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Abstract - Breakdown of boundary layer streaks is studied experimentally and compared at zero and
adverse (positive) streamwise pressure gradients on a wing under fully controlled experimental
conditions. The varicose mode of streak breakdown is found to be a dominant mode in the case of the
adverse pressure gradient. A strong influence of pressure gradient upon the development of the streak
and the secondary instability is revealed. The unfavourable pressure gradient is shown to alter the
critical streak amplitude, the dispersion properties of the streak and the secondary disturbance, as well
as attained maximum amplitudes for both the streak and the secondary disturbance.
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1. Introduction

As is known (Boiko et al., 2002), the laminar breakdown in wall-bounded shear flows is often associated with
transverse modulations of a flow by either steady streamwise vortices (e.g., Gortler vortices, crossflow
vortices) or unsteady streamwise structures (boundary-layer streaks at high free-stream turbulence, A-, Q-,
and hairpin vortices). These structures create spatial velocity modulations providing favourable conditions
for appearance of secondary instabilities, which, in turn, promote the flow breakdown and lead to turbulence
in such flows.

Two fundamental secondary instability modes of the flows modulated by the streaky structures are
the varicose mode (also symmetric, horseshoe, or ‘¥-mode), and the sinusoidal mode (antisymmetric,
meandering, ‘Z-mode). It is agreed that the reason for the secondary instabilities is an inviscid local
mechanism caused by the inflections in the instantaneous velocity profiles both in the wall-normal (varicose
mode) and in the transverse directions (sinusoidal mode). For example, such two different modes were
observed in flow visualizations of Gortler vortex breakdown (Ito, 1985), where it was shown that the
secondary travelling waves are created either in the form of the periodic meandering of the vortices in the
transverse direction or in the form of the horseshoe bunching. The choice of the secondary instability mode
excited first and growing most rapidly depends on the stability properties of the resulted distorted flow. The
strength of the spanwise and the wall-normal gradients of the streamwise velocity as well as a spacing
between the streamwise perturbations are particularly important for the mode selection. Typically, the
varicose instability mode prevails during the breakdown of long-wave vortices, whereas the sinusoidal mode
is most often observed on short-wave disturbances, see Li and Malik (1995), Bottaro and Klingmann (1996).

These two modes of the streak breakdown are examined under controlled experimental conditions by
Asai et al. (2002) and by Chernoray et al. (2006) in the Blasius boundary layer. The first of these studies is
focused on the linear and weakly nonlinear evolution of the secondary instabilities, while the latter work



218 Influence of an Unfavourable Pressure Gradient
on the Breakdown of Boundary Layer Streaks

reveals details on the nonlinear breakdown stages. In particular, Asai et al. (2002) have proved that the
streak width is an important parameter for the mode competition and for the growth rate of the secondary
disturbances. Also, the study has highlighted various aspects of the mode development based on hot-wire
measurements and smoke visualizations. Chernoray et al. (2006) have performed detailed visualizations by
hot-wires, which demonstrate that the two instability modes are remarkably similar during the late
nonlinear stages of their development. Both instability modes are revealed to contribute to the
horseshoe-like activity in the outer part of the boundary layer, and the generation of A-shaped vortices is
shown to take place in both mode cases.

Current study is a natural continuation of work by Chernoray et al. (2006), and employs the same
experimental techniques of the detailed flow mapping and visualization by hot-wires. The focus of present
study is on flows with non-zero streamwise pressure gradient which are of importance in various technical
applications such as, for example, turbo engines. An attempt is made to reveal how the streak breakdown is
changed due to an external pressure gradient variation, aiming to deepen insight into the late stages of the
laminar-turbulent transition for the flows of a practical importance. To achieve this goal, a spatio-temporal
evolution of the perturbed flow was reconstructed under controlled experimental conditions and the
development and dynamics of the streak breakdown was elucidated in detail.

2. Experimental Arrangement

Experiments were performed in a subsonic low-turbulent wind tunnel at the oncoming flow velocity U, =
8.35 m/s and the turbulence level u"/U, < 0.04 %. A wing model (Fig. 1) with chord length ¢= 500 mm
and span 1000 mm was mounted in the middle of the wind tunnel test section. The flow Reynolds number
based on the wing chord was Re, =3-10°.
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Fig. 1. Experimental setup.

The coordinate system is defined in Fig. 1: x 1is directed streamwise and measured from the wing
leading edge, z is directed spanwise and measured from the wing centreline, and y is normal to the
(x,z) -plane with y = 0 on the model surface.

A constant-temperature hot-wire anemometer was used to measure the streamwise component of the
flow velocity . The hot-wire probe was equipped with a gold-plated tungsten wire of 1.2 mm active length
and 5 um in diameter. The probe was calibrated prior every experimental run and the maximum relative
error of the calibration was within 1 % for all calibration points. Flow measurements were performed in an
automated mode with use of a traversing system moving the probe in 3D space by a specially developed
software. In each spatial point 100 periods of the disturbance were collected with resolution of 50
points/period. About 6000 and 14000 spatial points were mapped for zero pressure gradient and adverse
pressure gradient cases correspondingly. The spatial resolution of the obtained velocity maps is (sxX sy X sz)

= (3 x 0.25 x 0.5) mm in both cases. Obtained data are post-processed using the Matlab software package.
The ensemble averaged velocity u_,(x,y,z,t) is decomposed into the time-mean U , and fluctuation

components such that u_ , =U +u . Subtraction of the 2D base undisturbed flow U, (x,y) gives a total
disturbance velocity u,, =u,, —U,, and the disturbance of the mean U-U,. Note also that we use
AU, =0.5(max{U -U,}—min{U -U,}) tocharacterize the amplitude of the mean disturbance.

Y,z Y,z

Two different cases of pressure gradient, zero pressure gradient (ZPG) and adverse pressure gradient
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(APG) are obtained by a variation of the wing angle of attack (by about 10°). The ZPG measurements are
mainly used for reference purposes. The domain of measurements was located in the diffuser area on the
airfoil suction side (Fig. 1). In this area the wing geometry is linear and nearly self-similar boundary layers
are developed as a result.
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Fig. 2. Boundary layer properties for two pressure gradient cases: (a) external velocity variation along the
boundary layer, (b) variation of the boundary layer momentum thickness, and (c) corresponding boundary
layer velocity profiles. Symbols — measurements, lines — theoretical approximations.

Details on the boundary layer characteristics for both base flows are presented in Fig. 2. As this figure
demonstrates, the distribution of the external velocity, the variation of the boundary layer momentum
thickness, and the velocity profiles in APG case are approximated very well by the Falkner-Scan similarity
solution for attached boundary layer with m =-0.08. In ZPG case the Blasius flow was realized (m=0).

For these two similarity solutions the external velocity varies as U, =U"(x/c)" . Here, the constant U~ is

chosen equal to 9.4 and 8.75 in APG and ZPG cases respectively. As is seen, the potential flow decelerates in
APG case (dp/dx > 0), and has nearly constant velocity in ZPG case (dp/ dx =0 ). The theoretical boundary

layer momentum thickness is approximated as €= 6(1/x* /U, )1/2 , where © 1is the non-dimensional

momentum thickness of the Falkner-Scan similarity profiles, and x" is the streamwise coordinate shifted to
the origin of the virtual leading edge. As found from the theory for m=0 and m =-0.08 the values of ©
are equal to 0.664 and 0.828 respectively. Furthermore, the virtual origin of the boundary layers is found
from the data fit to the above theoretical equation for @, and the origin locations are x=0.06 m and x=0
for ZPG and APG cases correspondingly. Also, it is useful to note that the values of the theoretical shape

factor, H, =6 /6 are2.59 and 3.22 for the solutions with m=0 and m=-0.08 respectively.
The measurement domain 1s within 0.26-0.37 x/ ¢ in ZPG case and 0.31-0.42 x/¢ 1n APG case, and
the local Reynolds number Re, =U_,0/v varies between 140 and 180 in ZPG case and between 260 and

330 in APG case.
The boundary layer streak was created by a steady air blowing through a 1.5-mm hole located on the
wing surface at x =x, =125 mm (x, /c= 0.25). The blowing was controlled by a high-quality centrifugal

fan. In addition, a loudspeaker was attached to the same pneumatic line and was used to modulate the
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streak by high-frequency oscillations. The excitation frequency f was set equal to 333 Hz. The
nondimensional frequency, Q, =24/8/U,, is within the range 0.055-0.075 in ZPG case and 0.075-0.1 in

APG case. The boundary layer momentum thickness 6, at the location of the hole was 0.22 and 0.36 mm in
ZPG and APG case.

3. Results and Discussion
3.1 Nonlinear Varicose Instability at Zero Pressure Gradient

A localized continuous blowing creates a low-speed streak in the boundary layer due to the lift-up of a
low-speed fluid from the wall into the boundary layer. Figure 3 shows the streak development for ZPG case
in detail. The blue contours and isosurfaces are used to represent the low-speed streak. The coordinates are
scaled by the momentum thickness 8,. The red arc of 1-mm radius which is depicted in Fig. 3(a) gives an

additional reference to the dimensional units. Figure 3(a) shows that the central low-speed streak is
non-dispersive, it has a constant spanwise scale (width) equal to 106, (2.2 mm) at all streamwise stations.

The streak is located close to the upper boundary layer edge, with its centre being above the boundary layer
middle. Initially the centre of the streak is located at the constant height y/6, =6 and movesto y/6, =7.5

at the most downstream station. This happens when the horseshoe vortices generated by the periodic
modulation of the streak reach large amplitudes. There are some indications in this and other our studies
showing that initially the dimensions of the streak scale with the hole diameter and not with the boundary
layer thickness. Also, the initial streak location with respect to the wall seems to scale with the blowing
velocity. Thus, blowing a jet with a higher vertical velocity creates a streak located farther from the wall.
Therefore, two zones of the streak development may be distinguished, the field near the source and the
far-field. In the near-field the streak dimensions appear virtually independent of the boundary layer scale
and dependant on the scale of the generator. A very small relative size of the steak generator (blowing hole)
can be a reason of this. Our observations show that generators of a larger relative size can also generate
other scales in the very near field, which are related to the boundary layer thickness.

Both diagrams in Fig. 3 show clearly that the streak experiences the breakdown of the varicose type.
It is seen that the introduced periodic disturbance causes the bulging of the streak, the bulges grow in
amplitude as they convected downstream and form a train of the horseshoe vortices. Figure 3(a) shows that
the oscillations (shaded contours) are spatially localized inside of the streak, and this fact supports for the
local character of the instability. Furthermore, the perturbation maximum amplitudes are located near the
critical layer in the upper part of the low-speed streak where the local velocity gradients are high in the
wall-normal direction.

The development of the streak breakdown is remarkably similar to the development of the varicose
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Fig. 3. Breakdown of streak via varicose instability in ZPG case. (a) Contours of mean disturbance velocity
U-U,,and rm.s. velocity u” (shading). Negative contours are shown by blue lines; depicted red arc has

diameter of 2 mm. Contour step is 0.2AU,; for U-U,, and 0.02U for u’. (b) Instantaneous spatial
distribution of velocity u,, , iso-levels are +3.5 % U, (grey)and-3.5%U, (blue).
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Fig. 4. Instantaneous distributions of fluctuation velocity # in ZPG case. Different isosurface levels are
shown: (a) 2 %, (b) +1 %, and (c) £0.5 %. Negative levels are coloured dark grey.

streak breakdown reproduced numerically by Skote et al. (2002). The streak location with respect to
the wall, and the width of the horseshoe vortices are identical as well. The wavelength of the secondary
perturbation is different since the nondimensional frequency was about 3 times higher in their simulation.
In our study the initial wavelength of the secondary disturbance is 806, and the disturbance phase velocity

is 0.68U, . Corresponding values from their study are 206, and 0.53U, (for x/& =50). Such change of

the wavelength and the phase speed with frequency is in a good agreement with predictions of the inviscid
theory (Monkewitz and Huerre, 1982). It should be noted that the phase of the periodic disturbance was
obtained using the Fourier transform, and the wavelength and the phase speed were found from the linear
approximations of the phase distributions in the initial part of the streamwise region.

From Fig. 3 we can observe that the secondary vortical motion on the disturbance sides leads to the
streak multiplication and formation of two additional streaks. This is an indication that the vortex loops,

typical for the horseshoe vortices, are formed on the each bulging of the streak. At x—x, = 1506, a first

gjection of the horseshoe vortex occurs. Also, two additional high-speed streaks are formed underneath of the
low-speed streaks as a result of the vortex multiplication in the lateral direction, as seen in Fig. 3(b) at

x—x, =2700,. The ‘primary high-speed streaks change as well. At the most downstream streamwise

station in Fig. 3(a) (top) they merge with each other and form a layer of the accelerated fluid underneath of
the low-speed streak. The wall-normal velocity profiles, thus, approaching the shape of the turbulent profile.
Notice also that the steady disturbance reaches an equilibrium state from the station (x—x,)/6, = 120.

From this stage the viscous dissipation of the primary disturbance seems to compensate by the energy
production coming from the secondary periodic disturbance. There are some indications that such an
equilibrium state is present in Skote et al. (2002) even though this was not emphasized in their paper.

Our previous investigations have shown that the consideration of the spatial distributions of the
fluctuating velocity component can be very useful for the disturbance analysis. The periodical disturbance is
shown in Fig. 4 at three different levels of the isosurface amplitudes. It is clearly seen that initially the
disturbance appears as a chain of quasi-streamwise aligned formations inside of the low-speed streak, which
turn downstream into the horseshoe (or hairpin, or A-shaped) coherent structures at each period of the
excited oscillation. Note that in experiments of Chernoray et al. (2006) similar structures were observed,
though the streak generator (roughness element) was wider in their work, and the primary vortices were
located closer to the wall providing a stronger vortical motion on the sides. As a result, the periodic
disturbances were also residing closer to the wall, and in contrast to the present case two additional rows of
A-vortices were formed on the sides. In both these cases, however, the varicose mode 1s associated with the
formation of a symmetric train of A-shaped structures, and we conclude that the characteristics of the
primary disturbance (streak) have a dramatically strong influence on the secondary periodic disturbance.
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3.2 Nonlinear Varicose Instability at Positive Pressure Gradient

An adverse pressure gradient can be considered as an external force acting against the flow in the
streamwise direction. As a result, the flow decelerates and shows a tendency to spread out in the lateral
directions preserving the continuity. However, the pressure gradient effects become significantly more
complex when the nonlinear interactions of the disturbances during the varicose streak breakdown are
considered.

A comparison of Fig. 5 with Fig. 3 helps to reveal the influence of the pressure gradient on the streak
breakdown. In particular, as in ZPG case, we observe that the initial development of the low-speed streak is
non-dispersive. The streak has the same initial width of about 2.2 mm and its minimum is located at the
same distance (1.4 mm) from the wall. Both these values however differ when scaled by 6,, and this fact

supports the above comments on the initial streak scaling by the hole diameter and the blowing velocity. In
APG case the nondimensional position of the streak centre is closer to the wall and the disturbance stays
lower within the boundary layer until the most downstream stations. The centre of the streak gradually
moves from the wall, from y/6, =4to y/6, =5andto y/6, =6.5, as is seen in three contour plots of Fig.

5(a). The secondary low-speed streaks formed on the sides approach the same height as well. In contrary to
ZPG case, the high-speed streaks in APG case are very weak from the beginning, and this is most probably
caused by the lower streak location in the boundary layer in this case. On the other hand, a very broad and
strong high-speed region is formed very quickly as the disturbance evolves 1406, downstream from the

source and this seems to happen due to the action of the pressure gradient, namely due to the stronger
vertical velocity of the base blow in APG case. Note that the nondimensional streamwise range shown in Fig.
5(b) is shorter than in Fig. 3(b). Nevertheless, later breakdown stages can be seen in Fig. 5(b) since the
breakdown progresses faster in APG case. Also, one can note that the ejection of the horseshoe vortex occurs
in a different way as compared to ZPG case, and is accompanied by the formation of the rib-like structures.
These rib-like vortices penetrate towards the wall, as clearly visible in subsequent Fig. 6(a) at (x—x,)/8, =

200, and are very similar to the structures observed in the free shear layer type flows, see e.g., Levin et al.
(2005) for comparison. The streak breakdown occurs approximately 50 streamwise units closer to the source
than in ZPG case, at (x—x,)/ 6, = 200. Also, the equilibrated state which was seen in ZPG case does not

appear in APG case.
As seen from Fig. 5(a) the secondary low-speed streaks are located at the same spanwise position
z/6, =10 in both APG and ZPG cases for (x—x,)/6, = 167. This indicates that the steady disturbances in

the far-field of the disturbance generator are scaled with the boundary layer scale. The Fourier transform of
the periodic disturbance revealed that its initial wavelength equals to about 506, and the phase speed
equals to 0.58U, . The trend of the variation of these parameters again agrees with the inviscid theory by

Monkewitz and Huerre (1982).
The enhanced lateral spread of the mean disturbance is accompanied by a stronger spread of the
periodic disturbance due to the action of the pressure gradient. This is clearly seen from a comparison of
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Fig. 5. Breakdown of streak via varicose instability in APG case. (a) Contours of mean disturbance velocity
U-U,, and rm.s. velocity u” (shading). Negative contours are shown by blue lines; depicted red arc has

diameter of 2 mm. Contour step is 0.2AU, for U-U,, and 0.02U, for u". (b) Instantaneous spatial
distributions of u,,, , isosurface levels are +2 % (grey) and —2 % (blue).
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Fig. 6. Instantaneous distributions of fluctuation velocity # in APG case. Different isosurface levels are
shown: (a) 7 %, (b) £3 %, and (c) +1 %. Negative levels are coloured dark grey.

Fig. 6 with Fig. 4. The estimations show that the spreading half-angle in APG case exceeds 11°, while in ZPG
case this angle is less than 6°. Results of Chernoray et al. (2006) show the value of the half-angle near 5°.
From analysis of results of Asai et al. (2002) and Skote et al. (2002) we found values close to 5° as well.

It is remarkable that the topology of the varicose breakdown in APG case reveals closer similarity to
the varicose breakdown in Chernoray et al. (2006) as compared to ZPG breakdown case presented here. In
particular, the spatial velocity distributions of the periodic disturbance are remarkably similar. Three rows of
the A-structures are formed. The A-structures are asymmetric in the central row and asymmetric on the
sides. The asymmetric A-structures have the second ‘leg’ at the stage of the formation and this leg resides
closer to the wall. In addition, Fig. 6 shows that the periodic disturbance forms a very typical staggered
pattern. Thus, our previous conclusion that the primary disturbance has a very strong influence on the
development of the secondary periodic disturbance is supported again.

4. Further Comments and Conclusions

The streamwise development of disturbances during the varicose streak breakdown is compared in Fig. 7 for
two cases of pressure gradient. Figure 7(a) shows the development of the steady part of the disturbance and
Fig. 7(b) shows the development of two main harmonics of the disturbance fluctuation. Initially, for both
gradient cases the steady disturbances experience a decay, which is typical for streaks and occurs after the
transient growth (see e.g. Andersson et al., 2001). In our case the decay takes place within 120 streamwise
units from the vortex generator, as Fig. 7(a) demonstrates. The initial streak amplitudes in both cases were
chosen above the threshold for the secondary instability to obtain growing secondary periodic disturbances
behind the source. However, because of the abovementioned decay of streaks, the streaks arrive at
amplitudes below the secondary instability threshold inhibiting the secondary instability growth. This effect
is clearly seen in Fig. 7(a) where the threshold amplitudes are additionally emphasized by dashed horizontal
lines. Particularly, in ZPG case the threshold value is reached at x—x, =506, and is slightly below 0.4U, .
From this position the periodic disturbance becomes neutrally stable, as seen in top graph of Fig. 7(b). In

APG case the main harmonic of the periodic disturbance becomes neutrally stable for the first station shown
in graphs of Fig. 7, which means that the critical streak amplitude in APG case is approximately 0.1U, . The

mentioned value of 0.4U, is a typical threshold amplitude for the varicose instability in the Blasius

boundary layer. Andersson et al. (2001) report the threshold amplitude of 37 %. For the reason that the
threshold amplitude is so high, it is usually considered that the varicose mode is unlikely. Nevertheless in
APG case under consideration the situation is opposite: the varicose mode is more likely to develop
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comparing to the sinuous mode. Significantly lower streak amplitudes are required as a threshold for the
varicose secondary instability, since the base flow velocity profiles are inflectional. This can be a reason why
we have found only the varicose mode to be unstable in case of the adverse pressure gradient. Even if the
sinuous mode was triggered, it was dumped and transformed to the varicose mode during the streamwise
development.
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Fig. 7. Streamwise variations of: (a) stationary disturbance amplitude AU, and (b) maximum amplitude of

first and second harmonics of fluctuating component. Comparison of two pressure gradient cases is shown.
Symbols — experiment, lines — fitting polynomials.

As Fig. 7 shows the disturbances reveal the continuation of the growth from x—x, =1356, in both

cases. Which mechanisms drive this subsequent growth is not completely clear. Most probably this is the
stage from which the dissipation of the mean velocity disturbance and the associated shear layer is
compensated by the nonlinear production of the shear by the secondary disturbance due to the wave
break-up. Particularly, the enhanced growth of the second harmonic indicates occurrence of the first
harmonic break-up at this station. The streak amplitudes at this position are 0.23U, in ZPG case and only

0.06U, in APG case. Thus, the ‘nonlinear threshold’is also decreased.

Figure 7(b) demonstrates that the nonlinear growth rate is higher in APG case than in ZPG case.
Moreover, the nonlinear interactions are advanced as well, which is evidenced by a very rapid growth of the
second harmonic and the stationary disturbance. The nonlinear feed from the periodic disturbance results in
the increase of the amplitude of the steady disturbance to 35 % of U, prior the breakdown. The growth rate

of the first harmonic at the nonlinear stage for APG case is about 4 times higher compared to ZPG case, and
2-3 times higher compared to nonlinear growth in Asai et al. (2002) and Chernoray et al. (2006). The
accelerated growth in APG case results in shift of the transition point about 506, upstream compared to

ZPG case. Furthermore, as is seen, the periodic disturbance attains much higher amplitude prior the
breakdown (29 % of U, ). For the Blasius flow the maximum amplitude seems never exceed 25 % (Skote et

al., 2002; Asai et al., 2002; Chernoray et al., 2006).

To conclude, we emphasize the following findings of the present study. * The breakdown of the
boundary layer streaks is studied experimentally and compared at zero and adverse (positive) streamwise
pressure gradients under controlled experimental conditions.

« Comparison of current results for zero pressure gradient case with results of Asai et al. (2002), Skote et al.
(2002), and Chernoray et al. (2006) revealed that the spatial distribution of the primary steady
disturbance has a dramatic influence on the spatial topology of the secondary periodic disturbance.
Depending on which, the secondary disturbance can be composed either of one or several rows of the
A-shaped structures.

* In case of adverse pressure gradient only the varicose mode was found to be unstable. Even if the sinuous
mode was triggered, it decayed rapidly and transformed into the varicose mode during the streamwise
development.

+ A strong influence of the pressure gradient upon the development of the streak and its secondary instability
1s revealed. The unfavourable pressure gradient is shown to alter the critical streak amplitude necessary
for triggering the secondary instability. The critical streak amplitude is found to decrease to 10 % of U, in
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APG boundary layer (compared to 25-40 % in zero pressure gradient boundary layers).

* The dispersion properties of the mean disturbance and the periodic disturbance are changed due to the
action of the adverse pressure gradient. The spreading half-angle increased almost twice (11° compared to
5-6° in zero-pressure-gradient flows).

* The attained maximum amplitudes for the streak and the periodic disturbance are increased due to
adverse pressure gradient. The amplitude of the secondary disturbance is found to reach about 30 % of U,

prior the breakdown, which is significantly higher than that in zero-pressure-gradient flows.
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