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Abstract

The experimental investigations in the present paper deal with the excitation of fundamental instability mechanisms in separated free
shear layers on a bluff body and downstream of a diffuser by means of periodic forcing in order to reduce the expansion of flow sepa-
ration. The experiments focus on a unique approach to separation control using fundamental frequencies for local forcing in two dif-
ferent shear layer configurations (inner and outer diffusers). Each separation process is characterized by the periodic occurrence of
large spanwise vortex structures. These vortices scale with the difference in height between the ramp ends. The excitation of these large
scale vortex structures by periodic forcing intensifies the momentum transfer between the separation region and the outer flow, resulting
in a substantial reduction of the reattachment length. For the inner and outer diffuser configurations, a universal value for the optimum

forcing frequency was established.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Flow separation from solid surfaces occurs in a variety of
technical applications, such as expanding flow channels (dif-
fusers) or car and train tails, in turbomachinery, on airfoils
at high angles of attack etc. This inevitably leads to a signif-
icant decrease in efficiency (e.g., Hucho, 2002; Leder, 1992).
Both active and passive methods of flow control can be
applied to avoid or reduce this type of separation-induced
performance loss (Lin et al., 1990; Yoshioka et al., 1999;
Brunn and Nitsche, 2002 etc.) Nevertheless, practical appli-
cations are almost too complicated for an accurate analysis
of these typical phenomena. Hence, generic models with the
most important boundary conditions are frequently used.

An overcritical diffuser is the simplest geometry for
studying flow separation phenomena. The separation pro-
cess is characterized by the periodic occurrence of vortex
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structures. Fig. 1 shows the development of these structures
in principle (Brunn, 2003): The initial Kelvin—Helmholtz-
Instability (KHI) leads to a roll-up of small spanwise vor-
tices caused by low pressure and vorticity fluctuations.
These structures grow rapidly and are finally shedded from
the separation region (vortex-shedding). The pressure fluc-
tuations resulting from the shedding process propagate
upstream and are reabsorbed close to the separation point,
generating vorticity fluctuations, which enhance the shear
layer roll-up (Kiya et al., 1997).

Investigations on active separation control in plane and
axisymmetric diffusers (e.g., Brunn and Nitsche, 2002) or
on simple bluff body geometries (Sigurdson, 1995; Kiya
et al., 1997 etc.) were conducted successfully using forcing
frequencies in the range of the observed shear layer insta-
bilities. In these experiments wall embedded actuators were
used to generate periodical perturbations, which signifi-
cantly reduce the separation length.

Nevertheless, the more complicated the configuration is,
the more complicated the flow structures become. This is
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Fig. 1. Feedback-mechanism of instabilities in a separated shear layer (Brunn, 2003).

demonstrated, for instance, by Brunn (2003) in the transi-
tion from plane diffusors to axisymmetric configurations.
Here the spanwise vortex structures, which have been shed
from the separation region, lose their initial two-dimen-
sional character in their early stages of development. It fol-
lows that the practicability of the proven control methods
in complex geometries and real-flow applications has to
be investigated.

The present experimental study focusses on the compar-
ison of active separation control methods at a plane half
diffuser and the flow behind a generic car model — the
Ahmed Car Model (ACM, Ahmed et al., 1984). The flow
control on this car model is an interesting application with
respect to an increased efficiency of vehicles. The pressure
drag is the major component of the total drag of a vehicle
due to the flow separation at the rear end (Morel, 1978;
Hucho, 2002). Consequently, a reduction of separation will
result in a strongly decreased total drag. The ACM com-
bines the essential geometrical parameters determining
shape, length and position of the separation and is used
as a reference for numerical and experimental investiga-
tions (e.g., Krajnovic and Davidson, 2002).

The study in hand uses the simple half diffuser configu-
ration to demonstrate the receptivity of actuator perturba-
tions in a quasi-two-dimensional separated shear layer in
terms of frequency spectra of velocity fluctuations mea-
sured with a hot wire probe. In the second part of the
study, the results of the first attempts of plane diffuser
control are applied to a second, more complicated confi-
guration to reduce the separation length behind a two-
dimensional ACM and the connected total drag.

2. Experimental

The experimental investigations were conducted in two
different flow channels: an open wind tunnel with a plane
half diffuser as a test section for hot wire measurements
in the separated shear layer to obtain fluctuation data in
the time and frequency domain and a closed water channel
in order to detect flow structures behind the generic car
model (Ahmed-Body, Ahmed et al., 1984).

The half diffuser has an aspect ratio AR = 10 and a slant
height of H =40 mm, with the slant angle set at o = 25°.
The measurements were carried out at a Reynolds number
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Fig. 2. Cross-section of the plane half diffuser with actuator and the hot
wire probe.

based on the inflow velocity of Rey =4 x 10*. To reach a
fully developed turbulent inlet flow, a tripping wire was
placed at 100 - H upstream the slant edge, fixing the lami-
nar-turbulent transition far upstream. A loudspeaker-slit-
actuator, situated directly at the slant edge of the diffuser,
was used to generate sinusoidal pressure perturbations,
and it was inclined at 45° to the mean flow direction based
on the investigations of Lin et al. (1990); Yoshioka et al.
(1999); Brunn (2003). A single hot wire probe was traversed
in the symmetrical plane of the flow field to measure the
velocity fluctuations (Fig. 2). The complete set-up is docu-
mented in the study by Brunn (2003).

The measurements at the ACM were conducted in an
optically fully accessible water test section using particle
image velocimetry (PIV) and digital flow visualization
methods. The PIV-system consists of a frequency-doubled
Nd:YAG laser, two CCD-cross-correlation-cameras to
observe the near and the far wake region simultaneously
and a synchronization unit (Fig. 3).

The ACM, which stretched across the whole width of
the test section (AR = B/H =~ 8), was mounted on the chan-
nel wall with a ground clearance of 0.39 - H. The slant
angle was set at o = 35°, because observations on the fully
three-dimensional model by e.g. Ahmed et al. (1984); Lien-
hart et al. (2002) show that the flow field of the slant region
is dominated by two-dimensional spanwise vortex struc-
tures under these conditions. The initial three-dimensional
flow structures at the rear side edges of the ACM should be
largely suppressed through the two-dimensional stretching.
All other geometrical parameters of the model are based on
the original data given by Ahmed et al. (1984). The Rey-
nolds number based on the inflow velocity and the slant
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Fig. 3. Experimental Set-Up of the ACM Investigations.
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Fig. 4. Rotating valve to provide periodic perturbations ® in terms of spanwise vorticity ® and the perturbation amplitude ¢ for one forcing

cycle T ©.

height was set at 49,000. The boundary layer upstream of
the car model was fully turbulent.

The periodic pressure perturbations were generated by a
water pump connected to a rotating valve (Fig. 4(a)) and
injected into a cavity-slit-system, resulting in an oscillating
wall jet without net mass flux. The actuator is comparable
to the loudspeaker slit system used at the half diffuser. Over
a frequency range of 0 < Sty < 0.4 a maximum forcing
intensity of ¢, = 0.3 x 10~ could be achieved, where

2

(=25 1)
0 U

with u, as the average velocity at the inflow, ¢ as the pertur-
bation velocity at the slit exhaust, the cross section at the in-
flow A4, and the active actuator area Ag. The perturbations
during the forcing should preferably amplify the vortex
structures in the separated shear layer to increase the growth

of the vortices and intensify the entrainment process.

3. Results

The hot wire measurements in the plane half diffuser
were carried out to obtain data of velocity fluctuations
from the separated shear layer in the time and frequency
domains. The RMS-distribution as well as the frequency
spectra were used to describe the receptivity of the flow
to periodic perturbations. Fig. 5 shows the measured spec-
tra in the upper shear layer at different streamwise posi-
tions. Two forcing cases are compared with the unforced
base flow (thick line).

These two fundamental frequencies for the vortex-shed-
ding (fs.1, Fig. 5(a)) and for the initial shear layer instability
(fs2, Fig. 5(b)) were observed in earlier investigations
described by Brunn (2003), where these frequencies turned
out to be the most amplified due to forcing. In addition
flow field investigations by means of instantaneous PIV-
measurements were conducted to visualize the vortical
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Fig. 5. Comparison of frequency spectra in the upper shear layer of a separation at a plane half diffuser with and without forcing: Excitation with vortex-

shedding frequency @ and with the initial shear layer instability frequency ®.
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Fig. 6. Instantaneous PIV-measurements of the plane half diffuser flow (without forcing) show typical vortex structures in the shear layer.

structures (highlighted by the spanwise vorticity distribu-
tion in the vector field) according to the shear layer roll-
up and the shedding of large scale vortices in the natural
flow (Fig. 6). The corresponding Strouhal numbers, based
on the slant height H, are St;y =0.1 for the vortex-shed-
ding and St = 0.38 for the initial shear layer instability.
Based on the momentum thickness the Strouhal number
of this shear layer instability is Sz, = 0.021 and agrees with
observations in other separated shear layers (e.g., Leder,
1992; Michalke, 1965).

The frequency response of forcing with the initial shear
layer instability merely shows the forcing frequency itself as
x/H < 4. Further downstream at x/H = 10 there is no
noticeable effect. The fluctuation intensity is decreased
compared to the base flow. This is confirmed by Fig. 7,
where the RMS-value distribution of the velocity fluctua-
tions is illustrated. The fluctuation intensity is significantly
increased due to forcing with the vortex-shedding fre-
quency (Fig. 5(a)). In those spectra an amplification of
the forced structures is evident. Subharmonic frequencies
also indicate that enlarged vortex structures emerge in the
shear layer, leading to a significantly increased fluctuation
intensity (Fig. 7(b)) and finally to an intensified momentum
transfer from the recirculation to the flow outside of the
separation bubble (e.g., Chapman et al., 1958).
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Fig. 7. Distribution of the velocity fluctuations behind a plane half
diffuser.
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Fig. 8. Time-averaged flow field behind an ACM.

The forcing and amplification of large scale structures is
obviously the most effective way to reduce flow separation
in simple diffuser and bluff body configurations (Sigurdson,
1995; Kiya et al., 1997; Brunn and Nitsche, 2002, etc.) The
next step is to apply this method to more complex and rel-
evant engineering configurations. The ACM investigated in
this study shows comparable streamwise flow structures in
the near wake region, which is why the experiments focus
on an unique approach to drag reduction in terms of active
separation control. First of all, the unforced base flow was
investigated with the time-averaged flow field in terms of
streamlines shown in Fig. 8. Here, an ensemble average
of 200 instantaneous PIV images is depicted. Flow struc-
tures typically occuring behind bluff bodies are visible
(e.g., Leder, 1992): Two counter rotating vortex structures
(time-averaged) and a stagnation point that closes the sep-
aration region. The overall separation length in this case is
larger than compared to the original ACM (e.g., Ahmed
et al., 1984), because of the more two-dimensional flow
character in the near wake therefore a suppressed momen-
tum transfer in spanwise direction.

Unlike a diffuser flow with a reattachment of the sepa-
rated shear layer at the wall, two free shear layers collide
in the wake behind bluff bodies and enclose a separation
bubble. While the upper shear layer separates from the
slant and is consequently driven by the slant configuration,
the flow at the bottom is like a backward facing step flow.
The exemplary snapshot of the instantaneous velocity field
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Fig. 9. Instantaneous velocity field behind an Ahmed car body with the
characteristic wavelength of spanwise vortices.

in Fig. 9 shows discrete structures of spanwise vortices.
Typical wavelengths can be assigned to these structures,
occurring in almost every instantaneous velocity field,
and they scale with the slant height H. Hence, it is the obvi-
ous solution to force the flow and amplify these structures
with frequencies according to shear layer instabilities. For
this reason, a frequency range was chosen according to
the Strouhal numbers 0.1 < Sty < 0.3. Here, the lowest
value corresponds to the vortex-shedding frequency esti-
mated with the method of Kiya et al. (1997) and was con-
firmed through digital flow visualization documented by
Brunn (2003). The initial shear layer instability primarily
depends on the boundary layer conditions upstream of
the separation point (Michalke, 1965; Leder, 1992) and
was calculated to be around Sty =0.017 (Stg=0.3). All
control experiments in the present study were performed
with a forcing intensity of ¢, =3 x 107>,

A significant reduction of the turbulent car wake separa-
tion length was achieved in all forcing cases, but with
noticeable difference in the resulting (mean) flow field
(Fig. 10). The excitation with the vortex-shedding instabil-
ity (St = 0.1, Fig. 10(b)) shows a drastic reduction of the
recirculation area compared to the base flow (Fig. 10(a)).
However, with increasing forcing frequency the forcing
effectivity is consistently reduced and in the case of an exci-
tation in the range of the shear layer instability (Sty = 0.3,
Fig. 10(f)) the reduction is comparatively low.

The distribution of velocity fluctuations as seen in Fig. 7
for the half diffuser, is a reliable indicator for an enhanced
momentum transfer by means of local forcing (Yoshioka
et al., 1999). In Fig. 11 this distribution is depicted for forc-
ing cases 0.1 < Sty < 0.3, while Fig. 11(a) represents the
flow without forcing. At frequencies close to the vortex-
shedding the RMS-values far exceed that of the base flow.
At Sty = 0.3 the distribution shows no significant enhance-
ment and is comparable to the half diffuser investigations
(Fig. 7). A closer look at Fig. 11(b) does not only show
increased fluctuations in the slant region, but also goes to
demonstrate that the momentum transfer in the near wake
directly at the blunt end of the car is much more intensified
than at other frequencies. As a result, the entrainment pro-
cess starts much earlier and the forcing effect is stronger in
the near wake region behind the car model.

The phase-averaged velocity fields given in Fig. 12 show
the influence of the forcing in greater detail. The trigger
information from the excitation mechanism was used for
phase-averaged PIV measurements. After the postprocess-
ing an average of 20 images for each phase was calculated.
This figure depicts three exemplary phases in the range
0.4 < T<0.8. Exactly one forcing cycle is completed for
T =1 (see Fig. 4(c)). The left hand side shows the forcing
with the vortex-shedding frequency, while on the right
hand side the flow was excited with the initial shear layer
instability. In addition to the streamlines, the value of the
spanwise vorticity is marked. In both forcing cases an
amplification of the vortex structure close to the slant edge
obviously occurs immediately after the blowing phase
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Fig. 11. Velocity fluctuations behind ACM.

(Fig. 12(a)). For forcing with Sty = 0.3 (Fig. 12(d)) this
structure is very similar to those, observed in the instanta-
neous velocity field in Fig. 9. However, at the low fre-
quency forcing this structure is enlarged up to the length
of the slant. Further vortex growth at the high frequency
forcing is comparable to the natural flow. The enlargement

of the amplified vortex structure in the Fig. 12(a)—(c)
exceeds the near wake region of the slant up to the blunt
end of the car model. This is the main reason why the
entrainment process in this case is much more intensified.
Forcing with higher frequencies, especially with the initial
shear layer instability, leads to a stabilization of the initial

753
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Fig. 12. Phase-averaged velocity fields due to local forcing: Sty = 0.1 (left side) and Sty = 0.3 (right).

vortex structure. This is indicated by the high local concen-
tration of spanwise vorticity. Here, the fundamental wave-
length could be found in almost every velocity field,
whereas due to the low frequency forcing, the vortex struc-
tures grow rapidly and are hardly detectable further down-
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Fig. 13. Comparison of the reduced separation length depending on the
forcing frequency for the two investigated configurations.
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stream. A closer look at the global flow field shows a
significant oscillation of the upper shear layer. The ampli-
tude of this oscillation is considerably higher than at the
high frequency forcing. Consequently, the lower shear
layer, separating from the bottom of the car model, can
only be co-excited if the vortices are large enough and both
shear layers interact. Both shear layers are connected with
the vortex-shedding process (vortex-street). This proves
that the combination of vortex-shedding and the enlarged
entrainment due to amplified large vortex structures with
a connected frequency is obviously the most effective mech-
anism to control such flow configurations.

Fig. 13 summarizes the results achieved through investi-
gations on active separation control for the two different
flow configurations. The reduction of the time-averaged
separation length for different forcing frequencies (Strouhal
numbers) shown in this figure is normalized with the length

Cpet /€ peto

0.7 1 1 1

Fig. 14. Profiles of streamwise velocities u(y) at x = 420 mm in the near wake of the ACM (left) and reduced coefficients of the velocity deficit depending

on forcing Strouhal numbers (right).



A. Brunn, W. Nitsche | Int. J. Heat and Fluid Flow 27 (2006) 748-755 755

of recirculation without forcing. The influence of different
forcing intensities was not considered here, because of the
strong shear layer receptivity to forcing frequencies and
because of the power limit of the used actuator. An excita-
tion with the frequency of vortex-shedding (Sty=0.1)
leads to a dramatically shorter separation bubble. With a
higher forcing frequency the effect decreases because of
the mechanisms explained above. The key to separation
control in configurations similar to the two investigated
here is the forcing and amplification of the dominating
large scale vortices. The size of these vortices depends only
on the geometry which causes the separation.

An analytical method to determine the vehicle drag and
the drag coefficient c¢p is the use of conservation of momen-
tum with the velocity data of one upstream and at least one
downstream position in the integration area far down-
stream Hucho (2002). The profiles of the streamwise veloc-
ity component at the downstream position x =420 mm,
depicted in Fig. 14 (left), already show a qualitative drag
reduction. The velocity u(y) in the near wake, normalized
with the free stream velocity u.., is significantly increased
due to the local forcing.

At this downstream position, an integral value of the
velocity deficit was calculated. This one is equivalent to
the profile drag coefficient. A velocity deficit in the mea-
surement plane of c¢per=0.35 was calculated for the
unforced base flow, and it represents the profile drag of a
two-dimensional configuration. Fig. 14 (right) summarizes
the drag reductions in terms of a reduced velocity deficit
achieved with the active separation control. An excitation
with the frequency of vortex-shedding leads to a dramatic
drag reduction in the excitation range 0.1 < Sty <0.2
(approximately 20%). The minimum drag (cper=0.25)
could be observed at Stz = 0.1. The effect decreases with
higher forcing frequencies due to the mechanisms explained
earlier.

4. Conclusions

The current study presents experimental investigations
on active separation control by means of large scale vortex
structure excitation and amplification. Actuators generat-
ing periodic perturbations to the flow were used to excite
separated shear layers in two different geometrical configu-
rations: a plane half diffuser and a two-dimensional generic
car model configuration. Forcing frequencies in the range
of the initial shear layer instability and the vortex-shedding
were used to test the receptivity of the flow. An excitation
in terms of periodical perturbations at the slant edge leads
to increased velocity fluctuations in the shear layers, while
the impulse transfer between the recirculation region and
the outer flow was significantly intensified due to forcing

at vortex-shedding frequencies. The most effective fre-
quency for flow control, both for the plane half diffuser
and for the ACM, was observed for the corresponding
Strouhal number based on the slant height Sty =0.1 of
each. The amplified large scale vortices connected with
the vortex-shedding process are the key to controlling the
flow configurations investigated here.
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