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ABSTRACT
The wake of an axisymmetric bluff body was investigated using water tunnel
experiments. The parameters common to all investigations were a Reynolds number of
1000 or 1500 based on the body diameter, and a boundary layer thickness entering the
body base of 30 % of the base diameter. Harmonic forcing was accomplished using eight
individual piston pump actuators providing blowing and suction disturbances into the
boundary layer close to the body base, or into the wake at the base of the body. This setup
allowed the excitation of azimuthal mode numbers up to four. The resulting flow field
was evaluated using flow visualization, single wire hot film anemometry, and direct drag
force measurements.
Four different helical mode combinations were used to force the wake, ±1, ±2, ±3,
and ±4. The ±1 modes are dominant in the natural wake. When forcing the ±1 modes it
was possible to lock their frequency and phase to the forcing over a relatively large
frequency range. Within the lock-in range, the wake drag increased by up to 40 %. The
mean flow of the wake was axisymmetric. Forcing the ±2 modes, the lock-in frequency
range was significantly smaller and was centered at somewhat higher frequencies. The
mean flow in this case was distorted to a four-lobed polygon, and the drag increased by
more than 60%. The ±3 forcing yielded a flow response that involved neighboring modes
with significant amplitudes, which was most likely caused by the decreased quality of the
spatial representation of the forcing input due to the limited number of pistons. The
combination of the different modes resulted in a mean fiow distortion and amplitude
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distribution with five lobes. The frequency range for which lock-in could be observed
was further reduced when compared to the ±2 case. For forcing modes ±4, the flow
responded only locally to the forcing, and the decay of the forced modes in downstream
direction was very rapid, for example, at three diameters downstream the forced modes
were no longer detectable.
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1 INTRODUCTION
Bluff bodies have a variety of practical applications in the field of fluid
mechanics. While the bodies are mostly very simple in design, the wakes behind them are
fully three-dimensional at moderate Reynolds numbers and not easy to describe. A bluff
body is defined herein as any shape whose wake contains a zone of recirculating fluid
behind the rear end of the body. Rods of various cross sections and a large span width to
diameter ratio are considered iwo-dimensional bluff bodies, spheres and discs are
prototypical members of the class of three-dimensional bluff bodies which is
characterized by an aspect ratio (base height/span width) on the order of one.
In the wake of almost all two-dimensional bluff bodies, the formation of a von
Kdrmdn vortex street can be observed for a wide range of Reynolds numbers. Above a
certain Reynolds number, the vortices being shed turn three-dimensional, and increasing
the Reynolds number further, causes the vortices to finally turn turbulent. Nevertheless,
the alternating shedding of vortices can be observed throughout the whole range of
Reynolds numbers, while the Strouhal number

St = f • DIU^ = 0.2 remains constant (f,

frequency; D, Diameter; U_, freestream velocity).
For three-dimensional bluff bodies, the formation of a von Kdrmdn vortex street
can not be observed. Instead, many investigations indicate the existence of helical
vortices in the wake of those bodies, even though only very little fundamental knowledge
about the dynamic behavior of those wakes seems to exist Most of the work done so far
was rather empirical and usually motivated by a given optimization problem, e.g.
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reduction of the drag of a car or stabilization of the flame behind a flame holder in a jet
engine. Due to the complex geometry of these problems, many fluid dynamic effects add
to it, which makes it difficult to gain an understanding of the underlying physical
mechanisms. Nevertheless, there are many more applications for three-dimensional bluff
bodies in engineering than there are for two-dimensional bluff bodies.
The aerodynamic drag of bluff bodies can be separated into two parts, the
pressure drag and the skin friction drag. The latter part is due to viscous shear forces in
the boundary layers forming on the surfaces of the body. The pressure drag is caused by
the eddies forming in the wake of the body, which cause a lower surface pressure and
therefore resulting in drag forces. For bluff bodies, the major part of the drag is the
pressure drag. This creates interest in the investigation of the wake dynamics as the
source of the pressure drag. The wake dynamics depend highly on the Reynolds number.
Re = f/_ • D/v (D, Diameter; v, kinematic viscosity). While the wake is steady for very
small Reynolds numbers, laminar vortex shedding occurs for intermediate Reynolds
numbers, and the wake becomes turbulent for high Reynolds numbers. Accordingly, the
pressure drag varies depending on the wake dynamics. For a given Reynolds number,
however, the wake dynamics can be altered using, for example, by a change of geometry
of the body, blowing and suction or base bleeding. In addition the wake dynamics may
be altered by actively forcing the flow.
This work considers the wake behavior of simple three-dimensional axisymmeuic
bluff body geometries at Reynolds number of ReD=lOOO and ReD=1500. At these
Reynolds numbers the wake behavior is of laminar vortex shedding type. A main
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objective of this research is to establish a link between the dynamics of the wake and the
pressure drag. This understanding is essential for finding measures that allow a reduction
of the pressure drag coefficient for a given Reynolds number flow.
In the next sections, the current state of research in the areas relevant to the
proposed work is reviewed, and the basic concepts of influencing the wake behavior are
presented.
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2 TECHNICAL BACKGROUND
2.1

Two-dimensional Bluff Bodies
There are numerous publications of investigations of two-dimensional bluff body

wakes. Strouhal (1887) as well as Karman (1911) already achieved major breakthroughs
in characterizing these flows a century ago. The natural wake of two-dimensional bluff
bodies is fundamentally different from the three-dimensional wakes which are the topic
of this investigation. Therefore only the publications of Morkovin (1964) and Roshko
(1993), which give an overview over the work done in this field, shall be referenced.
For the present work investigations on influencing die wake by different means
are of more interest than the natural instability behavior of two-dimensional wakes.
Wood carried out experiments in air (1964) and water (1967), investigating the effect of
base bleeding on the wake. Bearman (1964) investigated the effect of splitter blades as
measures to stabilize the wake and reduce the drag of two-dimensional bluff bodies. Flow
visualization and hot wire measurements showed that the vortex formation location was
shifted downsuream and the strength of the vortices was reduced. Both effects increased
the base pressure and thus reduced the pressure drag. Measuring the base pressure, a drag
reduction of up to 50% was found. If the base bleed rate in the base bleed experiments
was high enough, the vortex street disappeared completely. Gerich &. Eckelmann (1982)
investigated the influence of end plates on the flow behind a circular cylinder. The end
plates changed the vortex shedding frequency, and the critical Reynolds number beyond
which vortex shedding occured could be increased. Kruiswyk & Dutton (1990)
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experimentally investigated a cavity at the base of a two-dimensional bluff body, which
they showed to reduce the drag. Strykowski & Sreenivasan (1990) showed how a small
cylinder placed in the wake of a larger cylinder could completely suppress the formation
of the Karman vortex street, which the larger cylinders wake would naturally develop.
In the present text all of these measures are classified as passive, since they do not
involve any time dependent disturbance input. Rather, these measures alter the mean
flow distribution, and as a consequence suppress or reduce vortex shedding. Passive
means of modifying the wake by changing the geometry can be very successful in terms
of reducing the pressure drag, but in practial applications they are often not very useful as
a change in geometry is often not possible due to other design constraints. This, however,
can be overcome by using other passive means, such as blowing and suction or synthetic
jets. This was shown by Amitay et al. (1997). In their research, synthetic jets were used to
change the apparent aerodynamic shape of a two-dimensional circular cylinder, which
decreased its drag by up to 30%.
Active forcing of the wake behind two-dimensional bluff bodies can be achieved
by various means. The idea is to exploit the instablity of the wake, which is the cause of
the vortex formation, to indirectly modify the mean wake velocity profile and the drag.
This is in conu^st to the passive control where the mean flow is directly altered to
suppress the instability, and consequently the vortex shedding.
Gopalkrishnan et al. (1994) used a flapping foil in the wake of a D-shaped
cylinder in crossflow. The D-shaped cylinder was oscillated transversely, thus phase
locking the von Kdmdn vortex street behind it. By changing the phase of the actuation of
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the foil with respect to the vortex street in the wake, they were able to both enhance or
reduce the strength of the original vortices. It was as possible to pair the vortices of the
original wake with the vortices being shed by the foil. The focus of the research was on
the far wake of the cylinder. Their research is the only reported reduction in drag for
active forcing, most likely due to the fact that the wake was phase locked by forcing and
therefore could not naturally adjust to the disturbance input of the foil.
Chyu & Rockwell (1996) controlled the formation of the von Kdmdn vortex su^eet
behind a circular cylinder by oscillating the cylinder normal to the mean flow direction.
They were able to phase lock the von Kdrmdn vortex formation by exiting the shear layer
instability.
Schumm et al. (1994) also used an oscillation of the body perpendicular to the
mean flow, and their research emphasis was on determining the coefficients for the
Stuart-Landau equation which was used to model the wake behavior. They were able to
show that these coefficients were independent of the experimental technique being used.
In the publicadons by Griffin (1989) and Griffin &. Hall (1990), the effect of
active forcing with a frequency close to the natural vortex shedding frequency of the
wake of two-dimensional bluff bodies is discussed. Either by forcing the mean flow or by
oscillating the body perpendicular to the mean flow, the perturbed flow exhibits strong
resonance or lock-on. The harmonic forcing also increased the vortex strength by up to
29% and decreased the base pressure. Forcing the mean flow was found more effective
than oscillating the body.
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Tokuraani et al. (1990) investigated forcing of a circular cylinder wake by
rotating the cylinder. They found in water tunnel experiments, that the drag of the
cylinder could be drastically reduced by forcing with a frequency close to the natural
vortex shedding frequency. Their experiments were conducted at Reynolds numbers of
15000. They were able to identify different modes vortex shedding modes depending on
the forcing frequency and amplitude. Their flow visualization pictures suggest, however
that the effective separation point of the flow from the cylinder surface was moved
towards the rear of the cylinder due to the forcing. This is known to reduce the wake
width and drag of circular cylinders. Therefore it appears doubtful that their forcing
approach would work the same way for geometries with a fixed separation location, like
a D- shaped body.
Summarizing the efforts on active forcing as discussed in the literature, for wake
flows governed by the natural instablity of the flow it is only possible to enhance the
strength of the vortices. This also decreases the distance of the vortex formation from the
body, and as a consequence the base pressure. However, this is undesirable in terms of
reducing the drag of the two-dimensional bluff bodies, because these measures in fact
increase the drag. On the other hand, the research shows that the flow is responding to
disturbance inputs that are close to its natural vortex shedding frequency.

2.2

Feedback Control
Taking the idea of harmonic forcing one step further, by adding a sensor and

filter/phaseshift feedback circuitry to an active forcing experiment, Williams & Zhao
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(1989) were able to reduce the strength of the von Kimdn vortex street behind a circular
cylinder. They used a loudspeaker in wind tunnel experiments to force the flow over a
circular cylinder. Two hot film sensors in the wake were used in order to obtain the signal
required for the feedback loop as well as the signal used to evaluate the resulting wake
flow. The feedback loop involved filtering and phase shifting / amplifying the hot film
signal. For a circular cylinder in a water tunnel experiment, Ladd et al. (1993) used two
blowing and suction slots located at +/-110 degrees from the forward stagnation point. In
their experiment the oscillatory lift force was used as the feedback signal. They were able
to completely suppress the vortex shedding up to a Reynolds number of 80; they could
weaken the vortex shedding by 50% up to a Reynolds number of 10,000.
These results clearly show that, using feedback control forcing, the flow behind
two-dimensional bluff bodies can be improved locally in terms of vortex formation and
vortex strength. However, in order to suppress the vortex shedding in a global sense at
Reynolds numbers well above the onset of natural vortex shedding, higher order modes
that are present in the wake have to be considered. This increases significantly the
complexity of the feedback control scheme, as more than one location in the wake has to
be monitored in order to identify these modes. At higher Reynolds numbers, one may be
able to reduce the strength of one mode in the wake using single sensor feedback, while
at the same time a different mode is enhanced elsewhere in the flow field. In addition,
highly nonlinear effects dominate the flow field, which may render linear control
schemes useless.
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A possibly more successful approach to controlling the global wake behavior
behind a circular cylinder was proposed by Gillies (1998). In his approach a neural
network controller is used as well as a one step temporal neural predictor network in
order to address the problems of multi-sensor evaluation and nonlinear prediction. For
control schemes of this kind to be implemented, a detailed knowledge of the modes
present in the wake is necessary. For three-dimensional bluff bodies this knowledge is
currently not available.
2.3

Three-dimensional Bluff Bodies
In most publications dealing with the instability of three-dimensional wakes the

flow past spheres or discs is investigated. The coexistence of two instability modes in the
wake of spheres was found by the experiments of Sakamoto & Haniu (1990). Their
experiments show that the large scale instability mode in the wake of the sphere, which is
linked to the formation of vortex loops, starts at a Reynolds number of

Rcq = 300.

Beyond Rep = 420, the orientation of the vortex loops as well as their orientation and
amplitude starts to change randomly. Starting at Rcq = 800, a small scale shear layer
instability can be observed in addition to the large scale structures. Beyond a Reynolds
number of about Rep = 30000, the drag coefficient of the sphere drops drastically, as the
boundary layer on the sphere surface becomes turbulent. This allows the flow to stay
attached much longer without separating, therefore increasing the pressure at the rear side
of the sphere.
Very little literature is available concerning the behavior of the wake behind more
complex three-dimensional bodies, especially for higher Reynolds numbers. Cannon

33

(1991) investigated the wake of bullet shaped bodies experimentally. Using a rake of
eight hot wire probes, he could show the existence of two counterrotating helical modes
dominating the wake. Schwarz (1996) used direct numerical simulations to investigate
the natural wake behavior of an axisymmetric bluff body. His investigations, covering a
Reynolds number range from 500 to 2000, confirmed the dominance of helical modes
beyond a critical Reynolds number of around 700. Two of these modes, a
counterclockwise and a clockwise mode, show up with almost equal strength and
constant phase. At a Reynolds number of 2000, he found a fine scale motion, in addition
to the large scale structures caused by the helical modes. Tourbier (1996) repeated
Schwarz numerical simulation using a compressible code at Ma = 0.2 and was able to
confirm the results obtained by Schwarz.
Modification of the natural wake behavior was attempted in different ways.
Britcher et al. (1991) investigated the influence of the base slant angle on the drag of
(otherwise) axisymmeuic bluff bodies. They found that the change between a turbulent
wake and a bluff body type wake with vortex shedding takes place at a slant angle of
around 45 degrees and is marked by an increase in drag coefficient by a factor of almost
3. Quass et al. (1981) investigated axisymmetric bodies of with different end cone angles.
In addition, they added longitudinal grooves to one of the endcones that was too steep to
prevent separation and vortex shedding. This improved the drag coefficient by 40%
compared to the same cone angle without grooves. Mair (1965) attached disks to the base
of axisymmetric bluff bodies, and was able to show drag reductions of up to 35% for one
disk and up to 55% for two disks. Disk size and placement was found to be critical for
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success. Much of the research done was centered on optimizing one specific shape for a
given application without investigating the resulting flow fields in detail. For example
Han et al. (1992) optimized a bluff body in the ground effect that was shaped similar to a
car, using numerical simulations. More recendy. May (1997) experimentally investigated
bluff bodies with circular and square cross sections as well as car-like models in a wind
tunnel. He used both splitter blades and end discs as well as base bleeding and found that
he could reduce the drag coefficient of the bluff bodies by about 20% using a crossshaped splitter blade. For an end disc, he achieved up to 32% reduction in drag
coefficient for the circular bluff body. A combination of end disc and splitter blade
increased the drag reduction to up to 38.5%. Whereas the splitter blade improved the drag
by suppressing the helical modes, the end disc seemed to intensify the helical modes
instead. Placed at the proper location, it nevertheless reduced the drag by narrowing the
wake width.
Base bleeding on a sphere was investigated by Suryanarana et al. (1992). They
reported a stabilization of the wake, reduction of the unsteady drag force, and reduction
of the mean drag force by up to 50%. The drag reduction increased with increasing
Reynolds number. The experiments were conducted up to Ren = 700000 (based on the
base height). Gai & Kapor (1981) investigated base bleeding on an axisymmetric bluff
body at Rcd = 125000 and found that the base pressure coefficient decreased up to 21%.
Harmonic forcing of the wake of a sphere was investigated by Kim & Durbin
(1988). They used a loudspeaker in a wind tunnel experiment to disturb the mean flow.
They found that they were able to force the flow in a range of frequencies around the

35

natural vortex shedding frequency by introducing disturbances around twice the natural
frequency. This behavior was caused by the fact that only an antisymmetric disturbance
input influenced the natural vortex shedding, which was to be expected as the natural
vortex shedding was antisymmetric. In their experimental setup, such a disturbance could
be accomplished by forcing at twice the natural frequency. The effect of forcing was that
the recirculation zone was shortened, and the base pressure was increased, with the
largest increase in base pressure closest to the natural vortex shedding frequency.
Berger et al. (1989) investigated in detail the flow field of both a disk and a
sphere in wind tunnel experiments, and identified the modes present in the wakes. They
nutated the disk and found the helical mode to lock into the nutation frequency. Other
forcing efforts, such as axisymmetric excitation of the disk, were found to be
unsuccessful in terms of affecting the wake. The amount of detuning possible of the
forcing frequency from the natural vortex shedding frequency for which the wake would
lock in was found to depend on the forcing amplitude. The larger the amplitude, the
larger the detuning range was found to be for which lock-in could be achieved.
No attempts to investigate feedback control of the vortex shedding behind threedimensional bluff bodies could be located in published literature. While there are several
publications on two-dimensional wake feedback control, as described in the previous
section, the general lack of knowledge on the natural behavior of three-dimensional
wakes makes it at present difHcult if not impossible to devise successful feedback control
schemes. Also, die highly increased number of parameters poses many experimental
challenges, especially for higher Reynolds number flows.
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3 RESEARCH OBJECTIVE
In this research a bluff body geometry that is as generic as possible is
investigated. An axisymmetric geometry was chosen due to ease of experimental setup.
Since the research interest was centered on the wake, the front pan of the body was a half
ellipsoid to avoid separation of the flow. All further details of the models used are
oudined in the following sections.
The Reynolds number range investigated is between 500 and 4000 based on the
diameter of the body. This covers the entire range of wake behavior from steady to
turbulent, as further detailed below in the outline of the research goals.

The main research goals are:
i. Improve the understanding of the dynamic behavior of the bluff body wake
ii. Investigate active methods to modify the wake behavior
iii. Relate the modified wake behavior to the drag of the body

i. Improve the understanding of the dvnamic behavior of the bluff bodv wake. As
discussed by Monkewitz (1988), the wake behind three-dimensional bluff bodies is
globally absolutely unstable for Reynolds numbers above a certain threshold Reynolds
number, which is geometry dependent. This instability leads to the formation of largescale structures in the wake. Schwarz (1996) investigated the near wake behavior of an
axisymmetric bluff body using direct numerical simulations at Reynolds numbers
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between 500 and 2000. He could confirm the theoretical findings of Monkewitz. At a
Reynolds number of 1000 the wake in his simulations was governed by two
counterrotating helical modes with approximately equal amplitudes. This leads to a flow
field with a plane of symmetry, which will shift due to small phase shifts between these
two modes. Also, the frequency of these modes was not fixed, but varied within a certain
range.
Both of these effects make it impossible to conduct reproducible point-by-point
measurements of the flow field using a single hot film probe without employing
statistical methods as well as very long measurement times. It is therefore necessary to
force the flow with a sufficient amplitude to fix the frequency of the vortices as well as
their orientation. This will allow to investigate its natural behavior. The proposed
measure is to introduce harmonic disturbances into the wake of the bluff body.
Experimentally, few publications regarding active forcing of three-dimensional bluff
body wakes exist. Therefore the receptivity mechanism, which is the kind and
effectiveness with which the flow responds to a disturbance input, is unknown. Several
different methods of forcing are being considered, which are detailed in the experimental
setup section. The goal is to find a disturbance input that is effective in forcing the helical
modes present in the wake while not modifying the mean flow. In order to experimentally
investigate the instability behavior and to determine which modes and frequencies are
naturally amplified, flow visualization as well as hot film measurements will be used.
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ii. Investigate active methods to modify the wake behavior. The natural behavior
of the wake is associated with rather high drag or low base pressure. In order to reduce
the drag, the natural vortex shedding behavior needs to be changed. To achieve this, the
same active forcing devices used for frequency and phase locking will be used. However,
they will be operated at frequencies and mode numbers that are different from the
naturally observed ones. In addition, forcing the flow with different combinations of
frequencies and high amplitudes is being considered. The goal is to force the wake into a
vortex shedding mode that may be associated with lower drag, or to suppress the vortex
shedding. Other possibilities include shifting the location at which the vortices form to
farther downstream. This should also decrease the base pressure drag.
iii. Relate the modified wake behavior to the drag of the body. Once methods for
modifying the dynamical behavior of the wake are established, their direct influence on
the base pressure drag of the body shall be established. It is to be expected that some of
the measures will actually increase the drag, whereas others might result in lower drag.
The method used for measuring the drag is described in the section where the
experimental setup is discussed. It is of special interest to investigate the possible link
between the intensity of the vortex shedding and the base drag of the body.
The present work shall consider simple generic geometric shapes of threedimensional bluff bodies, which are detailed in the following section.
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4 EXPERIMENTAL SETUP
All experimental work was conducted in the small open surface water tunnel at
the AME Hydrodynamics Laboratory at the University of Arizona. This facility will be
introduced in the following section. Various experimental techniques were used to
investigate the flow. The water tunnel, the bluff body models and the experimental
techniques are discussed in detail in the following sections.
4.1

Small Water Tunnel Facility
The small water tunnel was originally built as a 1:4 scale model of the large

tunnel. The small tunnel has a test section length of 1170 mm, the flow crossection is 200
mm deep and 381 mm wide. The mean flow velocity is within 2% of the overall mean
velocity in each crossection within the reach of the traverse system. The turbulence level
measured at a flow speed of 75 mm/s is less than 0.2%. The tunnel can be operated at
speeds between 15 mm/s and 150 mm/s, limited by either stalling of the pump blades or
the onset of cavitation. The pump is driven by a 3 phase / five hp AC motor whose power
is supplied by a computer controllable frequency inverter. A heater installed in the pipe
section attached to the pump outlet along with a temperature controller allows for water
temperature control both during probe calibration runs as well as during measurements.
The test section is equipped with a three axis traverse system, which is driven by stepper
motors and a computer controlled stepper motor controller. The resolution in all axes is
0.0125 mm. Further details regarding this facility are discussed in Siegel (1994).
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Figure 1 Small Water Tunnel Overview
4.2
4.2.1

Test Models and Forcing Equipment
Bluff Body Models
Three bluff body models were used for the investigations. The two short bullet

shaped models had no internal forcing equipment and were used primarily for flow
visualization investigations, and preliminary forcing experiments employing a vibrating
ribbon, while the sting model had internal provisions for forcing of the flow field.
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4.2.1.1 Short Bullet Shaped Models
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Figure 2 Round Bluff Body Model
The axisymmetric, elliptic nose, blunt base model shown in Figure 2 has an
elliptical nose with a half axis ratio of 1:4. To allow for stationary base bleed
experiments, the model can be equipped with a larger (5 mm diameter) nose hole and
different end plates allowing for different base bleed velocities and profiles.
Figure 3 shows how the model is suspended in the water tunnel by six 0.1 mm
stainless steel wires. The upper four of these are mounted in adjustment screws allowing
for alignment of the body with the mean flow direction.
A round as well as a square cross section bluff body model with a base diameter
or height of 20 mm was used for preliminary investigations in the startup phase of the
project. The center of this model has a cavity that can hold dye, which is slowly released

42

into the wake by a number of small (0.5 mm) holes inside the perimeter of the base of the
models. The nose stagnation pressure of the model is tapped by a small (1 mm diameter)
hole and used to pressurize the cavity in order to drive the dye into the wake. This
procedure allows a relatively disturbance free method of visualizing the wake. Depending
on die flow speed, the available experimentation time before the cavity has to be refilled
varies between several minutes at five cm/s flow speed and 30 seconds at 15 cm/s.
In order to force the wake of the bullet shaped model, at first a vibrating ribbon
was used. This device is described in detail by Poszgai (1994). It was originally designed
for forcing flat plate boundary layers, for which a ribbon in the form of a 0.3 mm thick
stainless steel wire was sufficient. For the forcing of the wake, this steel wire is replaced
by a brass airfoil of 8 mm chord length. The airfoil is placed in the recirculation zone
with its leading edge 8 mm downstream of the bluff body base as shown in Figure 3. This
placement of the ribbon was found most favorable in terms of the response of the flow to
the forcing input.
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Figure 3 Suspension System for bullet shaped models, with vibrating ribbon.
The basic bullet shaped model has several limitations. First, the boundary layer
thickness is fixed by the geometry (length) of the body, and can not be adjusted without
changing the Reynolds number based on the base diameter. The suspension system which
uses wires generates wakes behind each wire, which, although steady, still may influence
the stability of the flow. Also, the model can not accommodate internal disturbance
actuators. This is due to size constraints and the difficulty of routing wires into the model
such that the base flow is not disturbed. Therefore highly intrusive devices such as the
vibrating ribbon have to be employed, which further modify the base flow and in
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particular its stability property. In order to overcome these shortcomings, a new "Sting
Model" was designed and constructed.
4.2.1.2 Sting Model
The Sting model is tailored to the small water tunnel, where its front end is
located just downstream of the end of the turbulence management system, while the base
is located in the test section. Figure 4 and Figure 5 show this experimental setup. The
entire model is machined of stainless steel, with the exception of the strut, which is made
of epoxy resin/fiberglass. By moving the major suspension point upstream of the
contraction, where the flow speed is small, a relatively large, airfoil shaped strut can be
used. It serves not only for mounting of the model but also for routing the control cables,
suction water, and dye into and out of the model. The large distance between the strut and
the base of the model, along with the contraction, allow the wake of the strut to dampen
out before reaching the base of the model. A thin (75 (im) tungsten wire is used as a
secondary support point for the sting at 150 mm upstream of the beginning of the test
section. Due to the length of the model, the boundary layer forming on the front part of
the model reaches a considerable thickness at the base. In order to reduce the boundary
layer thickness and make it adjustable, a suction region is implemented which is located
downstream of the location where the model enters the test section (Figure 6). By
employing different suction rates, the boundary layer thickness reaching the base can be
adjusted in a relatively wide range. Downstream of the suction region, a dye manifold is
employed, through which dye can be released into the boundary layer in order to
visualize the flow in the wake. Downstream of the dye manifold is the disturbance
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generation section. It consists of an assembly of eight pistons which can be controlled
independently. The pistons pump water into the endpiece, with which either blowing and
suction can be accomplished or a 25 fim thick silicone membrane can be displaced.
depending on the type of endpiece used.
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Figure 4 Sting model setup, side and top view. Suspension system not shown.
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Figure 5 Photograph of sting model mounted in small water tunnel. View upstream of the
turbulence management system.
The pistons are driven by drivers located outside the model, which are described
in the next section. This setup ensures that the heat generated by the drivers is not
transmitted into the flow, which would change the mean flow and thus the stability
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behavior due to buoyancy and temperature effects. The link between the drivers and the
pistons is a 0.5 mm thick stainless steel wire with a 25 |im Teflon coating, guided in
stainless steel hypodermic tubing. This Bowden cable assembly is virtually backlash free
Due to its small diameter, it is flexible enough to allow for the necessary bends between
the pistons and the drivers without permanently deforming the tubing or seizing the wire.
The pistons are honed and lapped into the pump body, and coated with a Teflon
filled nickel-based anti-friction mil-spec coating to prevent galling. This provides a low
friction and leakage-free operation The model is modular, so that components can be
exchanged easily.

Suction Atea
Dye Slot
Endpiecc Axial

Figure 6 Photograph of sting end mounted in test section. Side view through test section
window.
Three different endpieces were constructed to allow investigation of the
effectiveness of different lands of forcing. The endpiece shown in Figure 7 introduces
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axial disturbances into the flow. The design goal here is to maximize the area available
for actuation, which led to pie - shaped openings. Since the connection between the
surfaces and the pump assembly would cause the flow to separate, it is mandatory to use
a silicone membrane in order to extend the disturbance input over the available opening.
The membrane is glued flush onto the base of this endpiece.

Figure 7 Endpiece with pie shaped openings
The endpiece shown in Figure 8 is also designed to force the flow in axial
direction. However, in contrast to the previously shown endpiece, the actuator openings
are concentrated as close as possible to the perimeter of the base and use less total area
than before. The purpose of this arrangement is to introduce disturbances as close as
possible to the shear layer that is forming at the base of the body.
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Figure 8 Endpiece with axial openings

K —0"

Figure 9 Endpiece with radial openings
The radial endpiece shown in Figure 9 allows forcing of the boundary layer as
close as possible to the base. The idea is that the disturbances then u-avel downstream and
be ingested into the shear layer. This endpiece is of blowing and suction type, without a
membrane covering the openings.
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4.2.2

Driver Mechanism

4.2.2.1 Requirements
During preliminary experiments forcing the wake with a vibrating ribbon, it was
found that in our water tunnel the most amplified frequency was around 0.5 Hz. From
computations carried out by Tourbier (1996) it was also known that relatively large
forcing amplitudes were needed for the wake to lock on. For blowing and suction he was
using amplitudes up to 100 % of the freestream velocity. For a possible future feedback
control, high-speed positioning capabilities with random, real-time controllable motion
profiles were required for the driver to be able to react to changes in flow speed
instantaneously. In addition, the system was required to operate without excess
vibrations. Since the receptivity of the flow to the disturbance input was not known in the
beginning, it was decided to separate the driver from the actual actuator transmitting the
disturbance into the flow. This allows different actuators to be hooked up to the same
driver, without having to entirely redesign the model. With this setup, there is a
mechanical linkage between the driver and the actuator. The actuator can be a
blowing/suction device, a flap like surface, or a membrane. To keep the linkage as simple
as possible, a linear action of the driver was considered more advantageous than a
rotational action. The driver also needs to operate with minimal internal backlash, to
ensure that the generated motion is accurate.
4.2.2.2 Design Description
The basic driver device used is a voice coil, as shown in Figure 10. In essence,
this device features a stator containing a permanent magnet and a moving coil assembly
suspended inside the stator's magnetic field. By employing a current through the coil, a
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force proportional to the magnitude of the current is exerted on the coil. The overall setup
is similar to the system used in a loudspeaker, with voice coil actuators being optimized
for high forces and somewhat smaller frequencies. In addition, the force versus
displacement curve is relatively flat within the operating range of the voice coil. This is
not the case for loudspeakers due to the spring action of the membrane, which causes a
force proportional to the displacement opposing the motion.

Figure 10 Voice Coil schematic, and force versus displacement curve (from BEI Kimko
Inc. brochure).
The mass of the moving coil and all additional moving parts needed for hookup of
the linkage exert inertia forces onto the mount of the unit when being accelerated
according to Newton's law of motion. These forces cause vibration of the model or
mount to which the actuator is attached. In order to minimize these forces, two voice coil
actuators are assembled with their axes of motion aligned, but their motion opposite to
each other. This way, the inertia forces caused by tha moving parts cancel out, and the
driver operates vibration free with respect to the mount
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Figure II Top view ofDVCA assembly. Cable mechanism not shown.
The overall performance of the driver is governed by the available force from the
two voice coils and the total mass of the moving parts. Therefore, one of the design goals
is to minimize the mass of the moving parts, making them as light as possible while still
maintaining the required stiffness. Weight saving starts by choosing the voice coil with
the highest force and the most lightweight core available. The chosen coil assembly has a
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force to weight of coil ratio of 110. An overview of the system is given in Figure 11. The
opposed oriented voice coils are attached to the base plate with two mounting plates
called VGA holders. Since the coils are not attached to the voice coil bases, a linear guide
system is needed. For each side, four linear ball bearing bushings are used which guide
two or four shafts pressed into the coil plates A or B, respectively. The coil plate bars are
connected to the top of the coil plates. The coil plate bars provide die necessary
attachment points for the cable system linking bodi voice coil assemblies, as shown in
Figure 12. The cables are wrapped around two v-grooved rollers, which accomplish
reversal of the direction of motion between both voice coil assemblies.
This entire setup is lightweight, sufficiently stiff and essentially backlash free.
Cable tension can be set by tightening nuts on the threaded cable ends which are soft
soldered to the cables. The linkage system slaves the second voice coil actuator to the
first one, while accomplishing a 180 degree phase shift. Since both actuator coil plates
have hookup points for the drive wires, one actuator provides two displacements with the
same amplitude but reversed in phase.
Since a voice coil is a force generating device, a feedback loop including a
position sensor is needed to achieve positioning capabilities. For this purpose, a LVDT
(Linear Variable Differential Transducer) is incorporated along with a pulse width
modulated DC servo amplifier. To improve the dynamic response of the system, the
velocity of the assembly is monitored by a LVT (Linear Velocity Transducer) as input to
a secondary velocity control loop within the displacement loop. Figure 13 shows the
mounting of both transducers to the bottom of the base plate. The transducer bodies are
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clamped by the LVT / LVDT holders, respectively. Both transducers have lightweight
free floating cores, which are connected to coil plate B. The center position of the LVDT
can be adjusted by shifting the transducer body in the clamp, or by adjusting the core
position using two jam nuts against the coil plate B. The bottom ends of both coil plates
are drilled and tapped to allow clamping of the drive wires. The end of the hypodermic
tubing, guiding the drive wire, is clamped underneath #4-40 socket head screws pressing
the tubing into v-grooves in the base plate or in the tubing holders. A total of 24 clamping
points for hypodermic tubing are available, while the coil plates allow the simultaneous
clamping of up to 12 drive wires. This way, drive wires can leave the driver at either or
both ends of the assembly without impeding each other. It is also possible to attach
several actuators to the same driver, thus moving the actuators in synchronization.
All assembly and parts drawings along with a parts list can be found in
APPENDIX B: DRAWINGS DVCD. The entire feedback control loop uses analog
voltages from both transducers as well as an analog voltage control signal, usually from
the D/A converter in the computer. Tuning of both servo loops is accomplished using
potentiometers on the servo amplifier to set the gain of the velocity and position control
loops. This is done while monitoring the step response of the system using the A/D board
of the computer. During tuning, the position signal sent to the controller, the actual
position of the assembly as measured by the LVDT, the velocity measured by the LVT,
and the current to the voice coils are plotted against each other. This allows for easy
debugging of the system as well as calibration.
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As long as the maximum force available from the voice coils is not exceeded, the
unit provides accurate positioning following the (analog) input signal up to the resolution
of the position sensor. This ensures reproducible disturbance generation, since changes in
the mass of the attached disturbance device, the friction in the system, or the forces
imposed by the flow itself onto the actuator do not change the disturbance amplitude. The
resolution, even though unlimited in theory, is mosdy determined by electrical noise in
the system. To minimize these effects, the wiring between the servo amplifier and the
sensors is kept as short as possible, separately shielding the twisted pair signal lines
whenever practicable. Also, care is taken to separate signal and power lines as far as
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possible, to avoid inductive and capacitive coupling from power to signal lines.
Performance Features of the driver setup are summarized in Table 1
Voice coil peak force (both)

72 N

Mass of moving parts

150 g

Maximum stroke

± 3.8 mm

Maximum idle frequency at maximum

56.5 Hz

stroke
Maximum idle frequency (0.1 mm

348 Hz

displacement)
Position sensitivity

0.98 mm / V

Position Resolution (A/D Board limited, 12

2.4 nm

bit, ILSB, 2.44 mV)

Table I Design and Performance Parameters of Dual Voice Coil Setup

4.3

Measurement Equipment
All data acquisition was done by Apple Macintosh computers equipped with

National Instruments data acquisition cards. Software for data acquisition and data post
processing was written in LabVIEW. All external electronic components like filter
systems, anemometers, AC pump motor inverters, and stepper motor controllers were
remote controlled through serial interfaces. Data sets along with complete documentation
of the experimental setup were stored as binary datalog files, which is a LabVIEW
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proprietary binary format that was both memory efficient as well as fast to access. Post
processing software controlled high end graphing software like Kaleidagraph and IDL
through Apple Events, thus extending Lab VIEW'S graphing abilities. Export to ASCII
and HDF file formats was available.

4.3.1

Hot Film Anemometry
A straight single wire quartz coated fiber film probe was used to measure the flow

speeds at various locations in the wake. Due to the nature of the probe and the mounting
direction, the measured velocities were a combination of streamwise and vertical velocity
components when using the fixed probe holder. A rotating probe holder, that allowed one
to change the orientation of the sensor and to align it in a cylindrical coordinate system,
was available as well and it was used for all sting measurements. This assured that the
measured velocity value was either the sum of the axial and radial or axial and azimuthal
velocity components. A constant temperature TSI RowPoint system was used to drive
the probe. The raw anemometer voltage was converted to velocity using a twodimensional calibration surface in both velocity and temperature to adjust for temperature
fluctuations in the water during the experiment. For further information on the employed
calibration procedure, see Siegel (1994) and Von Terzi (1996). Calibration references
were a stepper motor driven traverse system for the velocities, and an RTD thermometer
with an accuracy and resolution of 0.1 ¥J 0.01 K respectively for temperature.

43.2 Flow Visualization
4.3.2.1 Blue Dye
The experiments were recorded to NTSC VHS videotape using a color CCD
camera with a resolution of 640 by 480 pixels for blue dye experiments. Alternatively,
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the CCD signal was also digitized in real time using an Apple Macintosh equipped with a
frame grabber card employing MJPEG data compression.
For still images, a 35 mm Nikon SLR camera was used. The obtained images had
a higher resolution than the CCD images and were scanned using a Nikon slide scanner
for post processing and inclusion into this thesis. Slide Film with a speed of 100 ASA
was used for blue dye imaging, while for fluorescein images a high speed (3200ASA)
black and white film was used.

4.3.2.2 Fluorescein Dye
Fluorescein dye illuminated by an argon ion laser light sheet with adjustable
thickness and sheet wedge angle to show crossections perpendicular to the mean flow
was used. While the laser was kept stationary, its light was coupled into a multimode
optical fiber. The other end of the fiber was attached to a lens assembly to first collimate
the beam and then limit its width and spread it laterally using a pair of knife edges and a
cylindrical lens, respectively. This lens assembly was attached to the traverse system in
order to obtain cross sections of the flow at different downstream locations. To obtain
views in streamwise direction, a rigid, 10 mm diameter fiberoptic borescope connected to
the color CCD camera described above was used.

4.3.3

Water Tunnel Drag Measurement
In order to evaluate the influence of the forcing on the base drag of the sting

model, a direct method to measure the drag force exerted onto the model was sought.
Wiist (1997) attempted this for the short bluff body model. His setup failed due to its low
Eigenfrequency, which caused it to oscillate at a high amplitude, thus rendering the
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measurements unrepeatable. For the sting model, a drag measurement device proofed to
be even more difficult to design. Issues and difficulties are discussed below.

4.3.3.1 Difficulties
Direcdy measuring the base drag of the sting model is a difficult task for several
reasons:
•

The drag force is extremely small, due to low flow velocity and small crossectional
area. Forces are in the order of lO'^N.

•

The wake drag of interest is only a small portion of the overall drag of the sting
model.

•

The weight of the model to be suspended is large compared to the drag force to be
measured. It needs to be suspended without friction or hysteresis.

•

Large model weight combined with low stiffness suspension in stteamwise direction
causes the mechanical Eigenfrequency of the system to be small. This will cause the
setup to oscillate with its Eigenfrequency due to excitation by building vibrations, air
currents and other disturbances in the laboratory which are beyond the control of the
experimentalist.

•

The large size of the model and suspension system make it susceptible to thermal
expansion.
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Figure 16 Feedback Circuit for Drag MeasurementDevice
In order to obtain a low friction suspension system that is able to bear the weight
of the model, three suspension air bearing pads are used as shown in Figure 14 and
Figure 15. Each pad consists of a round disc attached to the model suspension, and a
square plate mounted horizontally to the water tunnel. The square plates have a central
bore connected to an air compressor delivering regulated 40 psi of pressure. This pressure
lifts the discs slightly from the square plates, thus creating a slot through which the air
could escape and thus establishing a slot flow. When weight is added to the floating pad,
the gap narrows, thus slowing down the flow and increasing the pressure. The inverse
effect takes place when removing weight from the floating pad, thus creating a high
vertical stiffness of this bearing setup. As the slot flow is symmetric to the air hookup, no
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horizontal forces are generated. A second set of air bearings is used to establish lateral
guidance of the model. These lateral guidance air bearings generate two air jets opposed
to each other impinging on a flat plate attached to the model suspension and thus center
die plate between the jets. Two of these bearings are used at the upstteam and
downsuream end of the model suspension. They maintain the alignment of the model with
the flow. The model suspension with the five bearings pressurized has then only one
degree of freedom in the streamwise direction which is the direction of the drag force to
be measured. The model and its suspension has no mechanical contact point with the
tunnel, but rather is floating on the air suspension system.
To measure the drag force and stabilize the model in streamwise direction, a laser
sensor is used to measure the position of the model with its suspension. A voice coil
actuator of the same type as the one employed in the driver setup is used to create a force
to counteract the drag force acting on the model. Both devices are linked by a feedback
circuit shown in Figure 16. With the bearings pressurized and the feedback loop closed,
the streamwise position of model and suspension is kept constant by the feedback loop
independent of the external drag force. An increase in drag force however results in an
increased current in the voice coil actuator, which in turn creates a proportional force
counteracting the increased drag force. Therefore, the problem of measuring the drag
force is now reduced to measuring the voice coil current, which is for small forces
linearly related to the (drag) force (see Smith and Chetwynd (1997)). Properties and
constants governing the drag measurement setup are shown in Table 2. All feedback
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circuit values are optimized for the sting setup, but can easily be modified to obtain
different measurement ranges for different models.
Voice Coil Actuator force constant Kf

6.7 N/A ± 10%

Laser Sensor sensitivity

55 mV /^m

Loop gain preamplifier (adjustable with

0...10

potentiometer)
A/D Board preamplifier gain

100

Current to voltage converter

0.01 A/V

Sensitivity at A/D Board

0.6675 mN/V

Drag Resolution (ILSB of A/D board, 12

1.63 ^iN

bit resolution, 2.44 mV)
Measurement range at A/D board

± 6.675 mN

preamplifier gain of 100
Maximum force obtainable from voice coil,

133 mN

limited by Current to Voltage Op Amp

Table 2 Performance and parameters of drag measurement setup.

66

4.3.3.3 Measurement Procedure
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Figure 17 Time Signal and Power Spectrum during one measurement run.
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In an ideal setup as described in the previous section, the net force of the actuator
with zero flow velocity should be zero. Due to the fact that the square suspension plates
cannot be aligned perfecdy horizontal, there is always a small offset force at zero flow
velocity. In addition, the actual alignment of the suspension plates may vary over time.
The biggest factor here is die adiabatic cooling of the plates on the upper side due to the
expansion of the pressurized air flowing through the bearing gap. This will cause the
(colder) upper side of the plate to shrink while the lower side stays at about the same
temperature, therefore bending the plate upward. While in theory temperature equilibrium
should be achievable, in practice fluctuadons in the pressurized air temperature as well as
the laboratory temperature prevent this. To account for these changes, a measurement
procedure was used where the offset force with the system at rest was measured first,
then the force was measured with the flow turned on, and lasUy the offset force without
flow was measured again. The drag force was then evaluated as the difference between
the moving and non-moving averages. A typical time signal, drag force versus time,
during one of these runs is shown in Figure 17. The tunnel was turned off at first; the
tunnel pump was turned on at 65 seconds, and switched off at 200 seconds. In order to
obtain stable averaged drag values, it would have been desirable to use long measurement
times. The thermal drift over time, however, demanded short measurement cycles. To
overcome this problem, measurement intervals of 64 seconds for each of the three values
during one run were used, and measurements from ten of these runs in sequence were
used. The smallest and largest measured drag values from these runs were discarded, and
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the remaining eight values were averaged. This procedure yielded reproducible drag
values.
Figure 17 also shows a close-up of the time signal during tunnel shutdown and a
Power Spectrum of the entire signal. The tunnel velocity oscillates with about 0.2 Hz at
both startup and shutdown, which is consistent with the tunnel Eigenfrequency as
determined by Siegel (1994). This oscillation is damped and its amplitude decreases
within about 70 seconds to levels below the noise limit of the measurement assembly.
The Power Spectrum shows a second peak at about 1.6 Hz, which is fairly broad. This
peak is the Eigenfrequency of the floating model with its suspension in conjunction with
the feedback circuitry. This is a slightly damped oscillation as well, which gets excited by
building oscillations, air currents, and other disturbances introduced into the system.
The force constant, linking the current flowing through the voice coil actuator to
the force employed, is only slightly dependent on the voice coil position, as shown in
Figure 10. Since the operating position of the voice coil is kept constant by the feedback
control loop, the force constant does not vary. Its value however is specified by the
manufacturer of the voice coil actuator only with an accuracy of 10%. This is the largest
uncertainty in the system and limits the accuracy with which absolute drag force values
can be determined. Although it would have been possible to calibrate the voice coil
actuator, this was determined not to be necessary for the scope of the current
investigations. In the present investigations the base drag of the model is of main interest,
and in particular the change of the drag for different kinds of forcing. To obtain an
estimate for the base drag, the drag force on the sting model without any forcing was
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measured. Then, a slender cone was attached to the base of the model. The cone was
designed such that no separation and therefore no vortex shedding occurred. The
difference in drag force between both setups, with and without the cone, was then
considered to be the base drag caused by the unsteady vortex shedding (minus a small
amount of skin friction drag due to the cone surface, which was neglected). This drag
difference was used as a reference value to normalize all measurements for the forced
wake. This allowed to eliminate the 10% uncertainty of the force constant from the
results. The base values established for the sting model are shown in Table 3.
Drag of Sting Model without suction

1.33 mN

Drag of Sting Model with 450 mm suction

2.09 mN

height (See suction evaluation section)
Drag of Sting Model with 450 mm suction

1.87 mN

height and cone attached
Base Drag

0.22 mN

Table 3 Sting Model drag reference values, Re~ 1500, all ± 10%.
Since single drag measurements showed a significant scatter, ten data points were
used for each single forcing frequency. The plots shown for forcing different modes
indicate a 95 % confidence range obtained using a Student or T distribution, as outlined
in Dubbel (1981).
The mounting of the model gready influenced the drag force for the forced and
unforced cases, since small misalignments of the model with the flow change the
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projected area as well as the drag coefficient of the overall model. To eliminate these
effects, the unforced drag force was reevaluated after each setup change, and the
measurements of any forcing input were related to the unforced drag for this particular
setting. After the forced measurements were taken, the drag with the forcing turned off
was measured again. This was done to verify that the model mounting had not shifted
during the measurement. Only runs that showed the same drag values (with forcing
turned off) before and after the measurement were considered valid data.
In order to validate the drag measurement setup performance, selected data points
evaluated with the drag measurement setup were remeasured using the wake u^averse
method to determine the momentum deficit. The wake at X/D = 17 was traversed with the
hot film probe aligned as described in the following section using the FarWake pattern
(see Table 6). The mean velocities were integrated over the measurement area in order to
obtain the wake drag. The results for two forced wake cases as well as the natural wake
are shown in Table 4. The absolute drag values are much smaller as compared to the drag
forces measured with the drag measurement setup.
Modes

Frequency

Amplitude

[Hz]

[mm]

Drag Force [mN]
- rr2
=

r=609=360 f

f

f

]

\

r=0 8=0

Natural

-

-

0.303

±1

0.35

3

0.384

±2

0.55

3

0.416

Table 4 Drag forces obtained by wake traverse method.
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This can be explained by the fact that the wake traverse method does not capture
the contribution to the total drag caused by parts of the sting model located far upstream.
In particular, the wake of the airfoil strut has disappeared in the mean flow before even
reaching the test section, so that its contribution to the drag is not detected by the wake
traverse method. Also, the derivation of the wake drag using control volume analysis
makes assumptions that are not quite applicable to a water tunnel flow. Instead of fluid
leaving the control volume at the sides, the water tunnel test section flow e contains all
the fluid, which causes an acceleration of the mean flow through the test section. This
effect also contributes to the lower overall drag values measured.
Case

Drag Change measured

Drag Change measured

using Drag Measurement

using Wake Traverse

Setup [%]

Method [%]

±1/0.35 Hz/3mm

38± 15

37

±2/0.55 Hz / 3mm

45± 10

51

Table 5 Comparison of drag changes measured with drag measurement setup and wake
traverse method.
The changes in drag measured using the wake traverse method agree well with
those obtained from the drag measurement setup. Table 5 shows that the wake traverse
values are well within the confidence range for both measurements. The results obtained
using the well established wake traverse method therefore back up the results obtained
with the drag measurement setup. Comparing the mean velocity profiles for the different
forcing values provides additional insight into the effects of the forcing on the mean flow
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distribution. Figure 18 shows that forcing the plus and minus one mode widens the wake
with a smaller maximum velocity deficit in the center as compared to the natural wake.
Forcing the plus and minus two modes results in a wake about the same width as the
unforced wake, but with a larger velocity deficit in the center.
1.05

or
0.95

—o— ±1, 0.35 Hz, 3mm
—a - ±2, 0.55 Hz, 3mm
—
- Natural Wake

0.9

0.85
0.4

0.8

1.2

1.6

2

R/D

Figure 18 Mean velocity profiles at X/D =17 (far wake), averaged over all azimuthal
locations
The advantage of using the drag measurement setup is in the much faster
measurement time, which is in the order of minutes, while it takes about a day to traverse
the wake. The wake traverse method is also susceptible to probe drift as well as errors
due to the influence of cross-streamwise velocity components. At X/D = 17 the velocity
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fluctuations are small compared to the mean velocity, but so is the momentum deficit.
While the theory for the drag measurement setups is based on first physical principles,
the wake momentum deficit method relies on many assumptions about the nature of the
flow field, some of which are difficult to justify for the flow field under investigation.

4.4

Data Acquisition Patterns and Procedures
All velocity measurements were taken with the same scan rate of 16 Hz and a

sample size of 1024 samples. For all sting measurements, the hot film probe was aligned
to measure the combination of radial and azimuthal velocity components using the
rotating probe holder. The time signal was low pass filtered with 7 Hz using a 4"' order
analog filter before digitizing the signal. After digitization all measured signals were
converted from voltage measured to physical units using the respective calibrations.
Along with the velocity signal, both driver signals were measured. One of die driver
signals was used as phase reference for all signals, which were truncated to an integer
number of forcing cycles, starting at zero phase of the reference signal. A least square
sine curve fit was obtained for the actuator signals. The obtained amplitudes, phases, and
errors were saved together with the velocity time signal for quality assurance, and the
driver time signals were discarded. Depending on the scope of the investigation, different
measurement patterns were used, as outiined in Table 6. The name of the pattern is the
file name of the measurement data file. For the coordinate system origin and axes see
Figure 31.During these runs, a wait period after parameter changes of 30 seconds for
traverse motion and 180 seconds for frequency changes was maintained.
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Name of

X

R

Theta

Frequency

Pattern

[mm]

[mm]

[deg]

[Hz]

NDDSF

-N*30

2...30A2

0...345A 15

Fixed, varied

NDDSS

-N* 30

2...30 A 2

0...367.5 A7.5

Fixed, varied

FreSc

-90

2...30A4

0, 180

0.1...1.5 A
0.05

GrowthF

-5...-240A5

2...30A4

0, 180

Fixed, varied

GrowthFs

-5...-150A5

2...30A4

0, 180

Fixed, varied

FarWake

-510

0...60A5

0...350A 10

Fixed, varied

Table 6 Data acquisition patterns. Coordinates are relative to sting base coordinate
system, see Figure 31. A indicates the step size between measurement points.

4.5

Post-Processing of Measurement Data
The phase locked velocity time signals measured in the flow field were post

processed in different ways depending on the pattern and scope of the investigation as
outlined below.
The NDDSF and NDDSS data sets were used to evaluate Eigenfunctions, mean
velocity profiles, mode shapes, and mode amplitudes.
For amplitude distribution plots, all measured time signals were Fourier
transformed to Power Spectra and normalized by the peak values. In each of the Power
Spectra, the amplitude of the forcing (Fundamental) frequencies together with the
amplitudes of the spectrum at integer frequency fractions (Subharmonic frequencies) and
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integer multiples (Harmonic frequencies) were evaluated. These amplitude distributions
were then exported to IDL for plotting.
The mean velocity distribution of the same data sets was obtained by taking the
average of each time signal and normalizing it with the average of the radially outermost
data points at each azimuthal location. This procedure compensated for minor drift in
probe calibration. The data sets were then plotted the same way as the Eigenfunctions.
Mode shape plots were obtained by a complex temporal Fourier transformation of
each time signal, followed by a second transformation in azimuthal direction. The
magnitude of the complex values of this data set was the Power Spectrum for each
azimuthal mode. Extracting the amplitudes of the spectra at the forcing frequency and its
harmonics in the same fashion as for the amplitude distribution plots, gave the mode
shape in radial direction for each mode. The maximum value of all radial locations was
used to plot the mode amplitudes for ail modes.
The FreSC data sets were Fourier transformed into Power Spectra, and
subsequently the maximum amplitude of the spectra at all spatial locations measured was
combined into one maximum spectrum. During plotting in HDL, the spectra were
thresholded; and for the remaining peaks dots were plotted with dot sizes correlating with
peak amplitude, resulting in the Frequency Scan type plots.
The GrowthF and GrowthFs data sets were Fourier u-ansformed into Power
Spectra, the ampUtudes of the harmonic spectrum extracted in the same fashion as for the
amplitude distribution plots, and the maximum value at each downsuream location
evaluated.
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For all isocontour plots, the measured and post processed values were mapped
from the cylindrical coordinate system in which they were taken into a Cartesian
coordinate system used for plotting. A three point smoothing function was employed to
obtain reasonably smooth contour lines.
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5 EXPERIMENTAL RESULTS
5.1
5.1.1

NATURAL WAKE
Overview
Depending on the Reynolds number, the natural behavior of the wake can be

characterized by three different states. For Reynolds numbers below 500, the wake is
steady and laminar as shown in Figure 19. Increasing the flow speed to higher Reynolds
numbers leads to an unsteady wake behavior with vortex shedding. The size and
frequency of the shed vortices are irregular (see Figure 20). Single vortices have a plane
of symmeuy, which however does not have any preferred orientation with respect to the
model and may change from vortex to vortex. Taking a velocity measurement in the
wake and Fourier transforming it yields a rather broad peak in the spectrum (Figure 22).
Further increases in Reynolds number cause the vortices to break up into turbulence and
the vortex structures in the wake appear "blurred" in the flow visualization (Figure 21).
Nevertheless, it can still be observed from flow visualization that large vortical structures
still exist and dominate the flow field as in the previous Reynolds number range.

i

Figure 19 Laminar steady wake at Re^ = 500. Flow Visualization using blue dye.
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Figure 20 Laminar unsteady wake at Re^ = 1000. Flow Visualization using blue dye.

Figure 21 Turbulent unsteady wake at Reo = 2000. Flow Visualization using blue dye.

Unfore«d Tlm« Signal

Unforetd FFT

Figure 22 Time signal measured in the wake three diameters downstream of the body
base, and Power Spectrum. Natural wake without forcing.
Based on these initial observations, a Reynolds number in the order of 1000 to
1500 was determined to be most suited to investigate the nature and dynamics of the

79

three-dimensional bluff body specific vortex shedding. Once the mechanisms of the
vortex shedding at these (laminar) Reynolds numbers are understood, they might be
found applicable for higher (turbulent) Reynolds number flow as well since the flow
visualization suggests that they still dominate the flow field underneath the finer scale
vortices that can be observed at those Reynolds numbers.

5.1.2

Round vs. Square Cross section
In order to evaluate the applicability of experiments conducted with a body of

round cross section to wakes behind bluff bodies of other cross sections, the natural wake
behind a model with a square cross section of otherwise equal dimensions as the round
model was visualized for comparison. Figure 23 shows that the suiictures behind the
model with square crossection are very similar to those that can be seen in Figure 20
behind the model with round crossection. Therefore, all further experiments were
conducted using the model with the simpler axisymmetric geometry.

Figure 23 Natural square body wake, Re^ = 1000 (based on base height).
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5.2

VIBRATING RIBBON FORCING
During initial attempts at forcing the bluff body wake, an existing vibrating

ribbon device was used as shown in Figure 3. Comparing Figure 20 and Figure 24 shows
similar structures for the ribbon-forced case as for the natural case, but with the
amplitude, frequency, and plane of symmetry of the vortices fixed in the forced case.
This experimental setup therefore allowed scanning hot film measurements to be taken,
since the wake was forced into a lime periodic behavior, as becomes obvious from the
time signal and Power Spectrum shown in Figure 25.

Figure 24 Wake of short bullet shaped bluff body model forced with a vibrating ribbon.
Flow visualization, Reo = WOO, vibrating ribbon forcing 0.4 Hz/1 mm peak.
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Fore«d TimMignal

Pore«d FTT

Figure 25 Time signal measured in the wake 3 diameters downstream of the body base,
and Power Spectrum. Forced flow, Rep= 1000, vibrating ribbon forcing 0.4 H z / 1 mm
peak.
Figure 26 shows a scan through the frequency spectrum up to 1.5 Hz. The dots in
this plot indicate peaks in the Power Spectrum of the measured time signals. Dot size
indicates the magnitude of the peak, the larger the dot the larger the peak in the spectrum.
On the 45-degree diagonal line through this plot are the fundamental (forcing) frequency
peaks. These are the most dominant peaks in the spectrum for forcing frequencies below
0.8 Hz, when the flow instead locks into its natural Eigenfrequency which is around 0.35
Hz. On a line at an angle of 22.5 degrees with the horizontal axis, the peaks of the first
harmonic can be found, which occur at irregular intervals throughout the frequency range
up to about 0.5 Hz.
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Figure 26 Frequency scan showing the maximum peaks of the power spectra measured in
a two base diameter wide square 3 base diameters downstream of the base. Forced flow.
Rep = 1000, vibrating ribbon forcing with 1 mm peak displacement amplitude. Dot size
indicates relative peak strength. Thresholding was used to remove noise from the power
spectra.
In order to evaluate the downstream development of the vortices, a series of
measurements was undertaken for various downstteam locations. The results are plotted
in Figure 27.It can be seen that downstream of X/D = 3 the amplitudes of all special
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components decrease. Therefore, it was decided to evaluate the flow field at that location
in more detail.
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Figure 27 Downstream development of spectral components in the flow field. Forced
flow, Re=lOOO, vibrating ribbon forcing 0.4 Hz/1 mm peak. Plotted is the maximum
Power Spectrum amplitude of all time signals measured on a vertical line in the plane of
symmetry of the flow field including the centerline of the body.
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Figure 28 Mean Velocity contours of forced bluff body wake, Reo = 1000. X/D = 3
The mean velocity contours are shown in Figure 28. They should be axisymmetric
for an ideal situation. Since the body was suspended from wires, and the vibrating ribbon
was present in the wake as well, the effects of their wakes can be observed in the mean
velocity contours. The horizontal dip at Z/D = 0 is the wake of the ribbon, whereas the
other three dips are associated with the wakes of the suspension wires.
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Figure 29 Distribution of harmonic Power Spectrum components, Re^ = 1000. X/D =
three, forced flow, Rep^ 1000, vibrating ribbon forcing 0.4 Hz/1 mm peak.
Figure 29 shows iso contours of the harmonic Power Spectrum components from
the same measurement as the mean flow contours shown above. It can be seen that the
most energy and highest amplitudes are in the fundamental and first harmonic
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components. While the fundamental has two distinct peaks, the first harmonic shows
three peaks.

5.2.1

Comparison of Experimental Measm'ements with Numerical Results
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The distorted mean flow contours raised the question as to how much the
experiment was influenced by the wakes of both suspension wires and ribbon. To
determine this, Tourbier (1996) calculated numerically the same flow field as
investigated in this research, but without vibrating ribbon and suspension wires. The
numerical investigations were carried out using Direct Numerical Simulations (DNS).
Forcing in the numerical simulations was accomplished by using a blowing and suction
slot in the boundary layer near the base. The amplitude distributions from the
experiments and the simulations were then compared (Figure 30). The experimental data
for these plots were taken from the same measurement as for the contour plots of the
entire wake (Figure 29).
The experiments using the vibrating ribbon showed that forcing of the wake was
possible, and that a frequency and phase lock-in of the dominant modes in the wake could
be accomplished. The experiments also showed good agreement with numerical
simulations. There were however several drawbacks to the use of a ribbon for forcing of
the axisymmetric wake. Due to the presence of the ribbon in the absolute instability
region, it may have significantly modified the stability of the flow field. Even while not
moving, it could be observed as functioning like a splitter blade and thus stabilizing the
wake flow: The naturally observed vortex shedding was still observable, but it was
considerably weakened. Secondly, the ribbon excited an entire range of azimuthal modes
in the wake, whose composition was given by its geometry and could not be influenced.
Therefore it was not possible to excite for example only one helical mode of a certain
mode number. Thirdly, the ribbon did not just force the wake but the entire flow field
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inside the tunnel. This made it difficult to draw quantitative conclusions from the
experiments, as it was unclear which part of the disturbance input actually contributed to
the direct forcing. All of these drawbacks led to the development of the sting model, with
the goal to overcome most of these shortcomings.
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5.3

STING EXPERIMENTS
For the investigations outlined in this section, the sting model with eight pistons

and two drivers to operate them were used, as discussed in the section on Test Models
and Forcing Equipment. Both the number of pistons as well as drivers imposed
limitations on the possible actuator input, which are oudined in the next section.

5.3.1

Modes, Nomenclature and Coordinate System

+Theta

Theta = 0

Cylindrical
Coordinate
System
Origin

+ Z Axis

Figure 31 Sting model coordinate system and nomenclature. The origin of the X axis is
located at the sting base.
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All experiments using the sting model are referenced in a cylindrical coordinate
system, whose origin is at the center of the sting base, as shown in Figure 31. Coordinate
origins and axes directions are given by the small tunnel U^averse system, and the rotating
probe holder home switch locations. All distances are given in millimeters and angles in
degrees.
The forcing input is characterized by mode numbers, phase offset, peak amplitude
of the piston motion, and frequency. A mode number indicates the periodicity of the
forcing input with respect to the azimuthal direction. While mode zero is an axisymmetric
disturbance, mode one is equal to a single sinusoid in circumferential direction, mode two
goes through two cycles in 360 degrees and so on. Figure 32, Figure 33, and
Figure 34 show the piston motion as well as the modal Power Specula during one
forcing cycle for modes ±1, ±2 and ±4, respectively. The actual time signals which were
supplied to the individual pistons during one time period are shown as well.
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Actuator Time Signals, Forcing Modes ±1
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Actuator Time Signals, Forcing Modes ±2
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Actuator Time Signals, Forcing Modes ±4
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Actuator Time Signals, Forcing Modes ±3
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Modes with negative mode numbers travel in counterclockwise direction, modes
with positive mode numbers in clockwise direction looking in streamwise direction. As
opposed to a setup where each piston is independently controllable, the setup with only
two independent drivers allows only certain combinations of modes to be excited. The
requirement is that all pistons have to move in phase. This is only true for combinations
of left and right travelling modes of equal amplitude and mode number, as opposed to
single travelling azimuthal waves where all pistons have a phase shift relative to each
other. The fact that only eight pistons were available also limited the maximum mode
number in azimuthal direction to four, which is due to the Nyquist sampling theorem.
While the spatial representation of lower order modes is quite acceptable, forcing higher
modes leads to a rather crude spatial representation of the desired sinusoidal forcing
input, as can be seen when comparing Figure 32 with Figure 34. While forcing the ±3
modes is feasible, as shown in Figure 35, this disturbance also creates significant
amplitudes in the ±1 and ±2 modes. This is because the number of pistons (8) is not
divisible by a periodicity of three. Therefore, the forcing input for modes plus and minus
three was actually a superposition of several modes. The phase offset determined the
plane of symmetry of the developing vortices, which was kept vertical for all experiments
unless otherwise noted. Since the pistons were assembled at 22.5 degrees offset to the
tunnel coordinate system, the phase offset was set to compensate this offset for all but the
±4 modes forcing.
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Mode #

Sine Peak

Driver# I

Amplitude [mm]

Driver #2
[mm]

[mm]
1

1

0.924

0.383

I

2

1.848

0.766

I

3

2.772

1.149

1

4

3.696

1.532

2

2

1.4142

1.4142

2

3

2.1213

2.1213

2

4

2.8284

2.8284

2

5

3.5355

3.5355

3

2

0.765

1.848

3

3

1.1475

2.772

3

4

1.53

3.696

4

2

2

2

4

3

3

3

4

4

4

4

Table 7 Piston amplitudes for the investigated mode number / amplitude combinations.
5.3.2 Evaluation of the Forcing Input
In order to determine what velocity fluctuations reach the flow field for a given
piston amplitude and frequency setting, the flow field direcdy above the disturbance slot
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was evaluated. All the forcing input evaluations were conducted with the radial endpiece.
The hot film probe was traversed in x and theta 0.5 ram above the slot surface. Moving
the probe closer to the surface was not feasible due to a slight runout of the rotating probe
holder in combination with a slightly crooked probe and probe holder assembly. To
minimize this effect, only one (Slot #7) out of eight slots was evaluated.
In a first attempt, the mean flow and boundary layer suction were set to the values
used for all measurements. In this setup, the forcing input distribution looked similar to
the Figure 36. While the effect of the forcing was limited in upstream direction, the
amplitude of the forcing frequency kept growing in downstream direction beyond the
body base, which was located at X-XO = -2.54 mm. The plot in Figure 36 was obtained
from a measurement after attaching a cylindrical add on piece to the base which
effectively shifted the base to X-XO = -15.3 mm. Even with this added separadon
between forcing slot and body base the disturbance kept growing beyond the base of the
body. It should be noted that almost all of the disturbance energy was in the fundamental
frequency with the tunnel switched on. Since the single wire hot film probe is not
sensitive to direction, most of the energy should be in the first harmonic frequency if both
blowing and suction reach the probe and are measured as positive sine half-waves. Since
this was not the case for the investigation with the mean flow on, it can be concluded that
the probe measured only either the blowing or the suction velocity at a given location.
This explains the minimum direcdy over the blowing and suction slot as well as the
upstream and downstream maxima. It can be speculated that the upstream maximum was
caused by the sucdon cycle, while the downstream increase in amplitude was caused by
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the blowing cycle. Since the area influenced by the disturbance slot could not be
separated from the wake, it was impossible from this kind of measurement to evaluate the
momentum flux created by the slot.
j y • 0.0501

.040

c
£

.0301

,020
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-20

-10

0

10

Theta - ThetaO [deg]

Figure 36 Amplitude distribution of the fundamental frequency with tunnel running at 10
Hz. Forcing 0.27Hz/3mm at slot #7. XO and ThetaO are the slot center coordinates.
The cause of the spatial spreading of the momentum flux is the interaction
between the distiu-bance emanating from the slot and the boundary layer flow. The
obvious solution is to switch off the mean flow and thus eliminate the boundary layer
flow, and then evaluate the forcing. This however causes the hot film probe to measure
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mean velocities very close to zero, where natural convection effects in combination with
a very steep gradient of the hot film probe calibration curve make accurate measurements
difficult. Also, with the tunnel at rest, the stagnant water will chill to temperatures well
below room temperature due to evaporation cooling at the water surface, as the small
tunnel temperature controlling system works only with the tunnel running. This shifts the
hot film probe operating point out of the temperature calibration range, thus making
measurements impossible. A workaround was found by heating the tunnel water to the
upper end of the probe calibration range before each measurement run. Data was then
taken right after switching off the tunnel during the evaporation induced cooling, but
before the water would cool below room temperature and below the probe calibration
range. Nevertheless, the accuracy of the measurements was often jeopardized by
temperature drift as well as stagnant flow / natural convection effects, although it is
unclear to what degree. It is believed though, that the presented data, which are all subject
to these effects, are consistent among each other; although they may not represent the
flow field in absolute terms.
The amplitude distribution of the forcing shown in Figure 37 indicates that with
the mean flow switched off, the area of influence was limited to the area near to the slot.
This allowed for the spadal integration of the momentum flux. With the mean flow
switched off, most energy was found to be in the first higher harmonic of the forcing
frequency, indicating that in most locations both blowing and suction reached the probe.
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Figure 37 Amplitude distribution of first harmonic frequency with tunnel switched off.
Forcing 0.27 Hz/3mm at slot #7.
With the probe held stationary at the center of the slot, the frequency and
amplitude of the forcing were varied. This yielded the plots shown in Figure 38 and
Figure 39. While the disturbance velocity scaled nearly linearly with frequency, it
changed not entirely linearly with amplitude. This effect may be due to backlash and / or
elastic effects within the drive wire assembly. An attempt to plot the flow velocity of the
various amplitude and frequency combinations as a (linear) function of piston velocity is
shown in Figure 40.
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Four spatial measurements of the type shown in Figure 37 were undertaken in
order to evaluate the shape of the amplitude distribution. A center crossection in both
Theta and x direction of these measurements are shown in Figure 41 and Figure 42,
respectively. In these plots, the velocity profiles were normalized with the center
velocities. Although these normalized profiles do not collapse perfecdy onto each other,
their shape is very similar. The velocity profile that deviated the most, was the one with
the smallest total velocity, for which the error of the hot film measurement is expected to
be largest.
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Figure 41 Normalized azimuthal velocity profiles at center of slot (x=15.3mm).
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Figure 42 Normalized velocity profiles in streamwise direction at center of slot (Theta =
118 deg). The slot center in streamwise direction is at X= 15.3mm
The velocity integrals of these profiles as well as their velocity integrals
normalized by the slot center velocity squared are shown in Table 8. The normalized
integrals should be the same if the profiles were perfectly similar. In the investigated
cases these profiles vary within less than ± 10 % of each other.
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Frequency

Amplitude

[Hzl

[mm]

0.27

1.5

63.4

1

63.4

0.27

3.0

472.8

7.8

60.2

0.54

1.5

276.63

4.1

67.1

1.08

1.5

1133.7

16.2

70.1

J|u'dxdO

^center

II u'dxdd

^center

Table 8 Forcing velocity integrals for the four measured spatial forcing distributions.
The goal of the disturbance input investigations was to determine the momentum
coefficient. This dimensionless number can be used in other investigations to reproduce
the experimental disturbance parameters chosen in this research. It also relates the
momentum of the disturbance input to a reference momentum flux, which was chosen to
be based on the crossectional area of the model and the mean flow velocity. For
calculating the momentum coefficients, the average normalized velocity integral of the
four measurements shown in Table 8 was used. The momentum coefficients are based on
the body base area and the mean flow velocity. Table 9 shows the momentum
coefficients for the major mode / frequency / amplitude combinations investigated in this
research.
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Mode#

Frequency

Amplitude

[Hz]

[mm]

I

0.18

2

1.74E-05

1

0.27

2

5.53E-05

I

0.54

2

3.41 E-04

1

1.08

2

2.04E-03

2

0.27

4

4.10E-04

2

0.54

4

2.82E-03

3

0.54

4

8.03E-04

4

0.35

3

1.05E-03

Momentum Coefficient C|i
.

S=135°X=20mm

c = — — f
\u''dxde
45 U • ^
D 9=90°
^ .Y=10mm
•'

Table 9 Momentum coefficients for investigated mode number / amplitude / frequency
combinations. Cfi is calculated based on the mean flow velocity and the base area of the
body.
In summary, evaluating the forcing input turned out to be much more difficult
than evaluating the resulting flow field. Evaluation of the forcing input is at the limit of
what can be done using hot film anemometry, and the achieved accuracy has to be
considered poor due to the physical limitations of the measurement procedure. For more
accurate investigations, other measurement methods such as laser doppler anemometry or
particle image velocimetry should be employed.

5.3.3 Evaluation of Boundary Layer Suction
The suction area of the sting model was operated in a gravity driven mode. The
suction rate in this setup was determined by the height below the tunnel water level to
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which the end of the suction tubing was lowered. Using this siphoning method, suction
rates up to 28 cmVsec could be achieved, limited by the elevation of the tunnel water
surface above the laboratory floor. The water was recirculated back into the tunnel using
a small pond pump.
Suction Rate vs. Height
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Figure 43 Suction volume versus suction height
For a Reynolds number of 1500 the boundary layer at the sting base was
evaluated without suction and with 450 mm of suction height. Velocity measurements
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were taken at four different azimuthal locations. While three of the velocity profiles
collapsed well, the fourth profile, which was located in the wake of the sting suspension
strut, deviated somewhat Especially for the case without suction, the deviation was large.
A possible explanation for this was the existence of longitudinal comer vortices in the
boundary layer, which are forming at the junction of the strut with the sting. These
vortices deformed the boundary layer profile, although the mean velocity distribution
outside the boundary layer did not show any modification due to the strut. Switching on
the suction, however, improved the situation and evened out the differences between the
boundary layer profiles (see Figure 45).
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Figure 46 Comparison of boundary layers with and without suction, Re^ = 1500.
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The suction system was able to decrease the boundary layer thickness
considerably, while it also removed disturbances caused by the strut upstream. The
suction rate was kept constant for all experiments (450 mm suction height).

5.3.4 Endpiece Evaluation
The first measurements were set up to determine the effectiveness of the
endpieces with regard to the forcing input. For these investigations, modes ±l were
excited with a frequency of 0.27 Hz. The forcing amplitude was set to 2 mm peak piston
displacement.
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forcing ±I, 0.27 Hz, 2 mm
While all three endpieces showed similar amplitudes in the downstream
development of the significant fundamental and first harmonic frequencies, it appeared
that the scatter of the data points was least for the radial endpiece. The endpiece with pie
shaped actuators showed the largest amount of scatter. Regarding the development of the
first harmonic frequency, it appears that the radial endpiece produced slighdy larger
amplitudes than the axial endpiece. The amplitudes of the higher order and subharmonic
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modes were smallest for the radial endpiece. For all further investigations, the radial
endpiece was used.
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±1, 0.27 Hz, 2 mm

5.3.5

Influence of Forcing Amplitudes
To evaluate how the amplitude of the forcing input influences the wake behavior,

a series of measurements using the entire range of motion of the actuators was
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undertaken. These measurements were carried out for Reo = 1500, using the radial
endpiece and forcing modes ±1 with a frequency of 0.27 Hz.
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Figure 50 Downstream growth for forcing amplitudes 1-4 mm.
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Figure 51 Comparison of the downstream development of the fundamental (forcing)
frequency for forcing amplitudes 1-4 mm. Radial endpiece, forcing modes ±1 with a
frequency of 0.27 Hz.
Figure 50 shows downstream growth of harmonic frequency amplitudes for four
different forcing amplitudes. While the maximum fundamental frequencies reach about
the same levels, the first harmonic frequency is significantly smaller for the smallest
forcing amplitude. In addition, the data scatter for the smallest forcing amplitude appears
to be larger than in the other cases. At two millimeters of piston displacement and above,
the wake seems to establish nonlinear saturation of the modes, and further increases in
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forcing amplitude do not result in increased wake response. In Figure 51 and Figure 52
the fundamental and first harmonic growth are compared for all forcing amplitudes.
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Figure 52 Comparison of the downstream development of the first harmonic frequency
for forcing amplitudes 1-4 mm. Radial endpiece, forcing modes ±1 with a frequency of
0.27 Hz.
Overall, the forcing amplitudes do not seem to have a major influence on the
downsn-eam development of the fundamental frequency. The first harmonic, however,
only develops beyond about 2 mm forcing amplitude to its fully saturated surength.
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5.3.6

R cq

= 1000 Experiments

For comparison with the vibrating ribbon experiments, a series of measurements
were undertaken for Rcp = 1000. Due to the increase in model diameter from the small
bullet shaped models (20 mm) to the sting model (30 mm), the forcing frequency for a
constant Strouhal number was lower. This increased measurement times for a given
Strouhal number. In addition, at smaller tunnel speeds the flow quality decreased, and the
hot film probe measurements were less accurate due to natural convection. For these
reasons, the bulk of sting experiments was conducted at a Reynolds number of 1500.
In Figure 53, measurements using the sting model are shown. The results in
Figure 53 can be compared to those in Figure 26 for the bullet shaped model where the
wake was forced using the vibrating ribbon. While the fundamental response of the flow
is very similar in both cases, the ribbon forcing introduces more harmonic and
subharmonic content than the sting model. This is consistent with the expected much
cleaner disturbance input for actuators used in the sting model. Adjusted for the different
model diameters, however, the range of frequencies, for which lock-in of the wake can be
accomplished, is comparable. The most amplified frequency for the ribbon forcing is
around 0.3 Hz, while the larger sting model's most amplified frequency is around 0.18
Hz. This indicates that the Strouhal number is about the same for both setups.
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Figure 53 Scan through forcing frequencies between O.I Hz and 0.6 Hz. The maximum
peak of the power spectra on a vertical line 3 diameters downstream of the base is
shown. Re^ = 1000, forcing modes ±1, 2 mm amplitude.
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Figure 54 Downstream development of harmonic frequency amplitudes. Radial endpiece,
Reo = 1000, forcing modes ±I, frequency 0.18 Hz, 2 mm amplitude.
Figure 27, for which the data was obtained using vibrating ribbon forcing, can be
directly compared to Figure 54, which was measured with the sting model. It appears that
the maximum amplitude of the fundamental frequency for the ribbon setup (around three
diameters downstream) is further downstream than for the sting setup (around 1.5
diameters downstream). This holds true for the first harmonic frequency as well. This
effect may be explained by the inuiisiveness and location of the ribbon in the
recirculation zone. The leading edge of the ribbon was positioned about 0.4 diameters
downstream of the base, with a cord length of about 0.4 base diameters, and it appears
that the disturbances introduced by it grow downstream of the ribbon. From flow
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visualization it could be observed that the presence of the ribbon also elongates the
recirculation zone, thus changing the stability behavior of the flow.
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Figure 55 Mean flow and amplitude distributions of harmonic frequencies. Re^ = 1000,
forcing modes ±1, frequency 0.18 Hz, 2 mm amplitude.
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Nevertheless, the amplitude distributions of the harmonic frequencies of the sting
model are very similar to those of the ribbon-forced, short bluff body model. The
amplitude distribution of the fundamental frequency shown in Figure 55 features the
same two peaks as the ribbon-forced distribution shown in Figure 29, while the first
harmonic has three peaks in either case. While the mean flow of the ribbon-forced wake
shows the presence of all the suspension wire and ribbon wakes (Figure 28), the mean
flow of the sting model shown in Figure 55 is mostly axisymmetric without any visible
suspension system wakes.
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Figure 56 Mode profiles in azimuthal direction of the fundamental frequency 3 diameters
downstream of base. Re^ = 1000, forcing modes ±1, frequency 0.18 Hz, 3 mm amplitude.
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The mode amplitude distribution shown in Figure 56 identifies the wake of the
sting model to be characterized by a plus and minus one mode of similar strength. No
comparable plot exists for the ribbon-forced wake, since all ribbon-forced data were not
phase locked to the disturbance input due to limitations of the data acquisition equipment
employed at that time.
Overall, the sting model yields amplitude disuibutions and amplified Strouhal
number ranges, which are comparable to the ribbon-forced short bluff body model flow.
The downstream growth of the harmonic frequencies in the sting model wake, however,
is considerably faster than the ribbon-forced short bluff body model wake.

5.3.7

Forcing Modes ±1, R cd = 1500
Increasing the Reynolds number to 1500, the natural vortex shedding frequency

increases to approximately 0.3 Hz. Figure 57 shows a range of forcing lock-in for the
fundamental frequency starting at the lowest forcing frequency, 0.1 Hz, and extending up
to frequencies around I Hz. At low forcing frequencies (below 0.25 Hz), a response with
a higher frequency can be observed, which is around the naturally most amplified
frequency, 0.3 Hz. In the same way at higher frequencies (above 0.6 Hz), a low frequency
response can be seen around about the same natural frequency. This natural response
increases in amplitude with increasing forcing frequency, and is the only time-periodic
response left in the flow for forcing frequencies where the flow does not respond to the
forcing. It should be noted that the response of the flow to forcing was only evaluated
three diameters downstream of the base. Higher frequencies seem to dampen out over
shorter distances downstream than lower frequencies. This means that the flow close to
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the body base might still respond locally to the forcing. However, this response can not
be seen in Figure 57, which shows the global response of the flow to the forcing input.
Figure 57 was obtained by thresholding Power Spectra of the maximum forcing response
of the flow. For reference, some of the original, non-thresholded spectra are shown in
Figure 58. These show the increase in background noise for small frequencies, which is
removed by thresholding, in order to show the dominant frequency peaks and the
amplitudes for the disturbances that govern the flow.
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Figure 57 Scan through the forcing frequency range between O.I Hz and 1.5 Hz. The
maximum peaks of the power spectra on a vertical line 3 diameters downstream of the
base are shown. Radial endpiece, Reo = 1500, forcing modes ±1,2 mm amplitude.
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Figure 58 Selected Power Spectra used to plot Figure 57.
Figure 59 shows that the downstream development of the fundamental and first
harmonic frequency amplitude is similar for a Reynolds number of 1500, when
comparing it to the Reynolds number 1000 case shown in the previous section. The
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downstream location of the maximum amplitude of each frequency component does not
significandy change, and beyond X/D = 2, only damping can be observed.
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Figure 59 Downstream development of harmonic frequency amplitudes. Radial endpiece,
forcing modes ±1, 0.27 Hz, 2 mm
The flow visualization pictures shown in Figure 60 and Figure 61 indicate the
foraiation of vortex loops. These alternate in orientation from upward (as seen in the
pictures) to downward. The plane of symmetry is a vertical line through the center of
Figure 61, and is parallel to the image plane in Figure 60.
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Figure 60 Flow visualization of the near wake. Re^ = 1500, forcing modes ± I, frequency
0.27 Hz, 2 mm amplitude. Images taken simultaneously using a mirror, the direction of
view of both images are perpendicular to each other.
The amplitude distributions of the harmonic frequency components as well as the
mean flow distributions are similar for the Reynolds number 1000 and 1500 cases as
well. Figure 62 shows the same features for the Reynolds number 1500 case as does
Figure 55 for the Reynolds number 1000 case.
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Figure 61 Flow visualization using fluorescein dye and a laser light sheet. Location of
the cross sections was atX/D = /. Radial endpiece, forcing modes ±1, frequency 0.27 Hz.
3 mm amplitude. Four different instants of time during one shedding cycle are shown.
The Power Spectra for the plus and minus one modes (Figure 63) show a response
to the forcing input mostly at the forcing frequency. All higher and subharmonic
frequencies do not yield significant peaks. Therefore, the only response to the forcing
input is at the fundamental frequency of the forced plus and minus one modes. The mode
amplitude distributions in radial direction are shown in Figure 62. Figure 64 demonstrates
that all modes other than plus and minus one are negligible in amplitude.
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Figure 62 Amplitude distributions of harmonic frequencies and azimuthal mode profile of
fundamental frequency. Re^ = 1500, forcing modes ±1, frequency 0.27 Hz, 2 mm
amplitude.
The forcing input for the measurements so far was oriented such that the plane of
symmetry was vertical, which required a phase offset of 22.5 degrees for the two
superimposed waves with respect to the coordinate system. Figure 65 demonstrates the
rotation of the harmonic amplitude distributions by the amount of additional phase shift
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applied. In this experiment, 45 degrees were added for a total of 67.5 degrees with respect
to the coordinate system.
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Figure 63 Mode Power Spectra for modes plus and minus one at R/D =0.5
Increasing the forcing frequency to the upper end of the frequency range, for
which lock-in can be observed, does not change the mode shape or the harmonic
frequency amplitude distribution, as can be seen from Figure 66. However, the maximum
amplitude of the flow response is lower than for forcing with a frequency that is close to
the natural vortex shedding frequency. While the maximum amplitude for the
fundamental frequency in Figure 62 is around 20% of the freestream velocity, this value
decreases to about 12% in Figure 66. Increasing the forcing frequency beyond the lock-in
range results in amplitude distributions that do not show an organized behavior, at least
not at three diameters downstream of the base (see Figure 68). Close to the body base,
however, the forcing input does force the wake into time-periodic and phase-locked
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behavior. This can be seen from the flow visualization in Figure 69. Further downstream,
the wake returns to its natural, non-periodic and non-phase locked behavior.
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Figure 64 Maximum amplitudes of the different modes at 3 diameters downstream of the
base. Radial endpiece, Re^ = 1500, forcing modes ±1, 0.27 Hz, 2 mm amplitude.
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Figure 65 Harmonic Power Spectrum component amplitude distributions and maximum
mode amplitudes. Reo = 1500, forcing modes ±1, 0.27 Hz, 2 mm amplitude, phase offset
45 degree shifted in clockwise azimuthal direction, a.) fundamental, b.) first harmonic, c.)
first subharmonic frequeny. d.) maximum mode amplitudes at 3 diameters downstream.
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Figure 66 Amplitude distribution of harmonic frequencies and radial mode profiles.
Radial endpiece, Rep = 1500, forcing modes ±1, frequency 0.54 Hz, 2 mm amplitude.
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Figure 67 Flow visualization of the near wake. Rep = 1500, forcing modes ± I, frequency
0.54 Hz, 2 mm amplitude. Images taken simultaneously using a mirror, direction of view
in each image perpendicular to each other.
Looking at the influence the forcing has on the wake drag. Figure 70 shows that
all forcing with modes ±1 does increase the wake drag beyond the level of the natural
wake. A noticeable dip in the drag exists, however, around 0.6 Hz. This dip coincides
roughly with the end of the range for which the wake locks into die forcing input. Within
the lock-in range the drag force correlates with the fundamental frequency amplitudes.
Beyond that, the drag increases again and levels off at about 30% above the value for the
natural wake drag. This increase takes place despite the fact that three diameters

133

doxfrnstreani of the wake the modes ±I are not detectable any more, suggesting that the
near wake behavior determines the drag rather than the far wake.
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Figure 68 Amplitude distribution of harmonic frequencies and maximum mode
amplitudes. Radial endpiece, Re^ = 1500, forcing modes ±1, frequency 1.08 Hz, 2 mm
amplitude.
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Figure 69 Flow visualization of the near wake. Re^ = 1500, forcing modes ±1, frequency
1.08 Hz, 2 mm amplitude. Images taken simultaneously using a mirror, direction of view
in each image perpendicular to the other.
Forcing the wake at a Reynolds number of 1500 yields similar amplitude
distributions of the harmonic frequencies and mode distributions as for the Reynolds
number 1000 case. It could be demonstrated that the wake could be locked to the forcing
input in frequency and phase orientation of the modes over a relatively wide frequency
range. At lock-in, the amplitudes of the forced plus and minus one modes are most
dominant, with small amplitudes of all other modes. The best lock-in could be achieved
for a forcing frequency of about 0.27 Hz. Beyond the lock-in range, the returned to its
natural random behavior and all modes showed roughly similar amplitudes both at the
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forcing frequency and its harmonics. In all forcing attempts with the ±1 modes, the
amplitude distributions of the harmonic frequencies are consistent with the forcing input.
The mean flow distribution, however, was found to be axisymmetric in all cases which is
not what would be expected. An elliptical mean flow distribution would be consistent
with ±I modes present in the wake.
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Figure 70 Change of base drag. Re^ = 1500, forcing modes ±1, 3 mm amplitude. Error
bars indicate range of data scatter.
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5.3.8 Forcing Modes ±2, Rcq = 1500
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Figure 71 Scan through the forcing frequency range between 0.1 Hz and 1.5 Hz. The
maximum peaks of the power spectra on a vertical line 3 diameters downstream of the
base are shown. Radial endpiece, Rcp = 1500, forcing modes ±2, 2 mm amplitude.
Comparing the scan through the forcing frequencies for forcing the plus and
minus two modes shown in Figure 71 to the same scan for the plus and minus one modes
shown in Figure 57, it can be seen that the lock-in range of frequencies has narrowed. It
is also centered at a higher frequency for the best lock-in. While lock-in can be observed
between 0.1 Hz to 0.6 Hz for forcing the plus and minus one modes, this range has now
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decreased to 0.3 to 0.7 Hz. Beyond that lock-in range the behavior of the wake is similar
to the ±1 mode forcing with the wake showing only frequency peaks around 0.3 Hz. The
downstream development of the harmonic frequencies shown in Figure 72 shows only a
significant amplitude for the fundamental frequency: the first harmonic no longer exceeds
the noise level. The data scatter is significantly larger than for the ±lmode forcing,
indicating a less complete lock-in. The disuibution of the harmonic Power Specuum
components for forcing with 0.27 Hz / 2 mm subsequently shows a non-symmeuic
distribution of the fundamental peaks. Repeating the experiment with 0.27 Hz / 4 mm
amplitude yields a better lock in, even though the mode shape shown in Figure 73 still
shows the presence of a -1 mode. The best lock-in can be obtained for forcing with a
higher frequency, 0.54 Hz, as shown in Figure 74 to Figure 76. Compared to the ±1 mode
forcing, which shows two peaks in the fundamental frequency distribution, the
fundamental frequency for the ±2 mode forcing now shows four peaks. No organized
patterns exist in subharmonic and higher harmonic frequencies. The mean flow shown in
Figure 75 is significandy distorted due to the forcing and presence of the plus and minus
two modes. A flow visualization of the near wake shown in Figure 76 indicates that now
two vortex loops are being shed at any given point in time, their plane of symmetry
alternating in orientation between horizontal and vertical.
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Figure 72 Downstream development of harmonic frequency amplitudes. Radial endpiece,
forcing modes ±2, frequency 0.27 Hz. 2 mm amplitude.
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Figure 73 Amplitude distributions of harmonic frequencies and radial mode profiles. Re^
= 1500, forcing modes ±2, frequency 0.27 Hz, 4 mm amplitude.
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Figure 74 Amplitude distributions of harmonic frequencies and mean flow. Re^ = 1500.
forcing modes ±2, frequency 0.54 Hz, 4 mm amplitude.
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Figure 75. Radial mode profiles and maximum mode amplitudes. Reo = 1500, forcing
modes ±2, frequency 0.54 Hz. 4 mm amplitude.
The flow visualization images shown in Figure 76 and Figure 77 indicate that two
vortex loops with opposite orientations are being shed at each instant of time. These
vortex pairs alternate in orientation between horizontal and vertical as shown in the
images. This leads to a flow field with two planes of symmetry for the ±2 forcing, which
are perpendicular to each other. In comparison, the ±1 forcing as shown in Figure 61 has
only one plane of symmetry.
The drag change shown in Figure 78 indicates a maximum drag increase of more
than 60 percent at a forcing frequency of 0.6 Hz. This frequency correlates with the
frequency for which the best lock-in could be achieved as determined by the frequency
evaluation. Compared to the ±1 forcing, the drag increase is even larger, indicating that
the ±2 modes induce higher velocities associated with lower base pressures.
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Figure 76 Flow visualization of the near wake. Rep = 1500, forcing modes ±2, frequency
0.54 Hz, 4 mm amplitude. Images taken simultaneously using a mirror, direction of view
in each image perpendicular to the other.

Figure 77 Flow visualization using fluorescein dye and a laser light sheet. Location of
the cross sections was at X/D = 1. Radial endpiece, forcing modes ±2, frequency 0.54 Hz,
3 mm amplitude. Two different instants of time during one shedding cycle are shown.
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Figure 78 Change of base drag. Re^ = 1500, forcing modes ±2, three mm. Error bars
indicate 95% confidence range for each forcing frequency.
While the ±2 forcing achieves good lock-in, the frequencies at which this lock-in
is achieved are higher than for the ±1 forcing. The amplitude distributions of the
harmonic frequencies and the mean flow distortion are consistent with the forcing input.
Beyond the lock-in range the wake further downstream returns to the natural random
state observed in the unforced flow, while locally in the near-wake lock-in can still be
observed.
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5.3.9 Forcing Modes ±3, Rcd = 1500
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Figure 79 Scan through the forcing frequency range between 0.1 Hz and 1.5 Hz. The
maximum peaks of the power spectra on a vertical line 3 diameters downstream of the
base are shown. Rep = 1500, forcing modes ±3, 2 mm amplitude.
The range of frequencies for which lock-in can be achieved for forcing modes ±3
appears further reduced from the ±2 lock-in range. It extends now from about 0.3 Hz to
0.6 Hz as shown in Figure 79. Even within that range, none of the amplitude distribution
of the harmonic frequency component plots shows a distribution for the fundamental
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frequency that is consistent with the presence of modes ±3 at three diameters downstream
of the base. For the investigated forcing setups of 0.27 Hz / 4 mm and 0.35 Hz / 4 mm no
azimuthally periodic response of the flow could be observed. Forcing the flow with 0.54
Hz / 4 mm yielded the amplitude distribution and mode shape shown in Figure 80. While
the modes ±3 are dominant, there are adjacent modes with almost as high amplitudes as
the amplitudes of the forced modes as shown in Figure 81.
It appears difficult to correlate the drag measurements with the lock-in of the
wake to the forcing. This is most likely caused by the presence of many modes in the
wake, which does not yield a clear picnire. Even in cases where a lock-in behavior
periodic in time and space could be obtained, many modes coexist.
While all other forcing attempts yielded a response where the forced modes were
clearly the dominant features of the wake, the plus and minus forcing only yielded a
rather contaminated flow response. This may be partly due to the fact that the ±3 forcing
input does not spatially divide up in the number of eight discrete actuators used for
forcing. Also, the spatial discretization itself is significandy worse than for the smaller
mode numbers. The best lock-in that could be achieved is a superposition of modes at a
forcing frequency of 0.54 Hz that results in a amplitude distribution of the harmonic
frequency components with five peaks. The mean flow showed a distortion consistent
with the amplitude distribution of the harmonic frequencies.
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Figure 81 Radial mode profiles and maximum mode amplitudes. Reo = 1500, forcing
modes ±3, frequency 0.54 Hz, 4 mm amplitude.
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Figure 82 Change of base drag. Re^ = 1500, forcing modes ±3, 3 nun amplitude. Error
bars indicate 95% confidence range for each single forcing frequency.
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5.3.10 Forcing Modes ±4, Rep = 1500
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Figure 83 Scan through the forcing frequency range between 0.1 Hz and 1.5 Hz. The
maximum peaks of the power spectra on a vertical line 3 diameters downstream of the
base are shown. Re^ = 1500, forcing modes ±4, 2 mm amplitude.
The scan through the frequency range obtained three diameters downstream of the
base for forcing the ±4 modes shows very littie response in the fundamental frequency.
Subsequently no organized Power Spectrum distribution was found at that downstream
location (see Figure 85). The measurement was then repeated at two and one diameters
downstream of the base, where a distribution consistent with forcing modes ±4 was
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found. While the lower order modes evaluated in the previous chapters seemed to persist
relatively far downstream, the ±4 modes decayed much faster and are not detectable
beyond two diameters downstream. The downstream growth curve shown in Figure 84
shows the maximum fundamental amplitude at X/D = 1, and a fast decay occurring
beyond that location. The flow visualization in Figure 87 shows how the wake breaks up
in mosdy random motion for locations two diameters downstream and beyond, while the
near wake is quite organized. The single vortices being shed by each blowing and suction
slot can be seen in Figure 88. Even at X/D = 1 there is a multitude of modes present in
the wake as shown in Figure 86. While the ±4 modes are most dominant, the adjacent
modes still show considerably large amplitudes.
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Figure 84 Downstream development of the amplitude of the harmonic frequencies, Re^ =
1500, forcing modes ±4, frequency 0.35 Hz, 3 mm amplitude.
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Figure 85 Amplitude distributions of the fundamental frequency at locations I to 3
diameters downstream of the body base, and mean flow 1 diameter downstream. Forcing
modes ±4, frequency 0.35 Hz, 3 mm amplitude.
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Figure 86 Radial mode profiles and maximum mode amplitudes, I diameter downstream
of the body base. Rep = 1500, forcing modes ±4, frequency 0.35 Hz, 3 mm amplitude.

Figure 87 Flow Visualization of the wake flow. Rep = 1500, forcing modes ±4, frequency
0.54 Hz, 3 mm amplitude. Images taken simultaneously using a mirror, direction of view
perpendicular to each other.
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Figure 88 Flow visualization using fluorescein dye and a laser light sheet. Location of
the cross sections was atX/D = /. Radial endpiece, forcing modes ±4, frequency 0.54 Hz.
3 mm amplitude. Two different instants of time during one shedding cycle are shown.
80

60

40

20

.••11—•

-20

0

0.2

0.4

0.6

0.8

1

Forcing Frequency [Hz]

Figure 89 Change of base drag. Rep = 1500, forcing modes ±4, 3 mm amplitude. Error
bars indicate 95% confidence range for each single forcing frequency.
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While all previous forcing attempts showed a maximum increase in drag
correlating with the best lock-in, the lock-in frequencies for forcing the ±4 modes show
negligible drag increase, if not a slight drag decrease. For all other forcing frequencies,
however, a significant drag increase could be observed.
The mode ±4 forcing showed very rapid decay in streamwise direction. Even
though a local lock-in could be achieved, already three diameters downstream no
significant amplitudes in the forced mode could be observed. Instead, the ±1 modes could
be observed further downstream. Of all investigated modes, the ±4 modes had the least
increase in drag during lock-in. The mode distribution showed the ±4 modes at lock-in to
have the largest amplitudes, but significant amplitudes were existent in the neighboring
modes, both with larger and smaller mode numbers. This contamination was most likely
due to the poor spatial discretization which created many harmonic frequencies from the
disturbance input.
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6 CONCLUSIONS
The experimental setup involved development of a generic three-dimensional
bluff body model that allows for active flow control. The sting model, which is described
in detail in section 4.2.1.2, minimizes disturbances introduced into the flow due to
mounting and actuation input, by locating the major mount and supply strut far upstream
of the base of the model. Thus a relatively uniform mean flow was achieved, even though
the boundary layer profile showed some distortion due to the strut. This distortion most
likely originated at the junction of sting and strut. The boundary layer suction within the
model proved to be effective in reducing the boundary layer thickness. While locating the
drivers outside of the water tunnel and model avoids any heat from the drivers interfering
with the flow field. However the Bowden cable linkage between the drivers and the
piston actuators in the model still has wear problems. At this point the teflon coating of
the wires will wear within about two weeks of continuous operation, at which point the
wires need to be replaced. In general, however, the model works satisfactorily and is
quite versatile for generating various kinds of disturbance input.
The drag measurement setup was extremely sensitive to contaminations in the
pressurized air supply for the air bearings, as well as mechanical binding. Both of these
problems could be eliminated by careful alignment of the components and suitable water
separator setup and maintenance. As long as neither of these was a factor, all
measurements were reproducible within the statistical confidence range. The data scatter
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was caused by random disturbances, mostly in the form of low frequency oscillations
introduced through the tunnel frame or air currents in the lab.
All investigations conducted were carried out using flow visualization or hot film
anemometry. Due to its inUiisiveness, the latter technique limited the available
measurement range to areas outside of the region of absolute instability.
Three different types of endpieces were evaluated to find the most efficient
disturbance input. All types performed similarly well, even though the data scatter and
quality of lock-in slighdy favored the radial endpiece. Subsequendy, this endpiece was
employed for all further investigations.
The response of the flow to the forcing input was found to be highly mode
dependent The summary of the mode dependent observations may be found at the end of
each of the section on the specific mode. However, some generalizadons may be made
for all investigated mode numbers. The flow field did show lock-in for all investigated
mode numbers. The higher the mode number, the smaller the frequency range for which
lock-in of the wake could be accomplished. At the same time, the higher the mode
number, the faster the downstream decay of the forced mode. Also, for higher modes
signiflcandy more energy was found to be present in modes adjacent to the forced modes.
For all forced mode nimibers, the flow would resume its natural ±1 mode instability
behavior further downstteam, if the forcing frequency was well above the range for
which lock-in could be achieved. While the natural ±1 mode instability resulted in an
axisymmetric mean velocity profile of the wake, all forcing with higher modes distorted
the mean flow to a polygon lobe pattern with twice as many lobes as the forced mode
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number, i.e. four lobes for forcing with modes ±2. In all experiments that resulted in
lock-in of the wake at higher mode numbers the only significant frequency component in
the wake was the fundamental forcing frequency. For the ±1 mode forcing, the first
higher harmonic frequency could be observed to be of significance.
The wake drag of the forced wake increased for all investigated modes. Increases
up to 60% could be observed, while the drag never dropped below the value for the
unforced wake. The largest increase in drag force occurs at the frequency where the lockin to the forcing is strongest. This is true for all investigated modes other than ±4. This
suggests that the vortices are the major cause of the wake drag. Therefore, increasing
their strength increases the drag force. For high forcing frequencies the drag increases
again, most likely due to the disturbances introduced by the forcing itself. Additionally,
although no lock-in could be observed, the forcing may still increase the strength of the
naturally occuring vortices which reoccur at high frequencies. The increase in drag force
is minimal for frequencies for which neither lock-in, nor natural vortex shedding could be
observed.
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7 OUTLOOK
The current research provides basic knowledge needed to design a feedback
control strategy by identifying the modes for which the wake is unstable. While in the
natural wake only the ±1 modes can be observed, the presented results show that the
wake is unstable for higher mode numbers as well. Therefore, in order to be successful in
reducing the drag, a feedback control scheme needs to address these modes as well. The
ability of the flow to support modes other than the naturally most unstable mode is
similar to the existence of several modes in the two-dimensional cylinder wake as
discussed in a recent publication by Gillies (1998). He suggests control strategies which
may be applied to the three-dimensional wake as well, even though the problem is much
more complex for three-dimensional wakes. The currently available hardware in the
AME Hydrolab is suitable for reproducing the (numerical) results of Gillies, which would
be a first step towards implementing a feedback control scheme for a three-dimensional
bluff body wake.
The use of synthetic jets is a separate topic since it attempts to modify the mean
flow to suppress rather than to exploit the instablity of the wake flow. In research
conducted by Siegel (1993) using flow visualization, it was shown that modification of
the mean flow by base bleeding can suppress the natural vortex shedding. It remains to be
shown that this reduces the wake drag of the body. It is to be suspected that similar
effects can be obtained with a synthetic (rather than actual) jet at the base of the body in
order to achieve the mean flow modification.
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8 APPENDIX A: DRAWINGS STING MODEL
In the official published version of this thesis, the major assembly drawings of the
sting model can be found. The airfoil shaped strut is not shown in the drawings (see Duke
et al (1998) for more information).
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9 APPENDIX B: DRAWINGS DVCD
In the official published version of this thesis, you will find a parts list for the dual
voice coil driver setup. The major assembly drawings of the setup are shown in the text
portion of this thesis. For single part drawings of the components, please contact Dr.
Fasel or the author of this thesis.
The voice coil driver setup went through several revisions, and the latest changes
were not incorporated into the assembly drawings of the earlier revisions.

Parts List Double VGA Driver R3
Components

A
#

pcs/actu Description

Material/ P/N

ator

Dwg

Supplier/DWG Name

Status

1

2

Voice Coil

LA12-17-000A

BEI Kimco

2

1

LVDT

0242-0000

Trans Tek

3

1

LVT

0100-0000

Trans Tek

4

1

Servo Amplifier

25 A 8

Adv. Motion Ctl.

5

4

Needle Bearings

R-NR-B24

Small Parts

6

8

Linear Bushings

LMS-3

IKO/Applied Ind. Tech.

7

4

Dowel Pins undersize 1/8"

Stainless Steel

PIC

8

20

Dowel Pins for Positioning

Stainless Steel

Small Parts

9

1

10+3 Connector M

Mouser

10

2

High Current Pins M

Mouser
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11

1

BNC Pins M

Mouser

12

1

2 Pin AMP Connector M

Mouser

13

1

2 Pin AMP Connector F

Mouser

14

1

4 Pin AMP Connector M

Mouser

15

1

4 Pin AMP Connector F

Mouser

16

1

lOOOuF 63 V Capacitor

Mouser

B

Machined Parts

17

1

Base Plate

Aluminum Anodized

R3

Base Plate R3.dwg

18

1

Bearing Base R3

Aluminum Anodized

R3

BearingBase R3.dwg

19 4

Single Bearing Base

Aluminum Anodized

R3

Single Bearing Base.dwg

20 2

VCA Holder

Aluminum Anodized

R1

VCAholder.dwg

21

1

Coil Plate A

Aluminum Anodized

R3

Coil Plate A R3.dwg

22

1

Coil Plate B

Aluminum Anodized

R3

Coil Plate B R3.dwg

23

1

Coil Plate Bar A

Aluminum Anodized

R2

Coil Plate Bar A.dwg

24

1

Coil Plate Bar B

Alununum Anodized

R2

Coil Plate Bar B.dwg

25

2

Long Steel Shafts

440C Hardened

R3

Shafts.dwg

26

4

Short Steel Shafts

440C Hardened

R3

Shafts.dwg

27

1

LVDT Holder

Aluminum Anodized

R1

Ivdtholder.dwg

28

1

LVT Holder

Aluminum Anodized

R1

LVTholder.dwg

29

1

LVT Drive Rod

304 Stainless Steel

R1

LVTrod.dwg

Tubing Holder

Aluminum Anodized

R1

tubingblock.dwg

30 4
31

4

V-Rollers

440C Hardened

R2

vroller R2.dwg

32

2

Short Cable End

304 Stainless Steel

R2

Cable Ends.dwg

33

2

Long Cable End

304 Stainless Steel

R2

Cable Ends.dwg
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34

2

Center Cable End

304 Stainless Steel

R2

Cable Ends.dwg

35

I

Roller Base Plate 1

Aluminum Anodized

R2

Roller Base Plate l_2.dwg

36

1

Roller Base Plate 2

Aluminum Anodized

R2

Roller Base Plate l_2.dwg

37

4

Servo Amp Spacers Bottom Aluminum

R2

saspacer R2.dwg

38

4

Servo Amp Spacers Top

Aluminum

R2

saspacer R2.dwg

39

2

Connector Mount

Aluminum Anodized

R1

connmount.dwg

10 APPENDIX C: DRAG MEASUREMENT SETUP PICTURES

Figure 90 Total view of drag measurement setup.

Figure 91 Upstream end of drag measurement setup.

Figure 92 Laser sensor and voice coil traverse.

Figure 93 Top view of Voice Coil with traverse and laser sensor with mirror.

Figure 94 Downstream air bearings, vertical and lateral.
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