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It is well known [1] that the laminar–turbulent tran-
sition at a low turbulence level of the free flow is asso-
ciated with the development of instability waves, the
so-called Tollmien–Schlichting waves. When a two-
dimensional Tollmien–Schlichting wave reaches a cer-
tain amplitude at the nonlinear stage of its develop-
ment, it undergoes three-dimensional distortion and, as
a result, characteristic three-dimensional 

 

Λ

 

 structures
arise [1]. Owing to certain features of the appearance
and development of these structures, they are not only
typical for the classical laminar–turbulent transition,
but are also inevitable attributes of a transition to more
complex flows, e.g., flows modulated with longitudinal
streaky structures, such as Hertler vortices, transverse-
flow vortices on sliding wings, etc., as well as flows in
the viscous sublayer of a turbulent boundary layer. In
these cases, they arise in particular due to the secondary
high-frequency instability of such flows and may be
manifested not only as 

 

Λ

 

 structures, but also in the form
of horseshoe vortices (

 

Ω

 

 structures), hairpin vortices,
etc. A characteristic feature of the development of such
structures, e.g., on a sliding wing, is the disappearance
of one of the counter-rotating vortices due to the trans-
verse flow, whereas the development of a classical

 

Λ

 

 structure can be observed on a straight wing [1].

The high-frequency secondary instability of transi-
tion and turbulent near-wall flows in the presence of
streaky structures is often attributed to so-called sinuso-
idal and varicose instability. Both instability modes
were investigated under controlled conditions at the lin-
ear and initial stages of nonlinear development. When
the transverse size of the streaky structure was larger
than the thickness of the shear layer, growth of varicose

instability was observed. At the same time, when the
transverse size of the streaky structure was comparable
to or smaller than the thickness of the shear layer, it
became more instable with respect to antisymmetric
(sinusoidal) modes than to symmetric (varicose)
modes. The experiment reported in [2] clearly shows
that the growth of the symmetric mode leads to the for-
mation of hairpin vortices, which are a pair of counter-
rotating longitudinal vortices that are connected by a
head, i.e., a 

 

Λ

 

 vortex, while an antisymmetric mode is
developed to a train of quasi-longitudinal vortices with
alternating-sign vorticity. Unfortunately, the experi-
ments reported in [2] concerned only the initial stage of
the nonlinear development of disturbances, and spatial
resolution was insufficiently high to reveal the structure
of the flow in more detail.

In this paper, we report on our experimental investi-
gations of the nonlinear stage of the varicose and sinu-
soidal instability of the streaky structure in the Blasius
boundary layer. In contrast to the experiment reported
in [2], the study is more detailed (thermal anemometer
measurements of the longitudinal velocity component
and velocity pulsations in space (

 

xyz

 

) at 5 

 

×

 

 10

 

4

 

 points)
in order to reveal the features of the dynamics of the
appearance, development, and internal structure of
coherent formations up to the later stages of their non-
linear development.

The experiments were carried out under controlled
conditions in a low-turbulent wind tunnel. A plane plate
14 mm in thickness, 1000 mm in width, and 2000 mm
in length was placed in parallel in the operation part of
the tunnel. The streaky structure was generated by
means of a cylindrical roughness element, which had a
height of 1.1 mm and a diameter of 5.8 mm and was
placed in the center of the plate at a distance of 

 

x

 

0

 

 =
438 mm from the fore. The velocity of the flow was
equal to 

 

U

 

∞

 

 = 7.8 m/s, and the turbulence level was no
higher than 0.04%. In the absence of the roughness ele-
ment, the laminar boundary layer was developed with-
out any waves and the velocity profile was close to the
Blasius profile. A roughness-element height of 

 

h

 

 =
1.1 mm is close to the thickness of the displacement of
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the Blasius laminar boundary layer  = 1.5 mm for

 

x

 

 = 

 

x

 

0

 

 and 

 

U

 

∞

 

 = 7.8 m/s. The Reynolds number was

equal to 

 

R

 

* = 

 

 = 780 for 

 

x

 

 = 

 

x

 

0

 

. In the absence of

artificial disturbances, the boundary layer with the
streaky structure remained laminar in the measured
range 

 

x

 

 – 

 

x

 

0

 

 = 30–150 mm. This circumstance enabled
us to control the instability of the streaky structure by
means of artificial disturbances generated by the injec-
tion–drainage of a gas through three small holes on the
plate surface. One hole (

 

z

 

 = 0) at 

 

x

 

 – 

 

x

 

0

 

 = 14.5 mm was
used to excite transverse symmetric disturbances, and
other two holes were used to excite antisymmetric dis-
turbances 

 

∆

 

z

 

 = 

 

±

 

4.5

 

 mm at 

 

x

 

 – 

 

x

 

0

 

 = 19.5 mm. The
excited frequency of the secondary high-frequency dis-
turbance was equal to 150 Hz, which approximately

corresponded to a dimensionless parameter of 

 

 

 

×

 

10

 

6

 

 = 232. The amplitude of the secondary disturbance
reached 10% of 

 

U

 

∞

 

 near the source (

 

x

 

 – 

 

x

 

0

 

 = 30 mm),
which made it possible to study the nonlinear stage of
the process that was of primary interest. The thermal
anemometer measured the time-averaged longitudinal
component of the velocity 

 

U

 

 and velocity pulsation 

 

u

 

'

 

.

δB*

δB*U∞

ν
-------------

2πfν
U∞

2
------------

 

We consider the flow structure at the nonlinear stage
of sinusoidal and varicose instability in more detail.
Figure 1 shows patterns of the sinusoidal destruction of
the streaky structure. The spatial pattern of the distur-
bance development (Fig. 1a) shows that transverse
meandering of the streaky structure is observed at the
initial stage, which is typical for the development of
sinusoidal instability. However, the structure of the dis-
turbed downstream region of the flow is transformed to
characteristic coherent structures similar to 

 

Λ

 

 vortices.
The development of secondary disturbances is most
clearly observed in the spatial pattern presented in
Fig. 1b. At the initial stage of disturbance development,
a pair of quasi-longitudinal, alternating-sign vortices is
observed. Downstream of the flow, they are trans-
formed to 

 

Λ

 

 structures, and the transverse scale of these
coherent structures increases. Thus, detailed thermal
anemometer measurements at the nonlinear stage of the
development of sinusoidal instability show that the sec-
ondary high-frequency destruction of the streaky struc-
ture is associated with the formation of 

 

Λ

 

 structures, the
destruction of which downstream of the flow leads to
the turbulization of the flow.

Figure 2 shows patterns of the varicose destruction
of the streaky structure. The spatial pattern of the dis-
turbance development (Fig. 2a) shows that the longitu-
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Fig. 1. 

 

Spatial patterns of the sinusoidal destruction of the streaky structure: (a) the development of the secondary disturbance jointly
with its effect on average velocity (minimum pulsation level 6.4% of 

 

U

 

∞

 

) and (b) the development of the secondary high-frequency
disturbance (minimum pulsation level 1.3% of 

 

U

 

∞

 

). Dark and light grey tones are excesses and defects of velocity, respectively.
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dinal modulation of the streaky structure by the second-
ary-disturbance frequency (

 

f

 

 = 150 Hz) is observed at
the initial section, which is typical of the development
of varicose instability. However, the structure of the
disturbed region further downstream of the flow is
transformed to characteristic coherent structures simi-
lar to 

 

Λ

 

 vortices, as in the case of the sinusoidal destruc-
tion of the streaky structure. However, we emphasize
that, in contrast to the latter case, 

 

Λ 

 

structures are asym-
metric; i.e., the second counter-rotating vortex is at the
formation stage due to weak vorticity at the transverse
boundaries of the disturbance field. Below, symmetric

 

Λ

 

 structures will be observed when considering the
direct development of high-frequency disturbance.

We consider the dynamics of the direct development
of secondary high-frequency disturbance generated on
the streaky structure. The development of secondary
disturbances is most clearly manifested in the spatial
pattern shown in Fig. 2b. At the initial stage of distur-
bance development, a set of quasi-longitudinal vortices
is observed, which is transformed downstream of the
flow to hairpin vortices or 

 

Λ

 

 structures. These vortices
are pronounced at 

 

z

 

 = 0 mm in the form of a pair of

alternating-sign structures at each period of the second-
ary disturbance. As was mentioned above, 

 

Λ

 

 structures
or hairpin vortices become asymmetric at 

 

z

 

 = 

 

±

 

5

 

 mm
(transverse boundaries of the disturbed region). Never-
theless, the structure of the second counter-rotating vor-
tex of these coherent formations is evidently observed.
We note that such coherent structures were observed
in [2], where the nonlinear stage of varicose instability
was studied. Investigations of the varicose instability of
a single streaky structure in the boundary layer of the
sliding wing [3] show that 

 

Λ

 

 vortices are transformed to
asymmetric structures due to the transverse flow. Thus,
detailed thermal anemometer measurements at the non-
linear stage of the development of varicose instability
show that the secondary high-frequency destruction of
the streaky structure is attributed to the formation of

 

Λ

 

 

 

structures, as in the case of the sinusoidal destruction
of the streaky structure.

In conclusion, we emphasize that the scenario of
classical laminar–turbulent transition at the nonlinear
stage of this process is associated with the three-dimen-
sional distortion of the two-dimensional Tollmien–
Schlichting wave and the formation of three-dimen-
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Fig. 2. 

 

Spatial patterns of the varicose destruction of the streaky structure: (a) the development of the secondary disturbance jointly
with its effect on average velocity (minimum pulsation level 3.8% of 

 

U

 

∞

 

) and (b) the development of the secondary high-frequency
disturbance (minimum pulsation level 1.3% of 

 

U

 

∞

 

). Dark and light grey tones are excesses and defects of velocity, respectively.
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sional coherent structures of the Λ-vortex type. These
investigations show that there are other scenarios for
the occurrence of Λ structures in the near-wall shear
flows, in particular, in the process of the secondary
high-frequency instability of streaky structures of the
sinusoidal and varicose types. The secondary high-fre-
quency instability of streaky structures of the sinusoidal
and varicose types at the nonlinear stage was found to
lead to the multiplication of new streaky structures
downstream of the flow. It has been established that the
mechanism of the nonlinear destruction of the streaky
structure through the development of secondary distur-
bance in it is associated with the formation of coherent
structures of the Λ-vortex type for both sinusoidal and
varicose types of instabilities. Λ vortices are shown to
be multiplied in the transverse direction upon the evo-
lution of disturbance downstream of the flow. It has
been shown that varicose instability can exist on the
sliding wing [3], rapidly transforming under the action
of the secondary flow to the superposition of structures
of sinusoidal and varicose instability.

This result is important for insights concerning both
a mechanism of the turbulization of flows modulated by
streaky structures and mechanisms of the reproduction
of turbulence in turbulent flows, where the dynamics of
coherent structures of the viscous sublayer plays a sub-
stantial role. The mechanism of the transformation of a
Λ structure to a turbulent spot, particularly through the
secondary high-frequency instability of its compo-
nents—two counter-rotating vortices (legs of the struc-
ture)—is also well known [4]. At the same time, there
are various methods for controlling the development of
coherent structures such as Λ vortices, hairpin vortices,
streaky structures, etc. As was shown in a number of
works, riblets [1, 5–8], localized and distributed drain-
age [1, 8], transverse vibrations of the wall [9], etc.,
considerably affect both the intensity of coherent struc-

tures and their secondary instability, which can be used
to control sinusoidal and varicose instability.
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