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Previous experiments have shown that transition delay in a flat plate 
boundary layer may be accomplished by modulating the boundary layer 
in the spanwise direction (Fransson et al. 2006 Phys. Rev. Lett.) 
 
 

Experimental setup with array of 
cylindrical surface roughness 
 
 

Transition measurement: 
•  Forced TS waves (red) 
•  TS waves + CSR (blue) 
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Surface roughness and transition 

distance of 80 mm from the leading edge. Here it should be
emphasized that the net drag increase due to the presence
of the streaks is less than 3.5% compared to the 2D base
flow. This estimation is based on a momentum balance
analysis, performed on a similar streaky base flow, using
30 wall-normal velocity profiles per period of the streaks in
the spanwise direction and at five different downstream
positions in the interval 19–572 roughness heights or Re !
"18–167# $ 103. The streaky base flow induced by the
roughness is shown in Fig. 2(c). When subject to the
same disturbance forcing as before this streaky flow re-
mains laminar in the visualization region. Even when the
excitation amplitude is doubled to 450 mV, as shown in
Fig. 2(d), the flow is kept laminar. The experiment has then
been repeated removing the roughness elements on one
half of the plate. The half-streaky basic flow obtained in the
absence of disturbance forcing is shown in Fig. 2(e), while
in Fig. 2(f) we observe a forced case with an amplitude of
157 mV. It is clear from the figures that the modulated
boundary layer is laminar while the two-dimensional flow
is transitional.

Quantitative data have been obtained by hot-wire mea-
surements of the streamwise velocity component U along
the plate at constant dimensionless height, y=! % 2:2,
where ! % "x"=U1#1=2 measures the boundary layer thick-
ness. To force three-dimensional disturbances, a classical
procedure was used [33], i.e., thin 50$ 50 mm2 tape
spacers were pasted on the flat plate just downstream of
the blowing/suction slot. The streamwise distribution of
the temporal root mean square (rms) of the velocity fluc-
tuations and two typical hot-wire time signals, induced by
a forcing of 1000 mV, are reported in Fig. 3. In the absence
of streaks the classical K-type transition scenario is ob-
served [33,34]. Linear TS waves [Fig. 3(b)] of small am-
plitude evolve into finite amplitude nonlinear waves,
characterized by the appearance of spikes in the hot-wire
traces. This leads to an increase of the rms velocity to a
peak level [33] where the flow is transitional. Transition is
completed when the perturbation rms velocity reaches a
plateau (x % 1650 mm) where a fully turbulent signal is
observed [Fig. 3(c)]. In the presence of streaks the flow is
laminar: the forced perturbations remain of small ampli-
tude and sinusoidal all along the measurement region as it
can be seen comparing the signals with and without streaks
at x % 1650 mm in Fig. 3(c). Thus, we show that it is
possible, using the streaks, to maintain TS waves at low
amplitudes in a boundary layer flow which otherwise
would be transitional in the absence of the streaks.
Increasing the excitation amplitudes of the TS waves,
transition is observed also in the streaky boundary layer,
even though further downstream than in the two-
dimensional boundary layer and no delay is observed for
forcing amplitudes larger than 2000 mV. Transition is
never observed to occur earlier in the streaky flow than in
its two-dimensional counterpart. These results are in ac-
cordance with the observation in Ref. [16] that forcing TS

waves with high enough amplitudes into a streaky bound-
ary layer transition is promoted. These findings also imply
that in the present configuration there is no significant
destabilizing action due to the nonlinear interactions be-
tween streaks and TS waves and therefore the low ampli-
tude stabilizing action of the streaks on the TS waves is
able to delay transition. The results are essentially un-
changed when random noise is added to the forcing.
Transition delay is also observed when white noise with
amplitude of 10% of that of the periodic signal is added in
the excitation signal, showing that the delay mechanism is
robust for strongly colored noise. Experiments were also
performed by forcing large amplitude 2000 mV white
noise without the sinusoidal signal. TS waves of all fre-
quencies are thus excited with random phase shifts. In
Fig. 4(a) we show the streamwise evolution of the temporal
root mean square of the perturbation whereas in Fig. 4(b)
the intermittency factor # is displayed. The latter measures
the fraction of turbulent signal in the hot-wire trace [35],
and a value of # % 0:5 is often used as a measure of
transition location whereas # % 0:1 is used to determine
the transition onset. Even in this case, the streaks delay
transition (385 mm delay of the location where # % 0:1
and 370 mm delay of the # % 0:5 position). In Fig. 4 one
may also observe that the rms-velocity peak in the stream-
wise direction corresponds [35] to an intermittency factor
of about 0.5.

In conclusion, we have shown that transition to turbu-
lence in a boundary layer can be delayed by a passive
method. Thus, contrary to the common belief of fluid

FIG. 3 (color online). (a) Evolution of the dimensionless tem-
poral root mean square streamwise velocity fluctuations
Urms=U1 in the streamwise direction x when TS waves are
excited at f % 32 Hz and 1000 mV. (b),(c) The time signals at
two selected positions (x % 400 and x % 1650 mm). Light (red)
lines and solid (red) symbols correspond to the two-dimensional
boundary layer, without streaks, whereas dark (blue) lines and
open (blue) symbols to the boundary layer with the controlling
streaks present. In the presence of streaks the flow remains
laminar.
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Streak amplitude measurement 

To quantify boundary-layer distortion by MVGs, an integral measure of velocity 
streak amplitude is computed from measured flow fields at each streamwise 
location:  
 
 
 

 
Streak amplitude is a key indicator of disturbance attenuation effectiveness,  
with optimal values near 30% of Ue. 
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MOTSTRÖM (Motståndsminskning för strömningsytor i 
kompressor) is an ongoing collaboration involving 
•  KTH Royal Institute of Technology,  
•  GKN Aerospace Sweden AB, and  
•  Chalmers University of Technology (future project 

phases).  

Goal: develop and extend current LFC methods to reduce 
drag in flows over compressor components. 
 

MOTSTRÖM program 
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Minimum Turbulence Level (MTL) wind 
tunnel at KTH 
Tuu = 0.025%, Tuv,w = 0.035% 
0.8 m × 1.2 m test section 
0 – 70 m/s (empty test section) 
Temperature controlled within ±0.1°C 
 

Experiments in MTL wind tunnel 
2 B. Lindgren and A. V. Johansson
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Figure 1. The MTL wind-tunnel layout.

At that time no automated traversing system existed and the manual sys-
tem used only allowed for measurements coarse spatial resolution. In exper-
iments similar to those in the early study have been performed allowing for
direct comparisons. This is important not just from the point of view of es-
tablishing the current status of the flow quality but also to analyze the e↵ect
of the wear on the wind-tunnel parts. It is commonly known that e.g the
maximum speed of a wind-tunnel is usually decreasing with time but is there
also a negative e↵ect on the flow quality from possible deterioration of screens,
honeycomb and machinery? Answering questions like these helps planning for
future maintenance of the wind-tunnel circuit.

In the MTL wind-tunnel many landmark experiments have been performed
over the years. A complete list of the doctoral and licentiate thesis where
the MTL wind-tunnel was used is given in appendix 5 together with a short
description of the main findings in these works. Other landmark papers with
measurements performed in the MTL wind-tunnel are also described and listed
in the appendix.

1.1. Description of the MTL wind-tunnel

The MTL wind-tunnel is a closed loop circuit wind-tunnel. The advantages of
a closed loop tunnel is that less energy is needed to operate the tunnel at a
given speed and that disturbances in the tunnel surroundings do not interfere
with the flow inside the tunnel making it easier to control the mean flow char-
acteristics during measurements. A small gap between the test section and the
first di↵user ensures that the static pressure in the test section is close to the
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Miniature vortex generators 

U1

MVG array composed of rectangular blades  
•  inclined at θ = 9° 
•  spanwise spacing between pairs  

  Λ = 14.63 mm  
•  fixed length, blade separation l = d = 3.25 mm 
•  heights h from 1.1 mm to 1.5 mm 

U and h tuned to give                                        

Λ 

l 

d 
θ x 

z y 

h 

Rehh =
U(h)h

⌫
= 309

MVG array 
(x = 300 mm) 

slots 
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Leading edge 

Disturbance slot 
x = 160 mm 

Smoke slot 
x = 180 mm 

Smoke chamber 

Tubing manifold 
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Flow visualization apparatus 

Camera 

0.5 W laser sheet 

Example image  
252 × 168 mm 
(flow direction reversed) 

illuminated smoke sheet 

smoke injection 

U1

U1
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Pressure gradients 

xMVG 

y 

x 

U∞ 800 

20 235 
z 

wall liner 

flat plate 

Streamwise pressure gradients are  imposed with contoured wall 
bumps installed on the test section ceiling. 
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The imposed freestream velocity distributions produce boundary layers 
following the family of Falkner–Skan similarity solutions, characterized by 
the exponent m: 

Pressure gradients 

Bump shapes are designed to produce freestream velocities 
following the expression:  

U1(x) = ax

m
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Pressure gradients 

Wall liners 

Plate 

Insert with 
MVGs 
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Pressure gradients 

Case m Ue,MVG 
(m/s) 

h 
(mm) Rehh 

1 0.0025 5.98 1.4 314.3 

2 0.0207 5.89 1.4 309.5 

3 0.0501 5.80 1.4 309.1 

4 0.0746 5.74 1.4 313.1 

5 0.116 6.10 1.3 311.9 

6 0.1569 5.92 1.3 311.5 

7 0.2103 5.71 1.3 306.2 

8 0.2582 6.72 1.1 309.0 

9 0.3324 5.80 1.2 303.5 

10 -0.0149 6.25 1.4 307.0 

11 -0.0333 6.19 1.4 308.7 

12 -0.0586 5.98 1.4 307.4 

13 -0.1055 6.25 1.5 307.7 
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Solid lines represent curve fits to 
theoretical velocity distribution. 

  adverse (APG) 
  nominal zero (ZPG) 
  favorable (FPG) 
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Pressure gradient effects: AST 

As streamwise pressure gradient is decreased from adverse to favorable, streak 
amplitude growth is attenuated and peak location occurs further upstream. 
 
For m = −0.11 case (not shown), flow separation and turbulent reattachment 
prematurely destroys velocity streaks. 
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Flow visualization: FPG 

m = 0.332, h = 1.2 mm MVGs, composite image from 2 cameras is 550 x 140 mm  
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Figure 5. Contours of mean velocity (solid lines) and normalized fluctuation velocity urms/Ue (color contours)

for m = 0.002 at selected streamwise locations as noted in subfigures.
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Figure 6. Contours of mean velocity (solid lines) and normalized fluctuation velocity urms/Ue (color contours)

for m = 0.258 at selected streamwise locations as noted in subfigures.
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Flow contours: ZPG 
Mean flow contours (lines), urms contours (color map) at m = 0.002  
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Flow contours: FPG 
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Flow contours: APG 

1
2
3
4
5
6
7

y 
/ b

 

 

10
0 
u rm

s/U
e

0

0.5

1

1.5

ï0.5 ï0.25 0 0.25 0.5
0
1
2
3
4
5
6
7

z / R

y 
/ b

ï0.25 0 0.25 0.5
z / R

x ï xMVG = 17 mm x ï xMVG = 48 mm

x ï xMVG = 178 mm x ï xMVG = 600 mm

Mean flow contours (lines), urms contours (color map) at m = −0.06  

B. E. G. FALLENIUS - AEROSPACE TECHNOLOGY, OCTOBER 12, 2016 - SOLNA - STOCKHOLM 18 



0 200 400 600 800 1000
0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

x ï xMVG, mm

Ain
t

ST

0 1 2 3 4 5
0

0.1

0.2

0.3

0.4

0.5

j

Ain
t

ST
 / 
Ain

t
ST

*

a) b)

m

To describe pressure gradient 
effects on streak development, an 
empirical scaling is sought based 
on the ansatz: 
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Scaling of streak amplitudes 
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Performing separate optimizations to determine individual coefficient 
values for each set of m data shows that all cases follow this form. 
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Scaling of streak amplitudes 
Scaling parameter optimizations for FPG data: m ≥ 0.003 
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Scaling of streak amplitudes 
Scaling parameter optimizations for APG data: m ≤ 0.003 
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Scaling of streak amplitudes 

Scaled streak amplitudes 
based on two sets of fitting 
parameters: APG and FPG. 
 
Fitting functions: 
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Figure 11. The same scaling function comparisons as in figure 10 are presented for data obtained in APG

flows.

⇤/d are fixed in the present experiments, the values of the related functions are constant.
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In the preceding equations, �⇤MVG and U
e,MVG are the displacement thickness and edge velocity at xMVG,

respectively. As before, least-squares fitting is used with Eq. (8) to optimize a common set of parameter
values describing all of the measured FPG streak amplitude data. A comparison of the curve fit to the data
on which the parameters are based is shown in Figure 10c. The set of parameter values produced is listed
in Table 2.

Table 2. Streak amplitude scaling parameters determined using least-squares fitting of measured data to

Eqs. (5) through (8)
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m < 0 -1.971 0.372 0.549 0.957⇥10�5 -9.089

A separate set of scaling parameters results from repeating the optimization procedure using data ob-
tained in flows with m  0.0025. The same functions are used as in the FPG case, but a separate set of
scaling parameters is determined. Comparisons of the fitting functions with experimental data are shown in
Figure 11. The resulting scaling parameter values are given in Table 2 and comparison to those describing
the FPG cases shows that the Ci
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and Cii
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terms assume the only substantially di↵erent values. Although
↵ varies in both sign and magnitude, the individual h/�⇤MVG values are within the range 0.96 to 1.12 with
the exception of case 12 at 1.22. As such, the apparent large di↵erence in ↵ values makes a smaller net
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Laminar flow control via imposition of spanwise mean velocity gradients (SVG) in 
ZPG boundary layers has been demonstrated for TS-wave induced transition. 
 
An application of this flow control method is now sought for the case of a 
boundary layer developing in a more realistic non-zero pressure gradient flow. 
 
The following test conditions are used: 

 m = −0.054 
 xMVG = 250 mm 
 Ue,MVG = 7.5 m/s 
 Rehh = 440 

 
TS waves are excited at f = 72 Hz (FMVG = 122). 

Transition study: TS waves in APG 
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To contend with higher 
growth rates of 
disturbances in APG 
boundary layer, MVG array 
is moved upstream and 
Rehh is increased.   
 
The maximum streak 
amplitude is measured as  
Aint

ST = 0.47. 

MVG selection for APG transition study 

Dimensions of MVG array at xMVG = 250 mm: 
h = 1.4 mm 
Λ = 14.63 mm  
d = l = 3.25 mm 
θ = 9° 
 

B. E. G. FALLENIUS - AEROSPACE TECHNOLOGY, OCTOBER 12, 2016 - SOLNA - STOCKHOLM 24 



0 1 2 3 4
0

2

4

6

8

10

12

100 ATS / Ue

y 
/ b

0 1 2 3 4
0

2

4

6

8

10

12

100 ATS / Ue

y 
/ b

TS-wave growth: APG 

y 

x 

Initial TS-wave profiles measured at x = 200 mm 

MVG array installed at x = 250 mm 
TS-wave excitation at x = 160 mm 

excitation voltage 

Selected growth curves 

0
2
4
6
8

y 
/ b

ï30 ï20 ï10 0 10 20 30
0
2
4
6
8

z (mm)

y 
/ b

 

 

A TS
/U

e (%
)

0

0.2

0.4

0.5 1
U/Ue, ATS/Amax

(a)

(b)

200 400 600 800 1000 1200 1400
10ï6

10ï4

10ï2

100

x (mm)

( u
rm

s / 
U
e )2

 

 
ATS,0 = 0.01%
ATS,0 = 1.1%

B. E. G. FALLENIUS - AEROSPACE TECHNOLOGY, OCTOBER 12, 2016 - SOLNA - STOCKHOLM 25 



0 0.5 1 1.5 2 2.5 3 3.5 4
0

200

400

600

800

1000

1200

1400

1600

1800

2000

x tr, m
m

Initial amplitude: 100 A
TS,max

 / Ue at x = 200 mm

 

 

Reference, no MVGs
MVGs, z = 0
MVGs, z = ï0.5 R

Uncontrolled cases 

MVG-controlled cases 

Parameter study: TS-wave amplitude 

Transition locations measured across a range of initial TS-wave amplitudes show 
moderate delays when MVG array is installed. 
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Transition measurements 
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Intermittency distributions measured at y = δ* demonstrate delays in transition 
onset of 20 – 30% at these conditions. 
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•  Favorable pressure gradients contribute to faster streak 
dissipation whereas adverse pressure gradients allow 
streaks to grow larger and persist over longer distances.  

•  An empirical scaling can be used to describe streak 
development in non-zero pressure gradient boundary 
layers. 

•  Laminar flow control via the spanwise velocity gradient 
(SVG) method with MVGs is possible in flow characterized 
by moderately adverse pressure gradient; in these 
experiments the extent of laminar flow was increased on 
the order of 20%. 

Conclusions 
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