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a b s t r a c t

The present work investigates the suppression of vortex shedding of a circular cylinder
of diameter D surrounded by a polar array 8 rotating wake-control cylinders of a
considerably smaller diameter d/D = 0.05. A numerical approach was employed to
simulate the laminar flow at a Reynolds number of 100. The governing equations
were discretised by the finite volume method for a two-dimensional computational
domain. The main varying parameter was the rotation speed of the control cylinders,
measured as a fraction of the incoming flow speed. A controlled wake (one without
alternating vortices) was achieved when the tangential velocity at the surface of the
control cylinders was greater than 3 times the free stream velocity. A significant
reduction of the overall drag coefficient and mitigation of the unsteady hydrodynamic
forces acting on the system were observed as rotation was increased. Given enough
rotation, a negative mean drag (thrust) was achieved. The power spent to rotate the 8
control cylinders appeared to be higher than the power-loss associated with the mean
drag of a bare cylinder. While still working with an active, open-loop control system,
this investigation supports the development of a closed-loop wake-control device for
offshore applications.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

It is well known that bluff bodies immersed in a flow will develop a periodic wake of alternating vortices (called the
Karman street) shed from the separated shear layers and convected further downstream (Bearman, 1984). Control over
the vortex-shedding phenomenon has been investigated for decades, gaining special attention after a general physical
mechanism for the formation of vortices was proposed by Gerrard (1966). Mostly aiming at reattaching the separated flow
or removing the periodicity of the wake, researchers have proposed various techniques to achieve wake control. Some of
these appeared as fairings (attempting to streamline the flow around the body), while others came about as interesting
contraptions attached or installed around the bluff body to interact with the separated shear layers (for example, Assi
et al., 2009, 2010).

It is widely accepted that if the wake is controlled and the shedding of vortices is eliminated the bluff body will not
only generate considerably less drag but may also become invulnerable to vortex-induced vibrations (VIV). The present
investigation is motivated by the development of novel solutions to suppress VIV from slender bluff structures without
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causing excessive drag (perhaps achieving drag reduction) and producing useful forces for dynamic positioning. In the
present work, however, we shall refer only to the suppression of the vortex-shedding mechanism as a step towards the
suppression of VIV. For reviews on the topic, please follow Zdravkovich (1981) or the recent compilation of Rashidi et al.
(2016).

Passive wake-suppression methods rely on modifications of the bluff body geometry to affect the formation and
shedding mechanism of vortices (Choi et al., 2008). They require no external energy supply to the fluid–structure
system and have a much simpler implementation, which favours their use over the active methods in most engineering
applications. In an effort to study a passive control device by employing interfering control rods, Strykowski and
Sreenivasan (1990) have reported that the vortex shedding past a circular cylinder can be controlled over a limited
range of Reynolds number (Re) by the proper placement of a smaller control rod close to the main cylinder. Wu et al.
(2012), Jimenez-Gonzalez and Huera-Huarte (2017) and Silva-Ortega and Assi (2017a, 2018) went on to investigate the
passive suppression of VIV of circular cylinders by fitting multiple control rods around their circumference.

Active open- and closed-loop control techniques have received extensive attention by the scientific community (Gad-
El-Hak, 2000; Cattafesta and Sheplak, 2011; Schulmeister, 2012; Silva-Ortega and Assi, 2017b), as they can be directly
applied or inspire the development of more efficient passive control methods. Among the great variety of active control
methods, themoving surface boundary-layer control (MSBC) technique relies on the injection of momentum in the boundary
layers of the body by rotating small elements placed within or very near the boundary layers around the separation
points (Modi, 1997). Rotating elements are usually small circular cylinders placed inside or just above the wall. It is
believed that the injection of momentum postpones the effects of the adverse pressure gradient generated by the geometry
of the bluff body, moving the separation points to a more advanced position. As a result, the wake becomes narrower
and the recirculation region behind the body is suppressed or drastically reduced. One of the most important control
parameters directly associated with the injection of momentum is the ratio between the tangential velocity of the moving
surface and the flow velocity (Uc/U).

MSBC can be applied as an active open- or closed-loop control. Patnaik and Wei (2002) numerically simulated the
flow around a D-section cylinder with MSBC at Re = 200 and 400 and verified a recirculation free zone in the wake
for Uc/U = 1.25. Muddada and Patnaik (2010) made further developments to this control strategy, employing a cylinder
fitted with two simple rotary type mechanical actuators located at 120◦ from the frontal stagnation point. The effectiveness
of the MSBC in reducing drag was shown in all tested cases. Mittal and Raghuvanshi (2001) verified this phenomenon
employing a numerical approach and observed that two control cylinders provided a local favourable pressure gradient
in the wake region, thereby locally stabilising the shear layers. Following that, Mittal (2001) applied the MSBC to control
the flow around a circular cylinder in two-dimensional numerical simulations at Re = 100 and 10,000. At Re = 100 and
Uc/U = 5, the wake was suppressed; at Re = 10,000 the wake did not reach a steady state, but it appeared highly
organised and narrower when compared to the case without any control. The effect of the gap between the control
cylinders and the wall of the main cylinder at Re = 10,000 was later investigated by Mittal (2003). Recently, Schulmeister
et al. (2017) performed experiments at Re = 47,000 that showed considerable drag reduction for two rotating control
cylinders strategically located around the main body. Their numerical simulations at Re = 500 revealed interesting details
of the reattachment of the flow around the control cylinders.

Korkischko and Meneghini (2012) performed an experiment employing MSBC with 2 control cylinders as a means to
suppress VIV of an isolated cylinder mounted on an elastic base with one degree of freedom in the cross-flow direction.
VIV suppression was achieved given enough rotation of the control cylinders. Later, Zhu et al. (2015) performed numerical
simulations of VIV in two degrees of freedom employing 2 rotating control cylinders for Re between 1,000 and 6,500; in
another study (Zhu and Gao, 2017), the effect of the rotation direction was investigated. Recently, MSBC with more than
2 control cylinders has also been tested as a means to suppress vortex shedding of static cylinders as well as VIV of
oscillating bodies in the experiments performed by Silva-Ortega and Assi (2018).

2. Objective

The present study investigated if a polar array of 8 rotating wake-control cylinders of a smaller diameter d, equally
spaced about a main circular cylinder of a larger diameter D and positioned away from the main cylinders’s wall (as defined
in Fig. 1), was able to control the wake and suppress vortex shedding. This is part of a wider investigation that started with
2 and 4 control cylinders, not discussed here for brevity, but reported in Silva-Ortega and Assi (2017a, 2018). From those
previous works, the arrangement with 8 control cylinders started to present useful characteristics of an omnidirectional
device.

The gap (G/D) separating the control cylinders from the main cylinder and the rotation speed of the control cylinders
(Uc/U , defined as the ratio between the tangential velocity on the wall of the control cylinders to the speed of the incoming
flow) were the main parameters of the investigation: Uc/U varied between 0 and 6, while G/D = 0.1 and d/D = 0.05
were kept constant. Other works have considered variations in these parameters as well (Silva-Ortega, 2015). As seen in
Fig. 1, the control cylinders at the top rotate in the clockwise direction, while the control cylinders at the bottom rotate
in the counter-clockwise direction. The system is considered an open-loop, active MSBC device.

The investigation was conducted by means of two-dimensional numerical simulations of the flow at Re = 100
(Re = UD/ν, based on the free stream velocity U , the diameter D of the main cylinder and the viscosity ν of the fluid).
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Fig. 1. Geometrical parameters for the main cylinder with eight wake-control cylinders. Flow approaching in the direction of the arrow; direction
of rotation is marked on each cylinder.

3. Numerical method

Numerical simulations of the flow have been carried out employing the commercial code ANSYS Fluent (version
13.0). The flow was governed by the Navier–Stokes equations, which were considered here as incompressible and two-
dimensional. The unsteady Navier–Stokes equations for the conservation of mass and momentum in the integral form
were given by∫

S
u⃗.n⃗dS = 0 (1)

and ∫
Ω

∂ρu⃗
∂t

dΩ+

∫
S
ρu⃗(u⃗ · n⃗)dS=

∫
S

(
−pn⃗

)
dS+

∫
S
(τ · n⃗)dS, (2)

where the viscous stress tensor for Newtonian fluid was

τ = µ

[(
∇u⃗ + ∇u⃗⊺

)
−

2
3
(∇ · u⃗)I

]
. (3)

In the equations above, u⃗ is the flow speed, p the static pressure, ρ is the specific mass of fluid, µ is the dynamic viscosity, t
is the time, Ω represents the control volume of the system and S denotes its external surfaces, whose outward unit normal
is n⃗.

The equations were discretised by a cell-centred finite-volume method. The fluid domain was divided into a large
number of discrete control volumes by means of a computational mesh. The resulting discretised equations were solved
sequentially based on an implicit pressure-based scheme. In order to deal with the pressure–velocity coupling, the
pressure-based algorithm PISO was employed due to its efficient iterative method for unsteady problems, the scheme
is fully described in Versteeg and Malalasekera (2007).

In order to obtain the pressure on the faces of the control volume, an interpolation scheme based on a ‘‘staggered’’
control volume arrangement was employed (known in Fluent as PRESTO, PREssure Staggering Option). The staggered-grid
scheme procedure is also described in Versteeg and Malalasekera (2007). An upwind second-order spatial differencing
method was applied for the convective terms (Barth and Jespersen, 1989) and the diffusive terms were discretised by
a central differencing scheme. The solution was time-advanced using an implicit second-order accurate scheme that
employed three time levels incorporated within the PISO algorithm (Versteeg and Malalasekera, 2007). All the equations
were solved iteratively, for a given time-step, until the convergence criterium was met: all residuals for each algebraic
equation were less than 10−4 and 20 internal iterations per time step.

3.1. Computational domain

The cylinders were surrounded by a rectangular computation domain with upstream, lateral and downstream bound-
aries located respectively at 8D, 8D and 30D from the centre of the main cylinder, as shown in Fig. 2. The size of the
computational domain was verified so that the flow around the cylinder was not too much influenced by the boundaries.
It is well known that the size of the domain influences Strouhal number and other hydrodynamic coefficients (Behr et al.,



Please cite this article as: G.R.S. Assi, R.M. Orselli and M. Silva-Ortega, Control of vortex shedding from a circular cylinder surrounded by eight rotating
wake-control cylinders at Re=100. Journal of Fluids and Structures (2019), https://doi.org/10.1016/j.jfluidstructs.2019.03.003.

4 G.R.S. Assi, R.M. Orselli and M. Silva-Ortega / Journal of Fluids and Structures xxx (xxxx) xxx

Fig. 2. The wider numerical domain (left) and a detail of the mesh around the control cylinders (right).

Table 1
Comparison of drag and lift coefficients.

St CD ĈL

Present work 0.175 1.401 0.227
Blanchard et al. (2019) 0.170 1.392 0.242

1995). Nevertheless, the size of the employed domain was considered a good balance between computational costs and
accuracy of the physical phenomenon. Numerical domains of a similar size or smaller have been successfully employed
by Mittal (2001), Young et al. (2001) and Goodarzi and Dehkordi (2017) to investigate analogous problems.

The two-dimensional, finite-volume mesh (with 89,310 cells) was fine enough to resolve the details of the flow near
the walls. A structured finite-volume mesh was employed close to the main cylinder and the small cylinders. Mesh-
convergence tests have been carried out until a suitable final mesh was found. (Details of this validation exercise will not
be reported here for brevity.) Simulations run for enough time to gather at least six cycles of vortex shedding in a fully
developed wake.

A no-slip condition was specified for the velocity on the surface of all bodies and free-stream values were assigned
to the velocity at the upstream boundary. On the upper and lower boundaries, the component of velocity normal to and
the component of the stress vector along these boundaries were prescribed to be zero. At the downstream boundary, an
outflow boundary condition was employed, which prescribes all variables’ normal gradient to zero.

The direction of the incoming flow and the direction of the rotation of the control cylinders are marked in Fig. 1. The
control cylinders were distributed so that there would be no control cylinder positioned at the frontal stagnation region,
thus avoiding any asymmetry of the flow around the body. (Future work should concentrate on that arrangement.) The
rotation speed (Uc/U) of the control cylinders was imposed at each case being simulated. Coefficients of lift (CL) and drag
(CD) were determined by integrating the pressure field and viscous forces on the walls around the main cylinder and the
control cylinders. The force coefficients per unit length were normalised by 1

2ρU
2D, always in reference to the diameter

D of the main cylinder (even if the body in question was a small control cylinder).

4. Results and discussion

4.1. Reference: a bare cylinder

The flow around a bare cylinder (without control cylinders) at Re = 100 was simulated in order to validate the
numerical model and domain as well as to serve as a reference for comparison. From the time series of lift and drag
coefficients shown in Fig. 3(a), a steady state regime of vortex shedding was achieved after 70 non-dimensional time
units from the beginning of the simulation. The steady-state Strouhal number (defined as St = fsD/U , where fs is the
frequency of vortex shedding), the mean drag coefficient (CD) and the fluctuation of the lift coefficient (ĈL, calculated as
the root mean square of lift) are presented in Table 1 in comparison with another two-dimensional numerical simulation
from the literature. These values were also in good agreement with Meneghini et al. (2001), Norberg (2003), Rajani et al.
(2009) and Muddada and Patnaik (2010).

Fig. 3 also presents the vorticity field and streamlines downstream of the bare cylinder for an instant once the periodic
regime of vortex shedding had been established. A typical Karman vortex street – with two single vortices shed per cycle –
is clearly identified from the vorticity contours, while the region of separated flow at the base of the cylinder is highlighted
by the streamlines.

4.2. With rotating control cylinders

The rotating control cylinders were placed close enough to the wall to interact with the boundary layer of the main
cylinder, but not necessarily immersed in it. Fig. 4 illustrates the velocity profiles of the flow around the bare cylinder,
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Fig. 3. (a) Time series of CL and CD , (b) instantaneous vorticity contours and (c) streamlines for the flow around a bare cylinder.

Fig. 4. Details of the velocity profile in the boundary layer around the bare cylinder (coloured by velocity magnitude; key in Fig. 3). Flow is from
left to right.

highlighting the shear profile in the boundary layer and the eventual locations and diameter of the control cylinders
(marked by the corresponding circles at G/D = 0.1).

The rotation of the control cylinders (Uc/U) was increased in steps. At the beginning of the simulation (tU/D = 0),
Uc/U was set to 0. Once a steady state regime of vortex shedding had been reached, the simulation would be left to run for
several cycles of vortex shedding before the parameter was changed to the next step Uc/U = 1. Once more, after several
cycles of stablished vortex shedding, Uc/U was increased to the next step, and so on, until Uc/U = 6. Following this
method, a transient regime appeared after each change in Uc/U , the convergence time was reduced, but each simulation
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Fig. 5. Time series of CL and CD for a cylinder with 8 rotating control cylinders. Coefficients measured on the main cylinder alone.

carried information from the previous state. This procedure, also employed by Mittal (2001), produced the time series of
CD and CL presented in Fig. 5, where the dashed lines mark the transitions in Uc/U .

Fig. 6 presents the instantaneous vorticity contours and the corresponding streamlines for the flow around a cylinder
with 8 rotating control cylinders for Uc/U = 0 to 6. At Uc/U = 0 the wake pattern looked similar to that of a bare
cylinder, as shown in Fig. 3, except that the presence of the 8 non-rotating control cylinders made the wake wider than
that of the bare cylinder.

Reynolds number based on the diameter of the control cylinders was Rec = 5, which was below the typical value
of Rec = 46 from which shear layer instability should trigger the onset of vortex shedding for the individual control
cylinders. Therefore, no independent vortex-shedding was observed from the control cylinders, hence the vortex wake
was produced by the main and the control cylinders combined as a single body.

As shown by the streamlines, the region of separated flow (associated with the recirculation bubble) downstream of the
main cylinder was reduced as Uc/U was increased. The strength of convected vortices also decreased as Uc/U increased at
the same time that the vortex formation length was increased, showing that the separated shear layers were interacting
further downstream to generate a weaker wake. Eventually for Uc/U ≥ 3, the interaction between the separated shear
layers was so much reduced that no alternating vortex shedding was noticed in the wake downstream of the main cylinder.
This was also accompanied by a narrowing of the wake and a consequent increase in Strouhal number.

4.3. Fluid forces

The suppression of the wake as Uc/U was increased was followed by changes in the fluid forces acting on the body,
which was evident from the time series of CL and CD measured on the main cylinder alone (Fig. 5). The RMS of fluctuating
lift coefficient decreased as the rotation of the control cylinders was increased. A periodic fluctuation of CL was clear for
Uc/U between 0 and 2, but disappeared for Uc/U ≥ 3 when vortex shedding was completely suppressed.

The drag coefficient followed the same behaviour. The mean drag coefficient was found to be CD = 2.1 for Uc/U = 0,
higher than that experienced by an isolated cylinder, since the presence of the static control cylinders contributed to the
enhancement of the wake and increased drag on the main cylinder. CD was reduced as the wake got weaker for higher
Uc/U . The minimum CD ≈ 0.4 (with ĈL ≈ 0) was obtained for Uc/U = 5, which was much lower than the CD = 1.4 found
for the bare cylinder (Fig. 3(a)). For the highest Uc/U = 6, the system reached the lowest drag recorded at CD ≈ 0.37
(considerably below that of the bare cylinder), but a local minimum value may still be waiting ahead.

Fig. 7(a) presents the mean drag coefficient (CD) compared with the reference CD = 1.40 for that of the bare cylinder.
White symbols refer to coefficients measured on the main cylinder alone, while black symbols refer to the system as a
whole (main cylinder plus wake-control cylinders). When CD was measured on the whole system (black symbols) a very
interesting behaviour stood out: for higher Uc/U the whole system was able to achieve considerably less drag than the
main cylinder alone. In fact, for the case at Uc/U = 6 the mean drag was even found to be negative (CD ≈ −0.1). The
interaction of the rotating control cylinders with the flow past the main body generated force in the opposite direction
of the incoming flow. While the main cylinder was always under positive drag, the force on the control cylinders can
balance or overtake that of the main body, generating a net negative drag (a small propulsion, or thrust) for the whole
system.

So far, it is impossible to conclude if the total CD will continue to drop for higher rotation speeds. But the fact that
the rotating cylinders were not only able to reduce but to overcome the overall drag of the system is quite remarkable.
Nevertheless, we conclude that the negative term of the total drag was indeed coming from the rotating control cylinders.

Now turning to the absolute mean lift coefficient in Fig. 7(b). Since the cylinders on opposite sides of the body were
rotating at opposite directions – and since positive CL is defined in the cross-flow direction pointing upwards in Fig. 1 –
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Fig. 6. Instantaneous vorticity contours (left column) and corresponding streamlines (right column) of the flow around a cylinder with 8 rotating
control cylinders (Uc/U = 0 to 6). Coloured by vorticity and velocity magnitude, respectively.

we shall consider the absolute value of lift. Fig. 7(b) presents lift also divided in two terms: for the main cylinder alone
and for the absolute portion acting on the control cylinders (therefore |C L|).
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Fig. 6. (continued).

As expected, the main cylinder alone presented C L ≈ 0 due to the symmetry of the flow. (Any difference from zero
was due to not having an integer number of cycles while taking the average of the time series.) The control cylinders,
on the other hand, appeared to sum up a rather high value of |C L|, which increased continuously with Uc/U . The four
control cylinders on the top side of the main cylinder produced a net lift pushing upwards; the four control cylinders
on the bottom side produce a net lift of the same magnitude pushing downwards. For this reason, |C L| is presented in
Fig. 7(b) as referring to the mean value of the cylinders on each side of the main body. If both terms were to be added,
the net lift on the top side would cancel out the net lift on the bottom side, hence the total lift experienced by the whole
system would also be C L ≈ 0, as seen in Fig. 7(b).

It was shown that the 8 wake-control cylinders were indeed experiencing a considerable amount of fluid forces, either
to generate negative drag or to generate lift pointing away from the centreline of the wake. A control strategy could take
advantage of this net lift by rotating only the control cylinders on one side of the body, for example, to produce lift to
maneuver the system. More advanced control strategies could consider the independent rotation of the control cylinders
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Fig. 7. (a) Mean drag and (b) absolute mean lift for the case with 8 control cylinders.

Fig. 8. Contribution of each control cylinder to the total (a) drag and (b) lift of the system.

to generate a useful force in a desired direction. To pave the way, we shall now investigate the contribution of each control
cylinder independently.

4.4. Force acting on each control cylinder

Fig. 8 presents the mean drag and mean lift coefficients measured for each of the 8 control cylinders around the main
body for various rotation speeds. The angular position (θ ) of the control cylinders is that shown in Fig. 1.

When Uc/U = 0 none of the control cylinders experienced negative drag (Fig. 8(a)). But as soon as they started to
rotate some of the control cylinders contributed with negative drag, especially those located at the front of the body
(between the ±90◦ dashed lines) where the flow had not yet separated. For the highest Uc/U = 6 the control cylinders
located at the front produced so much negative drag that they were able to balance off the positive drag experienced
by the other control cylinders and the main cylinder. It becomes clear that the control cylinders located at ±67.5◦ were
the ones that contributed the most to reduce the total drag of the system. The next cylinders downstream, located at
±112.5◦, interacted with the separated shear layers and produce positive drag for most cases.

Fig. 8(b) presents the contribution of each cylinder towards lift. It is clear that all cylinders on the top side of the
body produced positive lift (pointing upwards), while all cylinders on the bottom side produce negative lift. The control
cylinders located at ±67.5◦ were the ones with the strongest lift, reaching |C L| ≈ 1.2 for the highest rotation of Uc/U = 6.

Finally, Fig. 9 presents the resultant force in terms of a vector diagram for each of the 8 control cylinders for Uc/U = 0
to 6. The resultant vector for the forces measured on the main cylinder alone are also presented as a black arrow at the
centre of the main body. The grey arrow represents the resultant vector for the system as a whole.

At Uc/U = 0 the control cylinders generated positive drag, except for the cylinder immersed in the recirculation region
of the near wake. Adding that to the drag of the main cylinder results in the highest value of CD experienced by the system.
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Fig. 9. Resultant force coefficients (shown as vector diagrams) on each control cylinder, main cylinder alone (black arrow) and the system as a
whole (grey arrow). Direction of the flow is from left to right.

As Uc/U was increased the drag of the main cylinder was gradually reduced, and drag on the control cylinders (especially
on those at the front) became negative, reducing CD of the whole system until it got negative for UC/U = 6.

As vortex-shedding was eliminated for Uc/U ≥ 3 the direction of the resultant vectors of the control cylinders did
not change much, but they only increased their magnitude with increasing rotation speed. Such a large lift-to-drag ratio
could prove to be useful for other control applications such as dynamic positioning of offshore floating units.

4.5. Driving power

One final important question regards the amount of energy spent to rotate the control cylinders compared with the
energy saved due to drag reduction. Following the model for energy efficiency proposed by Shukla and Arakeri (2013),
the power Pn needed to rotate a single control cylinder at a tangential velocity Uc is that required to overcome the total
effect of shear stresses on its wall, which is integrated around the diameter d, hence

Pn = Uc
d
2

∫ 2π

0
τθc dθc, (4)

where τθc is the local shear stress on the wall of the control cylinder. Adding up the contributions of all the N control
cylinders results in

CN =

N∑
n

Pn
ρU3D/2

, (5)

the coefficient of power spent to rotate all the control cylinders of a system at the same tangential velocity Uc .
Finally, the total power-loss coefficient

CPL = CD + CN (6)

of the system is simply obtained by adding the total drag of the system (CD) to the energy spent to rotate the N control
cylinders (CN ). In general terms, the power-loss coefficient is a means to evaluate the energy efficiency of the system
regarding the amount of energy spent to drive the control cylinders and the energy lost due to the drag the system
generates.

Fig. 10 presents CPL decomposed in CN and CD as a function of Uc/U . As expected, for non-rotating control cylinders
(Uc/U = 0) all the power-loss of the system was due to drag, which was slightly higher than that experienced by a
bare cylinder. As rotation speed was increased, an increasing fraction of the power was lost to the rotation of the control
cylinders, but the resulting reduction of the overall CD dominates the behaviour of CPL.

Coincidentally or not, it is interesting to note that the condition for the suppression of vortex shedding (shaded area
in Fig. 10) is somewhat related to when CN is greater than CD. Nevertheless, the minimum CPL for when suppression is
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Fig. 10. Decomposition of the power-loss coefficient (CPL). Area shaded in grey represents when vortex shedding was suppressed. The horizontal,
dashed lines represent CD = 1.4 for a bare cylinder.

achieved (at Uc/U = 3) is still greater than the mean drag for a bare cylinder, at least for this specific condition of Re,
G/D, d/D, etc.

As examples, consider two applications: (1) If the objective is to suppress the fluctuating forces caused by vortex
shedding with minimal energy input, Uc/U would be set around 3. (2) But if the objective is to minimise drag (or maybe
generate useful thrust) at the cost of spending more energy, than the user would set higher rotation speeds.

5. Final remarks

Two-dimensional simulations of the flow offer a simplified view of the phenomena occurring in the wake, which is
indeed much more complex and rich in three-dimensionalities, as carefully exposed by Williamson (1996). A parametric
investigation, however, would be extremely expensive in terms of the computational effort required to model the three-
dimensional flow at higher Re (Assi et al., 2018, for example). Therefore, simplified simulations still hold their place as a
powerful and feasible tool to understand the hydrodynamic mechanisms at the beginning of the instabilities (Re = 100).
Perhaps the most useful point in the present study is that it helps us to formulate the correct questions concerning wake
stability and flow control in such a simple geometry, but with too many parameters in hand.

Now, thinking in terms of practical applications (especially related to offshore and wind engineering), there are
situations in which fitting 8 control cylinders is better (or actually necessary) than fitting only 2 or 4. If the direction
of the incoming flow is not known or changes with time, for example, a system with 8 control cylinders would appear
to be ‘‘more omnidirectional’’ to the flow than the previous cases. Of course a case with 16 control cylinders would
be hypothetically even ‘‘more omnidirectional’’ (keeping this term with quotation marks as omnidirectionality is not
quantifiable), but that would be just another step in one of the significant parameters.

Of course there are infinite possibilities to arrange the rotating control cylinders around the main cylinder. The present
work was never intended to find an optimal solution, but simply to be a parametric study. (Refer to Patino et al. (2015)
and Meliga et al. (2014) for good optimisation studies regarding the location of interfering control cylinders.) Our initial
restriction, however, was to reduce the number of geometric parameters for axisymmetric arrays of control cylinders.
The universe of parameters for an optimisation study is so vast that a robust optimisation method must be considered to
tackle the problem. With as many significant parameters identified in this work (N , d/D, G/D, Uc/U , angle of incidence
in relation to the upcoming flow) as those not concerned in the investigation (control cylinders do not need to have the
same diameter, or to be equally spaced, or to rotate at the same speed and direction, or to be at same distance from the
centre...), one may see the possibilities are endless, making it a very exciting, non-linear problem for someone focusing
on optimisation.

6. Conclusion

In the present work, the flow control past a circular cylinder surrounded by 8 rotating wake-control cylinders has been
studied by means of numerical simulations at Re = 100. The control cylinders were able to suppress the vortex shedding
mechanism of the main cylinder for rotations greater than Uc/U = 3.

Drag on the system was reduced as a consequence of the elimination of the Karman vortex street, but it appeared
that a local minimum was not reached yet within the range of this investigation. Mean drag experienced by the control
cylinders can be negative and, for higher rotation speeds, stronger in magnitude than the positive drag experienced by
the main body. Indeed, the lowest drag of CD ≈ −0.1 was observed for Uc/U = 6. It s not clear if CD tends toward a
minimum value or will it keep decreasing with increasing rotation speeds. On the other hand, the power spent to rotate
the 8 control cylinders appear to be higher than the power loss associated with the mean drag of the bare cylinder.

The control cylinders also experience high lift, what can be useful if a control strategy requires to control the lateral
force on the body. Such forces originate in the interaction of certain control cylinders with the attached boundary layers.
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The two-dimensional computations set an upper bound on the control effectiveness of the rotating cylinders. It is
expected that the actual behaviour of such open-loop control strategies will depend significantly on three-dimensional
effects and Reynolds number (among other factors). Future numerical and experimental investigation should concentrate
on that.
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