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1 The dissipative sale-similarity modelWhen the �rst sale-similarity model was proposed it was found that it is notsuÆiently dissipative [1℄. An eddy-visosity model has to be added to makethe model suÆiently dissipative; these models are alled mixed models. Thepresent work presents and evaluates a new dissipative sale-similarity model.The �ltered Navier-Stokes read��ui�t + ��xk (�ui�uk) + 1� ��p�xi = � �2�ui�xk�xk � ��ik�xk ; ��ui�xi = 0 (1)where �ik denotes the SGS stress tensor. In the sale-similarity model, theSGS stress tensor is given by �ik = �ui�uk � ��ui ��uk (2)This model is not suÆiently dissipative. Let us take a loser look at theequation for the resolved, turbulent kineti energy, K = hu0iu0ii=2 (where u0i =
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PSfrag replaements y+(b) Correlation oeÆient of�2u0=�y2 and �2�u=�y2.Fig. 2. Channel ow DNS data from a 963 grid �ltered to 483. Re� = 500.�ui � h�uii), whih reads�K�t + ��xi (�uiK) + hu0ku0ii�h�uii�xk + �hp0u0i=�i�xi + 12 �hu0ku0iu0ii�xk = � � �2u0i�xk�xk u0i������ik�xk ����ik�xk ��u0i� = � � �2u0i�xk�xk u0i�����ik�xk u0i� = (3)� �2K�xk�xk � � � �u0i�xk �u0i�xk�| {z }" ����ik�xk u0i�| {z }"SGSThe �rst term on the last line is the visous di�usion term and the seondterm, ", is the visous dissipation term whih is always positive. The lastterm, "SGS, is a soure term arising from the SGS stress tensor, whih an bepositive or negative. When it is positive, forward sattering takes plae (i.e.it ats as a dissipation term); when it is negative, bak sattering ours.Figure 1 presents SGS dissipation, "SGS in Eq. 3, omputed from �lteredhannel ow DNS data. The forward satter, "+SGS, and bak satter, "�SGS ,SGS dissipation are de�ned as the sum of all instants when "SGS is positiveand negative, respetively. As an be seen, the sale-similarity model is slightlydissipative (i.e. "SGS > 0) , but the forward and bak satter dissipation areboth muh larger than "SGS.One way to make the SGS stress tensor stritly dissipative is to set thebak satter to zero, i.e. max("SGS ; 0). This ould be ahieved by setting��ik=�xk = 0 when its sign is di�erent from that of u0i (see the last term inEq. 3). This would work if we were solving for K. Usually we do not, andthe equations that we do solve (the �ltered Navier-Stokes equations) are notdiretly a�eted by the dissipation term, "SGS.



A dissipative sale-similarity model. 263Instead we have to modify the SGS stress tensor as it appears in the �lteredNavier-Stokes equations, Eq. 1. The seond derivative on the right side isusually alled a di�usion term beause it ats like a di�usion transport term.When analyzing the stability properties of disretized equations to an imposeddisturbane, u0, using Neumann analysis (see, for example, Chapter 8 in [2℄),this term is referred to as a dissipation term. In stability analysis the onernis to dampen numerial osillations; in onnetion with SGS models, the aim isto dampen turbulent resolved utuations. It is shown in Neumann analysisthat the di�usion term in the Navier-Stokes equations is dissipative, i.e. itdampens numerial osillations. However, sine it is the resolved turbulentutuations, i.e. K in Eq. 3, that we want to dissipate, we must onsiderthe �ltered Navier-Stokes equations for the utuating veloity, u0i. It is thedi�usion term in this equation whih appears in the �rst term on the rightside (�rst line) in Eq. 3. To ensure that "SGS > 0, we set ���ik=�xk to zerowhen its sign is di�erent from that of the visous di�usion term (f. the twolast terms on the seond line in Eq. 3). This is ahieved by de�ning a signfuntion Mik = sign����ik�xk �2u0i�xk�xk� ; no summation on i; k (4)where Mik = �1. The problem is that we do not know u0i (= �ui � h�uii) untilthe simulations have been arried out. Fortunately, the sign of the seondderivative of the resolved veloity utuation, u0i, is mostly the same as thatof the resolved veloity, �ui. Figure 2(a) presents a omparison of the twoseond derivatives using hannel ow DNS data from a 963 grid �ltered ontoa 483 grid. As an be seen, the RMS of the seond derivative of u0 is larger{ or muh larger { than that of h�ui. Figure 2(b) shows the orrelation of thesigns of the two seond derivatives. It an be seen that the orrelation is largerthan 95% for y+ > 40. Hene Eq. 4 an be replaed byMik = sign����ik�xk �2�ui�xk�xk� ; no summation on i; k (5)Eah omponent of the divergene of SGS stress tensor in Eq. 1 is then simplymultiplied by ~Mik = max(Mik; 0) i.e.��Dik�xk = ~Mik ��ik�xk ; no summation on i; k (6)The SGS dissipation, "DSGS = h(��Dik=�xk)u0ki (f. Eq. 3), is shown in Fig. 1.It should be noted that, sine the limiter ~Mik operates on eah ell ratherthan on eah fae, the SGS di�usive uxes, �Dik , are not onservative. However,this is unavoidable sine we need to ontrol the net fore per unit volume,��Dik=�xk, rather than the stresses at the fae, �Dik . It ould also be mentionedthat ��Dik=�xk is not oordinate invariant; however, this feature is shared by
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Fig. 3. Deaying isotropi grid turbulene. : Dissipative sale-similarity model;: sale-similarity model; : Smagorinsky model (CS = 0:14); Æ experiments [3℄.Left: Deaying of hu0u0ixyz versus time; right: Longitudinal one-dimensional spetra.most bounded disretization shemes where numerial limiters are used forthe onvetive uxes.It an be noted that by using Eq. 5 rather than Eq. 4 the model is nolonger stritly dissipative in the K = hu0iu0ii=2 equation. It is now only 95%dissipative, see Fig. 2(b). However, the model is { assuming that the di�usionterm ��2K=�xj�xj in Eq. 3 is negligible { indeed stritly dissipative in theh�ui�uii=2 equation.In order to avoid that the sign funtion hanges sign between two itera-tions within a time step, the seond derivatives in Eq. 5 are evaluated usingveloities at the old time step.By using the limiter ~Mik we omit the bak satter aused by the SGSstresses; another way to express it is that we exlude the part of the subgridstress stress term that ats as ounter-gradient di�usion.2 Results2.1 Deaying grid turbuleneThe domain is a ubi box of side 4� overed by 64 ells. Figure 3a presents thedeay of the turbulent resolved utuations versus time and Fig. 3b omparesthe predited one-dimensional energy with experimental data. The pile-up ofenergy at the small sales exhibited by all models ours beause the smallestsales annot be resolved by the grid. As an be seen, both the deay andthe one-dimensional spetrum obtained with the dissipative sale-similaritymodel are very similar to those obtained with the Smagorinsky model. It analso be seen that the dissipative model is indeed muh more dissipative thanthe original sale-similarity model.
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Fig. 4. Channel ow. : Dynami model; dissipative sale-similarity model.: no model; Æ: DNS [4℄.
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PSfrag replaements y+(b) : �hu0i��Dik=�xki;: �hu0i��ik=�xki; :�2h�smags0ijs0iji (Cs = 0:1).Fig. 5. a) Terms in the momentum equation. b) Terms in the K equation.2.2 Fully developed hannel owThe Reynolds number is 500 based on the half hannel height and the fritionveloity. The mesh has 64� 80� 64 (x; y; z) ells. The extent of the omputa-tional domain is 3:2 and 1:6 in the streamwise (x) and spanwise (z) diretions,respetively. A grid strething of 12% is used in the wall-normal diretion.Figure 4 presents the veloity pro�les obtained with the dissipative sale-similarity model, the dynami model and with no model. No onverged resultsould be obtained with the standard sale-similarity model. As an be seen,no model gives perfet agreement with DNS and the log-law. Hene, this owis not a good test ase for evaluating the auray of SGS models. Here itis used to analyze the dissipative sale-similarity model. The dynami modelgives slightly better agreement with DNS than the dissipative sale-similaritymodel.



266 L. DavidsonFigure 5(a) presents the momentum di�usion terms lose to the wall. Itan be seen that the SGS di�usion term evaluated using the standard sale-similarity model is of opposite sign to that of the visous di�usion. Whenintroduing the sign funtion in Eqs. 4 and 5, it an be seen that the SGSdi�usion term takes the same sign as the visous di�usion term for y+ > 10.The fat that the two terms have opposite signs for y+ < 10 simply meansthat the visous di�usion is very large at instants when the SGS di�usionterm is set to zero. The di�usion due to the resolved shear stress is inludedin the �gure. It is, as an be seen, muh larger (more than �ve times) thanthe SGS term.Figure 5(b) ompares the SGS dissipation from the sale-similarity modelwith that from the dissipative sale-similarity model (reall that the simula-tion was arried out with the latter model). As an be seen, the SGS dissipa-tion is indeed muh larger with the dissipative model than with the standardmodel. For omparison, the SGS dissipation, "smag , is also inluded.3 Conluding CommentsIn the proposed new sale-similarity model the bak satter generated by themodel is omitted. An alternative way to modify the sale-similarity model is toomit the forward satter, i.e. to inlude instants when the subgrid stresses atas ounter-gradient di�usion. In hybrid LES-RANS, the stresses an then beused as foring at the interfae between URANS and LES. This new approahis the fous of [5℄.AknowledgementsThe �nanial support of SNIC (Swedish National Infrastruture for Comput-ing) for omputer time at C3SE (Chalmers Center for Computational Sieneand Engineering) is gratefully aknowledged.Referenes1. J. Bardina, J.H. Ferziger, and W.C. Reynolds. Improved subgrid sale modelsfor large eddy simulation. AIAA 80-1357, Snomass, Colorado, 1980.2. C. Hirsh. Numerial Computation of Internal and External Flows: Fundamentalsof Numerial Disretization, volume 1. John Wiley & Sons, Chihester, UK, 1988.3. G. Comte-Bellot and S. Corrsin. Simple Eularian time orrelation of full- andnarrow-band veloity signals in grid-generated \isotropi" turbulene. Journal ofFluid Mehanis, 48(2):273{337, 1971.4. J.C. del Alamo and J. Jimenez. Spetra of the very large anisotropi sales inturbulent hannels. Physis of Fluids A, 15(6):L41{L44, 2003.5. L. Davidson. Hybrid LES-RANS: bak satter from a sale-similarity model usedas foring. Phil. Trans. of the Royal Soiety A, 367(1899):2905{2915, 2009.


