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The results of experimental study of a nonlinear varicose instability of the streaky structure generated by
roughness element in unswept-wing boundary layer are presented. Features of the varicose breakdown of lon-
gitudinal steady streaky structure such as modulation of structure in transverse and streamwise directions by
secondary disturbance, occurrence of the new streaky structures and Λ-structures downstream are shown. Spa-
tio-temporal pictures of the hot-wire visualization of flow during spatial evolution of the streaky structures
under influence of secondary high-frequency disturbance are discussed. Features of the adverse pressure gradi-
ent influence upon processes of the nonlinear varicose instability evolution and flow structure are revealed.
Essential influence of the adverse pressure gradient on evolution of disturbances is shown. Comparison of
varicose instability of the streaky structures generated in two different ways (the roughness element as in the
given work, and continuous air blowing as in the earlier published work) is the carried out.

1. INTRODUCTION

It is known [1] that boundary-layer transition in low-turbulent flow is initiated by
wavy disturbances, so-called Tollmien  Schlichting waves. During streamwise evolu-
tion they start to grow as small-amplitude perturbations, then turn into nonlinear ones
and finally result in flow turbulisation. The linear stage of instability waves development
is well understood through theoretical and experimental studies while nonlinear effects,
especially close to final laminar flow breakdown, are not so obvious. Generally, in the
nonlinear region of laminar-turbulent transition the Tollmien  Schlichting waves un-
dergo three-dimensional deformations resulting in so-called Λ-structures [2–4]. To fea-
tures of occurrence and development of these structures it is significant that they are
typical not only of classical laminar-turbulent transition [2], but also are observed at
transition in more complex flows. For example, such structures were revealed in the
flows modulated by longitudinal streaky structures at high free stream turbulence [5], in
a viscous sublayer of a turbulent boundary layer [6], and also in the flows modulated by
Goertler vortices [7–9] or crossflow vortices on swept wings [5], etc. In the given situa-
tions they arise, in particular, because of secondary high-frequency instability of such
flows and can be shown not only as Λ-structures, but also as Ω-structures, hairpin
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vortices, etc. vortices. Nevertheless, their general feature is presence of paired counter-
rotating longitudinal vortices, so-called “legs” of the Λ-structures, with a “head” in front
of them. Just dynamics of these nonlinear structures is responsible for onset of turbulent

motion in a number of situations. However, the vortices can be strongly deformed, e.g.,
in a swept-wing boundary layer where one of the “legs” is suppressed by the crossflow
component [5, 10]. The origin and development of the 3D nonlinear perturbations were
explored experimentally [5, 10–13] and numerically [14–16]. In these works it was
found that the mechanism of turbulence production in various transitional (for example,
harmonious and subharmonic types of classical transition) and turbulent near-wall layers is
actually one and the same being related to appearance, evolution, and breakdown of the Λ-,
Ω-structures, etc.

On the other hand, as was mentioned above, the initial instability of many flows is
related to their transverse modulation by steady (Goertler vortices, crossflow vortices on
swept wings, etc.) and unsteady (boundary-layer streaks at high free-stream turbulence,
Λ-, Ω-, and hairpin vortices, etc.) streamwise vortices. This generates conditions, that is
unstable inflectional profiles of velocity normal to the surface ∂U/∂y and across the flow
∂U/∂z, for origination and growth of secondary high-frequency oscillations whose down-
stream evolution leads to boundary-layer turbulisation. The streaky structures also have
been found in the viscous sublayer of turbulent boundary layer, their contribution to gen-
eration of turbulent fluctuations is explored experimentally, analytically, and numeri-
cally. The results of direct numerical simulation of turbulent flow in a channel [16]
clearly demonstrate formation of perturbations similar to the Λ-structures. Different
types of coherent structures occurring in the viscous sublayer of turbulent flow are dis-
tinguished in [17].

An important issue is involvement of the coherent structures in turbulisation of jet
flows. It was shown in [18, 19] that in circular and plane jets the streaky structures appear
directly at the nozzle exit. Then, at their interaction with 2D Kelvin  Helmholtz vortex
rings the latter are distorted with formation of azimuthal spikes similar to Λ- or Ω-shaped
structures. The scenario of this process resembles the three-dimensional distortion of 2D
Tollmien  Schlichting waves at the nonlinear stage of their development. Further, sec-
ondary high-frequency disturbances generated in the region of streaky structures origi-
nation [18] destroy the azimuthal spikes intensifying mixing of the jet with the ambient
fluid and its turbulisation. The high-frequency disturbances evolve on two counter-
rotating vortices which are constituents of the Λ- or Ω-shaped azimuthal spikes whose
instability to such perturbations was demonstrated in [13]. Thus, the streaky structures
dominate not only in near-wall transitional and turbulent flows but also in free shear lay-
ers such as circular and plane jets. Mechanisms of their origination, development, and
interaction with other disturbances, as well as contribution to the processes of turbuliza-
tion and regeneration of turbulence are focused on by many researchers.

The high-frequency secondary instabilities of transitional and turbulent flows
modulated by the streaky structures are often associated with the so-called sinusoidal and
varicose instabilities. For example, flow visualization in case of Goertler vortices [5–7]
indicated that the transition process is dominated by secondary mechanisms which pro-
duce traveling waves independent of each vortex pair so that the neighboring pairs can
amplify different types of secondary motion: either in the form of periodic “meandering”
of the vortices in the transverse direction or in the form of horse-shoe bunches in the
region of strong transverse shear. Such disturbances are called the sinusoidal and the
varicose mode, respectively, being correlated with the odd and even modes known from
analytical and numerical results on secondary instability of the Goertler vortices. The
secondary perturbations amplify due to the inviscid local mechanism caused by inflec-
tions in instantaneous velocity profiles both in the normal (varicose mode) and in the
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transverse (sinusoidal mode) directions. Then, the choice of the instability mode excited
first and growing most rapidly depends on initial conditions, in particular, on distance
between the streamwise perturbations. For example, it was found numerically [20, 21]
that the varicose mode is typical of the long-wave vortices, whereas the sinusoidal insta-
bility prevails in the short-wave disturbances. The reason is that in the first case a weak
transverse shear is induced while in the second one it becomes larger.

Direct numerical simulation of the varicose instability in turbulent boundary layer
[22] revealed similarity of the horse-shoe vortices generated in laminar and turbulent
boundary layers. Also it was found that the mechanism of horse-shoe vortices generation
in turbulent flows is related to an inflectional (∂U/∂y) instability of the streaky structures.
The horse-shoe vortices can induce new streaky structures in the viscous sublayer of
turbulent boundary layer that is in agreement with the results of [17]. On the other hand,
the sinusoidal instability associated with the transverse inflectional velocity profile
(∂U/∂z) has been confirmed in a series of studies [23–25]. One expects that both types of
instability are involved in self-sustaining of turbulence in boundary layers: the sinusoidal
one is responsible for regeneration of near-wall turbulence [26–28], and the varicose
instability produces the horse-shoe vortices farther from the wall [11, 12, 17, 22, 29].

The both instability modes were examined under controlled conditions at their lin-
ear and weakly nonlinear evolution in [30]. When the transverse scale of the streaky
structure was larger than the shear-layer thickness, the varicose instability was amplified,
otherwise, the structure became more unstable to antisymmetric disturbances than to
symmetric ones. The experiments [30] clearly demonstrated that growth of the symmet-
ric mode results in formation of hairpin or Λ-vortices, whereas the antisymmetric mode
evolves into a wave train of quasi-streamwise vortices with vorticity of alternating sign.
At the same time, experiments at late stages of the nonlinear sinusoidal and varicose
instabilities on a flat plate [31] indicated that, finally, in both cases the Λ-vortices are
produced with their further multiplication. We notice also the wind-tunnel results [32] on
the varicose instability of a solitary streaky structure in swept wing flow revealing that
the Λ-vortices become asymmetric due to the crossflow velocity component.

Results of the experimental studies of varicose instability of the streaky structure
generated by continuous air blowing in unswept wing boundary layer are presented in
work [33]. The nonlinear stage of process in areas with zero and adverse pressure gradi-
ents was investigated. It is shown that the adverse pressure gradient results in transverse
multiplication of both coherent Λ-vortices and streaky structures and also accelerates
flow turbulisation. As against studies of work [33] where the streaky structure has been
generated with help of air blowing through a small aperture on a wing surface in this
case the streaky structure was generated with the help of a roughness element, as well as
in work [30]. Except for the generator of stationary disturbance, other conditions of the
given experiment remained same, as well as in work [33]. It was interesting to compare,
whether there are features of the streaky structures varicose breakdown depending on a
way of its generation, i.e. entry conditions. If in the previous work [33] initial intensity
of the stationary disturbance could be adjusted (air blowing) at constant free stream ve-
locity in given situation (roughness) one is connected only to change of a free stream
velocity with other things being equal. The basic attention has been devoted on the co-
herent structures arising during secondary high-frequency varicose instability of the
streaky structures, and pressure gradient influence on their development that is important
both for understanding of the transition mechanisms to turbulence and for mechanisms
of the turbulence regeneration in a turbulent boundary layer for gradient flows.

The time-averaged streamwise component of flow velocity U and its fluctuations u'
were measured in space (xyz) and time (t) with help of hot-wire anemometer. This has
enabled us to present results of measurements in the form of spatio-temporal hot-wire
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visualization pictures of flow and, thus, to reveal features of dynamics of the occurrence,
evolution, and internal structure of coherent formations up to later stages of their nonlin-
ear development.

Thus, the purpose of the given work will consist in research of influence of an ad-
verse pressure gradient on the nonlinear varicose instability of the streaky structure gen-
erated by roughness element in unswept wing boundary layer and comparison of the
obtained results with results of the work [33].

2. EXPERIMENTAL  ARRANGEMENT  AND  PROCEDURE  MEASUREMENTS

The experiments were performed in a subsonic low-turbulent wind tunnel with a

degree of turbulence  u'/U0 = 0.04 % (Fig. 1). In the test section of the facility, a wing
model (1) with 500-mm chord (b) and 1000-mm span was mounted. Due to particular
airfoil used in the study streamwise pressure gradient was negligible at the test surface of
the wing in the range x/с  ≈ 0.22 to x/с = 1.0 from its leading edge at a small negative
angle of attack turning the adverse one as incidence increased. A stationary longitudinal
structure (further streaky structure) was generated with the help of a roughness element
in length of 5.5 mm and height of 0.9 mm located at distance 124 mm from the wing
leading edge (see Fig. 1). High-frequency secondary disturbances of the streaky structure
were excited at the frequency f = 333 Hz by a dynamic loudspeaker connected by a
pneumatic line with the two apertures of 1 mm diameter and distance between them of
2.5 mm located on a wing surface at distance 136 mm from the wing leading edge (see
Fig. 1). It is to be noted that two apertures intended for generation of a sinusoidal mode
secondary instability, but in this case they are used for generating only varicose mode.
Axes of coordinates: x  downstream from the wing leading edge, y  on a normal to

Fig. 1. Experimental model.



347

a surface, and z  transverse direction. The position started areas of measurements
x = 144 mm is marked as x0. Coordinates (x, z) are referred to a chord of model with
c = 500 mm. Speed of an accumulating stream made U0 = 5.5 m/s, the level of turbu-
lence did not exceed 0.04 % of U0 at U0 from 5� to 15 m/s in a frequency range from
0.1 up to 10000 Hz.

As against work [33], the case of flow with an adverse gradient of pressure (dp/dx> 0)
was investigated only. The model was located under a zero angle of attack as in [33],
which has provided dp/dx> 0 in the region of measurements (Fig. 2). In the absence of
artificial disturbances the laminar boundary layer developed without any waves and
mean velocity profiles were self-similar in the region of measurements in dimensionless
coordinates (y → y/δ  

* *, where δ  
* *  � �is momentum loss thickness and U → U/Umax) also

were close to Blasius profile on a flat plate for a case dp/dx = 0 [33]. For the case of an
adverse pressure gradient (dp/dx > 0) the self-similarity of the mean velocity profiles
also may be observed in region of measurements, and their shape corresponded to pre-
separated profile with the Hartree parameter m = –0.08 (Fig. 3). It is known [34] that
Hartree parameter m = 0 corresponds to boundary layer flow with Blasius velocity pro-
file (dp/dx = 0), m > 0 corresponds to the accelerated flow (dp/dx < 0), and 0.0904 < m < 0
corresponds to the slowed down flow (dp/dx> 0). The bottom border of existence of the
boundary layer flow without separation corresponds to the Hartree parameter
m = –0904. Thus, in this case (m =0.08) development of disturbances will be investi-
gated in the region of still pre-separated flow. The Reynolds number in the measure-
ments region R* = δ*U∞/ν, where δ* is displacement thickness, was within 950 to 1100 at
free-stream velocity U0 = 5.5 m/s. At generation of the streaky structure the velocity
profiles became inflexional ones both normally to the wall  (y) and in the transverse di-
rection (z). The boundary layer with streaky structure remained laminar in measured
areas (x – x0 = �0 �→ 50 mm) without excitation of secondary high-frequency distur-
bances. It has allowed us to control instability by the streaky structures with the help of
artificial disturbances introduction through two apertures 1 mm in diameter for excita-
tion of transverse symmetric disturbances (see Fig. 1). Symmetric disturbances were
excited by sinusoidal electric signals from oscillator connected with the dynamic loud-
speaker. Then, the flow perturbed by the stationary disturbance was subjected to the
high-frequency secondary oscillations symmetric in the transverse direction. The excita-
tion frequency f = 333 Hz corresponded to the normalized value 2πfν/U0

2⋅106 ≈ 1037.
The amplitude of secondary disturbances was 7 per cent of U0 near to a source (x – x0 =
= 0 mm), which allowed us to investigate the nonlinear stage of process, which was of
basic interest for us.

Fig. 2. Pressure curve at the test surface of the wing for the case dp/dx > 0.
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The hot-wire anemometer measured the time-averaged streamwise component of
flow velocity U and its fluctuations u'. The hot-wire probe with gilded tungsten wire
1 mm long and 5 µm in diameter was calibrated in the free stream using the modified

King law U = k
1
(E2 – E0

2)1/n + k
2
(E – E

0
)
1/2

, where E
0
 is output voltage of the ane-

mometer at zero flow velocity, k
1
, k

2
, and n are adjustable constants with n normally

close to 0.5 and k
2
 accounting for free convection close to the wall at low flow velocities.

The maximum error in probe calibration was within 1 per cent of U0. All measurements
were performed in automatic mode with a traverse system driving the hot-wire probe due
to a specially designed program involving LabVIEW. At each point ensemble-averaged
traces of the hot-wire signal (up to 50 samples) were recorded with further processing of
the data in MatLab environment. In this way, contours of flow velocity in y – z planes as
well as spatio-temporal flow patterns of the laminar flow breakdown were investigated.

3. NONLINEAR  VARICOSE  INSTABILITY  IN  ADVERSE  PRESSURE
GRADIENT  FLOW

Now we shall consider the flow structure at a nonlinear stage of the streaky struc-
ture varicose instability in the unswept wing boundary layer for case of adverse pressure
gradient (dp/dx > 0) in more detail. In the case dp/dx > 0 the effect of secondary nonlin-
ear disturbances on the mean flow is much more pronounced than that at zero pressure
gradient [33]. Contours of the mean velocity deviation (∆U) in yz-plane given in Fig. 4
indicate much stronger spanwise spreading of the perturbed flow area from 5 to 10 mm
over the x-range of measurements. Initially (x/с = 0.289) the disturbed area consisted of
negative mean flow deviations with peak amplitude of 20 % U0 on an axis and two weak
mean flow deviations on both sides from the first with peak amplitude about 8 % U0 (see
Fig. 4). The total amplitude of the mean velocity distortion in the given position is 28 %
of U0. Further downstream, the integrated amplitude of the mean velocity distortion in
the beginning reduced to 20 % of U0, and then increased to 40 % of U0  at x/с = 0.379 in
comparison with its magnitude of 28 % of U0  at x/с = 0.289. Structure of the disturbed

Fig. 3. Boundary layer profiles for the case dp/dx > 0.
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area downstream was changed as well.
The area of positive mean flow defect be-
came prevailing on an axis and near to the
wall while the area of negative mean flow
defect was split into several small regions
located near upper border of the boundary
layer. As is obvious from the foregoing
this is due to the effect of adverse pressure
gradient both on the induced streaky
structure and its secondary perturbations.

Now we will consider the secondary
high-frequency disturbances evolution.
R.m.s. in yz-plane contours given in Fig. 5
illustrate the high rate of the transverse
spreading of the secondary oscillations
downstream from 5 to 20 mm with their
total amplitude growth from 6 to 12 per
cent over the testing area. On the other
hand, the initially simple structure of the
disturbance splits into several closed small
areas symmetric by z/с = 0. Especially
evidently development of secondary dis-
turbances is possible to observe from the
3D flow pattern given in Fig. 6, where
isosurfaces of the velocity fluctuation am-
plitudes (u’ =  1.5 % of U0) in (xyz) space
are shown. At the initial stage of the dis-
turbances evolution, one can observe a
pair of quasi-streamwise vortices which
convert downstream into multiplying hair-
pin and Λ-structures. These vortices are
distinctly observed at x/с ≈ 0.34 and further downstream as alternating positive and
negative structures on each period of secondary disturbance. It is possible to observe
their transverse multiplication downstream. A similar picture of the secondary distur-
bance evolution is observed on contours of the velocity fluctuation amplitudes (u') in
xz-plane at y = 1.6 mm during various moments of time (Fig. 7). One can see the
Λ-structures formation process due to the streaky structure modulation by varicose mode
of instability according to time sequence of the spatial pictures. It is distinctly observed
the transverse spreading of disturbed area.

Figure 8 presents spatial pictures of the secondary high-frequency disturbances
evolution together with its influence on average flow characteristics (u' �+ ∆U)

represented in the form of the disturbance amplitude isosurfaces (u'+  ∆U = 2.5 % of U0)
for various moments of time, as well as for Fig. 7. It is possible to note occurrence of the
new streaky structures arising on both sides from the basic structure in transverse

Fig. 4. y – z slices of the mean flow distortion
by the streaky structure for x/c positions of
0.289, 0.307, 0.325, 0.343, 0.361, 0.379 (see
upwards). Solid and dashed lines indicate
positive and negative U-deviations, the con-
tours step is 4 per cent of U0, y

**  is momentum
                               thickness.
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direction that, obviously, is connected to influence of the adverse pressure gradient. As a
whole, the transverse spreading angle of disturbed area downstream in case of an adverse
pressure gradient (see Figs. 4–6, and 8) is α = 34°.

Now we shall consider the spatial pictures of secondary high-frequency distur-
bances evolution together with its influence on average flow characteristics (u' + ∆U)
represented in the form of the disturbance amplitude isosurfaces for 10, 6, 4, 2, 0.9 % of
U0 and 0.4 % of U0 (Fig. 9) and the spatial pictures of secondary high-frequency distur-
bances evolution (u') shown in the form of the disturbance amplitude isosurfaces for 3 %
of U0, 2.7 % of U0, 1.5 % of U0, 0.9 % of U0, 0.3 % of U0, and 0.2 % of U0 (Fig. 10).
Such representation of isosurfaces for various amplitude levels allows us to see layer-

Fig. 5. y – z slices of r.m.s. amplitude of the secondary perturbations for x/c positions of 0.289,
0.307, 0.325, 0.343, 0.361, 0.379 (see upwards), the contours step is 2 per cent of U0, y**  is
                                                            momentum thickness.
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wise and in detail internal structure of the dis-
turbed flow area. For example, at a level of isosur-
faces amplitude (u'+ ∆U) from 2 up to 10 % of U0

in Fig. 9 it is possible to observe clearly streaky
structure its streamwise modulation and transverse
multiplication that it is practically impossible to
find out at level of isosurfaces amplitude for (u'+
∆U) = 0.4 % of U0. A similar picture is observed
in Fig. 10. At a level of isosurfaces amplitude (u')
from 0.9 up to 3 % of U0 the Λ-structures and their
transverse multiplication are distinctly visible, that
it is practically impossible to find out at a level of
isosurfaces amplitude (u') for 0.2 and 0.3 % of U0.

On the other hand, at a level of isosurfaces
amplitude from 0.9 to 3 % of U0 (see Fig. 10) the
longitudinal vortices of streamwise modulation of the streaky structure can be observed
at the initial stage of disturbances evolution that is typical of varicose instability of
streaky structures. Further downstream process of Λ-vortices appearance and their trans-
verse multiplication takes place.

Thus, detailed hot-wire measurements of a nonlinear stage of varicose instability
development of the streaky structure generated by roughness element in the unswept
wing boundary layer in region of an adverse pressure gradient have shown that secon-
dary  high-frequency breakdown of the streaky structure is related to  Λ-structures  origi-

Fig. 6. 3D instantaneous distribution of the secondary
disturbances (u′ ) for the case dp/dx > 0. The minimum
         level of perturbations is 1.5 per cent of U0.
The dark and light halftones indicate positive and negative
                            velocity deviations.

Fig. 7. Instantaneous distribution of the secondary disturbances in x – z plane at y = 1.6 mm from
the wall for the case dp/dx > 0, time sequence of pictures (1-6) from t = 0 ms (1) to t = 3 ms (6),
∆t = 0.6 ms. Solid and dashed lines indicate positive and negative u′-deviations, the contours step
                                                                is 1 per cent of U0.
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nation. The adverse pressure gradient favours  the intensity growth both of the secondary
high-frequency dist urbances and the streaky structure itself. This process results in an
abrupt spatial spreading of the disturbed area due to the transverse multiplication of co-
herent structures. Finally, this leads to acceleration of the flow turbulisation.

Fig. 8. 3D distribution of the instantaneous velocity deviation (u′ + ∆U) from the mean flow in
undisturbed boundary layer for the case dp/dx > 0, time sequence of pictures (1–6) from t = 0 ms
(a) to t = 3 ms (g), ∆t = 0.6 ms. The minimum level of perturbations is 2.5 per cent of U0, the dark
                      and light halftones indicate positive and negative velocity deviations.
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Fig. 9. 3D instantaneous distributions of the instantaneous velocity deviation (u′ + ∆U) from the
mean flow in undisturbed boundary layer for the case dp/dx > 0 depending on amplitude of repre-
senting surface: 10 (1), 6 (2), 4 (3), 2 (4), 0.9 (5), and 0.4 % (6) of U. The dark and light halftones
                                 indicate positive and negative velocity deviations.
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Fig. 10. 3D instantaneous distributions of the secondary disturbances for the case dp/dx > 0 de-
pending on amplitude of representing surface: 3 (1), 2.7 (2), 1.5 (3), 0.9 (4), 0.3 (5), and 0.2 % (6)
          of U0. The dark and light halftones indicate positive and negative velocity deviations.
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4. DISCUSSION  OF  MEASUREMENT  RESULTS  AND  CONCLUSIONS

Detailed spatio-temporal hot-wire measurements of varicose instability of the
streaky structure generated by a roughness in an unswept wing boundary layer in region
of the adverse pressure gradient have allowed to obtain the answers to the questions:
what is the flow structure, what is the dynamics of coherent structures evolution, and
what is the mechanism of flow turbulent breakdown at last stages of nonlinear varicose
instability of the streak. It is known [30, 31] that the nonlinear stage of varicose instabil-
ity of a flat plate flow at zero pressure gradient results in occurrence of the coherent
structures such as Λ-vortices. Earlier [33], the experimental studies of varicose instabil-
ity of a streaky structure generated by air blowing in the unswept wing boundary layer
were carried out. Present studies were conducted under the same experimental conditions
except the streaky structure excitation technique and the free stream velocity rate. In this
case, the streaky structure is generated with the help of a roughness element, as well as
in work [30]. However, as opposed to [30], the streaky structure varicose instability was
studied in region of an adverse pressure gradient and at late stages of its nonlinear evo-
lution as well as in work [33]. Due to the distinction in a way of the streaky structure
generation in present case and in [33], where the intensity of stationary disturbance
(streaky structure) was adjusted by air blowing rate, in our case it has been controlled by
only change of free stream velocity. In this connection, the free stream velocity (U0) was
reduced from 8.3 m/s in [33] to 5.5 m/s because flow became turbulent at U0 = 8.3 m/s.
Comparison of changes of the mean velocity characteristics measured on the maximum
velocity deviations (Umax / Umin)/2/U0 in region of an adverse pressure gradient down-
stream in the disturbed  (xyz) space for the case of streaky structure excitation by air
blowing [33] and by roughness is shown in Fig. 11. As can be seen, the intensity of mean
velocity perturbation in initial area measurements (up to (x – x0) /c ≈ 0.04) reduces
in both cases because of the disturbance transverse spreading. But further downstream, it
begins to grow sharply reaching, approximately, 30 % of U0 at (x – x0) / c = 0.1 in case of
the given experiment and more than 40 % of U0 at (x –  x0) / с = 0.09 in [33]. In the latter
case, it is possible to observe the intensity reduction of mean velocity perturbation at
(x – x0) /с > 0.09. In both cases, this process is especially nonlinear, though in the present
experiments it is more weak than in work [33]. It is seen that along with transverse
spreading of the disturbed area that has been shown above and in [33], there is a sharp
growth of an adverse pressure gradient influence upon amplitude of the mean flow de-
formation especially in a situation of the streaky structure generation by air blowing  [33].

As a whole, the graph shows that the nonlinear processes of secondary high-
frequency breakdown of the streaky structures are related to their influence on the mean
flow characteristics. It can be observed both from transverse redistribution of the distur-
bance energy and from total growth of one in case of an adverse pressure gradient. The
secondary high-frequency disturbance behavior is the same, and space position of the
flow breakdown into the turbulence state is
related to evolution properties of the sec-
ondary high-frequency disturbance. Growth
rates curves (r.m.s. fluctuations  u′
measured in xyz space) of the secondary
high-frequency disturbances downstream
for both cases of streaky structures excita-

Fig. 11. Streamwise variations of the “peak to
peak” magnitude of the mean flow distortion
induced by the streaky structure excited by
roughness (1) and air blowing (2, from [33]) at
                              dp/dx > 0.
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tion are shown in Fig. 12. It is seen that in
the initial area of measurements the distur-
bance amplitude reduces slightly (from
6–7 % of U0 up to 4–5 % of U0) in a range of

(x – x0) / c ≈ �0–0.04, however, further downstream, it grows reaching approximately
16 % of U0 at (x – x0) / c = 0.07 and then begins to reduce indicating on the flow turbuli-
sation for a case from [33]. In a case of the present study, the disturbance amplitude in-
creasing occurs much more slowly.  It reaches magnitude about 10 % of U0 at (x – x0) / c =
= 0.09 and continues to grow further downstream, but transition to turbulence is not ob-
served. Thus, it is necessary to draw a conclusion from Figs. 11 and 12 that the tendency
of varicose instability growth of the streaky structures generated by various methods in
unswept wing boundary layer in region of adverse pressure gradient was kept. However,
if in the case from work [33] it is observed flow turbulisation, in the present case it
should come much later in space, probably due to a weaker nonlinearity or features of
development of the streaky structure generated by a roughness which intensity directly
depends on free stream velocity that demands additional studies. Nevertheless, the spa-
tio-temporal hot-wire visualization of a nonlinear stage of the streaky structures varicose
instability in region of an adverse pressure gradient in unswept wing boundary layer
shows the same disturbances evolution for both cases of the streaks excitation. It should
be noted the following disturbances evolution features: the Λ-structures origination,
multiplication of these coherent structures and streaky structures, transverse spreading of
the disturbed area irrespective of the generation way of the initial streaky structures that
it is possible to observe in Fig. 13. It shows, for comparison, the isosurfaces of the ve-
locity fluctuations amplitudes (u′) in (xyz) space for a case of streaky structure genera-
tion by air blowing at a zero and adverse pressure gradient (it is taken from [33]) and
result of the present studies. One can see from Fig. 13 that the angle of the disturbed area
transverse spreading is different for all three cases. In case of the disturbance evolution
in area with a zero pressure gradient, it is approximately 23°, and in area of an adverse
pressure gradient it equals 40°, that almost twice it is more (by results of studies from the
work [33]). As it is seen from results of the present studies, the angle of the disturbed
area transverse spreading is approximately 34° in case of an adverse pressure gradient,
that, in comparison with a similar situation from work [33], is much less. It is connected
probably, as it was already marked above, with a weaker nonlinear process in compari-
son with [33] due to the complexities with selection of the streaky structure intensity
dependent on the free stream velocity.

As a whole, the detailed measurements allowed us to obtain the spatial-temporal
pictures of flow and contour diagrams of its structure confirming a conclusion that the
adverse pressure gradient for last stages of nonlinear evolution of the streaky structure
varicose instability results in acceleration of the flow turbulisation in comparison with its
development in region of a zero pressure gradient irrespective of a way of the streaky
structures excitation. On the basis of these studies it is possible to make the following
basic conclusions:

– it is found that the mechanism of the streaky structures nonlinear breakdown in
the unswept wing boundary layer in region of an adverse pressure gradient is closely
related to the process of their secondary high-frequency varicose instability accompanied
by coherent structures appearance, such as  Λ-vortices;

Fig. 12. Streamwise variations of the r.m.s.
amplitude of the high-frequency secondary
perturbations in case of streaky structure
excited by roughness (1) and air blowing
               (2, from [33]) at dp/dx > 0.
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– it is shown that secondary high-frequency varicose instability of the streaky
structure at a nonlinear stage of its evolution in the unswept wing boundary layer in re-
gion of an adverse pressure gradient results in multiplication of both the streaky
structures and  Λ-vortices downstream;

– it is found that the main flow structural characteristics of nonlinear varicose in-
stability of the streaky structures in region of adverse pressure gradient in the unswept
wing boundary layer do not depend on a way of the streaky structure excitation both by
air jet blowing in a boundary layer and with the help of the local flow heterogeneity.
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