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Classical vortex generators, known for their efficiency in delaying or even inhibiting boundary layer

separation, are here shown to be coveted devices for transition to turbulence delay. The present devices are

miniature with respect to classical vortex generators but are tremendously powerful in modulating

the laminar boundary layer in the direction orthogonal to the base flow and parallel to the surface.

The modulation generates an additional term in the perturbation energy equation, which counteracts the

wall-normal production term and, hence, stabilizes the flow. Our experimental results show that these

devices are really effective in delaying transition, but we also reveal their Achilles’ heel.
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When considering the flow over a surface, a boundary
layer is developed due to the fluid viscosity with the disad-
vantage to bring about skin-friction drag, often quantified by
its skin-friction coefficient cf. Depending on the Reynolds

number (Re), the surface roughness, and the external distur-
bance level, the flowwill either be laminar or turbulent. For a
given free-stream velocity,U1, it is the boundary layer scale
� that determines the value of Reð¼ �U1=� ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

xU1=�
p Þ

or, alternatively, the downstream distance from the leading
edge (x). Here � is the kinematic viscosity.

The transition process from laminar to turbulent flow is
not unique (see, e.g., the review in Ref. [1]), and today
there are at least two representations of the evolution of
small amplitude disturbances when testing the stability of
base flows, namely the modal and the nonmodal approach.
The former is characterized by exponentially growing (or
decaying) disturbances for a certain range of forcing fre-
quencies and Re numbers, and the first unstable eigenmode
is the so-called Tollmien-Schlichting (TS) wave [2–4]. The
latter is the transient disturbance growth characterized by
an algebraic growth of an initial perturbation, often calcu-
lated iteratively as an optimal perturbation, which is fol-
lowed by an algebraic viscous decay [5,6]. The initial
perturbation is three-dimensional (3D) and optimized in
the sense that it produces maximum growth at a certain
downstream distance (or time). Due to the non-normality
of the governing differential operator [7], the disturbance
energy starts to grow at a subcritical Re, when compared
with the modal approach, and if the disturbance reaches
high enough amplitude, it will transition to turbulence in a
bypass sense [8], since it completely bypasses the modal
growth description. The study of transient growth is of
fundamental interest since this type of instability appears
in numerous applications, involving disturbance growth
not only in canonical shear flows but also in areas such
as lasers, ionospheric dynamics, magnetohydrodynamics,
plasma physics, granular flow dynamics, and thermocapil-
lary driven spreading, just to mention a few.

A laminar boundary layer has a relatively low skin-
friction drag with respect to a turbulent one, and for increas-
ing Re the difference in cf rapidly increases. In many

industrial applications, the difference can easily amount to
an order of magnitude. This explains why there is a tremen-
dous interest in being able to delay transition to turbulence,
particularly by means of a passive mechanism, which has
the advantage of accomplishing the control without adding
any extra energy into the system. Moreover, a passive
control does not have to rely on typically complicated
sensitive electronics in sensor-actuator systems. This has
been an endeavor by Fransson and coworkers [9–11] who
made use of circular roughness elements, positioned on a
flat plate, in order to generate streamwise streaks, i.e.,
regions with alternating high and low fluid velocity in the
direction orthogonal to the base flow. To our knowledge the
first successful experimental study on TS wave stabilization
using steady streamwise streaks was reported in [12].
Unsteady streaks generated by means of free-stream turbu-
lence have also been shown to act stabilizing on both TS
waves and the spreading of turbulent spots [13,14]. It
should, however, be pointed out that none of them, except
[11], has successfully shown transition delay. More recently,
this has also been confirmed by means of large-eddy
simulations [15].
In an attempt to show that this passive flow controlmethod

willwork in real flowapplications,wemust prove that bypass
transition is not activated by (i) the instability of the streaks or
(ii) the receptivity of an incoming TS wave by the roughness
array. The threshold streak amplitude prior to breakdown to
turbulenceusing circular roughness elementswas found tobe
12% of U1 [9]. The hypothesis, confirmed in [10], was that
the higher the streak amplitude is for a fixed spacing between
individual roughness elements, the greater the stabilizing
effect. Therefore, in order to increase this value, a new set of
devices was designed, namely miniature vortex generators
(MVGs), which were tested for natural bypass transition
without forced disturbances [16]. The MVG design was
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based on a pseudoviscous vortex model [17]. It was shown
that steady laminar streamwise streaksmay be generated in a
lowdisturbancewind tunnel, usingMVGs,with an amplitude
up to 32% of U1 before the onset of bypass transition.
Furthermore, the increase in the local skin-friction drag
was quantified, by using the von Kármán integral equation,
to about 12% right behind the MVG array for a streaky base
flowwith an amplitude of 25%ofU1. This increase is judged
to be small if compared to the advantage of keeping the
boundary layer laminar with cf-values, typically, one order

of magnitude smaller than the corresponding turbulent ones.
The purpose of the present experimental investigation is

to test the effectiveness of MVGs to stabilize TS waves in a
realistic flow configuration with the aim to obtain transition
delay in flat plate boundary layers. This type of passive
control idea is really appealing and worthy of being pushed
to its limit.

The experiments were performed in the low speed
closed circuit minimum-turbulence-level wind tunnel at
the Royal Institute of Technology (KTH) in Stockholm.
The tunnel is renown for its high flow quality (low back-
ground disturbance level and high flow homogeneity) and
is well suited for stability experiments [18]. Phase-
triggered single hot-wire anemometry has been used as
measurement technique due to its good accuracy and reso-
lution. This is a single point measurement technique where
the sampling frequency (temporal resolution) is set by the
user, typically 20 kHz without any problem, and where the
spatial resolution is given by the length of the hot-wire
probe, which here was 0.5 mm.

In Fig. 1 a sketch of the flat plate is shown and where the
coordinate system (x, y, z) is introduced with the corre-
sponding velocity components (U, V, W), small letters
denote perturbations. Here, the flow domain can be divided
into four regions. In region (I) a two-dimensional (2D)
laminar boundary layer develops on the flat plate, while
in (II) TS waves are generated by means of blowing and
suction through a spanwise slot in the plate located at xTS.
The unsteady blowing and suction is created by a sealed
loudspeaker connected to the slot via vinyl hoses (as
described in [10]). The loudspeaker is driven by a com-
puter generated sinusoidal output signal via an amplifier
and the measurements are triggered based on the phase of
this output signal. Throughout this Letter, we use the non-
dimensional frequency F ¼ ð2�f�=U21Þ � 106, where f
Hz is the forcing frequency. For the present MVG con-
figuration F � 102, 135, 178 were tested. In region (III)
the 3D streaky base flow with alternating high and low
speed streaks are generated by the MVG array located at
xMVG. The distance between neighboring MVG pairs is
� ¼ 13 mm. In this investigation we have considered
three different MVG heights h ¼ 1:1, 1.3, and 1.5 mm,
giving rise to successively intensified vortices provided
that U1 is kept constant, which in turn results in stronger
modulations of the originally 2D base flow. In region (IV)

the amplitude of the streaky base flow has finally decayed
and the 2D base flow found in region (I) will eventually be
recovered, unless the streaks breakdown to turbulence.
In tracing the amplitude growth of TS waves in the

streaky base flow in the downstream direction and from
there make adequate comparisons with the 2D reference
case, it is necessary to define an integral TS wave ampli-
tude measure over the cross-sectional yz plane, based on
the local TS amplitude ATSðx; y; zÞ. Here we integrate over
one period of the streaky base flow in the spanwise direc-
tion and in the wall-normal direction up to some truncated
distance �� (here equal to 9) according to

Ayz
TSðxÞ ¼

Z 1=2

�1=2

Z ��

0

ATSðx; y; zÞ
U1

d�d�; (1)

where � ¼ y=� and � ¼ z=�. For the 2D reference base
flow, the TS wave distribution is close to homogeneous in
the spanwise direction (the standard deviation in the z
direction of the wall-normal TS wave amplitude distribu-
tion was typically 0.3% of U1), and hence only the wall-
normal integral was evaluated. In order to quantify the
influence of the streaky base flow amplitude we need an
amplitude measure, which we here define as

ASTðxÞ ¼ max
y

f�UðyÞ=2g=U1;

where �UðyÞ ¼ max
z

fUðy; zÞg �min
z
fUðy; zÞg: (2)

Note that as long as� is unchanged, the above definition is
sufficient, i.e., no need to define an integral measure of the
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FIG. 1 (color online). Schematic of the flat plate boundary
layer with the (I–IV) regions described in the text. The black
and white striped pattern perpendicular to the main stream,
downstream of the disturbance slot in region (II), indicates the
TS waves. In region (III) a similar striped pattern aligned with
the main stream indicates the alternating high and low speed
streaks. Inset shows a photo by John Hallmén of a MVG pair.
xTS ¼ 190 mm and xMVG ¼ 222 mm from the leading edge.
h ¼ 1:1, 1.3, 1.5, L ¼ d ¼ 3:25, and t ¼ 0:3 (mm).
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streaky base flow amplitude. These measures have previ-
ously been used in this type of 3D streaky boundary layers,
see [10], which facilitates comparisons. Figure 2 gives
an idea of how the mean streaky base flow of the stream-
wise velocity component 2(a) and the TS wave amplitude
distribution ATSðx; y; zÞ (for F ¼ 178) 2(b) look like in the
cross-sectional plane for a particular downstream location
behind the MVGs. This type of cross-sectional planes
have been produced based on 20� 14measurement points
in the yz plane. Figure 2(a) shows the modulated base flow
with a high speed region in the center of the figure and
low speed regions on the sides, being produced by the
strong counter-rotating vortices set up by an MVG pair,
which bring high speed fluid downwards on the center
line and lifts low speed fluid from the wall on the sides
(see Ref. [16]).

In Fig. 3 the streak amplitude [Eq. (2)] and the TS
amplitude [Eq. (1)] growth curves are shown in Figs. 3(a)
and 3(b), respectively, for successively increasing h. Here
the TS wave growth curves in 3(b) have been normalized
with the amplitude measured closest to the MVG array
(Ayz

TS;0), this in order to fairly show the amplitude response

of the TS wave passing the MVG array. The maximum
streak amplitudes are 17, 21, and 28% of U1 for h ¼ 1:1,

1.3, 1.5 mm, respectively. The physical mechanism behind
the stabilization (reduced growth), as observed in 3(b) for
increasing h from 0 to 1.3 mm beyond Re � 460, can be
understood by looking at the perturbation energy equation.
In the modulated case there is indeed an extra production
term, namely the Reynolds stress�uw acting on @U=@z, in
addition to the wall-normal production term �uv@U=@y.
The former term turns out to be of negative sign and can,
together with the viscous dissipation, quench the wall-
normal positive production term [19]. In Fig. 3(b), one
may conclude that for the highest amplitude case (circles;
h ¼ 1:5 mm), the boundary layer bypasses to transition
and the stabilizing effect of the TS wave fails to come off;
instead, the relative TS wave amplification is about a factor
of three (> e1) higher compared to the reference case
at around Re ¼ 600. In 3(a) it is shown that the streak
amplitude decays remarkably fast after Re ¼ 550 due to
turbulence/transitional mixing. On the other hand, for the
intermediate streak amplitude case (triangles) in 3(b), the
TS wave is strongly damped and decays exponentially
after some initial growth caused by a complex receptivity
of the wave by the MVG array. This initial growth, with
a maximum around Re ¼ 400, increases with h and the
maximum TS amplitude in 3(b) seems to correspond to
the streamwise location of maximum streak amplitude
in 3(a). From the data in 3(b), it is clear that the change
of the TS growth curve in the 2D reference base flow (stars)

FIG. 2 (color online). (a) Three-dimensional base flow modu-
lation with solid white and black contour lines corresponding to
regions of velocity deficit and excess, respectively, with respect
to the 2D base flow. Solid gray contour lines represent lines of
constant velocity from U=U1 ¼ 0:1 to 0.9 with an increment
of 0.1. (b) Amplitude distribution of a TS wave with F ¼ 178
in the base flow shown in (a). The white contour lines corre-
spond to constant TS wave amplitudes. U1 ¼ 6:0 m s�1 and
ðx� xMVGÞ=h ¼ 33. � ¼ 0 correspond to the center line of
a MVG pair. h ¼ 1:3 mm.
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FIG. 3 (color online). (a) Streak amplitude (AST) and (b) TS
wave amplitude (Ayz

TS) distribution in the downstream direction at

constant U1 � 7:8 m s�1 and F � 135. The different symbols
(squares, triangles, circles) correspond to different MVG heights
h ¼ 1:1; 1:3; 1:5 mm, respectively. Stars in (b) correspond to the
2D base flow case without MVGs.
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is gradual for increasing h. For the smallest h (squares),
one may get an inkling of a plateau region around
Re ¼ 500–550, even though the relative growth has been
reduced. This trend is in agreement with previous results
on TS wave growth curves in streaky boundary layers
generated by means of circular roughness elements, but
when introduced in an already developed streaky boundary
layer [10]. Same conclusions may be drawn for all three
tested TS wave frequencies.

Having encountered an initial growth of the TS wave
amplitude due to a hitherto unknown receptivity mecha-
nism by the MVG array it is not trivial that the aim
of accomplishing transition delay would be met. Figure 4
shows one case of constant high initial amplitude forcing
of a TS wave at F ¼ 102 with and without the MVG array.
The color bar represents the intermittency of the velocity
signal (�), which here is a statistical measure of the pro-
portion of laminar versus turbulent flow sweeping the
hot-wire probe. For x * 1:2 m the velocity signal acquired
without the presence of MVGs is completely turbulent
with a �-value close to unity. With the MVGs mounted a
complete nullification of the disturbance growth is shown
(see Fig. 4). The streaky base flow continuously acts sta-
bilizing in the streamwise direction rendering the stream-
wise disturbance amplitude (urms) to levels below 0.14% of
U1 inside the boundary layer. The velocity signal was
acquired at a wall-normal distance corresponding to the
displacement thickness of the boundary layer, which is the
location where the inner amplitude peak of a TS wave
typically is encountered. Here we apply a high-pass filter,
with a cutoff frequency of Fcut ’ 30, prior to the calcula-
tion of the root-mean-square value of the streamwise
velocity signal. Similar results of transition delay were
also obtained for F ¼ 135 and 178.

A simple estimation of the skin-friction drag reduction
based on standard empirical relations of laminar and tur-
bulent boundary layers, only considering the interval
6:2� 105 � Rex � 8:7� 105 (i.e., 1:2 � x � 1:7 m),
amounts to a value of 22%. This figure represents the lower
limit of the drag reduction observed in Fig. 4, which is
promising, considering that (1) one could probably have
measured even further downstream with the present MVGs
and have been able to improve the estimated figure, (2) the
MVG devices have not yet been optimized, and (3) a
second array of MVGs in order to regenerate the streaky
base flow and, in turn, reinforce the stabilizing effect on the
boundary layer has not been tested yet (see Ref. [16]).
In this experimental investigation, we show that miniature

classical vortex generators are really suitable devices in
accomplishing transition delay and plausible to work in
real flow applications. MVGs are clearly superior to circular
roughness elements, since the flow is allowed to pass right
through them, possibly reducing the absolute instability
region behind the devices and allowing for twice as high
amplitude streaks to be generated, but still with somemargin
to the threshold amplitude beyond which the streaky base
flow becomes unstable. This makes the streaky base flow
much more robust for external perturbations, a prerequisite
for real flow applications. Furthermore, in the present setup
the TS waves are being generated upstream of the MVG
array, leaving the full and nasty receptivity process of the
incoming wave by the MVG array, which really challenges
the present passive flow control method. Despite the initial
growth of the TS wave amplitude behind the MVG array
transition delay is convincingly accomplished as long as the
streak amplitude stays below some threshold amplitude
(around 25%). Beyond this threshold amplitude, the bound-
ary layer bypasses to transition and the passive flow control
technique not only fails, but it advances transition and,
hence, increases the skin-friction drag, which may be seen
as the Achilles’ heel of the MVG devices. The present result
shows the first convincing transition delay experiment in a
realistic flow configuration using passive laminar flow con-
trol and is believed to encourage future works in the area.
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