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Experimental study of the K-regime of breakdown in straight and swept
wing boundary layers
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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 Physics.@DOI: 10.1063/1.1366667#
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It is well known that the surface friction is the ma
source of drag on aircraft wings, road vehicles, and ot
streamlined bodies. Since the skin friction of turbule
boundary layers is significantly greater than that of lami
boundary flows, it is most important to have an insight in
how the laminar–turbulent transition occurs in differe
three-dimensional~3D! boundary layers. This knowledg
would enable prediction and, in a future perspective, a
control of all stages of the transition.

Whereas the stability of two-dimensional~2D! boundary
layers has been extensively studied theoretically, experim
tally, and numerically, much less effort has been devoted
the stability of 3D boundary layer flows owing to complexi
of phenomena underlying the breakdown of laminar to t
bulent flow.1 Experiments on swept wing flows have r
vealed that different transition mechanisms can dominat
a given flow. The main instabilities are viscous, so-cal
Tollmien–Schlichting ~T-S! instability, Görtler instability,
cross-flow instability, and attachment-line instability. A
though the cross-flow instability is considered to be the m
‘‘dangerous’’ one, our current work is directed toward stu
ies of the transition caused by the unstable T-S waves w
can be observed in various 3D flows~e.g., boundary layers
over straight and swept wings!.

For 2D wall-bounded shear flows, two major types
transition are considered. At low levels of external pertur
tions the ‘‘classic’’ T-S transition scenario is observe
whereas the so-called ‘‘bypass’’ transition scenario is as
ciated with a rather high level of environmental disturbanc
The linear stability theory deals with the prediction
whether a given flow is stable or not, and the theory c
predict the onset of transition and describe the initial lin
2121070-6631/2001/13(7)/2129/4/$18.00
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stage. As far as the nonlinear wave evolution is concern
two main regimes of transition have been identified and
vestigated experimentally, the K-regime, after Kleban
et al.,2 and the N-regime, experimentally studied for the fi
time by Novosibirsk group.3 In the experimental work4 it has
been shown that both the initial spectral composition of
teracting T-S waves and their initial amplitudes predesign
which of these regimes~competing with each other! occurs
after the linear stage.

After the pioneering detailed experimental investigati
of the K-breakdown scenario by Klebanoffet al.,2 several
experimental and theoretical studies have been conducte
adequately describe this phenomenon~e.g., see Refs. 5–8!.
The N-regime of transition was studied experimentally
detail a few years later~e.g., see Refs. 3,4,9–11!. Compari-
sons between these two types of transition were discusse
Saricet al.,4 Bakeet al.,10 and Laurien and Kleiser.12 How-
ever, there is still a lack of experiments and computat
covering the nonlinear evolution of disturbances in 3
boundary layer flows on airfoils at different sweep angles.
order to fill this gap, the generation and evolution of t
viscous eigenwaves in 3D swept wing boundary layers h
been experimentally studied and some of the results are
sented in this Brief Communication.

The experiment was conducted in a closed-circuit w
tunnel with a test section of 1.8 m width, 1.2 m height, and
m length. A major series of experiments was conducted w
the free-stream velocityU0 equal to 12.8 m/s. The free
stream turbulence level in the test section was below 0.
U0 in the velocity rangeU055 – 15 m/s~rms was calculated
in a frequency range 0.1–10 000 Hz!. All experiments were
performed with a C-16 wing profile~500 mm chord, 1500
9 © 2001 American Institute of Physics
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mm long, and 80 mm thick, Fig. 1!. The airfoil was mounted
horizontally in the middle of the wind-tunnel test section, b
the main series of experiments was performed at two sw
angles, namely at zero~a straight wing configuration! and 30
deg ~a swept wing configuration!. The attack angle of the
wing was chosen to give a weak adverse streamwise pres
gradient distribution in the measurement region over
working side of the airfoil: see Fig. 2. In this and subsequ
figures the streamwise coordinateX is scaled with the wing
cord, c, which is equal to 500 mm for the straight win
configuration and 580 mm for the swept wing configuratio
At this angle of attack no local separation of the flow w
observed on the airfoil.

It was found that the transition to turbulence for bo
configurations was provoked by a rather high level sou
field at a frequencyF05300 Hz. To obtain spatial-tempora
flow patterns of the disturbed boundary layer, the data ac
sition was triggered with a signal from a microphone loca
in the test section.

To control a spanwise variation of the disturbance fl
field, roughness elements were placed on the surface
equidistantly aligned along the airfoil leading edge. T
roughness elements stabilized the peak-and-valleyZ-
distribution of the wave amplitude and allowed studies of
patterns of the transitional boundary layer flow at both lin
and nonlinear stages. The roughness array consisted o
cylindrical humps~7.5 mm diameter and 0.19 mm heigh!
with a spacing ofDZ0515 mm ~see Fig. 1 for details!, and
as positioned at the chord regionX/c50.30 where the
streamwise pressure gradient changed its sign from neg

FIG. 1. Schematic of the experimental setup and the coordinate syst

FIG. 2. Chordwise pressure coefficient distribution for straight and sw
wing configurations.
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to positive. Previous experiments have clearly shown tha
this region acoustic disturbances transform into eigenosc
tions of the boundary layer~i.e., the highest receptivity of the
boundary layer to acoustic waves was observed!. The local
Reynolds number based on the displacement thicknessd*
at the position of humps was about 600 and 640 for stra
and swept wing configuration, respectively, which cor
sponded to the boundary layer thicknessd of 1.78 and 1.87
mm. Detailed mapping of the flow was made by a sing
constant temperature hot wire, and the spanwise velo
component~cross flow! was measured with a convention
V-shaped two-wire boundary layer probe. The distance
tween centers of the wires was 1.2 mm, and the signals w
then ensemble averaged over 300 realizations and stored
PC for subsequent analysis.

As can be seen from Fig. 2 the weak adverse press
gradient was established on the wing surface fromX/c50.3
for both configurations. Magnitude of the pressure gradi
parameterdCp/d(X/c)was less than 0.9 in both cases. In t
range ofX/c50.5–0.7 the pressure grows monotonically
about equal rates. The distribution ofCp does not reveal any
local separation behavior of the flow~there is no constan
pressure plateau!. Figure 3 shows profiles of mean stream
wise velocity measured atX/c50.32 and 0.48~the corre-
sponding Blasius profiles are shown with dotted lines!. At
the first streamwise position the profiles are full, but furth
downstream they reveal a decrease of the velocity near
wall for both straight and swept wing configuration.

Transformation of the sound, at 300 Hz frequency, in
boundary layer waves was observed atX/c50.3 for both
sweep angles. Waves grew asX increased, and resulted in th
fully turbulent boundary layer flow at the last positions me
sured,X/c50.9. Amplitude-frequency spectra of some cha
acteristic time traces are shown in Fig. 4. The nonlinear e
lution of the waves undergoes the stage of generation
super harmonics~600, 900 Hz, etc.!. Further downstream
resonant and combinational interactions between the wa
and random background disturbances eventually lead
complete randomization of the flow and typical turbule
spectra shown atX/c50.9. The first observation to be mad
is that the nonlinear evolution looks identical for bo
straight and swept wing configurations, and the second
that the transition on the straight airfoil seems to occur som
what earlier than that on the swept wing due to different fl
parameters~Reynolds number, pressure distribution!. The
time traces have been measured in the boundary layer

.

t

FIG. 3. Mean streamwise velocity profiles on straight~a! and swept~b!
wings compared with Blasius profile.X/c50.32—open circles,X/c50.48—
filled circles.
IP license or copyright, see http://ojps.aip.org/phf/phfcr.jsp
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constant distanceY from the airfoil surface atZ50 ~the cen-
ter of a roughness element!.

Measurements in the spanwise direction revealed
the modulated waves in that direction were observed for b
configurations. Maxima in the spanwise wave amplitude d
tributions were found at the position of the spacers (Zb0

51,2, . . . ,whereb051/DZ0). At the downstream position
X/c50.48, the amplitude of the waves was measured
equal to 0.39%U` and 0.27%U` for the straight and the
swept wing, respectively, whereU` a local streamwise ve
locity of the inviscid flow. The phase velocity of the wave
cr was found to be0.41U0 (a r517.5 mm! with the wave-
front parallel to the leading edge. In the case of the stra
wing configuration the spanwise modulation of the wave
symmetrical and corresponds to a combination of the pl
spectral mode (F0,0) and two oblique modes (F0 ,6b0) in
Fourier space~not shown!. For the swept wing the modula
tion does not seem to be symmetrical and the correspon
frequency-spanwise wave number spectra consist of
mode (F0,0) and only one oblique mode (F0 ,b0). Nonlinear
interacting waves grow downstream with formation
‘‘peak’’ and ‘‘valley’’ structures in the spanwise directions
High amplitudes of perturbations were found in peak po
tions. On Fig. 5, left, atX/c50.66 the nonlinear stage o
disturbance development is shown. The amplitude of dis
bances is more than 15% ofU` for both configurations.

FIG. 4. Amplitude-frequency spectra of time traces measured in straigh~a!
and swept~b! wing flows for different positions from leading edge atX/c
50.6, 0.7, 0.8, 0.9~from bottom to top!, Y5const. Each spectrum is nor
malized with its maximum value.
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In the straight wing boundary layer so-calledL struc-
tures similar to those observed by Klebanoffet al.2 were
mapped, whereas in the swept wing boundary layer nons
metrical structures were obtained.

It should be noted that nonsymmetry of the basic~mean!
boundary layer flow~for the swept wing! results in nonsym-
metry of the disturbance flow patterns at the nonlinear st
of evolution of the waves~see Fig. 5!. Fourier decomposi-
tions ~not shown! reveal the growth of modes (F0 ,62b0) in
the case of straight wing~formation of ‘‘legs’’ of the L
structures!. Evolution of the spectra for the swept wing co
figuration differs from that for the straight wing. At the in
tial stages of the nonlinear evolution damping of the (F0 ,b0)
mode takes place accompanied by the amplification of
antisymmetrical (F0 ,2b0) mode. Further downstream, th
growth of the (F0 ,22b0) mode occurs accompanied by th
decaying (F0,0) mode. Flow structures shown in Fig. 5~d!
are mostly associated with modes (F0,0),(F0 ,2b0), and
(F0 ,22b0). As we pointed out above, the main reason
the nonsymmetry for the flow patterns is the presence of
cross flow.

Experiments by Greket al.13 showed that the cross flow
could cause the formation of nonsymmetry in streaky str
tures. In their experiments, a solitary streaky structure w
generated in the boundary layer by means of injection o
portion of air through a transversal slot on the swept w
surface. To check those results, detailed measuremen
cross flow have been done~Fig. 6!. In the boundary layer of
the swept wing our measurements have shown that the
zero cross-flow velocity component,W, can be observed in
all streamwise positions measured. At the position of rou
ness elements,X/c50.3, the magnitude of theW velocity was
found to be up to 10% ofU0 inside the boundary layer, an
about 6% ofU0 at the outer edge of the boundary laye
Further downstream the cross-flow component is almost c
stant fromX/c50.5 toX/c50.8 with magnitude of 3% ofU0 .

The step on the inner curve atX/c50.3 ~see Fig. 6! is

FIG. 5. Patterns of the ensemble-averaged streamwise velocity disturb
component in~t,z! planes demonstrating two scenarios of transition
straight~a, b! and swept~c, d! wing flows.X/c50.48~a, c!, X/c50.66~b, d!.
The flow direction is from right to left.
IP license or copyright, see http://ojps.aip.org/phf/phfcr.jsp
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due to streamline displacement caused by the roughnes
ements. AfterX/c50.85 the cross-flow component of velo
ity changes its sign from negative to positive. Figure 5 sho
L structures in~Y, Z, t! coordinates for straight wing an
nonsymmetrical structures for the swept wing flow. It is e
dent that structures in both cases are different not only at
givenY position, but across the boundary layer. A high-sh
layer is formed near the ‘‘head’’ and ‘‘shoulders’’ of th
lambda structures in the straight wing flow, as it was o
served in experiments on the flat plate boundary layer.2,3,6,10

In a swept wing flow there are two regions of high-she
layer along each structure. It can be concluded that, du
the cross flow, the temporal-spatial structures of the d
turbed flow field over the swept wing have revealed sign
cant differences in K-type transition to turbulence.

Experiments on the stability of three-dimensional boun
ary layers on straight and swept airfoils have been c
ducted. Detailed measurements of the streamwise velo
field in ~Y, Z! planes, as well as 3D frequency-wave numb
spectra have revealed linear and nonlinear evolutions of
disturbances generated by an external acoustic field in
airfoil boundary layers. The Tollmien–Schlichting wave
excited by the sound, were dominant in both configuratio
and the disturbance flow field was found to remain hig
deterministic and periodic both in time and space until
latest stages of the transition. The K-type transition w
identified with the aligned order of so-called lambda patte
at the nonlinear stage of the transition. The nonsymmetr
flow patterns in the boundary layer flow was caused by
cross flow in the swept wing case~see Fig. 7!. To the best of
our knowledge this is the first experimental work where
K-regime of transition on a swept wing model has been
served and compared with that on the straight wing mo
with other conditions been equal.
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FIG. 6. Results of cross-flow measurements on the swept wing. Chord
mean cross-flow distribution~a! for inviscid flow ~outer! and flow inside
boundary layer~inner!. Distribution of mean cross-flow velocity acros
boundary layer:X/c50.32, ~b! andX/c50.48 ~c!.
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FIG. 7. Isosurfaces of the ensemble averaged streamwise velocity di
bance componentu50.08U`—dark shading,u520.08U`—light shading.
X/c50.66.L structures in straight wing flow~a!; nonsymmetrical structures
in the swept wing boundary layer~b!.
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