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Aix-Marseille I & II, 49 rue Frédéric Joliot-Curie, B.P. 146, F-13384 Marseille CEDEX 13, France

4Division of Biological Engineering, Monash University, Melbourne, Victoria 3800, Australia

(Received 1 August 2013; revised 7 October 2013; accepted 6 November 2013;
first published online 29 November 2013)

Experiments were conducted to determine the effectiveness of controlling vortex
breakdown in a confined cylindrical vessel using a small rotating disk, which was
flush-mounted into the opposite endwall to the rotating endwall driving the primary
recirculating flow. The results show that the control disk, with relatively little power
input, can modify the azimuthal and axial flow significantly, changing the entire
flow structure in the cylinder. Co-rotation was found to precipitate vortex breakdown
onset whereas counter-rotation delays it. Furthermore, for the Reynolds-number range
over which breakdown normally exists, co-rotation increases the bubble radial and
axial dimensions, while shifting the bubble in the upstream direction. By contrast,
counter-rotation tends to reduce the size of the bubble, or completely suppress it,
while shifting the bubble in the downstream direction. These effects are amplified
substantially by the use of larger control disks and higher rotation ratios. A series
of numerical simulations close to the onset Reynolds number reveals that the control
disk acts to generate a rotation-rate-invariant local positive or negative azimuthal
vorticity source away from the immediate vicinity of the control disk but upstream
of breakdown. Advection of this source along streamlines modifies the strength of
the azimuthal vorticity ring, which effectively controls whether the flow reverses on
the axis, and thus, in turn, whether vortex breakdown occurs. The vorticity source
generated by the control disk scales approximately linearly with rotation ratio and
cubically with disk diameter; this allows the observed variation of the critical Reynolds
number to be approximately predicted.
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1. Introduction
The first observation of vortex breakdown in a cylindrical enclosure with one

rotating endwall is credited to Vogel (1968). His experimental visualizations showed
a recirculation region that appeared to resemble a bubble near the axis of rotation.
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Among other important early works on vortex breakdown in confined flows is the
detailed investigation by Escudier (1984), who extended the works of Vogel (1968)
and Ronnenberg (1977) by mapping regions of one, two and three vortex breakdowns,
and regions that are steady and unsteady, as a function of Reynolds number based on
the rotation velocity at the outside radius of the endwall and cylinder aspect ratio.

Vortex breakdown is important in a variety of technical areas such as aerodynamics
(open-flow applications) and combustion (semi-enclosed applications). Interestingly,
in real-life applications, the presence of vortex breakdown may be detrimental
or beneficial. It is therefore of considerable importance to investigate methods of
controlling vortex breakdown so that it can be enhanced where advantageous and
suppressed where detrimental. Cell or tissue growth research in bioreactors is a very
good example of a real-life application where vortex breakdown control may be
important. Current research is trying to locate scaffolds for cell proliferation in a
region of a cylindrical spinning-disk bioreactor where the flow is laminar, to exploit
the low shear stress and significant residence times for nutrient injection (Yu et al.
2005b, 2009; Dusting, Sheridan & Hourigan 2006). Additionally, variations of rotating-
disk bioreactors are being tested for their ability to provide a suitable environment
for the growth and adhesion of cells (Thouas, Sheridan & Hourigan 2007; Liow et al.
2009). It is speculated that laminar flow inside a spinning-disk bioreactor, and, in
particular, the vortex breakdown bubble, may constitute an ideal environment for the
proliferation of certain cell types. The method of controlling vortex breakdown being
proposed here may represent an attractive way of manipulating the flow environment
without excessive additional energy input (Mununga 2005).

Vortex breakdown control in closed cylinders has not been investigated as
widely as breakdown control of external flows. In fact, most of the literature on
confined flow vortex breakdown control has only appeared in the last two decades.
The main techniques employed to control vortex breakdown have made use of
temperature gradient (Herrada & Shtern 2003a), co-rotation (Valentine & Jahnke 1994;
Bhattacharyya & Pal 1998) and counter-rotation (Roesner 1990) of the end walls, the
addition of near-axis swirl modification (Husain, Shtern & Hussain 2003; Lo Jacono
et al. 2008), upstream modulation (Lopez et al. 2008), tilted endwalls (Meunier &
Hourigan 2013), conical endwalls (Yu et al. 2006) and even small density effects due
to the introduction of dye (Ismadi et al. 2011).

Roesner (1990) experimentally investigated vortex breakdown in the confined
region of a cylinder with independently rotating top and bottom endwalls. He first
investigated the case where the top lid was rotating while the bottom was at rest, and
later considered the co- and counter-rotation cases where both endwalls were spun.
Roesner noted that, if the Reynolds number of the top endwall was slightly below the
critical value where the first breakdown bubble is normally expected to occur, a slight
co-rotation of the bottom endwall immediately created a recirculation motion along
the axis of rotation. On the other hand, if the top-disk Reynolds number was slightly
above this critical value, a slow counter-rotation of the bottom endwall caused the
recirculation region to disappear.

Co-rotation of the endwalls has also been employed by Bhattacharyya & Pal (1998)
to control vortex breakdown in a laminar swirling flow inside a cylindrical container.
They numerically modelled the flow by inducing a slight co-rotation (0 < ε < 0.5)
of the top and bottom endwalls. Here, ε is the angular velocity ratio, defined as the
ratio between the angular velocities of the top (Ωt) and the bottom (Ωb) endwalls.
They found that slight co-rotation of the upper endwall promotes the onset of vortex
breakdown. This means that, for the upper and lower endwalls rotating in the same
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direction, the critical Reynolds number for vortex breakdown onset was considerably
reduced. Another finding from this study was that the vortex breakdown bubble
appeared near the faster-moving endwall, which in this case was the bottom endwall.
That finding is rather unexpected considering that, in cases where only one endwall
rotates, the vortex breakdown almost always appears closer to the stationary endwall
(Escudier 1984).

Valentine & Jahnke (1994) predicted numerically the flow field inside a cylindrical
container induced by the rotation of two endwalls at the same rate (i.e. ε = 1.0).
They found different types of recirculation bubbles depending on the combination
between the Reynolds number and the aspect ratio (H/R). They reported that, for
high-aspect-ratio cylinders and relatively low Reynolds numbers, slender recirculation
bubbles appeared on the axis of the container. At high Reynolds numbers, they noted
the formation of a toroidal vortex around an axial vortex core. The important point to
note here, although not emphasized by Valentine & Jahnke, is that co-rotation of the
two endwalls was conducive to vortex breakdown formation. With co-rotation, vortex
breakdown onset occurred at lower Reynolds numbers than it would have for the cases
with rotation of only one endwall.

Subsequently, Okulov, Sørensen & Voigt (2004) studied the effect of co- and
counter-rotation of both top and bottom endwalls in a closed cylindrical container.
They were able to generate a vortex breakdown while rotating the two endwalls at
the same rate (ε = 1.0). Although this study was mainly concerned with the onset
of vortex breakdown rather than the control aspect, it nevertheless demonstrated that
co-rotation of the two endwalls could still produce vortex breakdown. At this stage, it
is worth mentioning that the vortex breakdown control methods reported so far have
considered mainly the co-rotation case with relatively small rotation ratios, except in
the case of Valentine & Jahnke (1994) and Okulov et al. (2004), who considered the
case of two endwalls rotating at the same rate. Other studies have also been devoted
to the onset of vortex breakdown (Roesner 1990). More expansive investigations
are therefore suggested to extend the range of rotation ratios and also to examine
the control of vortex breakdown using both co-rotation and counter-rotation of the
opposing endwall.

Bhattacharyya & Pal (1999) implemented vortex breakdown control by the spin-up
and spin-down processes. The base flow was generated by rotating the lower endwall
or by co-rotating both endwalls. The spin-up process was achieved by impulsively
rotating the upper endwall with smaller angular velocity in the same direction as
the lower endwall. The spin-down process was achieved by abruptly bringing to rest
the top endwall, which was co-rotating with small rotation ratio (ε 6 0.2). Before
the spin-down process, a separation bubble was present, whereas before the spin-up
process, the flow was free of a separation bubble. Bhattacharyya & Pal (1999) also
reported that during the transient period, while the bubble was shrinking, it was
moving towards the slow-moving upper endwall. They concluded that the spin-up and
spin-down processes can effectively generate and dissipate a separation bubble in a
closed cylinder filled with liquid.

The concept of using a partially rotating disk within the endwall has been
considered by a few researchers (Piva & Meiburg 2005; Yu et al. 2005a,b, 2007).
It was found that the cylinder-to-disk ratio has a dominant effect on the appearance of
vortex breakdown, and that varying the size of the rotating disk could control vortex
breakdown behaviour.

Husain et al. (2003) employed the concept of near-axis swirl addition using a small
centrally located rod rotating independently of the bottom or rotating endwall. To
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control vortex breakdown, they rotated the rod either in the same direction as the
rotating endwall or in the opposite direction, the top endwall being kept stationary.
The central rod size was chosen to be close to the vortex core diameter. They
showed that the addition of swirl near the axis of rotation was an effective way
of controlling vortex breakdown. Essentially, their findings were that co-rotating
the small rod with respect to the rotating endwall retained a steady flow while
suppressing vortex breakdown bubbles, whereas counter-rotating induced centrifugal
instability, resulting in vortex breakdown enhancement. They reasoned that co-rotation
of the small rod decreased the unfavourable pressure gradient around the axis and
thereby suppressed the vortex breakdown bubble. For the case where the small
rod was counter-rotated, Husain et al. (2003) explained that the additional swirl
caused the generation of a centrifugal instability, leading to unsteady flow conditions
favourable to formation or enhancement of vortex breakdown bubbles. Herrada &
Shtern (2003b) also considered the effects of near-axis swirl and temperature gradients
on the breakdown bubble. Clearly, temperature gradients are relevant to bioreactor
applications. Later, Lo Jacono et al. (2008) examined the effect of rotating rods of
different lengths, both experimentally and numerically. The rod length was found to
have a significant effect on breakdown, and this was analysed and interpreted in
terms of additional vorticity source terms caused by the introduction of the small rod.
Cabeza et al. (2010) examined the effect of the diameter of a non-rotating rod, which
was also found to exert a strong influence on breakdown. These methods, although
effective, are at least partially intrusive, with the rod passing through the centre of the
vortex core and vortex breakdown, although a small-diameter stationary rod has only a
minor effect on the vortex breakdown patterns. Ideally, it would be preferable to use
a method that clearly does not interfere with the flow structure being examined. This
consideration is addressed by the current study.

Recently Shtern, del Mar Torregrosa & Herrada (2012) examined vortex breakdown
from the effect of downstream swirl decay. As is seen later, this framework allows
the observed opposite effects of a rotating rod and a small embedded disk on
vortex breakdown enhancement/decay to be predicted. Co-rotation of the disk enhances
breakdown, while co-rotation of the rod delays it.

The onset of vortex breakdown is usually expressed in terms of a critical swirl
number, or the ratio between the swirl velocity and the axial velocity locally in a
swirling jet (e.g. Squire 1960; Benjamin 1962; Keller, Egli & Exley 1985; Spall,
Gatski & Gresch 1987; Billant, Chomaz & Huerre 1998). This suggests the approach
to controlling vortex breakdown through modifying the swirl number by the addition
of swirl (co-rotating or counter-rotating) using a small independently controlled
rotating disk (figure 1). In addition, the rotation of the small disk may also affect
the axial flow along the swirl axis. In this paper, the effects of co-rotation and counter-
rotation of a small disk on vortex breakdown are examined and quantified, leading to a
better understanding of the capabilities of this approach.

The overall aim of this study is to quantify the effectiveness of a proposed non-
intrusive method of controlling vortex breakdown using a set of small embedded
disks, and to investigate the mechanisms leading to its efficacy. The research described
here documents large changes to the interior flow structure induced by localized flow
modification at the upstream boundary. Furthermore, numerical solutions allow the
additional positive or negative azimuthal vorticity source generated by the control disk
to be examined in detail; this source in turn is responsible for the modification to the
downstream flow delaying or enhancing breakdown.
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FIGURE 1. Experimental rig.

2. Experimental methods
2.1. Experimental set-up and data processing

A schematic of the experimental rig is shown in figure 1. The rig consisted of
a cylindrical Perspex tube with an inner radius R = 243 mm filled with silicone
oil (Shin-Etsu), which had an absolute viscosity µ = 0.5 kg m−2 s and a density
ρ = 969 kg m−3 at 25 ◦C. The aspect ratio H/R = 2 was fixed, where H is the height
of the fluid column between the two endwalls and R is also equal to the radius of
the rotating endwall (or top endwall). In the bottom endwall, a recess was precision-
machined to accommodate small disks (or control disks) of different sizes. Table 1
shows the dimensions of the five different small disks employed in this study. Each
small disk was flush-mounted axisymmetrically into the non-rotating endwall.

The flow structure within the working section was visualized by shining a thin
sheet of light (≈5 mm) emanating from twin 500 W floodlights mounted on a stand
holder raised approximately to the same level as the centre of the working section.
To highlight the flow structures, a small quantity of silicone oil mixed with seeding
particles was slowly injected by means of a hypodermic syringe through two small
holes in the fixed endwall. Photographs were taken using a high-resolution digital
camera, and processed using Matlab image processing routines to determine the size
and location of the bubble to an accuracy of better than ±3 %. The rotating endwall
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Disk Radius rd rd/R Effective area
(mm) (% of large

disk)

d1 12.5 0.0514 0.26
d2 24.5 0.1008 1.02
d3 37.0 0.1523 2.32
d4 49.0 0.2016 4.07
d5 74.5 0.3066 9.40

TABLE 1. Control disks used in the experiments.

and the control disk were independently driven by two electric motors via gearboxes.
The motors were operated through frequency inverters.

From the viewpoint of vortex breakdown control, the above rig design offers a
number of advantages over previous designs. First, it is possible to study the flow
structure due to the combined rotation of the top endwall and control disk without
introducing a foreign object into the working section, as was the case in the studies of
Husain et al. (2003) and Lo Jacono et al. (2008). Second, the present control method
looks more feasible and attractive than the use of two rotating endwalls (Valentine &
Jahnke 1994) because a small disk leads to a significantly reduced power requirement
(Mununga 2005; Tan et al. 2009) for the second drive system and therefore a less
bulky structure. (Note that the present and latter papers report on different aspects of
this research programme. The numerical study by Tan et al. (2009) focuses on the
power requirement of using a small disk for controlling breakdown. That paper only
includes the single experimental result of the shift in vortex breakdown onset for disk
d3.) In addition, the small disk more directly targets the flow immediately upstream of
the bubble, so it might be expected to be a more efficient means of flow control.

The seeding particles employed were S-HGS silver-coated hollow glass spheres.
These are smooth borosilicate glass particles with a thin silver coating designed
to increase the reflectivity and provide light scattering conducive to successful
(even spectacular) experimental images. These particles had a mean particle size of
approximately 10 µm and a density of 1.4 kg m−3.

The rotational speeds of the rotating endwall and the small disk were determined
from the corresponding frequency inverter readings. In addition, readings from a
digital photo tachometer, of accuracy ±0.05 %, were used to confirm the accuracy of
the inverter. Based on the above figures, the uncertainties in Re and Red (the Reynolds
numbers associated with the endwall and control-disk rotations) were calculated to be
±3.5 % and ±2.5 %, respectively. As is usual for the spinning lid rig, the Reynolds
number is given by Re = ΩDR2/ν, with ν the kinematic viscosity, and the small-
disk Reynolds number is defined by Red = Ωdr2/ν, where r is the small-disk radius.
The control to endwall disk angular velocity ratio, ε = Ωd/ΩD, had an uncertainty
estimated to be ±1 %.

As described above, the flow visualization photographs taken during the experiments
were analysed in the Matlab environment to determine the radius, positions (heights)
of upstream and downstream stagnation points and the centre of the primary vortex
breakdown bubble. The centre of the main vortex breakdown was considered to be at
the intersection between the horizontal line cutting the bubble at its largest radius and
the centreline representing the swirl axis. While it was relatively easy to accurately
determine the position of the upstream stagnation point, it was often more difficult to
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locate the downstream stagnation point, especially when the main breakdown bubble
appeared open at the downstream end. This explains why relatively only few data
related to the height of the downstream stagnation point are presented in some of
the figures. In the results presented below, all lengths are non-dimensionalized by the
cylinder height (H = 2R) . The normalized upstream and downstream axial locations of
the breakdown bubble are denoted by zu and zd, respectively, and the normalized radial
size by rb.

2.2. Calibration
The first task was to determine accurately the viscosity of the working fluid and
its variation with temperature. This was prompted by the fact that the viscosity
specified by the manufacturer was only provided for a temperature of 25 ◦C, and
was also of low quoted accuracy (nominal value of 500 mm2 s−1 ± 5 %). To determine
accurately the correct fluid temperature, two type T thermocouples were attached
to the cylindrical tank to enable direct measurement of the temperature inside the
working section. The temperature was sampled at two locations: one between the
rotating endwall and the horizontal mid-plane, and the other in the bottom half of
the vessel. The other ends of the thermocouples were coupled to a switch, which
in turn was connected to a calibrated Anritsu handheld digital thermometer with
an accuracy ±0.5 %. In addition, the accuracy of the present results depended in
part on how accurately the fluid viscosity was determined at each run. Calibration
was performed using a laboratory rheometer fitted with a cup where the fluid
was placed and a disk attached to a spindle. It was determined that the average
absolute viscosity of the experimental fluid varied with temperature according to
µ = −0.0107T + 0.7672 kg m−2 s with an accuracy of ±0.5 %. This expression was
used to determine the fluid viscosity during the experiments.

2.3. Description of experiments
2.3.1. Vortex breakdown without control

Initial experiments were performed to validate the experimental rig using published
results. Subsequently, those results defined the baseline data set for comparing results
generated from the vortex breakdown control experiments. The endwall rotational
speed was steadily incremented from the vortex breakdown onset level (Re = 1440) to
approximately Re = 3000. At each step, after equilibrium was re-established, digital
photographs were taken and transferred to the laboratory computer for processing in
Matlab. For these experiments, the small disk was kept stationary.

2.3.2. Vortex breakdown onset
The purpose of this set of experiments was to quantify the effect of co- and

counter-rotation of the small disks on the onset of vortex breakdown in terms of
the Reynolds number of the rotating endwall. (For the remainder of the paper, co-
and counter-rotation of the control disk refers to rotation in the same and opposite
direction to the endwall rotation, respectively.) From a practical point of view, vortex
breakdown onset was defined as the flow state when the smallest visible bubble was
observed along the swirl axis. With the rotating endwall spinning just at the speed at
which vortex breakdown occurs, corresponding to Re≈ 1440, the small disk was made
to rotate with the minimum possible angular speed, which in the present case was
±5.95 rad s−1. The flow structure was then observed: (i) for the co-rotation case, the
vortex breakdown bubble was observed to grow, hence the endwall rotation had to be
carefully and gradually decreased until the onset state was re-established; (ii) whereas
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for the case of counter-rotation, the endwall rotation rate had to be gradually increased
to once again achieve the critical state of vortex breakdown onset. The small-disk
rotation rate was subsequently incremented and the endwall angular velocity adjusted
accordingly so as to reach the state of vortex breakdown. In all cases, the experiment
would continue until it was no longer possible to sustain the vortex breakdown state;
this depended on the size of the control disk.

2.3.3. Vortex breakdown control
Another set of experiments was designed to study the effect of co-rotation and

counter-rotation of the control disk on established vortex breakdown bubbles. In these
experiments, the endwall was spun at a constant angular speed while the small disk
was rotated in one direction, and photographs of the modified flow structure were
taken to determine the modified bubble dimensional parameters. The speed of the
control disk was increased in small steps while maintaining the same speed of the
endwall. In practice, it was necessary to make small adjustments to the endwall
rotation rate to account for the fractional variations in fluid temperature in order to
maintain a constant Re. The rotational direction of the small disk was then reversed,
while still keeping the endwall rotation constant, and the experiment proceeded as
described above.

3. Results
The main experimental results presented in the following sections consist of

photographs showing visualizations of different flow patterns inside the closed cylinder
together with the observed relationships between various vortex breakdown variables
derived from the images. The dependent variables include the normalized radial size of
the breakdown bubble, and the axial location of the stagnation points and the centre
of the breakdown bubble. The key independent variables are the rotating-endwall
Reynolds number and the rotation ratio. Most of the results include co-rotation and
counter-rotation data in order to ascertain and compare their separate effects on the
variables of interest. Results for the experiments with no control are presented first,
followed by those concerned with the control of vortex breakdown.

3.1. One endwall rotation
The first set of results from the experiments was for the case with the endwall rotating
at a constant angular velocity and the control disk was stationary. As indicated above,
these were primarily used to validate the current experiments, but also to provide
baseline results for the control experiments.

3.1.1. Flow visualization
Figure 2 illustrates the flow visualization results for the experiments in which only

the endwall was rotated at a constant angular velocity (ΩD) – this case will be
referred to as the ‘no-control’ case. Note that, in line with many previous experiments,
the visualizations presented in this paper of the nominally axisymmetric bubbles are
not fully axisymmetric and sometimes show open bubbles. This can be a result of
visualization material injection offset (e.g. Hourigan, Graham & Thompson 1995;
Brøns, Thompson & Hourigan 2009) or very slight misalignment of vessel components
(Ventikos 2002; Thompson & Hourigan 2003; Brøns, Shen & Sørensen 2007). The
well-known experimental results of Escudier (1984), for an aspect ratio of H/R = 2.0,
were used for validation. The following observations can be made: the onset of vortex
breakdown occurred at Re = 1440 (figure 2a); at Re = 1476, there appeared a small
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(a) (b) (c) (d) (e)

FIGURE 2. Flow visualization of vortex breakdown with no control at various Reynolds
numbers: (a) Re= 1440; (b) Re= 1476; (c) Re= 2132; (d) Re= 2474; (e) Re= 2928.

recirculation bubble (figure 2b); at Re = 2132, the second breakdown bubble appeared
downstream of the first bubble (figure 2c); as the Reynolds number reaches 2474,
the second recirculation bubble opened up at the downstream end and therefore
ceased to be a (closed) breakdown bubble (figure 2d); and finally, at Re = 2928,
the second bubble completely disappeared while the first breakdown bubble became
deformed, taking the shape of a bowl supporting a downstream vortex core (figure 2e).
Other results for Re > 3000, not shown here, confirmed the total disappearance of the
breakdown bubble. The above observations are in very good general agreement with
those of Escudier (1984). More quantitative comparisons are provided below.

3.1.2. Bubble radius
The growth of the vortex breakdown bubble with respect to the rotating-endwall

Reynolds number was examined and the results are presented in figure 3. The bubble
size was seen to increase, with corresponding increases in the Reynolds number until it
reached a maximum value well beyond the two-bubble region. This was then followed
by a rapid size reduction phase. From figure 3, it can be seen that the maximum
bubble size occurs in the range between Re= 2350, just after the disappearance of the
second bubble, and Re= 2700, which is well into the second single bubble regime.

3.1.3. Axial location of the bubble
Figure 4 shows the variation of the axial location of the upstream, downstream

and centre of the breakdown bubble with the rotating-endwall Reynolds number. The
data of Fujimura et al. (2004) of the upstream stagnation point position are provided
for comparison with the current results, primarily for quantitative validation purposes.
The breakdown bubble was observed to migrate upstream, away from the rotating
endwall, as the Reynolds number was increased. It is also important to note that,
as the Reynolds number continued to increase, the rate of decrease of the upstream
stagnation point height reduced, causing the upstream stagnation point position to
asymptote, as depicted in figure 4 through the flattening of the bottom curve. The
current results for the upstream stagnation point position were found to be within 2 %
of those of Fujimura et al. (2004) for the same aspect ratio H/R = 2.0. The centre
of the bubble was seen to have a characteristic movement similar to the upstream
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FIGURE 3. Evolution of the normalized radial size of the vortex breakdown bubble with
respect to the rotating-endwall Reynolds number.
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FIGURE 4. The solid lines indicate the axial location of the main vortex breakdown bubble
for different endwall Reynolds numbers from the experiments. The lower, middle and upper
curves show the positions of the upstream, centre and downstream extent of the breakdown
bubble. The experimental data of Fujimura, Koyama & Hyun (2004) for the upstream
position, shown by the dashed line, are provided for comparison with the current experimental
results.

stagnation point, except near the breakdown onset Reynolds number and the Reynolds-
number range over which the bubble size begins to shrink, leading to its eventual
disappearance. Furthermore, the data representing the migration of the downstream
stagnation point also show a downward trend, indicating that the entire breakdown
bubble was in fact moving towards the non-rotating endwall at the bottom of the
vessel. As noted above, the fact that only few data points for the lower stagnation
point position are shown was due to the difficulty in identifying these points as the
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FIGURE 5. Variation of the critical Reynolds number Rec with rotation ratio ε. (Positive
values indicate co-rotation and negative values indicate counter-rotation.) The effect of the
small-disk size is shown for four different control-disk sizes: d1, squares; d2, diamonds; d3,
triangles; d4, circles).

Reynolds number was increased; this difficulty was partly attributed to the fact that,
beyond Re > 1850, the second breakdown bubble appeared to emerge from inside
the first bubble. The size of the bubble in the axial direction can also be deduced
from the heights of the two stagnation points and the centre of the bubble at each
Reynolds number. Therefore, as in the case of radial size, it can be seen that the
bubble size in the axial direction tends to increase with rotational velocity of the top
endwall, from the vortex breakdown onset to the time it reaches its maximum value
(2350< Re< 2700).

3.2. Control of vortex breakdown with a small rotating disk
As indicated, the proposed vortex breakdown control method consisted of co-rotating
and counter-rotating a small control disk embedded in the otherwise stationary bottom
endwall (figure 1). Experimental results for vortex breakdown control are presented
below, beginning with results for vortex breakdown onset. Also, the effects of co- and
counter-rotation, control-disk size and rotation ratio on the main breakdown bubble are
investigated and quantified.

3.2.1. Control of vortex breakdown onset
Experiments were conducted to determine the shift in the critical Reynolds number

(Rec) for vortex breakdown onset under the combined influence of the rotation of the
top endwall and the control disk for all five disk diameters (d1, d2, d3, d4 and d5).
However, experiments conducted with the control disk d5 were unsatisfactory due to
practical limitations: even at the smallest rotation rate obtainable using the bottom
drive unit 2 (figure 1), the rotational effect of d5 was too strong to generate or sustain
the vortex breakdown onset state. This was true for both co-rotation and counter-
rotation. As a result, the planned experiments using this disk were discontinued.

Figure 5 displays the dependence of the critical Reynolds number on the rotation
ratio and also the sense of rotation (co- or counter-rotation). In general, the results
showed that, for co-rotation, the higher the rotation ratio, the lower the critical
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(a) (b) (c) (d) (e)

FIGURE 6. Flow visualization of vortex breakdown due to the top endwall rotation at
Re = 1660 and the effect of the small-disk d3 rotation ratio ε: (a) no control; (b) ε = 0.39;
(c) ε = 1.23; (d) ε =−0.39; (e) ε =−1.23.

Reynolds number associated with the onset of vortex breakdown. However, the
opposite was true when the control disk was counter-rotated relative to the rotating
endwall. In addition, the results revealed that the smallest control disk d1 only
marginally altered the Reynolds number at which vortex breakdown first occurred; this
is represented by an almost horizontal line in the graph. However, the biggest control
disk, d4 in this case, had a significant effect on the value of the critical Reynolds
number, as shown by the steeply falling (co-rotation) and rising (counter-rotation)
curves in figure 5. Some results using only the small disk d3 have been reported
previously by Mununga et al. (2004).

3.2.2. Effects of co- and counter-rotation
(a) Flow visualization

The results presented in figure 6 were obtained by rotating the top endwall at a
constant angular velocity corresponding to Re = 1660, while control was achieved by
co-rotating and counter-rotating the control disk d3. Figure 6 shows flow visualization
pictures obtained when the rotating endwall and the control disk d3 were co-rotated
at ε = 0.39 (figure 6b) and ε = 1.23 (figure 6c), and counter-rotated at the same rates
(figure 6d,e). Figure 6(a) represents the initial vortex breakdown bubble generated by
rotating only the top endwall (i.e. for no control). The purpose of these experiments
was to show how co-rotating and counter-rotating the control disk transformed the
initial vortex breakdown. It was observed, as depicted in the images, that co-rotation
of the control disk substantially increased the size of the breakdown bubble, whereas
counter-rotation substantially decreased its size. Furthermore, the bubbles resulting
from co-rotation appear stretched in the axial direction, with figure 6(c) showing a
tendency for a second bubble to appear downstream of the first. By contrast, the
bubbles generated under counter-rotation appear to shrink in the axial direction. Other
results, not shown here, revealed that, for higher rotation ratios, counter-rotating d3

leads to the complete disappearance of the breakdown bubble. It was also noted that,
as the speed of the control disk increased, irrespective of the direction, another bubble
started to form immediately on top of the smaller disk. This other bubble, referred
to as the ‘disk bubble’, can be seen in figure 6(c) for co-rotation and figure 6(e)
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FIGURE 7. Variation of the normalized breakdown bubble radius with Reynolds number. Co-
rotation (solid symbols) and counter-rotation (hollow symbols) cases are considered for the
control disk d3. Rotation rates as in figure 6. Symbols: circles, no control; squares, ε =±0.39;
triangles, ε =±1.23.

for counter-rotation. It can be observed from these pictures that the axial and radial
dimensions of the bottom bubble were roughly unchanged for the same rotation ratio,
whether in co-rotation or counter-rotation.

(b) Bubble radius
The normalized radial size (percentage of H) of the vortex breakdown bubble is

plotted against the rotating-endwall Reynolds number in figure 7. The results show the
variation of the bubble radius with Reynolds number for the no-control, co-rotation
(Red = 15 and 31) and counter-rotation (Red = 15 and 31) cases. The effects of co-
rotating and counter-rotating the control disk on the radius of the main bubble are
clearly shown. It is obvious that co-rotation of the control disk d3 tended to increase
the radial size of the breakdown bubble, while counter-rotation tended to decrease
it. In addition, the effect of the control-disk rotation on the breakdown bubble was
observed to be relatively more pronounced at lower Reynolds numbers and for those
beyond the point where the bubble had reached it maximum size. After the bubble had
reached its maximum size, further increases in the Reynolds number tended to have
the opposite effect, similar to the no-control case.

(c) Upstream stagnation point
Figure 8 presents the movement of the upstream stagnation point for the main vortex

breakdown bubble as the rotating-endwall Reynolds number increases. This movement
is characterized by the normalized height of the stagnation point (zu). The cases for
which the results are shown correspond to the no-control, co-rotation and counter-
rotation when the control-disk Reynolds number (Red) was set to 31. To put this in
perspective, this Reynolds number corresponds to a rotation ratio ε = ±0.92 when the
rotating-endwall Reynolds number is 1440 (this is at the onset of vortex breakdown for
the no-control case). For the no-control case, the results show that the height of the
upstream stagnation point decreases as the Reynolds number is increased. Eventually,
zu reaches an apparent asymptotic level of ∼13 % of the tank height (2R). The effect
of co-rotation on the axial position of the upstream stagnation point was to shift it
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FIGURE 8. Variation of the normalized upstream stagnation point position with Reynolds
number. Current results for no control (circles) are compared with the data of Fujimura,
Koyama & Hyun (1997) in figure 4. Co-rotation (circles) and counter-rotation (triangles)
cases are considered for d3 at Red = 31.

further upstream, closer to the bottom endwall. On the other hand, counter-rotation
tended to move the upstream stagnation point in the downstream direction, or closer
to the rotating endwall. Other results, not reproduced here, showed that the higher
the absolute magnitude of the rotation ratio, the more significant the shift from the
no-control position.

3.2.3. Effect of control-disk size
The effect of the control-disk size on the vortex breakdown was investigated to

quantify its effect on the location and size of the breakdown bubble. In these
experiments, the rotating endwall was spun at constant angular velocity, while the
rotation ratio was varied by changing the angular velocity of the control disks.
Experimental results are presented as flow visualization pictures, and as plots of
the normalized bubble radius and upstream stagnation height against the rotation ratio.

(a) Flow visualization
Co-rotation. Figures 9 and 10 show the effect of co-rotating control disks of

different sizes (d2 and d4) on the breakdown bubble size and location along the swirl
axis. In both cases, the initial state inside the cylinder was that corresponding to the
vortex breakdown onset as shown in figure 9(a). In figure 9(b–e), the control disk
d2 was gradually co-rotated with increasing rates to manipulate the onset breakdown
bubble. The breakdown bubbles illustrated in figure 9(b–e) correspond to the rotation
ratios ε = 0.45, 1.38, 2.32 and 3.73, respectively; those shown in figure 10(a–c)
correspond to the control disk d4 co-rotated at ε = 0.45, 1.38 and 2.32, respectively.

It is important to note that, with the same co-rotation ratios (ε = 0.45, 1.38 and
2.32), the bubbles generated using the larger control disk, d4 in this case, were
significantly larger than those obtained using the smaller control disk, d2. To be
specific, the normalized radius of the breakdown bubbles enhanced using d2 and d4

yielded the following values: 0.06, 0.10 and 0.133 (for d2) and 0.16, 0.20 and 0.21



Control of confined vortex breakdown 19

(a) (b) (c) (d) (e)

FIGURE 9. Flow visualization of vortex breakdown due to the rotation of the top endwall at
Re = 1440 and the effect of co-rotating the disk d2 is depicted: (a) no control; (b) ε = 0.45;
(c) ε = 1.38; (d) ε = 2.32; (e) ε = 3.73.

(a) (b) (c) (d)

FIGURE 10. Flow visualization of vortex breakdown due to the rotation of the top endwall
at Re = 1440 and the effect of co-rotating the disk d4 is depicted: (a) ε = 0.45; (b) ε = 1.38;
(c) ε = 2.32. These breakdown bubbles were generated from the initial vortex breakdown
onset, as shown in figure 9(a). (d) Streamlines from a numerical simulation (see § 4) of the
case shown in panel (c) for comparison.

(for d4). It is also clear from figures 8 and 9 that increasing rates of co-rotation shifted
the bubble in the upstream direction.

The results depicted in figure 9 also indicate that the rate of increase of the
breakdown bubble radius with co-rotation ratio is almost identical to the rate of
increase of the axial size. In addition, the bubbles generated using d4 were observed
to be very sensitive to co-rotation, as the bubble radius tended to quickly reach a
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(a) (b) (c) (d)

FIGURE 11. Flow visualization of vortex breakdown due to the rotation of the top endwall
at Re = 1660 and the effect of counter-rotating d2 is depicted: (a) no control; (b) ε = −0.36;
(c) ε =−1.42; (d) ε =−2.84.

size close to saturation (maximum size) as a result of only a minor rotation ratio
(such as ε = 1.38) followed by progressive stretching in the axial direction. While
the normalized radial size of the breakdown bubble varied from 0.16 to 0.20 for a
corresponding change in rotation ratio from 0.45 to 1.38, a significant change in the
normalized axial size was noted, from 0.21 to 0.38. The growth of the bottom bubble,
as observed with both control disks, was proportional to the rotation ratio. Figure 10(c)
shows a flow structure where the main vortex breakdown is connected to the bottom
bubble. In terms of downstream applications, this appears to result in a potentially
very attractive flow structure conducive for cell or tissue growth, with a large laminar
controlled region and associated low shear stress and significant residence time.

Counter-rotation. Figures 11 and 12 illustrate the effect of counter-rotating control
disks of different dimensions on the breakdown bubble size and axial location. From
the two sets of figures, although the initial flow structures as well as the rotation ratios
were different, the results clearly show the benefit of using a larger control disk to
suppress vortex breakdown. Figures 11(a) and 12(a) represent the initial breakdown
states with no control and correspond to Re = 1660 and 1920, respectively. A higher
starting Reynolds number for control disk d4 was used to be able to sustain the
breakdown state in the presence of slight counter-rotation. This clearly indicates how
strong the effect of counter-rotating a disk the size of d4 is on the breakdown bubble.
(The area of disk d4 is still only ∼4 % of the endwall disk area.) The breakdown
conditions depicted in figure 11(b–d) correspond to the control disk d2 counter-rotated
at ε = −0.36, − 1.42 and −2.84, respectively. The breakdown bubbles shown in
figure 12(b,c) correspond to the control disk d4 counter-rotated at ε = −0.33 and
−0.56, respectively.

A close analysis of figure 11(a–d) reveals that the smaller control disk d2 changed
the structure of the vortex breakdown only very marginally, this being true even with
a higher value of the counter-rotation ratio, ε = −2.84. In contrast, the larger control
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(a) (b) (c)

FIGURE 12. Flow visualization of vortex breakdown due to the rotation of the top endwall
at Re = 1920 and the effect of counter-rotating d4 is depicted: (a) no control; (b) ε = −0.33;
(c) ε =−0.56.

disk d4 was capable of completely suppressing the larger initial vortex breakdown
bubble depicted in figure 12(a) at a relatively slower counter-rotation ratio, ε =−0.56.
The general tendency observed in both cases (i.e. counter-rotation with d2 and d4) was
that the breakdown bubble appeared to be compressed in the radial direction and more
so in the axial direction, while the size of the downstream vortex core appeared to
increase. In particular, a counter-rotation ratio of ε = −0.33 using the control disk
d4 caused a reduction in the normalized axial size of the bubble from 0.19 to 0.095,
whereas the compression due to d2 was insignificant for a similar rotation ratio. The
change in the radius was again more marked for d4 than for d2. The results also
showed that, for higher counter-rotation ratio, a clearly observable bottom bubble was
generated.

The next set of results (figures 13 and 14) show the effect of the control-disk size
on the normalized radius and height of the upstream stagnation point of the breakdown
bubble. This time the rotating endwall was spun with a constant angular velocity:
in co-rotation at Re = 1440 and in counter-rotation at Re = 1660. In experiments
involving co-rotation, the spinning of the control disks was the catalyst for vortex
breakdown formation, from the initial onset state, shown in figure 9(a), to increasing
growth. For the counter-rotation cases, the initial flow structure inside the cylinder was
characterized by the presence of a large bubble, as depicted in figure 11(a). Gradual
increases of the counter-rotation rate caused the breakdown bubble to shrink.
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FIGURE 13. Variation of the breakdown bubble radius with rotation ratio. The effects of five
control disks, d1–d5, are compared. Co-rotation (solid symbols) starts with Re = 1440 while
counter-rotation (hollow symbols) starts with Re= 1660. Symbols: d1, squares; d2, circles; d3,
triangles; d4, inverted triangles; d5, diamonds).
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FIGURE 14. Variation of the breakdown bubble upstream stagnation point with rotation ratio.
The effects of five control disks, d1–d5, are compared. Co-rotation (solid symbols) starts
with Re = 1440 while counter-rotation (hollow symbols) starts with Re = 1660. Symbols: d1,
squares; d2, circles; d3, triangles; d4, inverted triangles; d5, diamonds).

(b) Bubble radius for co- and counter-rotation
Co-rotation of the control disk with the base flow initially at the onset state was

performed with all the five control disks. Looking at the results in figure 13, it is clear
that the size of the control disk has a significant effect on the size of the breakdown
bubble. To demonstrate the effect of the different disks in co-rotation on the onset
breakdown bubble, we consider all control disks rotating such that ε ≈ 2.40. As a
result, control disks d1, d2, d3 and d4 caused an increase in the radial size of the
bubble in the following order: 2.0, 5.0, 7.2, and 8.0, respectively. The control disk d5
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caused a bubble radius increase by a factor of 10 when co-rotating at a relatively lower
rotation ratio, ε = 1.60. Again, these results clearly show that the size of the control
disk has the most significant bearing on the size of the breakdown bubble generated by
co-rotation.

In figure 13, the normalized breakdown bubble radius is plotted against the rotation
ratio, and the effect of co-rotating and counter-rotating control disks of different sizes
is presented. The smallest disk d1 appeared to have no noticeable effect on the size of
the breakdown bubble even at a very high counter-rotation ratio of ε = −6.50. While
counter-rotation of control disk d2 appeared to cause some degree of shrinkage to the
breakdown bubble, it is obvious that d3 had the largest reduction effect on the bubble
radius. To illustrate this, for a counter-rotation ratio of approximately −1.60, the
control disk d2 caused the bubble radius to shrink to only 92 % of the original bubble
size, corresponding to Re = 1660 with no control, whereas d3 caused a corresponding
shrinkage to 42 %.

(c) Upstream stagnation point for co- and counter-rotation
Figure 14 presents the variation of the normalized upstream stagnation point position

with changes of rotation ratio using the five experimental small disks. The results
show that, in counter-rotation, the smallest control disk d1 only negligibly affected
the axial location of the bubble, as illustrated by an almost horizontal line in the
graph. Counter-rotation using d2 and d3 revealed a downstream shift of the upstream
stagnation point, with d3 exhibiting the larger movement. However, for co-rotation, the
general trend for all control disks was an upstream movement of the stagnation point.
Again, the control disk d1 showed the least effect as opposed to the largest disk (d5),
which only needed a slight rotation ratio ε = 0.61 to move the breakdown bubble from
a normalized height of 0.40 to 0.13. Such a shift is by all means highly significant
considering the slight co-rotation ratio employed. On the other hand, the control disk
d1 co-rotating with a much higher rotation ratio ε = 4.2 caused only a marginal shift
of the upstream stagnation point from ∼0.40 to only ∼0.36.

4. Further analysis
To obtain further insight into the mathematical/physical mechanism delaying or

enhancing vortex breakdown through the use of a small control disk, numerical
simulations were undertaken to provide details of the flow and vorticity fields,
especially in the neighbourhood of the disk. The incompressible axisymmetric
Navier–Stokes equations were solved using a spectral-element technique (e.g.
Karniadakis & Sherwin 1999). The simulations were undertaken on a 1250 macro-
element mesh with mesh compression towards the no-slip boundaries where the
gradients are very large. The mesh was also refined locally at the outer radius of
the small disk, where there is an azimuthal velocity discontinuity. The geometry was
split into quadrilateral elements, and, within these elements, the velocity and pressure
fields were represented by third-order tensor-product Lagrange polynomials, based
on Gauss–Lobatto–Legendre quadrature points. Switching to fifth-order polynomial
elements resulted in a change to the critical Reynolds number for the onset of
breakdown from Rec = 1445.2 to Rec = 1444.6, a difference of less than 0.05 %.
The critical Reynolds number was obtained by incrementing the Reynolds number in
small increments (1Re = 10) and then using linear interpolation to predict when the
minimum axial velocity first became zero. Then further simulations were performed
close to the predicted value, again using linear interpolation to refine the result. The
predicted shift in the critical Reynolds number as a function of small-disk rotation
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FIGURE 15. Comparison of numerical predictions and experimental findings for the shift in
the critical Reynolds number for breakdown onset with rotation ratio and disk size. The filled
symbols show experimental results and the open symbols numerical results. The disk size
ratio is marked.

ratio and size (open symbols) is shown in figure 15, with the experimental results
(solid symbols) overlaid. The clearly two sets of results match well, although there
is a slight mismatch for positive rotation rates for disk d3. In addition, a visual
comparison of experimental and numerical results for one of the extreme breakdown
cases is shown in figure 10(c,d). Details of this approach and implementation can
be found in Thompson, Hourigan & Sheridan (1996) and Thompson et al. (2006),
and it has been employed successfully on a variety of axisymmetric problems (e.g.
Thompson & Hourigan 2003; Leweke, Thompson & Hourigan 2004; Mununga et al.
2004; Thompson, Leweke & Hourigan 2007; Griffith et al. 2009).

4.1. Vorticity generation
Since there is no dependence on the azimuthal coordinate, it is possible to construct
a two-dimensional (Stokes) streamfunction, Ψ (z, r), which defines the velocity
components (uz = (1/r) ∂Ψ/∂r, ur = −(1/r) ∂Ψ/∂z) in an azimuthal plane. Therefore,
the flow state can be defined in terms of the streamfunction, which is forced by the
azimuthal vorticity, ωθ , and governed by the equation
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∂z
=−ωθ , (4.1)

together with the azimuthal velocity component uθ and the azimuthal vorticity. Thus it
is clear that the azimuthal vorticity component plays an important role in whether
vortex breakdown can occur, as has been pointed out by a number of authors
(e.g. Brown & Lopez 1990). Physically, the addition of a vortex ring with negative
(anticlockwise in the following figures) vorticity at the position where a breakdown
bubble may occur will lead to a reduction in the upwards velocity on the cylinder
axis, through Biot–Savart induction, thus encouraging the flow to reverse direction.
Moreover, generation of increased negative (or positive) azimuthal vorticity in the
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neighbourhood of a breakdown region will enhance (or retard) the development of the
breakdown. This is relevant to the cases examined here, as discussed below.

The equation governing the evolution of azimuthal vorticity can be written in
cylindrical coordinates as

Dωθ
Dt
= ωθur

r
+ ∂

∂z

(
u2
θ

r

)
+ 1

Re

[
∂

∂r

(
1
r

∂rωθ
∂r

)
+ ∂

2ωθ

∂z2

]
. (4.2)

The term on the left-hand side is the rate of change of vorticity of a fluid element
moving with the fluid. The first term on the right-hand side can be thought of
physically as the change in vorticity induced by stretching as an axial vortex ring
increases in radius. (As the ring circumference increases, the cross-sectional diameter
decreases to conserve volume, leading the peak vorticity to increase so that circulation
is conserved.) The second term represents a source of azimuthal vorticity dependent
on the azimuthal velocity component. This is a differential centrifugal pumping term.
Consider a cylindrical shell of fluid at a fixed radius with the swirl velocity increasing
with axial distance. In this case the centrifugal force will tend to cause fluid swirling
faster to move outwards radially relative to more slowly swirling fluid. In turn, this
generates a velocity gradient ∂ur/∂z, and hence generates positive azimuthal vorticity
(since ωθ = ∂ur/∂z − ∂uz/∂r). This term will be denoted Sθ as it plays a central role
in the controlled configuration. The other terms are radial and axial viscous diffusion
terms, which only slowly redistribute vorticity, without changing the circulation.

4.1.1. Observations and predictions from numerical simulations
Figure 16 shows the streamlines at Re= 1450, which is marginally above the critical

Reynolds number for breakdown (Re= 1445.2). The azimuthal vorticity distribution is
also shown for comparison. The overlaid solid contour effectively marks the position
of a vortex ring, which induces downwards flow along the axis through Biot–Savart
induction. Note that, not coincidentally, the centre of this effective vortex ring, shown
by the ‘+’, is approximately at the axial position at which the axial velocity reverses
sign. Also shown is the vorticity source distribution, which feeds the vortex ring with
anticlockwise vorticity as fluid advects through it along the streamline indicated by the
dashed line.

The effect of the small control disk is to modify the vorticity source upstream of
the vortex ring, which controls the induced axial backflow, and, in turn, the size of the
vortex breakdown bubble or its absence. To investigate this further, simulations were
performed with the intermediate control disks (d2, d3 and d4), for different rotation
rates (ε = 0, ± 0.1, ± 0.2, ± 0.3, ± 0.4, ± 0.5). The incremental azimuthal
vorticity source distribution relative to the uncontrolled case was then calculated for
each case, i.e. 1Sθ = Sθ(ε)− Sθ(ε = 0).

Figure 17 shows the incremental source distribution for control-disk rotation rates
ε = ±0.1, ± 0.5. The contour level ranges have been scaled by ε to show that,
at least away from the bottom left-hand corner, the incremental source distribution
is almost spatially identical when scaled (linearly) by ε. At the bottom left-hand
corner, the effect of the control disk is to centrifuge fluid outwards radially, effectively
independent of the rotation direction. However, away from that region, the net effect
appears to be the proportional injection of positive or negative swirl into the fluid,
which, in turn, has almost a linear effect on 1Sθ . Notice that the streamline passing
through the vortex ring, discussed above, passes well above the region where the
scaled incremental vorticity source changes nonlinearly with rotation rate.
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(a) (b) (c)

FIGURE 16. (a) Streamlines in the meridional plane for Re = 1450 just above the onset
of breakdown. (b) Greyscale plot of the azimuthal vorticity field; anticlockwise rotation
corresponds to dark grey and clockwise rotation is shown as light grey. The overlaid solid line
with the cross at the centre highlights what can effectively be considered as (a cross-section
through) a vortex ring, which induces downward flow along the axis (due to Biot–Savart
induction) resulting in vortex breakdown. (c) Greyscale plot of the vorticity source term Sθ ,
which feeds anticlockwise vorticity into the azimuthal vortex ring as fluid advects along a
streamline shown by the dashed line.

Figure 18 shows a plot of the incremental source term, 1Sθ/ε, moving along the
streamline shown in figure 16 for the same four rotation ratios depicted in figure 17.
Clearly, there is very little difference in the scaled incremental source for these cases.
Also shown is the time integral of the incremental source term, again moving along
the same streamline. Again, there is only a minor difference in the integrated source
evolution due to quite different control-disk rotation rates, and in particular the curves
show very similar values at the axial position close to where breakdown occurs. This
quantity is a direct measure of the induced change to the azimuthal vorticity along this
streamline, caused by the additional source/sink generated by the small-disk rotation.

Thus, directly from Biot–Savart induction from this added/reduced vorticity, the
incremental change to the axial velocity induced by the control disk, near the location
of breakdown, will also scale with ε. In addition, the incremental source could be
expected to vary with disk diameter. Figure 19 plots the scaled change to the axial
velocity along the centreline for 10 different rotation rates for the three intermediate
disk sizes. The dependent variable is 1u′z = (uz − uz,ε=0)/(εd)

3. This indicates that the
incremental change to the axial velocity induced by the control disk for an axial range
of 0.3< z< 0.4 is given approximately by the linear relationship

1u′z = [(−4.5± 1.5)+ 60(z− 0.35)]εd3. (4.3)
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(a) (b) (c) (d)

FIGURE 17. (a–d) Incremental vorticity source distributions for ε = −0.5, − 0.1, 0.1
and 0.5, respectively. For these plots, the contour levels cover the ranges −0.1 6 Sθ 6 0.1,
−0.02 6 Sθ 6 0.02, 0.02 > Sθ >−0.02 and 0.1 > Sθ >−0.1, respectively, i.e. they cover the
same range when scaled by ε. Thus, the effect of the spinning control disk on the incremental
vorticity source distribution is almost linear with rotation speed, at least away from the bottom
left-hand corner. These contour plots correspond to disk d3.
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FIGURE 18. The dashed lines show the scaled incremental vorticity source, 1Sθ/ε, along the
streamline shown in figure 16 for the disk d3 for ε = ±0.1, ± 0.5 (as for figure 17). The
solid lines show the time integral of the source moving along the streamline. Despite a large
variation in the rotation rate, the integrated source (which can be associated with an azimuthal
vorticity change to the main flow) remains semi-quantitatively similar, especially near the
axial position at which breakdown first occurs.
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FIGURE 19. Scaled axial velocity increment against axial distance from the control disk for
10 different rotation rates ε = ±0.1, ± 0.2, ± 0.3, ± 0.4 and ±0.5, and three different
disk sizes d2, d3 and d4, showing a reasonable collapse of the curves near the axial position of
vortex breakdown. A linear fit over this range is shown by the thick dashed line.

This applies to a relatively wide range of rotation rates and disk sizes. (Note that
at onset breakdown occurs at zu ' 0.4, and this reduces as the breakdown bubble
increases in size. Also note that the variables are dimensionless, i.e. z is the axial
height scaled by the rig height (H), d is the ratio of the small to large disk diameters,
and the axial velocity increment is scaled by the endwall disk velocity at its outer
radius, prior to then further scaling by ε/d3.)

Furthermore, it seems likely that this same correction to the axial velocity on the
centreline will still apply approximately over a range of Reynolds numbers near the
critical Reynolds number as the base flow changes, i.e. the incremental source will
only depend weakly on the base flow. The variation of the minimum axial velocity
with Reynolds number for the uncontrolled case, determined from direct simulations
without the control disk, is shown in figure 20(a). In addition, the axial position at
which this minimum occurs is plotted in figure 20(b). Linear fits about the breakdown
Reynolds number (Rec = 1445.2) are overlaid. These fits are given by

zmin = 0.396− 0.000 575 (Re− Rec), (4.4)
uzmin =−0.000 0539 (Re− Rec). (4.5)

Using these two expressions together with the approximation for 1u′z, given by (4.3)
above, gives to first order in εd3 an approximation for the variation of the critical
Reynolds number as a function of ε and d:

1Rec '−32 200 εd3. (4.6)

This variation is shown in figure 21 by the solid line. The experimental data for
disks d2 and d3 (from figure 5) is shown for comparison. (The data for disk d4 are not
shown since even small rotation ratios induce large changes to the critical Reynolds
number.) First, the experimental data collapse reasonably well according to the scaling
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FIGURE 20. (a) Variation of the minimum axial velocity on the centreline with Reynolds
number obtained from simulations without the control disk. (b) Axial position at which this
minimum occurs. Linear fits to these variations are shown by the dashed lines.
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FIGURE 21. Predicted variation in the critical Reynolds number with εd3. The experimental
values are shown by the triangles (d2) and circles (d3).

relationship. Second, the observed experimental variation is predicted remarkably well
by (4.6), especially for small values of εd3.

In summary, the rotation of the small disk acts directly to increase/reduce the
magnitude of the swirl velocity of the fluid above it for co-/counter-rotation, relative
to the background swirl generated by rotation of the large disk alone. There is a
strong but local nonlinear effect close to the disk, which varies considerably with
control-disk rotation rate and disk size; however, further downstream, the incremental
azimuthal vorticity source term distribution, 1Sθ , scales extremely well with εd3.
Since the vortex ring associated with breakdown, seen in figure 16(b), is fed by fluid
moving along streamlines which avoid the variable source near the control disk but
pass through the invariant source distribution further downstream, the net effect of
the control disk also scales approximately with εd3. A local fit to the control-disk-
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induced scaled incremental axial velocity change is approximately linear with axial
position. This can be used to approximately predict the shift in the critical Reynolds
number with control-disk size and rotation rate, which is shown to be valid for small
perturbations. Thus, in essence, there is an almost linear effect of the control disk with
εd3 on the velocity distribution in the neighbourhood of the breakdown region, even
though the overall effect on the flow is somewhat more complicated.

5. Conclusions
A non-intrusive method of controlling vortex breakdown, based on co-rotation and

counter-rotation of a small disk embedded in the non-rotating endwall, has been
presented and evaluated. For the no-control case, the experimental approach was
validated against the breakdown observations and stability chart of Escudier (1984),
and more quantitatively against breakdown location results from Fujimura et al. (2004).
Results quantifying the onset of vortex breakdown with the control-disk rotation have
shown that it occurs at lower Reynolds numbers for co-rotation, whereas it can be
delayed for counter-rotation. Thus, this study has shown that co-rotation and counter-
rotation of a small control disk are efficient means to enhance or suppress vortex
breakdown. Interestingly, this is opposite to the behaviour observed with a small
rotating rod, where co-rotation suppresses breakdown and counter-rotation enhances it
(Herrada & Shtern 2003b; Husain et al. 2003; Lo Jacono et al. 2008). That behaviour
can be interpreted in terms of downstream swirl decay considered by Shtern et al.
(2012). The co-rotating rod (disk) decreases (increases) swirl decay downstream. In
turn, the suction by pressure difference is weakened (strengthened) by a co-rotating
rod (disk). As a result of suction strengthening (weakening), the flow reversal (i.e.
vortex breakdown) occurs at smaller (larger) Reynolds number with the co- (counter-)
rotating small disk than that with no control.

The findings have also revealed that, for the case of an existing finite-sized
breakdown bubble, its size can be augmented by co-rotating the control disk. By
contrast, counter-rotation caused the bubble size to shrink. The effect on the size of the
breakdown bubble is amplified considerably as the size of the control disk is increased.
In addition, co-rotation tended to push the breakdown bubble in the upstream direction,
away from the rotating endwall, while counter-rotation caused the bubble to migrate
further downstream. Again, it was observed that larger control disks produced a much
more than linear shift in position, as was also observed for the bubble size. However,
the amount of shift in the breakdown bubble position was approximately proportional
to the absolute value of the rotation ratio.

From a practical point of view, the experiments have identified that it is beneficial to
use a disk of a certain radius (e.g. size ∼d4 corresponding to 4 % of the endwall area),
which gives a strong effect but still allows sensitive tuning of the influence on the
bubble. Larger disks (e.g. d5) do not allow the same fine tuning of breakdown bubble
characteristics, while smaller disks do not provide a large enough effect.

Apart from the experimental results, numerical predictions were obtained using a
spectral-element method for Reynolds numbers close to the critical value for a range
of control-disk sizes and rotation rates. The purpose of these calculations was mainly
to gain a greater insight into the underlying physical mechanisms responsible for
flow control, rather than to reproduce the experimental results. Indeed, by providing
details of the flow fields as a function of control parameters, it is clear that rotation
of the control disk proportionally changes the azimuthal vorticity source upstream
of breakdown, which subsequently increases or decreases the azimuthal vorticity in
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the neighbourhood of the breakdown location, thus modifying the induced axial flow
along the axis through Biot–Savart induction. The modification to the axial velocity
is shown to vary approximately with εd3. This can be combined with the measured
change in axial velocity with Reynolds number for the uncontrolled case obtained
from direct simulations to predict the experimentally observed shift in the critical
Reynolds number with rotation rate and disk size.

This non-intrusive method has proved to be a very effective way of controlling
vortex breakdown in an enclosed cylindrical vessel. The success of this method
provides hope that it can be adapted to real-life applications to reduce or completely
suppress vortex breakdown when it is detrimental or to enhance it when it is beneficial
to the process of interest. More generally, it shows that small manipulation of the
swirl immediately upstream of the bubble (with minimal energy input) is an effective
means of control. An area that may benefit from this approach is in bioreactor design,
where a controlled flow environment with low shear stress levels can be beneficial for
growing certain types of cells. Such a controlled environment can be achieved by co-
rotating a control disk, with a size and rotation ratio dictated by specific requirements.
Cell growth experiments based on some of these ideas are under development within
the Division of Biological Engineering at Monash University.
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zylindersymmetrischen Drehströmung mit einem Rückströmgebiet. Tech. Rep., Max-
Planck-Institut für Strömungsforschung.
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