
2007-0725AIAA Aerospae Siene Meeting and Exhibit, 8 - 11 Jan 2007, Reno, NevadaLarge-eddy simulationof aelerating boundary layersGiuseppe De Priso�, Anthony Keating yand Ugo Piomelli zDepartment of Mehanial Engineering, University of Maryland, College Park, MD,20740, USALarge-eddy simulation of at-plate boundary layers in favorable pressure gradients(FPG) are performed for two di�erent aeleration parameters. The high-aelerationase is in good agreement with the experimental data by Fernholz and Warnak. Substan-tial redution in turbulent kineti energy, strong deorrelation of u and v utuation, anda redution of the bursting frequeny indiate that the aelerated boundary layer is ina laminar-like state when the pressure-gradient parameter K exeeds a threshold value.Downstream of this region, the boundary layer has a fast re-transition to turbulene: itseems due to the turbulent strutures present in the outer part of the boundary layer. Inthe low K ase, the boundary layer does not depart signi�antly from equilibrium.I. IntrodutionTurbulent boundary layers subjeted to a favorable pressure gradient (FPG) (i.e., one that resultsin freestream aeleration) are ommon in many engineering appliations, suh as airfoils and urvedduts. While the anonial zero-pressure-gradient (ZPG) boundary layer is relatively well understood, FPGboundary-layers are less well known. The simplest ase of an aelerating boundary layer is the \sink ow", inwhih the aeleration parameterK = (�=U21)dU1=dx is onstant with the streamwise distane x. This owhas been studied experimentally and numerially; it is known that, for strong aeleration (K > 3� 10�6)turbulene annot be maintained, and the ow re-laminarizes. The sink ow is, of ourse, an idealization:in real ases, a large aeleration parameter annot be sustained for long distanes, and, in pratial appli-ations, a region of FPG and streamwise aeleration, is followed by one with onstant or adverse pressuregradient (suh is the ase for the ow on an airfoil downstream of maximum thikness). In these onditions,full re-laminarization may not our, and the pressure gradient may leave the ow in a \laminaresent"1state. As the pressure gradient is removed, the ow may then return to a turbulent state; the re-transitioningproess may be strongly a�eted by the state of the turbulene at the end of the aeleration region.For these reasons it is important to understand the mehanisms of re-laminarization. Reviews of urrentknowledge an be found in several artiles by Narasimha and Sreenivasan2, 3 and by Sreenivasan;1 here, onlythe main �ndings are summarized. Re-laminarization an be aused by three mehanisms: (1) a dereasein the Reynolds number aompanied by an inrease in the visous dissipation; (2) strati�ation or owurvature, or (3) ow aeleration. Experimental investigations of re-laminarization due to ow aelerationstarted in the early 1960s. Wilson4 found the �rst evidene that the ow did not follow the semi-empirialtheories for a fully turbulent boundary layer: the measured heat-ux rates on a onvex surfae of a blade wereonsiderably lower than the predited values. Wilson4 onjetured the possibility of a \reverse transition" ofthe ow due to the low loal value of the Reynolds number. However, Patel and Head5 later observed thatthere is no expliit orrelation between a low Re and the relaminarization proess, as long as the initial Reis high enough to allow the turbulene to be self-sustained.Senoo6 studied the boundary layer on the end-wall of a turbine nozzle asade; he found that the boundarylayer was laminar in the region of the throat were the upstream layer was turbulent. His �ndings did notexplain the phenomenon of relaminarization. Moreover, the e�ets of seondary ow were not lear in hisstudy.�PhD Student, AIAA Student-Member.yPresent Address: Exa Corporation, Burlington, MA 01803, USAzProfessor, AIAA Assoiate FellowCopyright  2007 by the Amerian Institute of Aeronautis and Astronautis, In. All rights reserved.1 of 16Amerian Institute of Aeronautis and Astronautis Paper 2007-0725
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Studying a similar on�guration, Launder7, 8 observed that relaminarization of the ow, at least in termsof maro-sale properties and integral parameters, starts near the end of the aeleration region. In theupstream region, the boundary layer was found be turbulent but with a departure from the universal lawof the wall. Only later the boundary layer beame lose to the laminar state. Moreover, he doumentedan inrease of the energy at low wave-numbers in the near-wall region and an even more pronouned one inthe outer part of the boundary layer. He found an explanation of that energy shift in the time-lag betweeninner and outer regions: the latter is relatively distant from the turbulene prodution peak, so the eddiesin that region are not fast enough to adjust their frequeny as the free stream is aelerated. He, therefore,proposes a piture in whih the ow dynamis are ompletely dominated by the near wall region. Launder7, 8also observed that the turbulene does not vanish, but an inreasing fration of it plays a passive role inthe boundary-layer development. Beause of this inability of turbulent strutures to adjust to the owaeleration and the rapid inrease of momentum, the visous stresses grow larger than the turbulent ones;onsequently, the dissipation exeeds prodution, leading to a deay of turbulene and to laminarization.However, Badri-Narayan et al.9 found that dissipation never exeeds prodution in an aelerated boundarylayer, and that both prodution and dissipation derease.Kline et al.10 found a orrelation between the drasti drop of eruptions in the bu�er layer and theaeleration parameter K: for K that approah the value of Kmax � 3:5 � 10�6 the burst rate tendedto zero. Narasimha and Sreenivasan3 suggested that the bursting frequeny dereases exponentially in anaelerated boundary layer before the ow relaminarizes, but never goes to zero ompletely.Patel and Head5 showed a strong orrelation between the distribution of the shear-stress gradient nearthe wall and the relaminarization. They de�ned a non-dimensional shear-stress-gradient parameter, andthey inferred the onset of relaminarization from the position where this parameter has a minimum value of�0:009. However, Narasimha and Sreenivasan3 observed that this non-dimensional parameter reahes thatvalue before the turbulent boundary-layer atually reverts to a laminar-like state; in this sense, the Pateland Head5 parameter predits deviation from the universal law for ZPG boundary layers, but not neessarilyrelaminarization.Blakwelder and Kovasznay11 noted an inrease of the Reynolds stress and turbulent kineti energy(TKE) along streamlines in the outer part of the boundary layer as the ow was aelerated. In the innerlayer, on the other hand, they found a derease of those quantities along streamlines. Moreover, they studiedthe spae-time orrelations of the large struture in the outer layer. They found no hange ompared tothe ZPG ase for the uu orrelations; this suggested that the aeleration had no strong e�et on the largestreamwise struture (those lose to the boundary-layer edge). On the other hand, they noted a drastihange of the normal veloity omponent of the outer-layer strutures, as the vv orrelations lost the anti-symmetrial part found in the ZPG ase.Narasimha and Sreenivasan2 point out that relaminarization is the result of the domination of pressurefores over the slowly responding Reynolds stresses in the outer layer, and the generation of a new laminarsub-layer that is maintained stable by the aeleration. In their model the turbulent strutures in the outerlayer are only distorted and not destroyed by the rapid aeleration. The new sub-layer and the distortedouter layer do not interat, but they only provide the appropriate boundary onditions. Rapid distortiontheory ould be applied in the outer part to the predit the turbulene intensities there, but the interior partof the layer was not well understood and the wall-normal omponents were not well predited. In the sameperiod, Falo12 performed a smoke-visualization study, and suggested that in the relaminarization proesslarge sale strutures existed upstream of the ontration that aelerates the ow: the boundary layer inthe later stages of the aeleration is dominated by an array of large sale streamwise vorties; thus, aninner-outer layer interation ould exist and the relaminarization seems begin from the outer region with astrong oupling between inner and outer parts. This visual observation was reon�rmed by Ihimiya et al.,13who onjeture that non-turbulent uid on the outside of the boundary layer penetrates near the wall, sothat the beginning of relaminarization is due to the outer region together with the hange in ejetion-sweepphenomena.Reent experimental studies of FPG boundary layers have been performed by Fernholz and Warnak14and by Warnak and Fernholz.15 Their measurements showed that the Reynolds number had little e�et onthe relaminarization, and the pressure-gradient e�ets were dominant. They found a strong inrease in theanisotropy of the normal Reynolds stresses (whih dereased) in the outer region of the boundary layer, butobserved the opposite e�et in the inner layer. By alulating the integral length-sales, they found that thenear-wall vorties are strethed in the streamwise diretion, but are only slightly smaller in the wall-normal2 of 16Amerian Institute of Aeronautis and Astronautis Paper 2007-0725



diretion. They measured high levels of atness of the instantaneous skin frition oeÆient, whih indiatedthe presene of intermittent high-frequeny bursts in the re-laminarizing ow.Other reent experiments by Esudier et al.16 found that the streamwise RMS veloity in the innerlayer sales with the loal freestream veloity, while in the outer layer it is \frozen" (i.e., remains relativelyonstant) in the aelerated region. They inferred that the frequeny ontent of the turbulene was onlyhanged at the highest frequenies, and that the bulk of the turbulene generated in the thik upstreamboundary layer prior to aeleration was at frequenies too low to ause signi�ant Reynolds stresses withinthe aelerated boundary-layer.Numerial alulations of a boundary layer with variable aeleration parameters (as opposed to the sinkow studied by Spalart17) were arried out by Piomelli et al.,18 who examined the e�et of the aelerationon the near-wall vortial strutures. They observed that the near-wall streaks beame more elongated andshowed fewer undulations. Sine they found that the vortiity levels in the aeleration region were similarto those in the zero-pressure gradient (ZPG) boundary-layer, and that the vortex sales in the ross-planewere unhanged, they suggested that the additional vortex-strething due to the streamwise veloity gradientmust be ounterbalaned by other mehanisms. However, from the results presented, it was unlear whihphysial phenomena provide this balane.The mehanisms involved in the relaminarization of the turbulent boundary layer in an FPG are stillrelatively unknown. What is lear, however, is that the turbulene in the outer layer remains frozen throughthe aeleration, and is, therefore, strongly dependent on the onditions of the upstream boundary layer(i.e., neither on the loal near-wall behavior nor on the loal freestream veloity). Closer to the wall, theow undergoes a proess of laminarization, in whih the skin frition oeÆient drops sharply. Finally,after the aeleration is ompleted, the ow quikly re-transitions to an equilibrium boundary layer. Severalquestions are still open; among them are: (1) Is the outer layer turbulene frozen or is the main ator inthe relaminarization phenomenon? (2) How do the inner and outer layers interat during and after theaeleration? (3) How does the re-transition to turbulene takes plae (and why it takes plae so abruptly)?In an attempt to larify at least the �rst of these points, large-eddy simulations (LES) of boundary layersin FPG are performed with di�erent aeleration parameters. The �rst simulation, whih mathes the high-aeleration experiment of Warnak and Fernholz15 (Kmax � 4�10�6) (where K = (�=U21)(dU1=dx) is theaeleration parameter), shows a substantial redution in turbulent kineti energy prodution, and the owbeomes laminar-like in the aeleration region. A seond simulation is performed at a lower aeleration(Kmax � 3� 10�6) (obtained by saling down the high-K ase) resulting in less of a \laminar-like" behaviorin the aeleration (for omparison, on a 0.3m-long NACA0012 airfoil at Re = 1:5 � 106, K has values ofthe order 3� 10�6 in the region between 2% of the hord and the point of maximum thikness).In the following we will present the numerial approah employed. Then will show results of the simula-tions, inluding statistis and ow visualizations; we will desribe the results of some numerial experimentsin whih the ow was arti�ially altered, to isolate the strutures responsible for the re-transition. Finally,we shall draw some onlusions. II. Problem formulationIn this study we perform large-eddy simulations (LES) of a at-plate boundary layer in the presene ofan aelerating freestream. The governing equations are the inompressible �ltered Navier-Stokes equations(made dimensionless using a referene length, Æ�o and veloity Uo), whih an be written as�ui�xi = 0 (1)�ui�t + �ujui�xj = 1Re �2ui�xj�xj � �p�xi � ��ij�xj : (2)Here, x, y and z are the streamwise, wall-normal and spanwise diretions, and u, v, and w (or u1, u2 andu3) are the veloity omponents in the three oordinate diretions. The subgrid-sale stresses�ij = uiuj � uiuj (3)were parametrized using the dynami eddy-visosity subgrid-sale model19, 20 with the eddy-visosity oeÆ-ient averaged over Lagrangian ow pathlines.21 3 of 16Amerian Institute of Aeronautis and Astronautis Paper 2007-0725
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Figure 1. Sketh of the on�guration. The omputational domain is shown as a hathed area.Most experimental measurements in FPG boundary layer are performed on a at surfae in whih thepressure gradient is imposed through ontouring of the opposite wall of the wind-tunnel, or by inluding aontoured body above the at wall to produe the desired aeleration (Figure 1). In our ase we imposeddiretly a variable freestream veloitya U1(x) on the top boundary of the domain.22 The other two veloityomponents were obtained by requiring that the vortiity in the freestream is zero. An unsteady inowboundary ondition was obtained from a separate simulation that used the reyling/resaling method,22while a onvetive outow boundary ondition was used at the downstream boundary.23 Periodi onditionswere used in the spanwise diretion.The simulations were performed on a domain of size 476Æ�o � 20Æ�o � 20Æ�o (in the streamwise, wall-normaland spanwise diretions, respetively), using 1136� 104� 192 grid points for the high-aeleration ase, and1024� 64� 128 grid points for the low-aeleration one. The results obtained using this resolution omparewell with oarser alulations. The Reynolds number, based on freestream veloity at the inow, Uo, and onthe displaement thikness at the inow, Æ�o , is 1,260.Equations (1{2) were solved on a Cartesian staggered grid. Conservative seond-order �nite di�ereneswere used for spatial disretization while a semi-impliit frational-step method24, 25 was used for timeintegration. The equations of motion were integrated for 3171Æ�o=Uo time units. Statistial data wereobtained by averaging over the last 2415 time units, and over the spanwise diretion. In the following,time-averaged quantities are denoted by angle brakets, and utuating ones by a prime.III. ResultsIn the present investigation we studied two ases: one with high-aeleration, another with lower ael-eration. Figure 2(a) shows the freestream veloity, U1=Uo, and the resulting frition veloity u�=u�;o forthe two ases of high and low aeleration. Figure 2(b) shows the aeleration parameter, K. In the ase ofhigh K, the freestream veloity at the outow is almost three times that at the inow.The momentum-thikness Reynolds number Re� = U1�=�, with� = Z 10 UU1 �1� UU1� dy (4)(where U = hui) is shown in Figure 2(); Re� dereases as the ow begins to aelerate (x=Æ�o > 140). Thisreets profound hanges in the veloity pro�le, whih result in signi�ant derease of � and will be disussedfurther later. The skin-frition oeÆient. Cf = �w�U21=2 (5)is shown in Figure 2(d). Again, it an be observed that, although the mean freestream veloity inreasesin both ases, Cf begins to derease near the loation of maximum K (this derease begins to our down-stream of the orresponding derease in Re�). After the pressure gradient is relaxed, rapid re-transitiontowards an equilibrium turbulent value ours (x=Æ�o ' 310). The hain-dotted line shows the equilibriumZPG value of Cf obtained from the orrelation26 Cf = 0:0576Re�0:2x . At the inow, while the omputationsshow good agreement with the experimental orrelation, the experiments have lower skin frition, suggestingaIn the following, U1 denotes the (variable) freestream veloity, whereas Uo = U1(0) = 1 is the referene veloity for theat-plate region upstream of the FPG region. 4 of 16Amerian Institute of Aeronautis and Astronautis Paper 2007-0725
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Figure 2. Streamwise development of statistial quantities. (a) Freestream veloity, U1=Uo and frition veloityu�=u�;o; (b) Aeleration parameter K; () Momentum-thikness Reynolds number Re�; (d) Skin frition oeÆient Cf .� Experiments;14 high-K ase; low-K ase; ZPG boundary-layer orrelation.that pressure gradient e�ets are already signi�ant on the upstream boundary layer. The region of relami-narization is predited well by the LES. The re-transitioning ours more abruptly than in the experiment,and the downstream Cf is higher in the LES, even taking into aount the initial shift. Several fators anaount for this di�erene. First, the di�erent geometry: in the experiment the measurements are made onthe inside wall of a ylinder, whereas the alulation uses a at plate;12 the ratio between ylinder radiusand boundary-layer thikness varies between 12 and 9, so urvature e�ets may play a role. Furthermore,despite the fat that the grid in the streamwise diretion was re�ned in the re-transition region, the three-foldinrease in the frition veloity results in marginal resolution of the boundary layer in the fully turbulentregion downstream of the aeleration: in the upstream region we have �x+ ' 28, �z+ ' 6:2, while in thereovery region �x+ ' 56 and �z+ ' 19.The lower aeleration ase shows similar behavior to the high-aeleration one; however the re-laminarization is less severe. Re� and Cf are redued by a muh smaller amount in the aeleration region,and reovery takes plae earlier than for the high-K ase.Figure 3 shows the mean veloity pro�les in outer oordinates at several loations in the ow. If theveloity pro�les are plotted in wall oordinates (Figure 4), one an observe the existene of a logarithmilayer (following the standard law, U+ = 2:5 log y+ + 5) at the inow and in the mild aeleration region(x=Æ�o < 150). As the FPG beomes signi�ant, the slope of the logarithmi region dereases (a well-knowne�et of aeleration17). The two ases are in good agreement up to the point of maximumK. Thereafter, thehigh-K ase departs signi�antly from the equilibrium boundary layer pro�le, beoming more laminar-like.The reovery of the inner layer to an equilibrium logarithmi law ours quite rapidly, between x=Æ�o ' 330and 370. The agreement with the experimental data is very good. One should observe that in the regionof high aeleration there is a signi�ant region of well-mixed uid, in whih the normal veloity gradient isnearly zero (from y=� > 5 at x=Æ�o = 320, for instane).Very good agreement is also observed in the predition of the normal Reynolds stresses (Figure 5). Thederease of the magnitude of the stresses following the maximum of the aeleration is evident, and is dueto the inrease of u2� , whih is used to normalize the stresses, rather than to a derease of the stressesthemselves, whih remain approximately equal to their upstream value (see the disussion below).5 of 16Amerian Institute of Aeronautis and Astronautis Paper 2007-0725
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Figure 10. Instantaneous ontours of u0 veloity utuations in a plane parallel to the wall.available turbulent kineti energy and, in equilibrium ows, it has a value lose to 0.15. The aelerationauses a signi�ant departure from its equilibrium value: we observe a signi�ant derease of a1 over thelower half of the boundary layer. The derease is partiularly strong in the logarithmi layer (the value ofa1 is lower in this region even in equilibrium ZPG boundary layers). The orrelation oeÆient Cuv , on theother hand, remains lose to the anonial value for at-plate boundary layers (Cuv ' 0:4�0:5) everywhere,with variations of less than 10%. Thus, the relaminarization does not seem to be due to so muh to adeorrelation between the frozen utuations, but rather to a re-organization of the ow that results inmuh lower wall-normal utuations that, although reasonably well-orrelated with the streamwise ones, anonly produe a muh redued shear stress. The dereased mixing due to the turbulent transport, in turn,auses the derease of the skin-frition oeÆient that is onsidered one of the symptoms of relaminarization.The signi�ant hanges to the turbulent statistis observe above must be aompanied by similar alter-ations of the turbulent struture, whih we will now desribe. The ontours of streamwise veloity utuationsin an xz�plane near the wall are shown in Figure 10. We an observe the regular streaky struture of theboundary layer near the inow. In the region of high K we observe utuations of magnitude omparableto those in the equilibrium region; they form, however, very long streamwise streaks, without the kinksharateristi of the burst event. This indiates the hange towards a very stable and more orderly innerlayer, as pointed out by Narasimha and Sreenivasan.2 Figure 10 also shows a fast re-transition to turbulenewhen the pressure gradient is turned o� (x=Æ�o ' 310).In Figure 11 the oherent strutures in the outer layer are visualized though isosurfaes of the seondinvariant of the veloity gradient tensor Q = �12 � �u0i�xj �u0j�xi� (7)(see Dubief and Delayre27). We note that the outer layer vorties beome aligned in the streamwise diretionin the aeleration region. This is most likely a kinemati e�et, as the dominant omponent of the veloitygradient in this region, �U=�x, has the e�et of strething and re-orienting the oherent eddies into thestreamwise diretion. We note, however, that the more orderly struture of the ow observed in the innerlayer (Figure 10) is reeted in a more orderly outer layer struture. An obvious question that needs to beaddressed is whether the inner layer, with its redued burst frequeny, is unable to \sramble" the outerlayer strutures, or if the outer layer fores a more orderly inner-layer struture. The outer layer struturesertainly a�et the inner layer: Figure 12 shows ontours of the instantaneous u0v0 orrelation in planesnormal to the mean ow, and seondary (v � w) veloity vetors. One an observe several features of this13 of 16Amerian Institute of Aeronautis and Astronautis Paper 2007-0725
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