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This paper is a ontinuation of previous work in whih a transoni owwith SWTBLI was alulated by large eddy simulation (LES) (Wollbladet al., 2006). There the authors found a partiular on�guration for whih theknown prerequisites for large sale shok movement were ful�lled (AGARD,1986; Wu and Martin, 2004) but where there was no suh movement. Thison�guration, hereafter denoted the baseline ase, and some of its harater-istis are desribed in setion 2.Several other investigations have been made of both transoni and super-soni SWTBLI. Some will be disussed in setion 3 and their on�gurationswill be used to motivate alterations of the well doumented ase in Wollbladet al. (2006). The motivation is to �nd more preise onditions for large saleshok movement in transoni SWTBLI.2. The baseline ase2.1. Computational set-upThe omputational domain is a numerial model of a part of an experi-mental test rig at the Department of Energy Tehnology, KTH. The exper-imental test setion is 0:44 m long, 0:10 m wide and 0:12 m high. There isa bump at the bottom of the test setion. See Bron (2003) for greater detailabout the rig. Our domain onsists of this test setion but has been short-ened by 0:08 m and translational periodiity was assumed in the spanwisediretion for a width less than that of the test setion. Previous numerialinvestigations have shown that a width of 0:039 m is suÆient to let the owdevelop unhindered by a limited spanwise domain. Furthermore, the eilingwas removed and replaed by a symmetry plane. A 2D piture of the domainis shown in �gure 1. The parameters in the baseline ase were seleted tomimi the onditions in the test rig as far as possible. Hene, the symme-try plane was lowered by one momentum loss thikness based on the inletboundary ondition, so that h = 0:1186 m. In this way possible di�erenesin mass displaement between measurements and alulations were redued.The maximum height of the bump is 0:01048 m.The geometry is suh that, for some subsoni boundary onditions at theinlet and outlet, the ow will be aelerated over the bump and the sonipoket that is formed will be terminated by a shok.To ensure a well resolved LES of the ase, the Reynolds number wasredued by a fator of 11:25 ompared to the experiments. This was doneby inreasing the dynami visosity to � = 1:8e�4Pa s. The inlet boundary2
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y(m) h LFigure 1: 2D projetion of the omputational domain.onditions had freestream values of M = 0:70, P0 = 160:0 k Pa, T0 = 303 Kand the boundary layer utuations were taken from inompressible DNS offully developed hannel ow. The Reynolds number based on u� and Æ99 atthe inlet was 632 and the momentum dislaement thikness 0:89 mm. Theoutlet pressure was set to 103:5 kPa.As mentioned, the upper boundary was set to be a symmetry bound-ary and the spanwise boundaries were given translational periodi boundaryonditions. No-slip, adiabati onditions were enfored along the wall.2.2. Large Eddy Simulation NumerisThe onservative forms of the ontinuity, momentum and energy equa-tions were solved on strutured meshed using the �nite volume method. Thelarage eddy formulation is obtained using a box �leter of grid ell size. Codedoumentation an be found in Eriksson (1995).The invisid uxes are disretized in spae using a fourth order entralsheme to whih is added a small amount of upwinding. The upwindingis a third di�erene multiplied by a user de�ned onstant and applied tothe harateristi variables, whih are in turn evaluated using a planar waveassumption. This onstrution makes the spae disretization of the invisiduxes third order aurate in terms of dissipation, but still makes it fourthorder in terms of dispersion.A seond order entral sheme is used for the visous uxes. The sub-grid terms were modeled using a ompressible version of the WALE modeldeveloped by Nioud and Duros (1999). The modi�ation is desribed in3



Wollblad et al. (2006). The �lter width was alulated by (�x�y�z)1=3,i. e. to a funtion of the grid.At strong pressure gradients, suh as in the ase of shoks, extra di�usionis needed to prevent the alulations from diverging. Here a term saledby the seond derivate of the loal pressure and the spetral radius of thedisretized ux operator is added in the alulations of the invisid uxes(Jameson et al., 1981). The user de�ned oeÆient that guides the level ofextra dissipation is set to a level just high enough to prevent divergene,whih in this work is twie the value used in Wollblad et al. (2006).The ode uses a three-stage, seond-order aurate, low storage Runge-Kutta method. Close to walls, a semi-impliit preonditioning sheme isapplied in eah step of the Runge-Kutta method. The semi-impliit methodis desribed in detail in Wollblad et al. (2004).For further details on the numerial treatment, see Wollblad et al. (2006)and referenes therein.2.3. Data TreatmentA alulation was run until the average wall shear stress on the bak ofthe bump showed no long time utuations. The alulations were run forapproximately six ow-through times. During this time 850 instantaneoussolutions with equal time spaing were saved. Tests showed that seond orderstatistis ould be alulated from only 500 samples with no loss of auray,but it was deided that 850 samples should be used so that there would alsobe auray in the omputations of time-spae orrelations.The time series are not long enough to obtain well resolved spetra. Thespetra have however been alulated using only 600 of the time steps. Theresult was that the peaks hanged somewhat in magnutide, but the importantfrequenies remained the same.The ode gives data in the form of ell averages. For eah node (node= grid node), the values of the adjaent ells were added and the sum wasdivided by the number of adjaent ells. This makes the values of the interiornodes averages of eight ell values, while the values assigned to a orner nodeequal those of its adjaent ell.Depending on the appliation, the nodal data were then either averagedin the spanwise diretion or interpolated onto the ells of another grid. Flowstatistis suh as Reynolds stresses were alulated from data averaged inboth the spanwise diretion and in time. For alulation of orrelations andfrequenies, data were interpolated to a sample grid and alulations arried4
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Figure 3: Resolved huui Reynolds stresses of the baseline ase.out on this grid using the ell values. The results were then averaged in thespanwise diretion.2.4. Flow harateristis of the baseline aseThis subsetion summarizes the results of the simulations reported inWollblad et al. (2006). The Mah number ontour plot in �gure 2 shows thegeneral piture of the mean ow. The ow aelerates to form a soni poketthat is terminated by a shok at x � 0:075 m. The maximum Mah numberbefore the shok is 1:27. The Mah number gradient through the shokis very steep, whih indiates that the shok is absolutely stable. This ison�rmed both by FFT analysis of the shok position and by visualization ofthe ow. The exeption is the innermost part of the shok, but the movementis more a variation in strength aused by inoming turbulent strutures in the5



boundary layer. FFT of the innermost shok position reveals no dominatingfrequeny.The streamwise resolved Reynolds stresses (saled for maximum visabil-ity) are shown in �gure 3. Observe that the y-sale is di�erent from thatin �gure 2. The boundary layer develops as expeted without any strangeinitial transients. As the uid aelerates at the front of the bump, the fa-vorable pressure gradient starts a relaminarization proess. The boundarylayer remains however turbulent for all x. This relaminarization proess isthe most notable Reynolds number dependent part of the ow sine the pro-ess is diretly proportional to the visosity (Jones and Launder, 1971). Asthe ow separates, the resolved huui Reynolds stresses are ampli�ed as muhas 300 % and the ow beomes highly anisotropi. The separated boundarylayer ontinues more or less horizontally while a new boundary layer formsdownstream of the shok.The separation harateristis are demonstrated in �gure 4 where theprobability density funtion (PDF) of the skin frition oeÆient is shown asa funtion of the streamwise position. As an be seen, the interation region,i. e. the region where the e�et of the shok is felt, starts at x � 0:045 m andthe ow separates at x � 0:06 m. The probability of bak ow an be foundby integrating the PDF for all negative Cf ; the result is shown in �gure 5.Clearly, there is a separated region, P (Cf < 0) > 0:5, of 3 m ranging fromx � 0:06 m to x � 0:09 m. Three entimeters is in this ontext a ratherlarge sale and hene the ow an be regarded as strongly separated.The lak of large sale shok movement is in disagreement with manyexperiments of transoni SWTBLI, for example those presented by Bron(2003), but in agreement with LES presented by Sandham et al. (2003) andexperiments presented by Bahalo and Johnson (1986).The onnetion between ow strutures and unsteady shok movementhas hiey been investigated for supersoni ow in ompression ramps. Thomaset al. (1994) related the shok movement to the frequeny of the separatedregion. There are signi�ant di�erenes between the urrent ase and a su-personi ompression ramp. In the supersoni ase, the separation bubble is'trapped' between the shok and the ompression ramp, whereas the urrentow features not one but several separation bubbles. Thus, no single turnovertime an be omputed for the urrent ase, although the analogy an still beuseful. On the other hand, several investigations of supersoni ompressionramp ow have pointed out the bursting frequeny of the inoming boundarylayer to be the frequeny of the shok movement. See for example Wu and6
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Figure 5: The probability for Cf to beless than zero as a funtion of the stream-wise position.Martin (2004) and Andreopoulos and Muk (1987). They found that burstsand shok movement both had a main frequeny of 0:14U1=Æ whih for thebaseline ase orresponds to 5:8 kHz at x = 0:05 m. The baseline ase doesindeed feature bursting events with a main frequeny of 5:5 kHz at thatposition (Wollblad et al., 2006). This indiates that bursting events in theinoming boundary layer do not trigger large sale shok movement in thetransoni ase.3. Comparison with other studiesThe most ommon on�guration for studying transoni SWTBLI is thesuperritial airfoil, suh as the one shown in �gure 6. Shok movement insuh a on�guration is known as \the bu�eting phenomenon". Reent nu-merial investigations (Dek, 2005; Xiao and Tsai, 2006) support the theoryproposed by Lee (1990) who suggested that the separation (point 2 in �gure6) auses large sale strutures that are onveted downstream. As thesestrutures reah the trailing edge (point 1 in �gure 6) they interat with theow oming from underneath the airfoil. This interation auses a radiationof aousti waves whih in turn propagate upstream to the shok, leading toa feedbak mehanism.Sine the urrent geometry does not have a trailing edge, no feedbakmehanism suh as that in the airfoil ase an be present. It is however in-7



Figure 6: Whitomb superritial airfoil. Flow from left to right. U is the free streamveloity. 2 indiates the separation region behind the shok.teresting to note that it, in the ase of the wing, is waves upstream travelingfrom far downstream of the shok that determine the large sale shok move-ment rather than bursting events in the inoming boundary layer or diretinteration between the shok and the separation bubble diretly behind theshok.The airfoil disussion indiates that the neessary onditions for largesale shok movement in internal transoni ow must probably be soughtelsewhere than at the shok foot. One ommon feature in most suh ows isthat they are hoked. This an be seen in many pitures in AGARD (1986)and in the ases reported by Handa et al. (2003) and Moroianu (2003). Thehypothesis that hoking is neessary is supported by the work of Bahalo andJohnson (1986) who onsidered an unhoked axisymmetri on�guration andobserved that the invisid ow on their model was \exeptionally stable".Choking is however probably not a suÆient ondition as an be seen in thework of Sandham et al. (2003) who reported LES of a ow very similar to thebaseline ase. The di�erenes are that the bump geometry in that ase is thetop of a ylinder, their shok overs the whole domain up to the symmetryplane and the maximum Mah number before the shok is 1:16. The shokis stable however, exatly as in the baseline ase. The ontradition to thehypothesis that hoking is a neessary ondition is the measurements madeby Bron (2003) where large sale shok movement is reported even thoughthe ow is not hoked.The possible onnetion between large sale shok movement and a hokedinternal ow obviously needs further investigation. A ase in whih the sym-metry plane of the baseline ase has been lowered to y = 0:08 m while allother ow parameters are kept onstant will be presented. Another ase8
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Case Domain hight Outlet pressure Ceilingbaseline 0:1186 m 103:5 kPa no1 0:08 m 103:5 kPa no2 0:1186 m 101 kPa no3 0:12 m 101 kPa yes4 0:12 m 96 kPa yesTable 1: Summary of the ases.where the geometry is the same as in the baseline ase but where the outletpressure is lowered will also be presented. Both alterations will reate hokedows with stronger shoks than in the baseline ase. The ase with lowereiling will experiene a relatively larger degree of bloking sine the bumpwill over a relatively larger part of the domain. This an be signi�ant foreventual large sale shok movement. Sajben and Kroutil (1981), who inves-tigated the ow in a transoni di�user, reported inreased shok movementif the blokage was inreased by alterating the boundary layer before thethroat.A ommon approah, espeially for LES, is to replae the eiling of thehannel with a symmetry plane. Handa et al. (2003) made experiments andquasi one-dimensional omputations of a transoni di�user. They investi-gated two di�erent maximal Mah numbers before the shok (1:26 and 1:48),and the di�user was hoked. They suggest that when pressure waves gener-ated in the separated region hit the eiling, new pressure waves are reatedthat travel upstream along the eiling and move the shok as they reah it.Their hypothesis is onsistent with the simulations made by Moroianu (2003)where the eiling was inluded, and with the simulation made by Sandhamet al. (2003), where the eiling was replaed by a symmetry plane. Two sim-ulations will be presented where the eiling of the domain is inluded, onease in whih the ow is not hoked and one in whih it is hoked.Table 1 summarizes the four ases that will be presented. Note that thedomain height in ases 3 and 4 is restored to the same value as in the testrig at KTH. For all ases, the resolution and numerial paramters are thesame as for the baseline ase for whih grid onvergene and independeneof parameters of the numerial sheme was proved in Wollblad et al. (2006).For ases 3 and 4, the eiling boundary layer has the same resolution as the10



baseline ase boundary layer has at the inlet, i.e. �x+ � 100, �z+ � 15and �y+ � 1:0. There is no ase that inludes the possible side wall e�ets.Side wall e�ets ould of ourse be neessary to trigger large sale shokmovement, but sine the objet is to test existing hyposethes rather thanstritly reproduing the results of Bron (2003), side wall e�ets have beenleft for future investigations.4. Basi features4.1. Case 1Figure 7(a) shows a Mah number ontour plot of the average ow �eld ofase 1. The very sharp shok in the free stream region indiates what is on-�rmed by unsteady visualization of the ow: the shok is stable. Comparedto the baseline ase, the shok is loated further downstream and is henestronger and has a more sizable separation region. The maximum averageMah number before the shok is 1:4 and the loation of the maximum ismuh further from the wall than in the baseline ase.Compared to the baseline ase, the innermost part of the shok is movingmuh more. The position of the shok is measured by the maximum pressuregradient one entimeter above the bump oor (y = 0:018). The power spetraof the baseline ase and ase 1 are ompared in �gure 8(a). The standarddeviation for the shok position in ase 1 is 3:3 mm while it is only 0:34 mmfor the baseline ase. The peak at 350 Hz is interesting sine it is one ofthe frequenies found in measurements of the wall pressure made by Bron(2003).4.2. Case 2The average solution of another hoked on�guration is shown in �gure7(b). The shok position is muh more omparable with the baseline asethan with ase 1 and the maximum average Mah number before the shokis 1:3. It also shares the feature that the shok position is stable. Hene,ases 1 and 2 on�rm that a hoked omputational domain is not a suÆientondition for large sale shok movement in internal transoni ows.The standard deviation of the position of the innermost part of the shokis 2:2 mm. The power spetrum of the movement has two dominant peaks,one at 350 Hz and one at 900 Hz, both with Ph � 4 � 10�4. Case 1 hasits strongest and seond strongest peaks at the same frequenies (see �gure8(a)). 11



As will be seen throughout the rest of this artile, the separation hara-teristis of ase 2 shares most of its features with ase 1. Hene, the degree ofblokage seems to have very little e�et on the type of ow onsidered here.4.3. Case 3 and 4Case 3 is very similar to the baseline ase, i.e. strong separation butwithout large sale shok movements. Mah number ontours are shown in�gure 7(). As an be seen, the shok does not reah the eiling and henethe upper boundary layer does not separate. The ow is not hoked, neitherin mean nor instantaneously. This alulation only on�rms that as long asthe shok does not reah the upper boundary there is no di�erene in havinga symmetry plane or a solid wall. The only real di�erene is that, to get thesame ow �eld qualitatively, the outlet pressure must be lower if the eilingis inluded sine the upper boundary layer reates extra drag.A mean Mah number plot of ase 4 is shown in �gure 7(d). The max-imum Mah number before the shok is 1:38 and is hene omparable withthat of ase 1. There is separation along the eiling. The bakow regionthere is rather small and no large sale strutures are produed by this sep-aration.Another di�erene between ase 4 and ases 1 and 2 is that a muh largerpart of the shok is unsteady. The line of the maximum Mah number goesfrom (x; y) � (0:08; 0:02) up to the shok at (x; y) � (0:12; 0:054). Visualiza-tion of the ow shows that the shok above the latter point is stable whilethe shok beneath the point is unstable, as is the line of the maximum Mahnumber. As an be seen in �gure 8(b), 350 Hz is no longer the dominatingfrequeny.5. Separation harateristisThe probability for bakow of ase 1 is shown in �gure 9. Bakowis de�ned as negative wall shear stress. Although the duality of the peak,whih �gure 5 gives an impliation of, ould be an indiation of lambdashok, no lambda pattern an be found. All of the investigated ases displayshoks that onsist of one steep pressure gradient. In some of the ases, theinnermost part of the shok does however have two preferred positions. Case1 has this property; a histogram of the shok loation in ase 1 is shownin �gure 10. Case 2 is the only other ase beyond ase 1 to display thisfeature. The baseline ase and ase 3 have virtually no shok movement,12
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(b) Case 4Figure 8: Power spetra of positions of the innermost parts of the shoks.and the distribution of the shok position of ase 4 is monomodial. All asesdo however display a dual peak in the probability of bakow and henethis bimodality of the shok position annot explain the dual peak of theprobability of bakow.The explanation an instead be found by loser examination of �gures 4and 5. The position of the �rst peak (at 0:06 m) in �gure 5 an be seen to beat a loation where the distribution of Cf is still very narrow. That meansthat the ow there still has relatively small Reynolds stresses and that theseparation is stable. The seond peak (at 0:07 m) is well within the regionin whih Cf has a very broad distribution, i. e. where the Reynolds stressesare large. The orresponding streamlines are skethed in �gure 11. Theboundary layer separates when it approahes the shok, and a small, thin, butstable separation bubble forms. Behind the bubble, a seond, muh larger,separation bubble forms. There is an attahed boundary layer region betweenthe two bubbles where uid is exhanged between the bubbles. The seondseparation bubble is however unstable and now and again detahes. Whenit does, the ow behind the �rst bubble temporarily reattahes, reating thedip in the probability of bakow. The separation of the seond bubble isompleted when a new bubble is reated �lling its plae. This detahmentof the large separation bubble explains the large Reynolds stresses.13
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Figure 10: Histogram of the position ofthe inner part of the shok (ase 1).
Figure 11: Sketh of streamlines at the wall beneath the shok. The height of the �rstseparation bubble is approximately one millimeter.Tha above onlusions have been drawn mainly from streamline anima-tions. An example from the baseline ase is however shown in 12.The frequeny of the separation of the larger separation bubble is howevernot the same as the frequeny of the innermost part of the shok. This an beseen by observing that the loation of the loal minimum of the probabilityof bakow in ase 4 is x = 0:086. Power spetra of the logial funtion�w � 0 at that position show a dominating frequeny of 2 kHz. This is thefrequeny of the reattahment at that point and hene also of the detahmentof the larger separation bubble while the dominating frequeny of the shokmovement is a between 350 Hz and 1200 Hz.The separation and the shok movement an still be onneted through14



ellipti leakage, i.e. information traveling upstream past the shok throughthe subsoni boundary layer. This hypothesis is supported by the followinganalysis: take a phenomenon with a high frequeny and another phenomenonwith a low frequeny, in this ase the detahment of the seond separationbubble and the movement of the shok. If the faster phenomenon triggers theslower phenomenon, a time orrelation between the phenomena will displaypeaks with a time separation of 1=fs where fs is the frequeny of the slowphenomenon. Power spetrum of the orrelation between the wall shear stressat x = 0:086 and the shok position for ase 4 is shown in �gure 13. It anbe seen that the two most important frequenies are the same as in �gure8(b). These onlusions an also be drawn by studying time orrelationsmade between density utuations in the outer part of the separated regionbehind the shok (x = 0:12 and y = 0:007 {0:011) and the shok positions.Bibko et al. (1990) and Glotov (1998) made experimental studies of SWT-BLI in ompression orners. Both studies ame to the onlusion that themain reason for shok wave utuations is the disturbanes that appear in theseparation region. These disturbanes travel upstream through the bound-ary layer and trigger shok movement4. The �ndings here are onsistent withthese investigations.4The artile of Glotov is in Russian but its onlusions are summarized in Knight et al.(2003).
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Figure 12: Streamlines from the baseline ase.
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Figure 13: Power spetra of the time orrelation between f and the position of theinnermost part of the shok. Case 4.6. The path of informationAs disussed in setion 3, the question of the origin of self indued largesale shok movement is strongly onneted to interations between di�erentparts of the ow. The rux of the matter is what information that mightmake the whole shok move and what the origin of this information is.A way to visualize the information transport is to plot d�p=dt as shownin �gure 14. The �gure has labeled arrows to failitate the disussion thatfollows here. Beause it is a very sensitive quantity, d�p=dt is extrated diretlyfrom the omputational ode. Case 2 is hosen for the disussion sine itmost learly displays the important features. Some of the features givenbelow are not obvious from a single snapshot but have been onluded fromtime dependent visualizations of d�p=dt.The boundary layer at the inlet an be seen to generate a great deal ofsound (arrow number 1). This is typial for a non-equilibrium boundary layerand is most prominent in transition (Bodony and Lele, 2006; Cabana et al.,2006). The boundary layer does however quikly reah a near-equilibriumstate and there is a muh weaker generation of noise when the ow reahesx = 0. The pressure waves generated at the inlet an be seen to be reetedat the symmetry plane.When the boundary layer reahes x = 0, it is deeted and a relaminar-ization proess starts. Strong pressure waves are generated and, sine theow at the bump reahes soni speed, the pressure wave and the outermost16
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part of the onveted strutures will have the same speed (arrow number 2).Waves with low amplitude seem to be eradiated as they pass through theseparation region, and only the outer parts of the wave front remain undis-rupted. Waves with high amplitude seem on the other hand to pass throughthe shok. If the separation produes sound waves, they are either muhweaker than the waves from the relaminarization proess or oinides withthem.Even though the lower parts of some of the wave fronts are missing, thewaves emanating from the relaminarization and the deetion of the ow atx = 0 will be the dominating pressure waves in the freestream behind theshok. They reah the symmetry plane where they are deeted towards theoutlet (arrow number 3).In aordane with the theory of Handa et al. (2003) pressure wavesdo reah the upper boundary of the domain. They orginate however notonly from the separated region but also from the relaminarization and thedeetion of the ow. The shear layer reated by the separation is atuallyrather quiesent and generates only weak pressure waves that propagate outin the freestream behind the shok (arrow number 4). The exat origin of thewaves that reah the eiling will of ourse depend on the exat geometry ofthe bump. Handa et al. used a more aggressively urved and thereby shorterbump.There are also some waves behind the shok that seem to be parallel toit (arrow number 5). They travel slowly upstream and are probably reated17
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Figure 15: Time-spae pressure-pressure orrelation for ase 4 taken at y = 0:1125. Con-tour level di�erene is 0:05.by the �xed pressure boundary ondition, whih is known to deet soundwaves. The only way they an play an important role in this investigationis if they somehow prevents large sale shok movement. However unlikelythat is, it an only be ruled out if an bu�er zone is added.Handa et al. used spae-time orrelations of pressure utuations alongthe top wall to argue that, when pressure waves from the separation region hitthe eiling, the upper boundary layer is a�eted and information is broughtupstream through the boundary layer to the front of the shok where it wouldmake the shok hange position. Figure 15 shows the spae-time orrelationfor the pressure in the upper boundary layer of ase 4. Frequeny and phaseplots reveal that the plot has one dominating frequeny at 1:15 kHz whihis traveling downstream. This is supported by the fat that the main ridgein �gure 15 has the same inlination as the veloity time-spae orrelationsalulated at the same point. The only important frequeny that is travelingupstream by the pressure is the one at 3:9 kHz and that is emanating fromfurther downstream. This frequeny is in the turbulent range and is probablyonly a manifestation of the elliptiity of the equations. Hene, the resultspresented here do not support the hypothesis of Handa et al.
18



7. Summary and disussionWell resolved large eddy simulations of transoni ow with shok wave/turbulentboundary layer interation have been presented. The quality of the alula-tions has not been shown in this paper but the issue is thoroughly treatedin Wollblad et al. (2006) where the features of a baseline ase are disussedin detail. Alterations inspired by other studies have been made both to thedomain and to the ow boundary onditions.Neither the baseline ase, nor any of the four new ases presented heredisplay any large sale shok movement. In three of the ases, the lowerpart of the shok moves. This movement is argued to be related to elliptileakage. The hypothesis of Handa et al. (2003) is found not to be valid inthe present work. There are pressure waves that reah the eiling but theyemanate primarily from the front of the bump and not from the separationregion. Only turbulent pressure information seems to travel upstream alongthe eiling.There is of ourse always room for improvement and further investigation.The authors have strong faith in the disretization sheme used, but testinganother sheme would have lent even greater redibility to the alulations.However unlikely it is that the weak sound waves generated at the outletwould hinder shok movement, it an only be exluded if the alulationswere made using a bu�er zone. Finally a more advaned shok apturingmethod ould be tested.There is still another interesting theory about large sale shok movementthat has not been onsidered here. Bogar et al. (1983) reported measurementsmade in the same wind tunnel used by Sajben and Kroutil in their investiga-tion of e�ets of initial boundary layer thikness (Sajben and Kroutil, 1981).The wind tunnel was not losed but the air was ejeted a distane down-stream of the soni throat. By altering the length of the test setion, Bogaret al. onluded that, if the test setion was long enough for the upper andlower boundary layers to merge, the frequeny of the shok movement saledwith the distane from the shok to the merging point. Otherwise, the fre-queny of the shok movement saled with the distane from the shok tothe outlet. Biswas (2004) used the same domain to make 3D RANS alula-tions and drew the same onlusion. He added the observation that sutionslots in the walls ould play the same role as the exit or the merging pointof the boundary layers. This theory annot be on�rmed by LES sine theomputational domain would be muh larger than an be handled, at least19
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