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Dynamics of two-dimensional flow around a circular cylinder with flexible filaments attached
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A direction adaptive approach for the reduction of drag and the suppression of lift fluctuation in flow passing
a circular cylinder is developed. Flexible filaments are attached to the surface of the cylinder, and different
configurations, including the number, lengths, and angles of attachment of the filaments, as well as their tension
and bending features, are investigated. In this comprehensive numerical study, the configuration with two
filaments 180° apart is found to be optimal for drag reduction and lift fluctuation suppression and is adaptive
to the direction of the incoming flow. A drag reduction of 10.8% and a lift fluctuation suppression of 34.6% can
be achieved as one filament is attached to the rear stagnation point and the other to the front stagnation point. The
hairy coating resembled by 12 evenly attached filaments is also considered. Though marked drag reduction has
not been found for this configuration, we leave it an open question for future studies to explore various properties
of the filaments in turbulent flow, whose interaction with the filaments would be significant.
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I. INTRODUCTION

A long cylinder placed in cross-flow is subject to vibrations
caused by periodic hydrodynamic forces, accompanied by a
famous phenomenon known as Kdrman vortex streets, leading
to vortex-induced vibration (VIV) of the cylinder [1]. The
VIV and its mitigation widely exist in practical engineering,
such as bridges, high-rise buildings, heat exchangers, and
ocean structures. A typical example is the deep-water risers
which are commonly used to connect the sea bed to offshore
drilling platforms. As the depth reaches 1000-2000 m, VIV
becomes one of the main challenges for safe and cost-effective
production of oil and gas [2].

VIVs can be suppressed in both passive and active man-
ners, and the latter can be further classified into active open-
loop (for the cases with actuators and without sensors) and
active closed-loop (with actuators and sensors), as reviewed
in [3]. Most active controls use various forcing devices, such
as rotary [4-6], streamwise [7,8], and transverse oscillations
[9,10] of a bluff body, inflow oscillation [11], electromagnetic
forcing [12], blowing or suction [13,14], distributed forcing
[15], etc. Constantly active methods require energy inputs
and therefore need more complicated mechanical devices,
particularly for those with closed-loop controls, where the
feedback control algorithms have to be carefully designed
to minimize the portion of energy input. Accordingly, the
active methods are less desirable in practice, while passive
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methods referring to those that do not consume energy have
predominance in terms of their easy implementation.

Passive control can be achieved in two approaches: either
by modifying the shape of the body or by adding auxiliary
devices. For instance, it was found that a dimpled circular
cylinder had a lower drag coefficient than a smooth cylinder
from Reynolds number 4 x 10* to 3 x 10° [16]. A spanwise
waviness was introduced to the front stagnation face of a
rectangular cylinder, which led to the suppression of vortex
shedding due to the spanwise waviness [17]. This concept was
extended to a circular cylinder by changing the straight axis
of the cylinder into a sinusoidal axis along the spanwise di-
rection and by spirally attaching hemispherical bumps on the
cylinder surface, producing an effect similar to that observed
for the flow over a rectangular cylinder [18]. Various auxiliary
devices, such as an additive smaller cylinder or control rod
[19], hydrofoils [20], helical strakes [21], as well as fairings
[22], have proved to be effective for VIV suppression. Another
widely used device is the splitter plate, which is favored due
to its simple geometry. Since the first attempt by [23], a series
of experimental and numerical works have been performed
[24-27], and drag reduction and vortex shedding suppression
were achieved under specific conditions. Studies have also
been performed on a splitter plate hinged to, and allowed to
rotate around, the rear point of a cylinder [28,29]. It was found
that both the vibration and force fluctuations of the cylinder
can be significantly suppressed [30].

In addition to rigid splitter plates, recently, flexible plates
or filaments have received significant attention for their
role in passive flow control [31], as they can self-adapt to
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various flow directions without any active input of energy
[32]. This was inspired by animal locomotion where the
flapping filaments have a critical role on extracting energy
from the ambient flow [33-35]. In a numerical study on
flow around a circular cylinder partially coated with hair,
represented by a set of articulated rods, the reductions of the
average drag of up to 15% and lift fluctuation up to 40% were
achieved [31]. It was reported that an elastic filament attached
to the rear of a circular cylinder could both produce a net
lift force and reduce the mean drag force on the cylinder by
breaking the spontaneous symmetry [36]. In the simulation
of the vortex-shedding-induced vibration of a flexible splitter
plate behind a cylinder, it was found that the flexibility of a
plate adversely modulates the drag and lift forces acting on the
cylinder [37]. Further, the fluctuation of lift forces and VIVs
on a circular cylinder were found to be suppressed efficiently
by using an attached flexible filament. This is because energy
in the wake of the cylinder went into driving the oscillations
of the filament rather than forming vortices, and consequently,
the filament motion pushed vortices away and stabilized the
flow [38]. More recently, a laminar flow (Re = 100-300) over
a circular cylinder with two attached flexible filaments was
investigated [39]. The cylinder was fixed, and the filaments
with the same properties were symmetrically arranged along
the rear surface of the cylinder. They found that the mean drag
and the lift fluctuation can be reduced effectively, with the
lowest values achieved at an optimal separation angle of 90°
between the two filaments.

From the above literature review, the strategy of using
multiple filaments to enhance the control effect has been
explored. However, in all these efforts, the filaments were
attached at the rear of the bluff body to control the flow
wake [31,39]. This is based on a prerequisite that the direction
of incoming flow is known and fixed. In real applications,
as the orientation of the riser or the direction of the ocean
currents varies, the fixed ends of the filaments will deviate
from their ideal attaching positions. The control effects of
the filaments at varying incoming flow conditions have not
been clarified in the literature. In the case that the incom-
ing flow direction has a critical impact on the filaments,
multiple filaments attached around the outer surface of the
bluff body should be considered, to adapt to the incoming
flow and ensure the presence of filaments in the wake re-
gion. In this work, we investigate the flow around a circular
cylinder attached with multiple flexible filaments, aiming to
find a configuration insensitive to the change of the flow
direction.

The immersed boundary method (IBM) has been employed
in most existing simulations of the interaction of filaments
and fluid flow. This method was first developed to model the
moving boundaries in heart-valve simulations [40]. It is effi-
cient since all the simulations can be carried out with the fixed
Cartesian grid and only a virtual force term is required in the
momentum equation. Under the original derivation of Peskin’s
IBM, it was assumed that the fluid and the structure are with
the same material, or in other words, the immersed boundary
or structure does not add any mass beyond what would be
there anyway if the boundary or structure was replaced by
fluid. A direct method used to handle boundary mass was to
spread that mass out onto the fluid grid, causing a density

variation in the Navier-Stokes equations, which complicates
the numerical solver of those equations [41]. To handle this
problem, various numerical methods based on the immersed
boundary framework have been proposed [42—44], most of
which were originated from Zhu’s treatment [41] by splitting
the elastic filament into massless and massive components.
These methods differ in the way to distribute the elastic force
and the reacting force between the massless and massive
components of the filament. A representative implementation
is the penalty IBM, which has been extensively applied to
various problems: 2D and 3D parachutes [45,46], flexible
clap and tiny insect flight [47], dry foam dynamics [47], and
inextensible vesicles [48]. This method has been proved to be
practical and effective when considering a deformable body
with mass.

Another optional treatment of the immersed boundary was
proposed by [49], which in our understanding is a variation of
the feedback forcing scheme developed specifically for rigid
immersed boundaries [50]. In this new treatment, the fluid is
governed by the Navier-Stokes equations and the filament by
its own set of equations. While differing from the traditional
Peskin’s method, they are solved independently and the inter-
action between the two equations is applied as a momentum
forcing term to each. The inextensibility condition is satisfied
in the equations of motion for the filament by first calculating
the tension force at the intermediate time step that is required
to prevent any extension, and the errors introduced at previous
time steps are penalized. They also introduced a method for
handling collisions between adjacent filaments by using an
artificial repulsive force to account for the interaction of two
close filaments through the Dirac § function [49]. In our study,
we follow the IBM considering the inertial effect proposed by
[41] and the treatment of avoiding collision proposed by [49].

The remainder of this paper is organized as follows: In
Sec. Il we present the formulation of the problem and describe
the simulation methodology for the filaments in a fluid flow.
Then the results will be presented in three parts in Sec. III. In
Sec. I[IT A we study a single filament attached to the circular
cylinder at the downstream stagnation point, focusing on
the control effects at various attaching positions. Then, in
Sec. III B we attach two filaments 180° apart and examine
the direction adaptivity of this configuration. Furthermore, in
Sec. III C we study a dense distribution of filaments along the
cylinder surface, with 12 filaments considered, to evaluate the
drag reduction by “hairy coating.” Finally, in Sec. IV we draw
our conclusions.

II. PROBLEM DEFINITION AND NUMERICAL METHOD
A. Problem definition

We consider the two-dimensional flow around a fixed cir-
cular cylinder attached with various numbers of filaments. For
a single filament, its attaching point is denoted by the angle 6,
measured from the downstream stagnation point of the cylin-
der, as shown in Fig. 1. For multiple filaments, their distribu-
tions will be defined based on the most downstream filament,
as will be discussed later in Sec. III. For all simulations, we
fix the Reynolds number at Re = U,,D/v = 100, where D
is the diameter of the circular cylinder, Uy, is the streamwise
velocity far upstream, and v is the kinematic viscosity. All the

053107-2



DYNAMICS OF TWO-DIMENSIONAL FLOW AROUND A ...

PHYSICAL REVIEW E 100, 053107 (2019)

R

FIG. 1. Definition of the attaching angle 6 of a filament.

forces will be nondimensionalized by % onch, where p is the
fluid density, to obtain their respective coefficients.

B. Numerical methods

We use the open source code OPENFOAM to solve the time-
dependent, incompressible form of the Navier-Stokes equa-
tions [51]. The differential form of the momentum equation is
shown in Eq. (1), where an extra forcing term f is included to
represent the objects immersed in the fluid flow. The forcing
term f is calculated by IBM [40]. We adopt a Penalty IBM
(PIBM) to take into account the gravity and inertial effects
of filaments. Note that we actually consider neutrally buoyant
filaments in the current study to avoid the direction preference
when there are multiple filaments. The penalty part of the
algorithm is kept in the following presentation only to take
into account the inertial effects of the filaments, of which the
detailed implementations can be found in our previous study
[52].

Equation (1) are the Navier-Stokes equations for viscous
incompressible fluid. p,u, p are the density, velocity, and
pressure of the fluid, respectively:

u 2
0 E—l—u-Vu =—-Vp+uV-au+f,

V.u=0. (1)

The extra forcing f in Eq. (1) is calculated by the integration
of the Lagrangian forcing density F(s,7) on the filaments
weighted by a Dirac § function,

f(x,t) = /F(s, 1)8(x — X(s, t))ds, 2)

where x is the spatial coordinate of the domain, and X
represents the Lagrangian points which are linked by one-
dimensional rods to model the thin filament.

The force F(s, t) consists of three parts:

where Fr is the elastic force induced by the deformation of
the filaments, Fy is the restoring force considering the mass of
the filaments, and F¢ is the repulsive force to avoid collision
between different filaments, or between the filaments and the
cylinder.

Fg can be computed from

Fp=— “4)

ﬁa

where E is an energy function. Here we impose two elastic-
ities on these rods, one resisting stretching and compression,
and the other resisting bending. The energy function E[X(.)]
in Eq. (4) can therefore be formalized as

1 X 2 1
MMM:EQ/Q5“4>w+§@f

where k; and k, denote the coefficients for stretching and
bending, respectively. We note that variables defined on the
filament domain are spread to the fluid domain using the Dirac
6 function, which has been widely used in IBM. Its discrete
form is expressed as

X Y
8MX>=h*¢<;)¢(z>, (6)

where X and Y are the streamwise and vertical components of
X, & is the length of the computational cell, and ¢ is a function
defined as [53]

3=2|r|++/ 14+4|r|—4r2
3
d(r) = 3 5-20r|—a/—T+12|r|-4r?
3
0 if [r] > 2.

2

32X
ds, (5)

9%

if[r] < 1;
@)

ifl <|rl <2

To take into account the gravity or inertial effect of the fila-
ments, we split the immersed boundary conceptually into two
Lagrangian components connected by a spring. The massless
component X(s,#) on one end of the spring interacts with
the fluid exactly as that in a traditional IBM implementation,
i.e., it moves as the local fluid velocity and the induced solid
stress is distributed to the surrounding fluid cells. The massive
component Y (s, t) is connected to the massless component by
the stiff spring and acts on the massless component through
the restoring force —Fk [Egs. (8) and (9)]. We note that the
massive component does not interact with the fluid directly.
According to Newton’s law of motion, the massive component
and the immersed boundary move independently, only with
the forces generated by the stiff spring. If the gravity is
included, it is imposed on the massive component of the
immersed boundary. Since the spring is usually very stiff,
the massless and massive components stay very close to each
other, and therefore the whole system acts like an immersed
boundary with mass:

Fk(s,t) = K[Y(s,t) — X(s,1)], 8

32Y g
ps(S)—82 = —Fx(s, 1) — ps(s)Fr=, 9
t g

where F, = gL/U?Z is the Froude number.
The repulsive force between one filament with another or
the cylinder is given by

Fc(s, 1) /B(X( 1) =X (s,1)) X=X 5 (10)
s,t) = s, 1) = X'(5', 1)) ——=ds,

‘ X —X|
where X'(s’, t) is the Lagrangian point of another filament or
the circular cylinder.

The choice of K depends on spatial and temporal resolu-
tion, in order to preserve the numerical stability. Sufficiently
large values of K and k, were suggested by previous studies
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FIG. 2. Schematics of the (a) computational domain, in which
the rectangular and circle zones are mesh refined, and (b) mesh
distributions around the circular cylinder.

[41,53]. Here, K = 100, 000 and k; = 200, 000 are adopted
to meet the in-extensibility condition of the filament [52].

The no-slip boundary conditions on the filaments are ap-
plied by matching the velocity of the filament and the fluid
flow around it at each Lagrangian point on the filament:

aa—)t((s,t)=U(s,t)=/u(x,t)8(x—X(s,t))dx. (11)

C. Numerical validation

The computational domain is shown in Fig. 2(a), in which
three levels of mesh refinements are implemented, leading to
the finest mesh around the circular cylinder. The origin point
of the coordinate system is fixed at the center of the cylinder.
The inflow, outflow, and far-field boundaries are 16D, 30D,
and 16D away from the center, respectively. To assure time-
discretization independence, a relative small time step size
dt = 0.0005 is used for all cases, indicating that about 10 000
time steps per cycle have been considered.

To validate our spatial resolution, we carry out self-
consistency tests to assure satisfactory independence of the
force calculations with respect to the mesh discretization.
Different mesh sizes, with the lengths around the cylinder,
from H = 0.05D (a coarse mesh with 19212 cells and 20
cells along the cylinder diameter) to H = 0.00625D (a fine
mesh with 1188922 cells and 160 cells along the cylinder
diameter) are used. As shown in Fig. 3, for the flow around a
circular cylinder at the Reynolds number adopted in this work,
Re = 100, the results show that our medium-mesh resolution
(H = 0.0125D) provides satisfactory accuracy. Therefore, we
use the medium mesh of H = 0.0125D for all the following
calculations.
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FIG. 3. Phase diagram of the drag and lift coefficients for flow
around a circular cylinder for different mesh sizes, in the range H =
0.05D-0.00625D.

For the flow around a clean circular cylinder at Re = 100,
we show the force history and wake flow in Fig. 4. We find that
a good agreement is obtained in comparison with the previous
simulations. The average drag coefficient (C,;) is 1.374, very
close to the result of [54], where a value of 1.379 was
found. The peak-to-peak amplitude of the lift coefficient was
AC; =0.668, according well with the previous numerical re-
sult of 0.62 [54]. Fourier analysis of the fluctuating lift yields
a Strouhal number St = f,D/U = 0.164, in which f, is the
dominant frequency, consistent with the previous numerical
result of 0.167 [54]. Our results are also within the ranges of
the previously reported values. For example, the average drag
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FIG. 4. (a) Time histories of lift and drag coefficients and (b) vor-
tical contours (solid lines for positive values and dashed lines for
negative values) for the flow around a circular cylinder at Re = 100.
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FIG. 5. Time histories of the filament lengths for the flow around
a cylinder with a single filament attached to its downstream stagna-
tion point, with different values of k; considered. The inset shows
their corresponding phase diagrams of the drag and lift coefficients.

coefficient, the lift amplitude, and the Strouhal number were
(Cy) = 1.39, AC; = 0.64, and St = 0.167, respectively, in
Ref. [38]. The average drag coefficient and the lift amplitude
were (C;) = 1.33 and AC; = 0.664, respectively, in Ref. [55].

We note that the number of Lagrangian points on the circu-
lar cylinder varies accordingly in the range of 63502 for dif-
ferent spatial resolutions. The filaments are segmented to the
same length scale with their surrounding Eulerian mesh size,
for example, for a filament of 1D length, 80 Lagrangian points
are used for the mesh resolution H = 0.0125D. According
to our previous study [52], such a strategy of choosing the
Lagrangian point spacings close to their surrounding Eulerian
mesh size is appropriate to the simulations of flow around a
flexible filament.

It should be pointed out that the hydrodynamic forces
are calculated by integrating Eq. (3) along the Lagrangian
points on the circle (here only the term Fg is relevant).
When considering attached filaments, the same integration is
performed on the filaments to obtain the hydrodynamic forces
on each filament. If not specifically noted, the drag and lift
forces discussed in the following include both contributions
from the circular cylinder and the filaments. It is possible
to study the hydrodynamic forces on the individual filament,
but as we introduce numerically the repulsive force Fr in
Eq. (3) to avoid the collisions between different filaments, it
may impose nonphysical extra forces on the filaments. Since
these repulsive forces are internal forces, they will be canceled
as we consider the hydrodynamic forces on the cylinder-
filaments system in total.

As we discussed in the last section, sufficiently large values
of K and k, should be adopted. Here, we carry out independent
tests of k; on the flow around a cylinder with a single filament
attached to its downstream stagnation point, with L = 1.0D,
ps/pr = 0.1, and k; = 0.005. Five different values of k, are
tested, as shown in Fig. 5. Apparently, when k; is small, the
filament length fluctuates with time and the inextensibility
condition cannot be satisfied. As k; increases to 200 000, the
filament length stays constant at L = 1.0D with time. Indeed,

the forces vary little from k; = 100 000 to 200 000, showing
satisfactory converged results.

III. RESULTS AND DISCUSSION
A. Attached with a single filament

It has been reported that the drag force on a circular cylin-
der immersed in a uniform flow can be reduced by attaching
a flexible filament to its downstream stagnation point, and
the lift fluctuation can be suppressed simultaneously [36,38].
It was also found that several properties of the filament,
including the length, density, and rigidity, have nontrivial
impacts on the flow field and subsequently the hydrodynamic
forces on the cylinder. Based on these parameters, the natural
angular frequency of the filament can be defined by [38]

wn = (1/L)*\Vky/ ps. (12)
We can then define a nondimensional frequency by
Wy =27tfv/a),1, (13)

which denotes the ratio between the vortex shedding fre-
quency in a clean cylinder flow and the natural frequency of
the filament.

We present the phase diagram of drag and lift coefficients
on a cylinder attached with a filament in Fig. 6. The data is
collected after running the simulation for a sufficiently long
time interval. Two lengths, L/D = 0.5 and L/D = 1.0, are
considered. The attachment point is varied from 6 = 0° to
180°, while 6 = 180° to 360° is not considered due to the
symmetry of the problem. The forces on a clean cylinder are
also included in Fig. 6 for comparison (denoted by ).

It is evident that the attaching point of the filament has
a significant effect on the forces as shown in Fig. 6. With
the attachment near the downstream stagnation point (0°), the
drag force is reduced and the lift force fluctuation has a lower
amplitude compared to the clean cylinder case. Specifically,
at L = 1.0D and w, = 7.28, the average drag coefficient is
reduced 13% and the lift fluctuation 48%. At L = 0.5D and
o, = 1.15, the reductions of drag and lift fluctuation are 9.8%
and 30.8%, respectively. It is clear that the control effect
maximizes at 8 = 0°. Conversely, with a filament attached to
the upstream stagnation point (180°), both the average drag
force and the fluctuation of lift increase at L = 1.0D, as shown
in Fig. 6(b). However, it is interesting to find that when the
filament is short, i.e., L = 0.5D, the phase diagram of the
forces for the & = 180° case is very close to that of the clean
cylinder, as shown in Fig. 6(b).

We also note that both the 0° and 180° cases experience
nonzero net lifts, ignoring the fact that the geometrical con-
figurations are symmetric with respect to the incoming flow
direction. Both positive [0° in Fig. 6(a)] and negative [0° in
Fig. 6(b)] net lifts can be observed. This symmetry breaking
behavior has been observed and discussed in previous studies
[36], which suggests that the side preference for the lift
deflection depends on the initial conditions and the numerical
errors brought by either the mesh or the numerical schemes.

Examining various attaching angles of the filament shown
in Fig. 6, we find that in the range 6 = [0°, 40°], the average
drag is reduced, while the lift fluctuation does not change
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FIG. 6. Phase diagram of the drag and lift coefficients for flow around a circular cylinder attached with a single filament at various attaching
points marked by different colors. The filament lengths are (a) L = 0.5D and (b) L = 1.0D.

significantly. We note that & = 50° is a critical value at which
the drag is reduced at w, = 7.28 while being increased at
w,=4.6 for L = 1.0D, as shown in Fig. 6(b). As a coinci-
dence, this critical angle of 50° is very close to the angle of
separation point, which is just above 60° for the clean cylinder
[56]. As we further increase the angle of attachment, the drag
increases, reaching its maximum at 120° for both lengths and
frequency ratios.

When the simulation converges, the filament motion is
modulated to a periodic flapping with the period very close
to that of the vortex shedding behind the clean cylinder. In
Fig. 7, we plot the filament positions at subsequent time
intervals in one flapping cycle. When the filament is attached
to the downstream stagnation point (6 = 0°), after converging
to a periodic state, its equilibrium position deviates from
the center line y = 0, presenting an asymmetric motion [36],
as shown in Figs. 7(a) and 7(c). At L = 0.5D, the flapping
magnitude is trivial [see Fig. 7(a)], while at L = 1.0D, the
filament tip sweeps a distance about 30% of the filament
length [see Fig. 7(c)]. Ideally, the symmetry of the initial
configuration with respect to y = 0 means that one side should
not be favored over the other. However, slight numerical

errors due to round-up in the simulation cause the filament to
initially move in one direction before settling in this position
in the wake [36]. The fluid then applies insufficient forces
to the filament to cross the symmetry line y = 0 and thus
the magnitude of flapping motion is restricted. The slightly
larger drag reduction for L = 1.0D compared to L = 0.5D
[by comparing Figs. 6(a) and 6(b) for & = 0°] can be actually
explained in the same way as a rigid splitter plate which can
split near-wake vortices and suppress the wake shedding [57].

When the filament is attached to the upstream stagnation
point (6 = 180°), the filament tends to attach to the surface of
the cylinder at L = 0.5D, as shown in Fig. 7(b), leading to a
very similar phase diagram of forces compared to the clean
cylinder case. This behavior for short filaments is valuable, as
it demonstrates a control effect adaptive to the change of flow
directions in real conditions. The drag does not increase at this
configuration, while when the flow reverses, the drag will be
reduced. As a typical example, the tidal currents reverse once
or twice a day. However, at L = 1.0D, as shown in Fig. 7(d),
the filament is too long to be stuck to the cylinder surface,
resulting in 25% increase of the average drag from the clean
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FIG. 7. Ranges of motion for a filament attached to the cylinder
(a)0® = 0°and (b) 0 = 180° for L = 0.5D and w, = 1.15;(c) 6 = 0°
and (d) & = 180° for L = 1.0D and w, = 4.60.

cylinder case, as the filament increases the cross-area of the
bluff body [see Fig. 6(b)].

B. Attached with two filaments 180° apart

As we have discussed in the last section, the advantage of
using a short filament lies in the fact that it is adaptive to the
change of flow directions. Here, enlightened by the results in
Fig. 6, we consider two identical short filaments 180° apart,
with L = 0.5D and o, = 1.15, to examine the drag reduction
effect at changing flow directions. The angle of attachment
0 is defined based on the downstream filament. Following
this definition, the 8 = 0° case is identical to 6 = 180°. It
is clearly shown in Fig. 8 that the drags are reduced as the
angles are small. In specific, (C;) = 1.226 and AC; = 0.437
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FIG. 8. Phase diagram of the drag and lift coefficients for flow
around a circular cylinder with two filaments attached 180° apart.

(@) (b)

FIG. 9. Ranges of motion for two filaments 180° apart with
angles (a) 0° and (b) 90°, for L = 0.5D and w, = 1.15.

at @ = 0°. The drag coefficient experiences a 10.8% reduction
from the clean cylinder case, which is close to the superpo-
sition effect of attaching two filaments to the upstream and
downstream stagnation points separately. Moreover, we notice
that both the drag reduction and lift fluctuation suppression
can be achieved within a range of small angles 8 = 0° — 30°.
Therefore, we conjecture that attaching two filaments 180°
apart can produce appreciated drag reduction and lift fluctu-
ation suppression effects, and this control effect is direction
adaptive.

In Fig. 9, we show the ranges of motion for 6 = 0° and
6 = 90°. The recorded trajectories for the two filaments at
0° are the exact superposition of Figs. 7(a) and 7(b) for the
single filament. For 6 = 90°, as seen in Fig. 9(b), the flapping
motions for the two filaments are symmetric with respect to
the cylinder, and both swing away from the surface of the
cylinder, inducing a pressure recovery upstream of the attach-
ing point. This can be observed in Fig. 10 (lower-right panel),
where we plot the vortical contours and pressure distributions
for different angles to show how the attachment of a pair of
filaments modifies the local fluid flow. It is clearly shown that
the vorticity is intensified as the filaments rotate from 0° to
90° (see the left column in Fig. 10), accompanied by the drop
of pressure in the wake (see the right column in Fig. 10).

We therefore suggest that the two attached filaments 180°
apart meet the requirement of direction adaptive reduction

FIG. 10. 256 evenly spaced contours of spanwise vorticity be-
tween -100 (blue) and +100 (red) (left column), and their corre-
sponding pressure coefficients between -1.94 and 1.3 (right column).
The attachment angles are 0°, 30°, and 90°, respectively, from top to
bottom. Note that the vorticity is scaled by v/D?, and the pressure
coefficient is calculated by ¢, = p/(1/2pU%).
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FIG. 11. Phase diagram of the drag and lift coefficients for flow
around a circular cylinder with 12 filaments and p,/p; = 0.1 and
k, = 0.005. Note that the filaments are evenly distributed with one of
them attached to the downstream stagnation point, and three lengths
are considered.

for average drag forces and lift fluctuations, particularly in
the cases of angles smaller than 30°. Within this range, drag
reduction and lift fluctuation suppression can be achieved
even when the flow reverses. It is worth noting that this
drag reduction effect is only effective when the filaments are
short enough that the one attached to the front stagnation
point can wrap around the cylinder. For long filaments, e.g.,
with L = 1.0D, the filament attached to the upstream surface
of the cylinder does not fully attach to the cylinder surface
[see Fig. 7(d)], which increases the cross-area of the overall
configuration and subsequently the drag force.

C. Attached with multiple filaments

The successful drag reduction by two filaments inspires
us to study an even denser distribution of filaments along
the cylinder surface (so-called hairy coating [31]), which
can be expected to be more adaptive to the change of flow
directions for drag reduction. The fluid flow passing a circular
cylinder partially coated with hair around the rear surface has
been numerically studied [31]. The hair or filaments were
modeled as rods. An average drag reduction of 15% and a
decrease of lift fluctuations up to 40% associated with the
stabilization of the wake were reported by carefully choosing
a set of parameters. Here, we adopt a similar approach of hairy
coating but by using a more realistic filament model.

We consider the circular cylinder attached with 12 fila-
ments and study three different lengths, L = 0.12D, 0.25D,
and 0.5D. Since the main purpose of our study is to find
a drag reduction solution adaptive to the flow directions or
insensitive to the variation of incoming flow, we attach the
filaments evenly to the cylinder surface, with one attached
to the downstream stagnation point. In Fig. 11, we show
the phase diagram of the drag and lift coefficients, where

(¢)L=0.12D

FIG. 12. Ranges of motion for 12 filaments attached to the
cylinder, with three different lengths considered, and p;/ps = 0.1,
k, = 0.005, corresponding to Fig. 11. Instantaneous streamlines have
also been included.

we cannot find drag reduction or lift fluctuation suppression.
Specifically, we find that the case of L = 0.12D gets a slight
increase of drag by 2.8% from the clean cylinder, and the lift
fluctuations have not been modified noticeably.

The corresponding ranges of filament motions are shown
in Fig. 12, in which we also present the instantaneous stream-
lines. First, for L = 0.5D, the filaments placed at two sides
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FIG. 13. Phase diagram of the drag and lift coefficients for the
flow around a circular cylinder with 12 filaments, with different
bendings (k,), and the length and the density ratio are fixed at
L =0.25D and p,/p; = 0.1, respectively

of the wake are pushed apart. The filaments attached to the
upper-left surface of the cylinder are stuck to the surface and
do not have significant effects on the forces, while those on the
lower side of the cylinder relax to their equilibrium positions
some distance away from the cylinder surface, increasing
the cross-area and creating small vortices in the gaps, as
shown in Fig. 12(a). The tips of the leeward side filaments
flap at small amplitudes due to the vortex shedding in the
wake. We also notice that the vortex shedding occurs at a
further downstream location compared to a clean cylinder,
similar to the effect by elongating the streamwise length of
the cylinder. The small-scale vortices can be also observed for
L = 0.25D and L =0.12D but with smaller scales, as shown
in Figs. 12(b) and 12(c). Another interesting behavior we have
noticed is that the shortest filament, i.e., L = 0.12D, attached
at the downstream stagnation point flaps at an extremely
large amplitude as seen in Figs. 12(c), due to the alternative
vortex shedding in the flow wake. We note that in this case
the frequency ratio w, takes a small value 0.07 where the
filaments are too rigid to be deformed.

It has been implied from Fig. 6 that the drag force and
amplitude of lift fluctuation for a single filament can be further
reduced by increasing the rigidity, which might also apply
to multiple filaments. Here, we show in Fig. 13 the effect of
bending rigidity on the 12-filaments case with L = 0.25D and
ps/pr = 0.1.

We find that both the drag force and lift fluctuation reduce
as we increase kj, from 0.001 to 0.05. However, the drag force
cannot get further reduction at higher &, and in all these cases
the drag is higher than that on a clean cylinder.

Moreover, we should point out that the Reynolds number,
Re = 100, we have studied here is much lower than that in
engineering applications. It is unclear if these configurations
of multiple filaments will reduce the drag forces at high
Reynolds numbers, where the interactions between turbu-
lent boundary layers and the filaments will be complicated,
while in the current low-Reynolds-number study the filaments
affect the forces through modulating the vortex shedding
in the wake. We believe that there are some fundamental

mechanisms in common with those high-Reynolds-number
flows in real applications, which needs further investigation.

IV. CONCLUSIONS

We have carried out numerical simulations to study the
flow passing a circular cylinder attached with filaments. The
immersed boundary method has been implemented into a
finite-volume-based numerical solver. Both the circular cylin-
der and the filaments are modeled as linked Lagrangian points,
with their imposed elastic forces, inertial forces, and repulsive
forces distributed to the surrounding Eulerian cells by using
a discrete Dirac § function. We have considered different
numbers of filaments with various distributions on the surface
of the cylinder. The major objective of our study is to examine
the impact of various configurations of filaments on the drag
and lift forces in a flow with changing directions.

We first consider a single filament attached to the cylinder.
By varying the angle of attachment and the properties of the
filament, we find a 9.8% drag reduction and a 30.8% lift
fluctuation suppression against the clean cylinder when the
filament is attached at the downstream stagnation point for
length L = 0.5D. For two filaments 180° apart and L = 0.5D,
we observe a drag reduction of 10.8% and the suppression
of lift fluctuation by 34.6% as one filament is attached to the
downstream stagnation point and the other to the upstream
stagnation point. It is important to note that this configuration
is direction adaptive and generates desirable control effects
when the incoming flow is reversed. The configurations with
two filaments 180° apart are also effective at small incident
angles, indicating that the control effect of this configuration
is insensitive to small variation of incoming flow and is
favorable in practical implementations.

Furthermore, we have studied the flow passing a cylinder
attached with multiple, or more specifically, 12 filaments,
which was called a hairy coating configuration in a previous
study [31]. By evenly distributing the filaments, we cannot
spot marked drag reduction for the three lengths at a certain
set of parameters considered in this study. Nevertheless, this
configuration is potentially effective if the flow is turbulent,
which requires a further and comprehensive parametric study
and is undoubtedly worthy of future investigation.

The main contribution of the current study to the existing
drag reduction strategies using rigid or flexible plates or
filaments is the direction adaptive control using two filaments
180° apart. This control takes advantage of the flexibility of
the filaments. The filament appearing in the wake reduces
drag by suppressing vortex shedding, as has been revealed
in most of the existing studies on flexible filaments or rigid
plates attached to the rear stagnation point of a cylinder [31].
The other filament appearing around the front stagnation point
will wrap around the cylinder without adding the cross section
of the bluff body, and subsequently the drag of the overall
configuration.
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