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e S
ien
e Meeting and Exhibit, 8 - 11 Jan 2007, Reno, NevadaLarge-eddy simulationof a

elerating boundary layersGiuseppe De Pris
o�, Anthony Keating yand Ugo Piomelli zDepartment of Me
hani
al 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 a

eleration parameters. The high-a

eleration
ase is in good agreement with the experimental data by Fernholz and Warna
k. Substan-tial redu
tion in turbulent kineti
 energy, strong de
orrelation of u and v 
u
tuation, anda redu
tion of the bursting frequen
y indi
ate that the a

elerated boundary layer is ina laminar-like state when the pressure-gradient parameter K ex
eeds a threshold value.Downstream of this region, the boundary layer has a fast re-transition to turbulen
e: itseems due to the turbulent stru
tures present in the outer part of the boundary layer. Inthe low K 
ase, the boundary layer does not depart signi�
antly from equilibrium.I. Introdu
tionTurbulent boundary layers subje
ted to a favorable pressure gradient (FPG) (i.e., one that resultsin freestream a

eleration) are 
ommon in many engineering appli
ations, su
h as airfoils and 
urveddu
ts. While the 
anoni
al zero-pressure-gradient (ZPG) boundary layer is relatively well understood, FPGboundary-layers are less well known. The simplest 
ase of an a

elerating boundary layer is the \sink 
ow", inwhi
h the a

eleration parameterK = (�=U21)dU1=dx is 
onstant with the streamwise distan
e x. This 
owhas been studied experimentally and numeri
ally; it is known that, for strong a

eleration (K > 3� 10�6)turbulen
e 
annot be maintained, and the 
ow re-laminarizes. The sink 
ow is, of 
ourse, an idealization:in real 
ases, a large a

eleration parameter 
annot be sustained for long distan
es, and, in pra
ti
al appli-
ations, a region of FPG and streamwise a

eleration, is followed by one with 
onstant or adverse pressuregradient (su
h is the 
ase for the 
ow on an airfoil downstream of maximum thi
kness). In these 
onditions,full re-laminarization may not o

ur, and the pressure gradient may leave the 
ow in a \laminares
ent"1state. As the pressure gradient is removed, the 
ow may then return to a turbulent state; the re-transitioningpro
ess may be strongly a�e
ted by the state of the turbulen
e at the end of the a

eleration region.For these reasons it is important to understand the me
hanisms of re-laminarization. Reviews of 
urrentknowledge 
an be found in several arti
les by Narasimha and Sreenivasan2, 3 and by Sreenivasan;1 here, onlythe main �ndings are summarized. Re-laminarization 
an be 
aused by three me
hanisms: (1) a de
reasein the Reynolds number a

ompanied by an in
rease in the vis
ous dissipation; (2) strati�
ation or 
ow
urvature, or (3) 
ow a

eleration. Experimental investigations of re-laminarization due to 
ow a

elerationstarted in the early 1960s. Wilson4 found the �rst eviden
e that the 
ow did not follow the semi-empiri
altheories for a fully turbulent boundary layer: the measured heat-
ux rates on a 
onvex surfa
e of a blade were
onsiderably lower than the predi
ted values. Wilson4 
onje
tured the possibility of a \reverse transition" ofthe 
ow due to the low lo
al value of the Reynolds number. However, Patel and Head5 later observed thatthere is no expli
it 
orrelation between a low Re and the relaminarization pro
ess, as long as the initial Reis high enough to allow the turbulen
e to be self-sustained.Senoo6 studied the boundary layer on the end-wall of a turbine nozzle 
as
ade; 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�e
ts of se
ondary 
ow were not 
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Studying a similar 
on�guration, Launder7, 8 observed that relaminarization of the 
ow, at least in termsof ma
ro-s
ale properties and integral parameters, starts near the end of the a

eleration 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 be
ame 
lose to the laminar state. Moreover, he do
umentedan in
rease of the energy at low wave-numbers in the near-wall region and an even more pronoun
ed 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 turbulen
e produ
tion peak, so the eddiesin that region are not fast enough to adjust their frequen
y as the free stream is a

elerated. He, therefore,proposes a pi
ture in whi
h the 
ow dynami
s are 
ompletely dominated by the near wall region. Launder7, 8also observed that the turbulen
e does not vanish, but an in
reasing fra
tion of it plays a passive role inthe boundary-layer development. Be
ause of this inability of turbulent stru
tures to adjust to the 
owa

eleration and the rapid in
rease of momentum, the vis
ous stresses grow larger than the turbulent ones;
onsequently, the dissipation ex
eeds produ
tion, leading to a de
ay of turbulen
e and to laminarization.However, Badri-Narayan et al.9 found that dissipation never ex
eeds produ
tion in an a

elerated boundarylayer, and that both produ
tion and dissipation de
rease.Kline et al.10 found a 
orrelation between the drasti
 drop of eruptions in the bu�er layer and thea

eleration parameter K: for K that approa
h the value of Kmax � 3:5 � 10�6 the burst rate tendedto zero. Narasimha and Sreenivasan3 suggested that the bursting frequen
y de
reases exponentially in ana

elerated 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 rea
hes thatvalue before the turbulent boundary-layer a
tually reverts to a laminar-like state; in this sense, the Pateland Head5 parameter predi
ts deviation from the universal law for ZPG boundary layers, but not ne
essarilyrelaminarization.Bla
kwelder and Kovasznay11 noted an in
rease of the Reynolds stress and turbulent kineti
 energy(TKE) along streamlines in the outer part of the boundary layer as the 
ow was a

elerated. In the innerlayer, on the other hand, they found a de
rease of those quantities along streamlines. Moreover, they studiedthe spa
e-time 
orrelations of the large stru
ture in the outer layer. They found no 
hange 
ompared tothe ZPG 
ase for the uu 
orrelations; this suggested that the a

eleration had no strong e�e
t on the largestreamwise stru
ture (those 
lose to the boundary-layer edge). On the other hand, they noted a drasti

hange of the normal velo
ity 
omponent of the outer-layer stru
tures, as the vv 
orrelations lost the anti-symmetri
al part found in the ZPG 
ase.Narasimha and Sreenivasan2 point out that relaminarization is the result of the domination of pressurefor
es over the slowly responding Reynolds stresses in the outer layer, and the generation of a new laminarsub-layer that is maintained stable by the a

eleration. In their model the turbulent stru
tures in the outerlayer are only distorted and not destroyed by the rapid a

eleration. The new sub-layer and the distortedouter layer do not intera
t, but they only provide the appropriate boundary 
onditions. Rapid distortiontheory 
ould be applied in the outer part to the predi
t the turbulen
e intensities there, but the interior partof the layer was not well understood and the wall-normal 
omponents were not well predi
ted. In the sameperiod, Fal
o12 performed a smoke-visualization study, and suggested that in the relaminarization pro
esslarge s
ale stru
tures existed upstream of the 
ontra
tion that a

elerates the 
ow: the boundary layer inthe later stages of the a

eleration is dominated by an array of large s
ale streamwise vorti
es; thus, aninner-outer layer intera
tion 
ould exist and the relaminarization seems begin from the outer region with astrong 
oupling between inner and outer parts. This visual observation was re
on�rmed by I
himiya et al.,13who 
onje
ture 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 eje
tion-sweepphenomena.Re
ent experimental studies of FPG boundary layers have been performed by Fernholz and Warna
k14and by Warna
k and Fernholz.15 Their measurements showed that the Reynolds number had little e�e
t onthe relaminarization, and the pressure-gradient e�e
ts were dominant. They found a strong in
rease in theanisotropy of the normal Reynolds stresses (whi
h de
reased) in the outer region of the boundary layer, butobserved the opposite e�e
t in the inner layer. By 
al
ulating the integral length-s
ales, they found that thenear-wall vorti
es are stret
hed in the streamwise dire
tion, but are only slightly smaller in the wall-normal2 of 16Ameri
an Institute of Aeronauti
s and Astronauti
s Paper 2007-0725



dire
tion. They measured high levels of 
atness of the instantaneous skin fri
tion 
oeÆ
ient, whi
h indi
atedthe presen
e of intermittent high-frequen
y bursts in the re-laminarizing 
ow.Other re
ent experiments by Es
udier et al.16 found that the streamwise RMS velo
ity in the innerlayer s
ales with the lo
al freestream velo
ity, while in the outer layer it is \frozen" (i.e., remains relatively
onstant) in the a

elerated region. They inferred that the frequen
y 
ontent of the turbulen
e was only
hanged at the highest frequen
ies, and that the bulk of the turbulen
e generated in the thi
k upstreamboundary layer prior to a

eleration was at frequen
ies too low to 
ause signi�
ant Reynolds stresses withinthe a

elerated boundary-layer.Numeri
al 
al
ulations of a boundary layer with variable a

eleration parameters (as opposed to the sink
ow studied by Spalart17) were 
arried out by Piomelli et al.,18 who examined the e�e
t of the a

elerationon the near-wall vorti
al stru
tures. They observed that the near-wall streaks be
ame more elongated andshowed fewer undulations. Sin
e they found that the vorti
ity levels in the a

eleration region were similarto those in the zero-pressure gradient (ZPG) boundary-layer, and that the vortex s
ales in the 
ross-planewere un
hanged, they suggested that the additional vortex-stret
hing due to the streamwise velo
ity gradientmust be 
ounterbalan
ed by other me
hanisms. However, from the results presented, it was un
lear whi
hphysi
al phenomena provide this balan
e.The me
hanisms involved in the relaminarization of the turbulent boundary layer in an FPG are stillrelatively unknown. What is 
lear, however, is that the turbulen
e in the outer layer remains frozen throughthe a

eleration, and is, therefore, strongly dependent on the 
onditions of the upstream boundary layer(i.e., neither on the lo
al near-wall behavior nor on the lo
al freestream velo
ity). Closer to the wall, the
ow undergoes a pro
ess of laminarization, in whi
h the skin fri
tion 
oeÆ
ient drops sharply. Finally,after the a

eleration is 
ompleted, the 
ow qui
kly re-transitions to an equilibrium boundary layer. Severalquestions are still open; among them are: (1) Is the outer layer turbulen
e frozen or is the main a
tor inthe relaminarization phenomenon? (2) How do the inner and outer layers intera
t during and after thea

eleration? (3) How does the re-transition to turbulen
e takes pla
e (and why it takes pla
e 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 a

eleration parameters. The �rst simulation, whi
h mat
hes the high-a

eleration experiment of Warna
k and Fernholz15 (Kmax � 4�10�6) (where K = (�=U21)(dU1=dx) is thea

eleration parameter), shows a substantial redu
tion in turbulent kineti
 energy produ
tion, and the 
owbe
omes laminar-like in the a

eleration region. A se
ond simulation is performed at a lower a

eleration(Kmax � 3� 10�6) (obtained by s
aling down the high-K 
ase) resulting in less of a \laminar-like" behaviorin the a

eleration (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 thi
kness).In the following we will present the numeri
al approa
h employed. Then will show results of the simula-tions, in
luding statisti
s and 
ow visualizations; we will des
ribe the results of some numeri
al experimentsin whi
h the 
ow was arti�
ially altered, to isolate the stru
tures responsible for the re-transition. Finally,we shall draw some 
on
lusions. II. Problem formulationIn this study we perform large-eddy simulations (LES) of a 
at-plate boundary layer in the presen
e ofan a

elerating freestream. The governing equations are the in
ompressible �ltered Navier-Stokes equations(made dimensionless using a referen
e length, Æ�o and velo
ity Uo), whi
h 
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 dire
tions, and u, v, and w (or u1, u2 andu3) are the velo
ity 
omponents in the three 
oordinate dire
tions. The subgrid-s
ale stresses�ij = uiuj � uiuj (3)were parametrized using the dynami
 eddy-vis
osity subgrid-s
ale model19, 20 with the eddy-vis
osity 
oeÆ-
ient averaged over Lagrangian 
ow pathlines.21 3 of 16Ameri
an Institute of Aeronauti
s and Astronauti
s Paper 2007-0725
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Figure 1. Sket
h of the 
on�guration. The 
omputational domain is shown as a hat
hed area.Most experimental measurements in FPG boundary layer are performed on a 
at surfa
e in whi
h thepressure gradient is imposed through 
ontouring of the opposite wall of the wind-tunnel, or by in
luding a
ontoured body above the 
at wall to produ
e the desired a

eleration (Figure 1). In our 
ase we imposeddire
tly a variable freestream velo
itya U1(x) on the top boundary of the domain.22 The other two velo
ity
omponents were obtained by requiring that the vorti
ity in the freestream is zero. An unsteady in
owboundary 
ondition was obtained from a separate simulation that used the re
y
ling/res
aling method,22while a 
onve
tive out
ow boundary 
ondition was used at the downstream boundary.23 Periodi
 
onditionswere used in the spanwise dire
tion.The simulations were performed on a domain of size 476Æ�o � 20Æ�o � 20Æ�o (in the streamwise, wall-normaland spanwise dire
tions, respe
tively), using 1136� 104� 192 grid points for the high-a

eleration 
ase, and1024� 64� 128 grid points for the low-a

eleration one. The results obtained using this resolution 
omparewell with 
oarser 
al
ulations. The Reynolds number, based on freestream velo
ity at the in
ow, Uo, and onthe displa
ement thi
kness at the in
ow, Æ�o , is 1,260.Equations (1{2) were solved on a Cartesian staggered grid. Conservative se
ond-order �nite di�eren
eswere used for spatial dis
retization while a semi-impli
it fra
tional-step method24, 25 was used for timeintegration. The equations of motion were integrated for 3171Æ�o=Uo time units. Statisti
al data wereobtained by averaging over the last 2415 time units, and over the spanwise dire
tion. In the following,time-averaged quantities are denoted by angle bra
kets, and 
u
tuating ones by a prime.III. ResultsIn the present investigation we studied two 
ases: one with high-a

eleration, another with lower a

el-eration. Figure 2(a) shows the freestream velo
ity, U1=Uo, and the resulting fri
tion velo
ity u�=u�;o forthe two 
ases of high and low a

eleration. Figure 2(b) shows the a

eleration parameter, K. In the 
ase ofhigh K, the freestream velo
ity at the out
ow is almost three times that at the in
ow.The momentum-thi
kness Reynolds number Re� = U1�=�, with� = Z 10 UU1 �1� UU1� dy (4)(where U = hui) is shown in Figure 2(
); Re� de
reases as the 
ow begins to a

elerate (x=Æ�o > 140). Thisre
e
ts profound 
hanges in the velo
ity pro�le, whi
h result in signi�
ant de
rease of � and will be dis
ussedfurther later. The skin-fri
tion 
oeÆ
ient. Cf = �w�U21=2 (5)is shown in Figure 2(d). Again, it 
an be observed that, although the mean freestream velo
ity in
reasesin both 
ases, Cf begins to de
rease near the lo
ation of maximum K (this de
rease begins to o

ur down-stream of the 
orresponding de
rease in Re�). After the pressure gradient is relaxed, rapid re-transitiontowards an equilibrium turbulent value o

urs (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 in
ow, while the 
omputationsshow good agreement with the experimental 
orrelation, the experiments have lower skin fri
tion, suggestingaIn the following, U1 denotes the (variable) freestream velo
ity, whereas Uo = U1(0) = 1 is the referen
e velo
ity for the
at-plate region upstream of the FPG region. 4 of 16Ameri
an Institute of Aeronauti
s and Astronauti
s Paper 2007-0725
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Figure 2. Streamwise development of statisti
al quantities. (a) Freestream velo
ity, U1=Uo and fri
tion velo
ityu�=u�;o; (b) A

eleration parameter K; (
) Momentum-thi
kness Reynolds number Re�; (d) Skin fri
tion 
oeÆ
ient Cf .� Experiments;14 high-K 
ase; low-K 
ase; ZPG boundary-layer 
orrelation.that pressure gradient e�e
ts are already signi�
ant on the upstream boundary layer. The region of relami-narization is predi
ted well by the LES. The re-transitioning o

urs more abruptly than in the experiment,and the downstream Cf is higher in the LES, even taking into a

ount the initial shift. Several fa
tors 
ana

ount for this di�eren
e. First, the di�erent geometry: in the experiment the measurements are made onthe inside wall of a 
ylinder, whereas the 
al
ulation uses a 
at plate;12 the ratio between 
ylinder radiusand boundary-layer thi
kness varies between 12 and 9, so 
urvature e�e
ts may play a role. Furthermore,despite the fa
t that the grid in the streamwise dire
tion was re�ned in the re-transition region, the three-foldin
rease in the fri
tion velo
ity results in marginal resolution of the boundary layer in the fully turbulentregion downstream of the a

eleration: in the upstream region we have �x+ ' 28, �z+ ' 6:2, while in there
overy region �x+ ' 56 and �z+ ' 19.The lower a

eleration 
ase shows similar behavior to the high-a

eleration one; however the re-laminarization is less severe. Re� and Cf are redu
ed by a mu
h smaller amount in the a

eleration region,and re
overy takes pla
e earlier than for the high-K 
ase.Figure 3 shows the mean velo
ity pro�les in outer 
oordinates at several lo
ations in the 
ow. If thevelo
ity pro�les are plotted in wall 
oordinates (Figure 4), one 
an observe the existen
e of a logarithmi
layer (following the standard law, U+ = 2:5 log y+ + 5) at the in
ow and in the mild a

eleration region(x=Æ�o < 150). As the FPG be
omes signi�
ant, the slope of the logarithmi
 region de
reases (a well-knowne�e
t of a

eleration17). 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, be
oming more laminar-like.The re
overy of the inner layer to an equilibrium logarithmi
 law o

urs 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 a

eleration there is a signi�
ant region of well-mixed 
uid, in whi
h the normal velo
ity gradient isnearly zero (from y=� > 5 at x=Æ�o = 320, for instan
e).Very good agreement is also observed in the predi
tion of the normal Reynolds stresses (Figure 5). Thede
rease of the magnitude of the stresses following the maximum of the a

eleration is evident, and is dueto the in
rease of u2� , whi
h is used to normalize the stresses, rather than to a de
rease of the stressesthemselves, whi
h remain approximately equal to their upstream value (see the dis
ussion below).5 of 16Ameri
an Institute of Aeronauti
s and Astronauti
s Paper 2007-0725
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ase. The red line shows the lo
al boundary layer thi
knessÆ99. (a) hu0u0i=U21; (b) hv0v0i=U21; (
) hu0v0i=U21; (d) Cuv = hu0v0i=urmsvrms.Figure 6 shows the Reynolds stresses in inner units; again, there is very good agreement with the exper-imental results. The Reynolds stresses de
rease signi�
antly in the region where K has the maximum value.In many 
ases 
ow relaminarization is due to de
orrelation between the wall-normal and the streamwise
u
tuations: both remain signi�
ant but do not 
ontribute to the Reynolds shear stress. In this 
ow, the
ause of the de
rease of hu0v0i appears to be di�erent. Figure 7 shows 
ontours of the normal Reynoldsstresses hu0u0i and hv0v0i, of the shear stresses hu0v0i, and of the 
orrelation 
oeÆ
ientCuv = hu0v0i(hu0u0ihv0v0i)1=2 = hu0v0iurmsvrms : (6)From this �gure it appear that, while the 
orrelation 
oeÆ
ient de
reases signi�
antly around x=Æ�o ' 300,the de
rease of the v0 
u
tuations is mu
h more dramati
.The same phenomenon is better illustrated in Figure 8. Here, we identi�ed four streamlines (one in theouter layer, two in the logarithmi
 region and one in the bu�er layer), and plot the streamwise development ofthe Reynolds stresses along ea
h streamline. This method allows one to a

ount for the signi�
ant thinningof the boundary layer in the high-a

eleration region, and for its subsequent thi
kening in the re-transitionregion.Fo
using our attention �rst on the streamwise stresses, hu0u0i=U2o (Figure 8(b)), we observe that in theouter layer their level is essentially frozen (i.e., they remain 
onstant and equal to their upstream value)until a lo
ation well after the maximum a

eleration point (x=Æ�o ' 300). They then begin to in
rease, anin
rease that o

urs later for the streamline lo
ated farther away from the wall. Along the streamline in thebu�er layer the in
rease in hu0u0i=U2o begins earlier, as soon as the freestream velo
ity begins to in
rease(x=Æ�o ' 120). A di�erent behavior 
an be observed for the wall-normal stresses hv0v0i=U2o (Figure 8(
)):along the outer-layer streamlines the stresses also appear to be frozen to their upstream value. They beginto in
rease well after the peak a

eleration, and also after the rise of the streamwise ones. Near the wall,on the other hand, we observe a signi�
ant de
rease (by over one order of magnitude) of the wall-normalReynolds stresses (
onsistent with the observations of Bla
kwelder and Kovasznay11) whi
h is re
e
ted in asimilar de
rease of the Reynolds shear stress hu0v0i=U2o (Figure 8(d)) in the bu�er layer and in the vis
oussublayer. In the logarithmi
 region, on the other hand, the in
rease in the streamwise 
u
tuation levelbalan
es the de
rease of the wall-normal ones, resulting in 
onstant shear stress until the re
overy region(we will show later that the 
orrelation 
oeÆ
ient does not vary very mu
h in this region). Note that thedata showed in this �gure were normalized using the in
ow freestream velo
ity, Uo, to emphasize adve
tione�e
ts. If one used either the lo
al freestream velo
ity, U1, or the fri
tion velo
ity u� , whi
h in
rease throughthe a

eleration region, all these quantities would be observed to de
rease through the region in whi
h thepressure gradient is applied.Figure 9 shows the stru
ture parameter a1 = jhu0v0ij=hu0iu0ii and the 
orrelation 
oeÆ
ient Cuv . Thestru
ture parameter is a measure of the eÆ
ien
y of turbulen
e in extra
ting Reynolds shear stress from the10 of 16Ameri
an Institute of Aeronauti
s and Astronauti
s Paper 2007-0725
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(d)Figure 8. Development of the Reynolds stresses along sele
ted streamlines. (a) Streamline 
oordinates; (b) hu0u0i=U2o ;(
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k line 
orresponds to the boundary-layer edge. Streamline originating in:outer-layer; middle of the boundary layer; logarithmi
 region; vis
ous sublayer.
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Figure 10. Instantaneous 
ontours of u0 velo
ity 
u
tuations in a plane parallel to the wall.available turbulent kineti
 energy and, in equilibrium 
ows, it has a value 
lose to 0.15. The a

eleration
auses a signi�
ant departure from its equilibrium value: we observe a signi�
ant de
rease of a1 over thelower half of the boundary layer. The de
rease is parti
ularly strong in the logarithmi
 layer (the value ofa1 is lower in this region even in equilibrium ZPG boundary layers). The 
orrelation 
oeÆ
ient Cuv , on theother hand, remains 
lose to the 
anoni
al 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 mu
h to ade
orrelation between the frozen 
u
tuations, but rather to a re-organization of the 
ow that results inmu
h lower wall-normal 
u
tuations that, although reasonably well-
orrelated with the streamwise ones, 
anonly produ
e a mu
h redu
ed shear stress. The de
reased mixing due to the turbulent transport, in turn,
auses the de
rease of the skin-fri
tion 
oeÆ
ient that is 
onsidered one of the symptoms of relaminarization.The signi�
ant 
hanges to the turbulent statisti
s observe above must be a

ompanied by similar alter-ations of the turbulent stru
ture, whi
h we will now des
ribe. The 
ontours of streamwise velo
ity 
u
tuationsin an xz�plane near the wall are shown in Figure 10. We 
an observe the regular streaky stru
ture of theboundary layer near the in
ow. In the region of high K we observe 
u
tuations of magnitude 
omparableto those in the equilibrium region; they form, however, very long streamwise streaks, without the kinks
hara
teristi
 of the burst event. This indi
ates 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 turbulen
ewhen the pressure gradient is turned o� (x=Æ�o ' 310).In Figure 11 the 
oherent stru
tures in the outer layer are visualized though isosurfa
es of the se
ondinvariant of the velo
ity gradient tensor Q = �12 � �u0i�xj �u0j�xi� (7)(see Dubief and Del
ayre27). We note that the outer layer vorti
es be
ome aligned in the streamwise dire
tionin the a

eleration region. This is most likely a kinemati
 e�e
t, as the dominant 
omponent of the velo
itygradient in this region, �U=�x, has the e�e
t of stret
hing and re-orienting the 
oherent eddies into thestreamwise dire
tion. We note, however, that the more orderly stru
ture of the 
ow observed in the innerlayer (Figure 10) is re
e
ted in a more orderly outer layer stru
ture. An obvious question that needs to beaddressed is whether the inner layer, with its redu
ed burst frequen
y, is unable to \s
ramble" the outerlayer stru
tures, or if the outer layer for
es a more orderly inner-layer stru
ture. The outer layer stru
tures
ertainly a�e
t the inner layer: Figure 12 shows 
ontours of the instantaneous u0v0 
orrelation in planesnormal to the mean 
ow, and se
ondary (v � w) velo
ity ve
tors. One 
an observe several features of this13 of 16Ameri
an Institute of Aeronauti
s and Astronauti
s Paper 2007-0725
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es of Q = �0:002 in the outer layer 
olored by the streamwise vorti
ity.
ow �eld. First of all, these vorti
es o

ur mostly in the well-mixed region mentioned above (the two thi
klines that denote 
ontours of u = 0:95U1 and 0:99U1 show the extent of this well-mixed region); theymay, in fa
t, be responsible for it, as they indu
e vigorous motions of high-speed 
uid towards the wall, andlow-speed 
uid outwards. Moreover, some of the motions indu
ed by these large vorti
es result in signi�
antvalues of the u0v0 
orrelation (at x=Æ�o = 321 and z=Æ�o = 11, or at x=Æ�o = 260 and z=Æ�o = 4, for instan
e).IV. Con
lusionsWe performed LES of the 
ow in an a

elerating boundary layer, using two di�erent levels of a

eleration.The low-a

eleration 
ase remains in quasi-equilibrium, with a logarithmi
 law observed through most of the
ow (albeit with de
reased slope). The high-a

eleration 
ase results in relaminarization and re-transitionof the 
ow. The 
omputed statisti
s are in good agreement with the experimental data,14 whi
h gives us
on�den
e that the LES 
an be used to study the physi
s of this 
omplex 
ow.Examining the 
ow development along streamlines we observe that in the outer layer the turbulent
u
tuations appear to be largely frozen to their initial state, and the 
ow is dominated by adve
tion. Anotable feature of the 
ow is that the 
orrelation 
oeÆ
ient Cuv does not de
rease very signi�
antly. Thede
rease of the Reynolds shear stresses that is observed is mostly due to the damping of the wall-normal
u
tuations.We observed 
hanges in the turbulent stru
tures both in the inner and in the outer layers. The a

elerationa�e
ts the outer-layer eddies by 
hanging their stru
ture and shape; in parti
ular, large 
oherent stru
turesare formed that are oriented in the streamwise dire
tion. This results in the formation of a well-mixedlayer, in whi
h the turbulen
e produ
tion is de
reased, and the turbulen
e adve
ted from upstream remainsfrozen. The inner layer is also a�e
ted: be
ause of the strong a

eleration, the 
ow be
omes more orderly,with longer, more two-dimensional streaky stru
tures and de
reased frequen
y of bursts. However, a fastre-transition to turbulen
e is observed as soon as the applied pressure gradient is negligible. This may bedue to the 
oherent stru
tures in the outer part of the 
ow that trigger the re-transition to turbulen
e.Two possible s
enarios 
an explain the 
ow behavior: one, whi
h mat
hes the results of Bla
kwelder,11Launder,7, 8 Narasimha and Sreenivasan,2 and Sreenivasan,1 is that the inner layer is made stable by thepressure gradient, and the turbulen
e in the outer layer remains relatively high and \frozen": on
e the14 of 16Ameri
an Institute of Aeronauti
s and Astronauti
s Paper 2007-0725
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orrelation in planes normal to the mean 
ow, and se
ondary (v�w) velo
ityve
tors. The two solid lines represent 
ontours of U=U1 = 0:95 and 0.99.stabilizing in
uen
e of the pressure gradient is removed, transition o

urs very rapidly, following a pro
essthat resembles bypass transition due to high freestream turbulen
e. A di�erent pi
ture was 
onje
tured byFal
o12 and later by I
himiya et al.:13 the relaminarization seems to begin from the outer region with astrong 
oupling between inner and outer parts. The outer layer stru
tures 
ould indu
e strong in
ursions ofmore quies
ent, outer-layer 
uid into the wall region, and strong eje
tions of inner-layer 
uid into the outer
ow. Our data show that both of these me
hanisms are present. Additional work is required to determinewhi
h of them is dominating. A
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