexahedral case despite the higherlevel of numerical smoothing present. This behaviour will be addressed later after studyingother aspects of the results. Numerical smoothing continues further downstream to cause theshear layer to become highly smeared by x=� = 3:0.The results presented so far are indicative of the same numerical issues encountered in thestudy of the 2D planar shear layer. In that study, the mixed grid provided the best approachin terms of solution accuracy and computational cost. Results for the mixed grid of the lobedmixer are shown in Fig. 9(c). Generally, the results for this grid con�guration are in muchbetter agreement with the hexahedral results. While the shear layer remains in the hexahedralpart of the grid (e.g. at x=� = 0:25 and x=� = 1:0), the shear layer structure is seen to bevery similar to that in Fig. 9(a). The level of shear layer movement is essentially identicalin both the hexahedral and mixed grids. Further downstream, the shear layer remains verywell captured with higher numerical di�usion occurring only locally, mainly in the tetrahedralregions.
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(i) x/λ=0.25 (ii) x/λ=1.0 (iii)x/λ=2.0 (iv) x/λ=3.0(a)

(i) x/λ=0.25 (ii) x/λ=1.0 (iii)x/λ=2.0 (iv) x/λ=3.0(b)
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(i) x/λ=0.25 (ii) x/λ=1.0 (iii)x/λ=2.0 (iv) x/λ=3.0(c)

Figure 9: Normalised streamwise velocity contours with cross-sectional grids at correspondinglocations; (a) Hexahedral grid, (b) Tetrahedral grid, (c) Mixed grid
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Figure 10: Normalised streamwise vorticity contours and corresponding secondary velocityvectors; (a) Hexahedral grid, (b) Tetrahedral grid, (c) Mixed grid



16 Due to the complex nature of the lobed mixer 
ow �eld, it is not su�cient to consider onlythe streamwise velocity �eld. Therefore, results of secondary velocity vectors and normalisedstreamwise vorticity contours are shown in Fig. 10. Again, results of the hexahedral case will beused as a reference set. Figure 10(a) shows a vorticity �eld concentrated along the mixer trailingedge following the interaction of the two streams. As the vorticity �eld evolves, two vortexstructures become identi�able by x=� = 1:0. These merge at x=� = 2:0 and become moredissipated at x=� = 3:0. The tetrahedral grid predictions show the same general behaviour.However, at x=� = 1:0 the vorticity �eld indicates a stronger mutual interaction between thetwo vortices in comparison to the hexahedral case. This agrees with the strong kinks observedin the velocity contour plots. Further downstream, a single vortex structure exists with thevorticity contours revealing a much more distorted distribution. As in the velocity contours,solutions of the mixed grid show great similarity in the �rst two axial locations with thehexahedral results. Further downstream, despite the vorticity �eld being somewhat distorted,the levels and distributions still resemble results of the hexahedral case closely.Focus so far has been on the near �eld. To quantify the level of mixing taking placethroughout the entire mixing region, evaluations of the momentum thickness and streamwisecirculation are carried out. The momentum thickness provides a measure of the momentumentrained into the shear layer and is evaluated from� = 2� Z �20 Z 3�2�3�2 (U � Ulow)(Uhigh � U)(Uhigh � Ulow)2 dzdy (5.2)The inner integral in Eqn. (5.2) is evaluated over shear layer regions in the interval �3�2 �z � 3�2 where the streamwise component of velocity lies within the bounds 0:99Ulow � U �0:99Uhigh. Figure 11(a) shows the variation of momentum thickness with downstream distancefor the three grids studied. The results indicate a very similar growth of the mixing layer withdownstream distance for the hexahedral and mixed grids. The tetrahedral grid shows a muchmore rapid growth of the mixed out region with a 50% error present as early as x=� = 1:0.This supports the higher spreading observed earlier in the velocity contours with this grid.Further downstream, the mixing rate decreases substantially. The momentum thickness canbe used to provide a measure of the e�ective mixing length required to allow complete mixingto be reached. Whereas this occurs by x=� = 5:0 in the tetrahedral grid, a value of x=� > 10:0is implied by the other two cases. Such erroneous predictions with the tetrahedral grids canhave severe implications if this design parameter is used to provide an estimate of the requiredmixing duct length for a gas turbine engine.The streamwise vorticity �eld can be quanti�ed by evaluating the streamwise circulationgiven by � = IC u � ds (5.3)The contour integral used in Eqn. (5.3) is de�ned in Fig. 2. The contour dimensions usedextended over the height of the computational domain. It is usual to normalise this value ofthe circulation with the value at the trailing edge obtained from the inviscid theory of Skebe[8] which states that � = ClUrHtan(') (5.4)where Cl = 4 for mixers with parallel side walls, H is the lobe amplitude (half the lobeheight, h), and ' is the lobe inclination angle. Results of the streamwise circulation for the
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(b) Normalised streamwise circulationFigure 11: Variation of global quantities with downstream distancethree grids are shown in Fig. 11(b). A comparison of the results between the hexahedral andmixed grids reveals a higher value of the circulation at the trailing edge in the mixed grid.This is possibly due to slightly better resolution of the lobe surface boundary layer due tothe �ner axial clustering of the mixed grid. Within the mixing region, similar trends existin the two cases with the initial higher value of the circulation in the mixed grid persistingdownstream. The circulation for the tetrahedral grid is characterised by peaks occurring atx=� = 1:5 and x=� = 4:5. Otherwise, similar trends to the other cases are observed furtherdownstream despite the higher level of circulation. Referring back to the vorticity plots, ofparticular interest was the higher level of vorticity which existed at x=� = 1:0. The �rst peakin the streamwise circulation clearly re
ects this. To understand this higher circulation levelpredicted with the tetrahedral grid, a look at the predicted turbulent �eld is needed. Thelocation x=� = 1:0 has been identi�ed as a region of interest. The turbulent kinetic energy atthis location for the three cases is therefore shown in Fig. 12. This has been normalised withthe square of the average velocity of the two streams. The turbulent energy shows regions ofhigh turbulence within the shear layer. Peak values are found concentrated at the locationswhere the two vortices are located. Comparing the three cases, the hexahedral and mixedgrids show a very similar distribution and peak values. The main di�erences are seen in thespiralling `arms' of the shear layer where the mixed grid shows a less spread out distribution.In stark contrast, the tetrahedral grids show much lower peak values of the turbulent energy.The low turbulence levels that do exist are also more highly di�used than the other cases.Turbulence is generated in regions of high gradients. Numerical smoothing destroys thesegradients. As the gradients are smoothed out, the mechanism through which turbulence andhence eddy viscosity is generated is removed. Due to the nonlinear form of the production termsin the k � � model a signi�cant reduction results. This same mechanism was also observedin the planar shear layer. While numerical mixing has increased in the tetrahedral grid, theturbulent mixing has been signi�cantly under predicted. This strong coupling between theturbulent �eld and the mean 
ow can result in regions where the total mixing has reducedlocally. This mechanism could have attributed to the higher levels of vorticity observed at
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Figure 12: Normalised turbulent kinetic energy contours at x=� = 1:0; (a) Hexahedral grid;(b) Tetrahedral grid; (c) Mixed gridx=� = 1:0 in the tetrahedral grid. While most of the shear layer has spread through numericaldi�usion, regions where the two vortices exist clearly contain much lower turbulent mixing.The combined e�ect is then lower dissipation of the vorticity �eld as suggested by the higherlevels of streamwise circulation.The evidence presented above indicates that tetrahedral grids are not well suited for suchmixing applications. In contrast, hexahedral and mixed grids provide much better predictions.The full potential of unstructured methods can only be realised when including adaptive tech-niques. The study conducted here has indicated that a hybrid adaptive method may providethe highest quality solutions at the lowest computational costs.6 CONCLUSIONSResults have been presented for the evolution of a planar and convoluted turbulent shear layershowing the in
uence of grid type on the accuracy of the prediction. When comparing di�erentgrid types, similar numbers of nodes were used.Shear layer 
ows have the characteristic of a predominant 
ow direction with strong gra-dients normal to that direction. Hexahedral grids were found to be well suited to this typeof 
ow, the alignment of faces with these two directions gave acceptable levels of numericalsmoothing and so correct prediction of the turbulent shear layer growth for a given numberof node points. However, a tetrahedral grid with a similar number of nodes gave spuriousexcess mixing due to numerical smoothing in the initial mixing region, followed by a reduc-tion in mixing rate further downstream due to under prediction of turbulence kinetic energy.These results were con�rmed for the convoluted mixing layer. The anomalous results fromthe tetrahedral grid arise because of the presence of control volume faces that are not alignedwith either of the streamwise or cross stream directions - the presence of both a gradient anda 
ow direction across the face triggers numerical smoothing that is larger than the physicaldi�usion. Increasing the aspect ratio of triangular elements reduces the numerical smoothingand improves the prediction of the shear layer spreading rate.



19In the convoluted turbulent shear layer, the spurious numerical di�usion due to the tetra-hedral grid gives an increased peak vorticity immediately downstream of the mixer. Morerapid mixing ensues and analysis of momentum thickness indicates that complete mixingoccurs by �ve lobe wavelengths downstream, whereas the hexahedral and mixed hexahe-dral/tetrahedral/pyramidal grid agree with a �ne grid hexahedral solution of complete mixingby a distance greater than ten lobe wavelengths. In a design scenario, the required mixingduct length found from a tetrahedral grid solution may be too short.A mixed grid with aligned high aspect ratio hexahedral elements in the shear layer regionand pyramids and tetrahedra linking to the outer domain appears to be the optimal grid forthis type of problem. However, grid alignment for the convoluted shear layer would requirethe use of an adaptive method.ACKNOWLEDGEMENTSThe authors would like to acknowledge funding support for the research work reported herefrom the Engineering and Physical Sciences Research Council (UK), Grant No. GR/L17863.Financial assistance and technical review monitoring was also provided by Rolls-Royce andDERA; the authors would like to thank in particular Dr. Leigh Lapworth (RR), Dr. Jens-Dominik M�uller (Oxford University) and Prof. Michael Giles (Oxford University).References[1] S.R. Allmaras, 1993. Analysis of a local matrix preconditioner for the 2-D Navier-Stokesequations. AIAA 93-3330-CP.[2] B.E. Launder and D.B. Spalding, 1974. The numerical computation of turbulent 
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