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In this Brief Communication, the nonlinear evolution of periodical disturbances generated by an
external sound field in a swept wing boundary layer is presented. All experimental results are
compared with corresponding data for a straight wing configuration. The Tollmien—Schlichting
instability has been studied, and it was found that the disturbance flow field remained highly
deterministic and periodic in both time and space until the latest stages of the transition. A
frequency-wave number Fourier analysis shows that the disturbance spectra comprise only the
fundamental wave and its higher harmonics. The K-type breakdown scenario was observed, and the
nonsymmetry of flow patterns in the swept wing boundary layer was found to be due to the presence
of the cross flow. ©2001 American Institute of Physic§DOI: 10.1063/1.13666G7

It is well known that the surface friction is the main stage. As far as the nonlinear wave evolution is concerned,
source of drag on aircraft wings, road vehicles, and othetwo main regimes of transition have been identified and in-
streamlined bodies. Since the skin friction of turbulentvestigated experimentally, the K-regime, after Klebanoff
boundary layers is significantly greater than that of laminaret al.? and the N-regime, experimentally studied for the first
boundary flows, it is most important to have an insight intotime by Novosibirsk group.In the experimental wofkit has
how the laminar—turbulent transition occurs in differentbeen shown that both the initial spectral composition of in-
three-dimensional3D) boundary layers. This knowledge teracting T-S waves and their initial amplitudes predesignate
would enable prediction and, in a future perspective, alsavhich of these regime&ompeting with each othgoccurs
control of all stages of the transition. after the linear stage.

Whereas the stability of two-dimension@D) boundary After the pioneering detailed experimental investigation
layers has been extensively studied theoretically, experimersf the K-breakdown scenario by Klebandét al,? several
tally, and numerically, much less effort has been devoted texperimental and theoretical studies have been conducted to
the stability of 3D boundary layer flows owing to complexity adequately describe this phenomeriery., see Refs. 538
of phenomena underlying the breakdown of laminar to tur-The N-regime of transition was studied experimentally in
bulent flow! Experiments on swept wing flows have re- detail a few years latefe.g., see Refs. 3,4,9-11Compari-
vealed that different transition mechanisms can dominate isons between these two types of transition were discussed in
a given flow. The main instabilities are viscous, so-calledSaricet al,* Bakeet al,'° and Laurien and Kleisé? How-
Tollmien—Schlichting (T-S) instability, Gatler instability, — ever, there is still a lack of experiments and computation
cross-flow instability, and attachment-line instability. Al- covering the nonlinear evolution of disturbances in 3D
though the cross-flow instability is considered to be the mosboundary layer flows on airfoils at different sweep angles. In
“dangerous” one, our current work is directed toward stud-order to fill this gap, the generation and evolution of the
ies of the transition caused by the unstable T-S waves whichiscous eigenwaves in 3D swept wing boundary layers have
can be observed in various 3D flows.g., boundary layers been experimentally studied and some of the results are pre-
over straight and swept wings sented in this Brief Communication.

For 2D wall-bounded shear flows, two major types of = The experiment was conducted in a closed-circuit wind
transition are considered. At low levels of external perturbatunnel with a test section of 1.8 m width, 1.2 m height, and 3
tions the “classic” T-S transition scenario is observed, m length. A major series of experiments was conducted with
whereas the so-called “bypass” transition scenario is asscthe free-stream velocity, equal to 12.8 m/s. The free-
ciated with a rather high level of environmental disturbancesstream turbulence level in the test section was below 0.001
The linear stability theory deals with the prediction of Uy in the velocity rangé) =5-15 m/s(rms was calculated
whether a given flow is stable or not, and the theory cann a frequency range 0.1—-10 000 HAIl experiments were
predict the onset of transition and describe the initial lineaperformed with a C-16 wing profil€500 mm chord, 1500
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FIG. 1. Schematic of the experimental setup and the coordinate system.ﬁ”eg circleg. P P X

mm long, and 80 mm thick, Fig.)1The airfoil was mounted
horizontally in the middle of the wind-tunnel test section, butto positive. Previous experiments have clearly shown that in
the main series of experiments was performed at two sweeghis region acoustic disturbances transform into eigenoscilla-
angles, namely at zei@ straight wing configuratiorand 30  tions of the boundary layéi.e., the highest receptivity of the
deg (a swept wing configuration The attack angle of the boundary layer to acoustic waves was observétie local
wing was chosen to give a weak adverse streamwise pressurReynolds number based on the displacement thicknegs Re
gradient distribution in the measurement region over theat the position of humps was about 600 and 640 for straight
working side of the airfoil: see Fig. 2. In this and subsequentaind swept wing configuration, respectively, which corre-
figures the streamwise coordinaXeis scaled with the wing sponded to the boundary layer thicknesef 1.78 and 1.87
cord, ¢, which is equal to 500 mm for the straight wing mm. Detailed mapping of the flow was made by a single,
configuration and 580 mm for the swept wing configuration.constant temperature hot wire, and the spanwise velocity
At this angle of attack no local separation of the flow wascomponent(cross flow was measured with a conventional
observed on the airfoil. V-shaped two-wire boundary layer probe. The distance be-
It was found that the transition to turbulence for bothtween centers of the wires was 1.2 mm, and the signals were
configurations was provoked by a rather high level soundhen ensemble averaged over 300 realizations and stored in a
field at a frequency,=300 Hz. To obtain spatial-temporal PC for subsequent analysis.
flow patterns of the disturbed boundary layer, the data acqui- As can be seen from Fig. 2 the weak adverse pressure
sition was triggered with a signal from a microphone locatedgradient was established on the wing surface fdfc=0.3
in the test section. for both configurations. Magnitude of the pressure gradient
To control a spanwise variation of the disturbance flowparametedCp/d(X/c)was less than 0.9 in both cases. In the
field, roughness elements were placed on the surface amenge ofX/c=0.5-0.7 the pressure grows monotonically at
equidistantly aligned along the airfoil leading edge. Theabout equal rates. The distribution ©p does not reveal any
roughness elements stabilized the peak-and-valley local separation behavior of the floithere is no constant
distribution of the wave amplitude and allowed studies of 3Dpressure plateauFigure 3 shows profiles of mean stream-
patterns of the transitional boundary layer flow at both lineawise velocity measured aX/c=0.32 and 0.48the corre-
and nonlinear stages. The roughness array consisted of t@ponding Blasius profiles are shown with dotted ljne’&
cylindrical humps(7.5 mm diameter and 0.19 mm height the first streamwise position the profiles are full, but further
with a spacing ofAZ,=15 mm(see Fig. 1 for detai)lsand  downstream they reveal a decrease of the velocity near the
as positioned at the chord regioX/c=0.30 where the wall for both straight and swept wing configuration.
streamwise pressure gradient changed its sign from negative Transformation of the sound, at 300 Hz frequency, into
boundary layer waves was observed Xdt=0.3 for both
sweep angles. Waves grew)afcreased, and resulted in the
1 fully turbulent boundary layer flow at the last positions mea-
sured,X/c=0.9. Amplitude-frequency spectra of some char-
acteristic time traces are shown in Fig. 4. The nonlinear evo-
0.5¢ umps positon lution of the waves undergoes the stage of generation of
super harmonicg600, 900 Hz, etg. Further downstream
resonant and combinational interactions between the waves
and random background disturbances eventually lead to
complete randomization of the flow and typical turbulent
spectra shown aX/c=0.9. The first observation to be made
is that the nonlinear evolution looks identical for both
. E‘L‘?T;“g?w, straight and swept wing configurations, and the second is
‘ , , , that the transition on the straight airfoil seems to occur some-
0 02 y,, 06 08 1 what earlier than that on the swept wing due to different flow

FIG. 2. Chordwise pressure coefficient distribution for straight and swepiParameterS(ReynOIdS number, pressure distributioThe
wing configurations. time traces have been measured in the boundary layer at a
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0l mapped, whereas in the swept wing boundary layer nonsym-
metrical structures were obtained.
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FIG. 4. Amplitude-frequency spectra of time traces measured in str@ght boundary Iaye_r flowfor the swept ng results in n_onsym'
and swept(b) wing flows for different positions from leading edge Xic metry of the disturbance flow patterns at the nonlinear stage
=0.6, 0.7, 0.8, 0.9from bottom to top, Y=const. Each spectrum is nor- of evolution of the wavegsee Fig. 5. Fourier decomposi-
malized with its maximum value. tions (not shown reveal the growth of moded, +23,) in

the case of straight wingformation of “legs” of the A

structures Evolution of the spectra for the swept wing con-
constant distanc¥ from the airfoil surface aZ=0 (the cen-  figuration differs from that for the straight wing. At the ini-
ter of a roughness element tial stages of the nonlinear evolution damping of thg (8¢)

Measurements in the spanwise direction revealed thanode takes place accompanied by the amplification of the

the modulated waves in that direction were observed for botlantisymmetrical E,,— B,) mode. Further downstream, the
configurations. Maxima in the spanwise wave amplitude disgrowth of the &,,—28,) mode occurs accompanied by the
tributions were found at the position of the spaceZ83{ decaying F,,0) mode. Flow structures shown in Fig(dp
=1,2,...,whereBy,=1/AZ;). At the downstream position are mostly associated with modeBy(0),(Fq,— Bo), and
X/c=0.48, the amplitude of the waves was measured an@F,,—28;). As we pointed out above, the main reason for
equal to 0.39%J., and 0.27%U., for the straight and the the nonsymmetry for the flow patterns is the presence of the
swept wing, respectively, wheld,, a local streamwise ve- cross flow.
locity of the inviscid flow. The phase velocity of the waves Experiments by Grekt al® showed that the cross flow
¢, was found to béd.41U, (@, =17.5 mn) with the wave- could cause the formation of nonsymmetry in streaky struc-
front parallel to the leading edge. In the case of the straightures. In their experiments, a solitary streaky structure was
wing configuration the spanwise modulation of the wave isgenerated in the boundary layer by means of injection of a
symmetrical and corresponds to a combination of the plangortion of air through a transversal slot on the swept wing
spectral modeK,,0) and two oblique moded=@, = Bg) In surface. To check those results, detailed measurements of
Fourier spacénot shown. For the swept wing the modula- cross flow have been doriEig. 6). In the boundary layer of
tion does not seem to be symmetrical and the correspondirtfpe swept wing our measurements have shown that the non-
frequency-spanwise wave number spectra consist of theero cross-flow velocity componenty, can be observed in
mode ,,0) and only one oblique modé& g, 8;). Nonlinear  all streamwise positions measured. At the position of rough-
interacting waves grow downstream with formation of ness element/c=0.3, the magnitude of thé/ velocity was
“peak’” and “valley” structures in the spanwise directions. found to be up to 10% ofJ, inside the boundary layer, and
High amplitudes of perturbations were found in peak posi-about 6% ofU, at the outer edge of the boundary layer.
tions. On Fig. 5, left, atX/c=0.66 the nonlinear stage of Further downstream the cross-flow component is almost con-
disturbance development is shown. The amplitude of disturstant fromX/c=0.5 toX/c=0.8 with magnitude of 3% df/.
bances is more than 15% bf,, for both configurations. The step on the inner curve Xfc=0.3 (see Fig. & is

Downloaded 09 Aug 2001 to 129.16.64.50. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/phf/phfcr.jsp



2132 Phys. Fluids, Vol. 13, No. 7, July 2001 Chernoray et al.

--e—- INNER a
o 10 a) -~ OUTER 2 )
) o 12
0 ol 51
S 0 = — Z - i
3 g TS 0.l
= ooy 0
10 oo 1
0.2 0.4 0.6 0.8 1
X/c
5 5] 0.5
b) E C) 4,. time, ms 5 s
p i& 4 :‘ Zpo
) , Y 3 :
5 9 N, 5 LN Straight wing
g 2] “\ = 2 “
\ -
A O
1 I o ! . P
02 04 08 wmax ! 0z 04 06w/ Wmax !

FIG. 6. Results of cross-flow measurements on the swept wing. Chordwise
mean cross-flow distributiofa) for inviscid flow (outep and flow inside
boundary layer(inner. Distribution of mean cross-flow velocity across
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due to streamline displacement caused by the roughness el-
ements. AfterX/c=0.85 the cross-flow component of veloc-
ity changes its sign from negative to positive. Figure 5 shows
A structures in(Y, Z, ¥ coordinates for straight wing and
nonsymmetrical structures for the swept wing flow. It is evi-
dent that structures in both cases are different not only at one , o
. Y position. but across the boundary laver. A hi h—sheaFIG' 7. lIsosurfaces of the ensemble averaged streamwise velocity distur-
given . P ! y . ‘3‘/ yer. ”g "E)ance component=0.08J ,—dark shadingu= —0.08J,,—light shading.
layer is formed near the “head” and “shoulders” of the x/c—0.66.A structures in straight wing flowe); nonsymmetrical structures
lambda structures in the straight wing flow, as it was ob-in the swept wing boundary layéb).
served in experiments on the flat plate boundary 1&yér® | R o
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