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A B S T R A C T   

The application of unsteady incompressible flow phenomenon over the bluff bodies has received the attention of 
many researchers due to the rich and complex physics underpinning these flows, and thus requiring special 
attention in their modelling and numerical simulations. The wake that forms at the leeside of the bluff body is of 
particular interest. Reynolds number and geometry are in turn two prominent parameters that govern the for-
mation and subsequent behaviour of this wake. This paper reviews the wake formations for different cylindrical 
bluff bodies cross-sections such as circular, elliptical, helically twisted elliptical, symmetric wavy, asymmetric 
wavy, and harbor seal vibrissae cylinders. Alongside the Reynolds number and geometrical shape, the impacts of 
rotational rate, aspect ratio, angle of attack, and gap ratio between the cylinder and the bottom wall on the 
hydrodynamic coefficients, Strouhal number, recirculation length and suppression of vortex shedding in the 
cylinder wake are investigated. In addition, the variation of hydrodynamic coefficients for different cylindrical 
shapes are compared. Finally, concluding remarks are drawn based on recent advances in understanding the flow 
features and predictions with CFD methods.   

1. Introduction 

Bluff bodies have been extensively investigated due to their common 
applications in different industries related to aerospace, civil, mechan-
ical, and offshore engineering. These bluff bodies can be found either as 
a single or in a group that serves as structures for the designed purpose, 
such as offshore structures, heat-exchanger tubes, bridge cables, chim-
neys, etc. However, these structures are prone to flow-induced forces 
and vibrations in both air and water, which are adverse and may impact 
the life of the structure. Investigation regarding flow over bluff bodies 
can be traced back to classical works done by Karman (1911), Thom 
(1933), and Howarth (1935). Since then, many authors have researched 
the flow around bluff bodies. Majority of these can be found in the 

detailed reviews by Zdravkovich (1981), Bearman (1984), Griffin and 
Hall (1991), Williamson (1996a), Schewe (2001), Sumner (2010), 
Bearman (2011), Wu et al. (2012), Bhattacharya and Gregory (2018), 
Derakhshandeh and Alam (2019), Wang et al. (2020) and Ma et al. 
(2022). 

The main features of the typical flows over bluff bodies are provided 
in Fig. 1. The flow remains attached to the surface of the body when the 
Reynolds number (Re) is very low. However, when the velocity in-
creases, the flow separates from the body, leading to the formation of 
vortex shedding or shear layer, which is a thin region of flow where the 
velocity gradient or shear exists). Typically, the boundary layer con-
tinues to be laminar from the upstream stagnation point to the point 
where it separates, resulting in the flow pattern as shown in Fig. 1. The 
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separated flow from the body quickly becomes unstable and forms a 
wake downstream. These wakes roll up into vortices that shed from 
either side of the body anti-symmetrically at periodic intervals. This type 
of wake formation is known as ‘Kármán Vortex Street’ which is 
responsible for flow-induced vibrations (FIV) in many engineering 
problems. The main flow characteristics required for the detailed un-
derstanding of fluid dynamics over the cylinder includes:  

(i) separation point of the fluid (the separation point is defined by 
the wall shear stress profile along with the flow, and the location 
along the surface where the wall shear stress becomes zero, which 
is regarded as the separation point. At this point, the local ve-
locity gradient approaches zero. Beyond this point owing to the 
local flow reversal, the wall shear stress changes direction with 
the relatively low-pressure region behind the body is referred to 
as a wake. Flow separation over a body induces wakes behind 
bluff bodies. The interaction between these forward and reverse 
flows in the region generates fluid rotation or vortex structures. 
Depending upon Re and the shape of the body, the flow will have 
laminar or turbulent vortices),  

(ii) boundary layer (the boundary layer is termed as the adjacent 
layer to the bluff body where the viscous effects are significant, 
and the fluid velocity gradually increases from zero at the 
boundary surface to the free stream velocity),  

(iii) stagnation point (the stagnation point represents the fluid flow in 
the immediate neighbourhood of the cylinder where the local 
flow speed of the fluid is zero),  

(iv) dynamics of the vortex patterns,  
(v) wake formations, and  

(vi) shedding frequency. 

These characteristics are further governed by parameters such as the 
Reynolds number (Re), 

Re=
ρUD

μ (1)  

where U is the flow velocity (m/s), D the diameter of the cylinder (m), ρ 
the fluid density (kg/m3) and μ the dynamic viscosity of the fluid 
(Ns/m2), turbulence level, surface roughness, etc. 

The most common shapes of the cylindrical structures used in ap-
plications are categorised into three broad categories based on the cross- 
sectional form and surface curvature, as shown in Fig. 2. The three 
categories are (i) incessant and finite curvature (circular and elliptic 
cylinders); (ii) sharp edge curvature (rectangular, square, and triangular 
cylinders and flat plate etc.); and (iii) combination of earlier two types 
such as semi-circular cylinders. For type (i), the flow oscillates around 
the surface of a cylinder. The flow features are highly dependent on the 
surface roughness, Re, turbulence intensity, etc. For type (ii), the flow 
separation point around the cylinder is fixed and the flow characteristics 
of these cylinders are insensitive to Re, due to the fact that the separation 
point is already fixed at sharp edges (Bai and Alam, 2018). Therefore, 
the flow around circular cylinders has received a greater focus than any 
other cylinder. Numerous experimental and numerical analyses have 
been carried out to investigate the flow around circular cylinders in past 
decades, such as Cantwell and Coles (1983), Williamson and Roshko 
(1988), Chew et al. (1995), Norberg (2001), Owen et al. (2001), Norberg 
(2003), Lehmkuhl et al. (2013), Yeon et al. (2016), Law et al. (2017), 
Ahmed et al. (2020) and Janocha et al. (2022). At low Re, the flow 
around the cylinder is governed by viscous effects, and the force exerted 
on the body is mainly contributed by the skin friction. However, once Re 
exceeds the critical number (defined as Re at which the fluid flow 
changes from the laminar flow to the turbulent flow), it may result in a 
significant pressure drop downstream of the cylinder due to the vortex 
shedding in the cylinder wake. The vortex shedding occurs over a wide 
range of Re which may cause structural vibration, acoustic sound and 
resonance, and a substantial increase in drag and lift forces. Hence, the 
efficient control of vortex shedding is vital in engineering applications. 
In this study, the flow over smooth circular, elliptical, and cylinders 
developed based on the bio-mimetic principle are reviewed. It is sug-
gested to refer to Xu et al. (2017) for flow features over the polygonal 
cylinder, Lysenko and Ertesvåg (2021) and Lysenko et al. (2021) for flow 
over the triangle and semi-circular cylinders, respectively. 

Flow control methods around bluff bodies are classified into three 
categories: (i) passive, (ii) active open-loop, and (iii) active closed-loop 
control methods (Choi et al., 2008). The passive control method requires 

Fig. 1. Flow features behind the bluff body (Borgoltz et al., 2020).  

Fig. 2. Schematic of different shapes of bluff bodies (Xu et al., 2017; Lysenko et al., 2021; Lysenko and Ertesvåg, 2021). NF: N and F are the number of sides and the 
flat surface of polygon normal to the flow respectively. 
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no control loop or auxiliary power but comprises the use of vortex 
generators, geometry modifications, and placement of longitudinal 
riblets on cylinder surfaces. The active open-loop method requires an 
actuator with pre-determined commands to monitor the flow motion, 
while the active closed-loop is dependent on an actuator with sensors for 
real-time monitoring of flow motion. Passive control methods include 
guiding vanes (Grimminger, 1945), splitter plates (Wang et al., 2019b), 
surface protrusions (Nebres and Batil, 2012; Li et al., 2016), staggered 
buoyancy modules (Lekkala et al., 2020), grooves (Lim and Lee, 2002; 
Derakhshandeh and Gharib, 2020), strings (Baek et al., 2018; Lim et al., 
2019), fairings (Wang et al., 2015; Zheng and Wang, 2021), and they are 
developed to reduce the drag/lift oscillations, and to suppress the vortex 
shedding. In contrast, active control methods include forced oscillations 
or rotating cylinders, application of electro-magnetic force, plasma ac-
tuators, suction, or blowing using synthetic jets (Oruc, 2017; Bhatta-
charya and Gregory, 2020). It is challenging to execute active control 
methods in real-time due to the significantly complex actuators and 
extra cost functions involved. Apparently, passive control methods for 
flow over bluff bodies are more straightforward and significantly 
cheaper than the active control methods available, which can be more 
effective for improved flow suppression. 

This work aims to present a detailed review of passive control flow 
methods for bluff bodies and their vortex patterns in the wake of a single 
cylinder for a broad range of Re. Apart from classical shapes for the 
cylinder such as circular and elliptical cylinders, the present review was 
extended to flow past bio-inspired cylinders such as wavy, helically 
twisted, and harbor seal vibrissae cylinders. A comparison was made 
between circular, elliptical, and helically twisted cylinders in terms of 
hydrodynamic coefficients to present an overview of their behaviours on 
the vortex dynamics and shedding process. In Section 2, the advance-
ment of flow behind the circular cylinder is presented, while Sections 3 
and 4 present the flow around the elliptical and bio-inspired cylinders, 
respectively. Section 5 provides the comparison of hydrodynamic co-
efficients of circular, elliptical, and bio-inspired cylinders. Conclusions 
are presented in Section 6. 

2. Flow behind circular cylinder 

Complexity of the flow around a cylinder increases as Re is varied for 
different flow conditions. When Re is varied, different vortex shedding 
formations and patterns can be observed downstream of the cylinder. In 
this section, we review flow characteristics, dynamics of vortex shed-
ding, wake formations for various flow conditions and regimes around 
circular cylinders. For a broad range of Re, the wake formations 
including the Strouhal number (St), hydrodynamic coefficients (drag 
coefficient-CD, lift coefficient-CL, pressure coefficient-CP), vortex for-
mation lengths, recirculation lengths (Lr), separation angles (Θ) are 
examined. 

The drag (CD), lift (CL), and pressure coefficients (CP) are defined as: 

CD =
2FD

ρU2
∞DmL

(2)  

CL =
2FL

ρU2
∞DmL

(3)  

CP =
2(P − P∞)

ρU2
∞

(4)  

where FD and FL are the total drag and lift forces, respectively, U∞ is the 
free stream velocity, ρ is the fluid density, Dm is the mean diameter, L is 
the spanwise length of the cylinder, P is the pressure and P∞ is the far- 
field pressure. 

The non-dimensional Strouhal number, defining the vortex shedding 
frequency (Fs), reads 

St=
FsDm

U∞
(5) 

The recirculation length (Lr) is defined as the length of the flow 
separation bubble. In the recirculation zone, the velocity vectors are in 
the opposite direction to the incident flow; however, at the end of this 
zone, the velocity vector change direction again towards the incident 
flow direction. The location of the separation point on the cylinder 
surface is known as the separation angle (Θ). 

2.1. Flow regimes according to Reynolds numbers 

Flow around the circular cylinder is categorised into eight regimes 
based on the visual assessment as presented in Table 1, as a function of 
Re (Zdravkovich, 1990). The significant difference between these re-
gimes prevails in the transition of wakes and vortex shedding from one 
regime to the other. When the transition takes place between the re-
gimes, it affects the hydrodynamic coefficients, vortex shedding pat-
terns, separation point and recirculation length. For better 
understanding, the regimes are further simplified into three broad cat-
egories based on the variation of St as shown in Fig. 3: (i) laminar 
(Re < 300) (ii) sub-critical (300 < Re < 1.4× 105), and (iii) critical and 
super-critical (Re ≥ 1.4× 105). The St value rises to 0.2 in the laminar 
region and then remains in the range of 0.2–0.23 for the sub-critical 
region. Then, St increases in critical and super-critical regions attain-
ing a maximum value of ~0.47. Tables 2 and 3 summarises some of the 
significant experimental and numerical studies, respectively. 

The wake behind a two-dimensional (2D) circular cylinder becomes 
complex due to the interaction of boundary and shear layers. This wake 
interaction becomes complex when the extra length (spanwise ratio 
(SR) = ratio of the length in spanwise direction (LZ) to the diameter of 
the cylinder (D) = LZ/D) is added in the spanwise direction for a three- 
dimensional (3D) cylinder. Hence, the wake formations behind the 
cylinder depend upon Re, SR, surface roughness and the blockage ratio 
(BR = frontal area of the cylinder over the cross-section of the wind 
tunnel). Prasanth and Mittal (2008) and Lekkala et al. (2021) revealed 
that all these parameters have a substantial impact on CD, CL, CP, vortex 
shedding frequency and Θ. 

The effect of Re, LZ/D, and blockage ratio on the fluctuating lift force 
of the circular cylinder in cross flow (CF) was experimentally investi-
gated by Norberg (2001). The author have showed the root mean square 
(RMS) of the lift coefficient (CL, RMS) as a function of Re within the 2D 
laminar regime, which may be expressed as 

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(ε/30) + (ε2/90)

√
where 

ε = (Re − 47)/47. CL, RMS significantly decays when Re is increased to a 
critical regime. The experimental work by Desai et al. (2020) obtained 
similar results. 

The flow around the circular cylinder forms the primary wake and 
loses its stability when Re ≥ 47. For Re ≥ 110, a secondary wake is 
formed, leading to the formation of von Karman vortex street shedding 
(Verma and Mittal, 2011). The variation of the time-averaged drag co-
efficient (CD) in the laminar regime (40 ≤ Re ≤ 180) was studied by 
Chopra and Mittal (2019), who concluded that as Re increases, CD 

Table 1 
Flow regimes around the circular cylinder as a function of Re (Zdravkovich, 
1990).  

Category Re range Flow regime 

i Re < 1 Creeping flow 
3.5 < Re < 30 − 40 Steady separation flow 
30 − 40 < Re < 150 − 300 Laminar periodic shedding 

ii 150 − 300 < Re < 1.4× 105 Subcritical (transitional) 
iii 1.4× 105 < Re < 1.0× 106 Critical 

1.0× 106 < Re < 5.0× 106 Supercritical 
5.0× 106 < Re < 8.0× 106 Trans-critical 
Re ≥ 8.0× 106 Post-critical  
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behaves non-monotonically. When Re > 180, a wake transition occurs 
from 2D to 3D, which was observed by Williamson (1996b), Barkley and 
Henderson (1996), and Behara and Mittal (2010). Akbar et al. (2011) 
stated that the onset of 3D hysteresis interval is likely to be between 
170 ≤ Re ≤ 189. According to Williamson (1996b), when Re is 
increased beyond a critical value (Recr), the mode of wake instability 
emerges and undergoes a transition as (i) the instability of the primary 
wake emerges at Re ∼ 47, (ii) dislocations of large-scale vortex shedding 
for the onset of mode A (mode A*) instability occurs at Re ∼ 190, (iii) for 
230 < Re < 250, mode A* is switched to mode B, and (iv) for Re > 260, 
the disordered mode B structure increases gradually. Recr from other 
experimental works is 150 by Roshko (1954) and Tritton (1959), 178 by 
Williamson (1988, 1989), 165 by Norberg (1994), 205 by Miller and 
Williamson (1994), 190.2 by Posdziech and Grundmann (2001) and 
190.5 by Rao et al. (2013a). Based on nonlinear stability analysis, the 
transition of mode A* to mode B takes place in the Re range of 230–265 
and 230–260 as predicted by Barkley et al. (2000) and Sheard et al. 
(2003), respectively. This shows a good agreement with experimental 
work by Williamson (1996b) for the Re range of 230–250. Fig. 4 presents 
the fully developed wake flow structures of Mode A and Mode B. 

On the other hand, Behara and Mittal (2010) investigated the energy 
transition from mode A* to mode B and found Recr ∼ 270 by using 
power spectra of the velocity signal. This Recr is slightly higher than that 
reported by Williamson (1996b). Two different vortex shedding fre-
quencies were noticed by Williamson (1996b) during the transition 
regime. Saha et al. (2003) found that the transition from periodic vortex 
shedding to mode A takes place due to the discontinuity in the Re − St 
relationship at Re = 190. The switch of mode A to mode B was observed 
at Re ≈ 250 which was characterised by the second discontinuity in the 
Strouhal law. Jiang et al. (2016) found that the progressive wake shift 
process from mode A* to mode B was perfectly seized at Re in the range 
of 230–260. Fig. 5 presents the probability of incidence of mode A* and 
mode B vortex patterns as a function of Re. It can be seen that as Re 
increases, the probability of incidence of mode A* and mode B displays 
the monotonous fall and rise, respectively. Mode B becomes dominant 
beyond Re ∼ 253, as shown in Fig. 5. Jung et al. (2019) studied the flow 
around a curved circular cylinder at Re = 100 and found that the flow 
features of the curved cylinder is different from straight cylinder due to 
its large radius of curvature. The authors found that the vortices are 
completely suppressed when the incident angle approached to 180◦

from 90◦. 
Kumar et al. (2016) investigated the lock-in phenomenon of a cir-

cular cylinder in uniform flow at Re = 100. The authors have observed a 
new wake-lock-in criterion for which (i) the most dominating frequency 
in the power spectrum of lift coefficient matches with the oscillation 
frequency of the cylinder and (ii) other peaks in power spectrum are 
present only at super-harmonic oscillation frequency. Behara et al. 
(2011) solved Navier-Stokes equations using a second-order finite dif-
ference fractional step methodology to study the impact of Re and Vr on 
the VIV phenomenon. The authors have observed two distinct vortices 
shedding, namely: (i) hairpin and (ii) spiral vortices. Jeong et al. (2020) 
investigated the effect of wave run-up of a circular cylinder using 
non-linear numerical wave tank techniques. The authors have 
concluded that the maximum wave run-up occurred at 0o and minimum 
occurred at 135o. Wong and Kim (2018) investigated the fatigue damage 
of riser subject to vortex-induced vibrations and developed a simplified 
method to predict fatigue damage based on data training. Kim et al. 
(2019) conducted a parametric study of riser subjected to currents. The 
authors have concluded that current flow speed, diameter of the cylinder 

Fig. 3. Variation of Strouhal number versus Reynolds number for circular 
cylinder (Blevins, 1977). 

Table 2 
Summary of experimental studies of flow around circular cylinders.  

Researchers Re Test Facility LZ/D BR Measurement 

Yokuda and Ramaprian (1935) 1.0× 104 ∼ 1.0× 105 Wind tunnel 0.91 – CP, and CDF 

Roshko (1954) 0.5× 105 ∼ 4.5× 105 Low turbulence wind tunnel 0.281 – CD and St 
Tritton (1959) 0.5 ∼ 100 Wind and Water tunnel – – CD 

Achenbach (1968) 6.0× 104 ∼ 5.0× 106 Wind tunnel 3.33 – CD, CP, CF, CDP , and CDF 

Son and Hanratty (1969) 5.0× 103 ∼ 1.0× 106 Water tunnel – – St and Velocity gradients 
Kacker et al. (1974) 1.40× 104 ∼ 2.5× 105 Suction wind tunnel 0.25 ∼ 9 4.7% CD, CL, and St 
Bruun and Davies (1975) 0.6 ∼ 6.0× 105 Wind tunnel 10 13 CD, and CL 

Cantwell and Coles (1983) 1.4× 105 Wind tunnel 10 10% CD, Cpb, and St 
Schewe (1983) 2.3× 104 ∼ 7.1× 106 Wind tunnel 0.6 0.4% CD and St 
Norberg (1987) 50 ∼ 2.0× 105 Wind tunnel 0.1 ∼ 50 1.6% St, CP and CP, RMS 

Szepessy and Bearman (1992) 8.0× 103 ∼ 1.4× 106 Low-speed wind tunnel 0.25 ∼ 12 7.7% CD, CL, CP, and vortex patterns 
Shih et al. (1993) 3.0× 105 ∼ 8.0× 106 Pressurized wind tunnel 8.0 11 CD, CP, Cpb, and Θ 
West and Apelt (1993) 1.0× 104 ∼ 2.5× 105 – – – CD, and CL 

Ong and Wallace (1996) 3.9× 103 Hot-wire anemometry 84 – Velocity spectrum 
Rajagopalan and Antonia 

(2005) 
740 ∼ 1.48× 104 Hot wire 2.2 3% 〈u〉/U∞ 

Dong et al. (2006) 3.9 × 103, 4.0 × 103, 1.0× 104 PIV 8.78 8.3% CD, CL, Cpb, St, Shear layer length and power spectral density 
Perrin et al. (2007) 1.4× 105 PIV 4.8 20.8% CD, and CL 

Parnaudeau et al. (2008) 3.9× 103 Wind tunnel PIV 20 4.3% St, Lr , and 〈u〉/U∞ 

Adaramola et al. (2012) 2.3x104 Low-speed wind tunnel 9 – 〈u〉/U∞ and 〈v〉/V∞ 

Molochnikov et al. (2019) 3.9× 103 Wind tunnel with SIV 10 13% 〈u〉/U∞ and 〈v〉/V∞ 

Desai et al. (2020) 1.49× 105 ∼ 5.0× 105 PIV 22 3.4% CD, CL, CP, and LF  
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have significant effect on the fatigue damage of the riser. 
For the flow past the cylinder, its velocity profile changes behind the 

cylinder due to the wake shielding effect. The flow velocity is signifi-
cantly reduced near the cylinder, and it is restored to the free stream 
velocity away from the cylinder in the transverse direction. Further 
downstream of the cylinder, the velocity profile is restored as well. The 
flow around the circular cylinder was investigated by Parnaudeau et al. 

(2008) experimentally and numerically using the hot-wire anemometry 
with the particle image velocimetry (PIV) and Large Eddy Simulations 
(LES) at Re = 3.9× 103, respectively. They found that the results from 
LES have produced a good agreement with experimental results with an 
uncertainty of ±10%. The authors have observed a U-shaped streamwise 
velocity profile in the wake of a cylinder with a strong velocity shortfall 
in the recirculation zone, and it developed into a V-shape further 

Table 3 
Summary of numerical studies of flow around the circular cylinders.  

Researchers Re Method Grid LZ/D Convection Term Turbulence model Measurement 

Norberg (1987) 500 ∼ 5.0× 103 LES 3D – 8.83 ∼
1912 

– – CPb 

Beaudan and Moin 
(1994) 

3.9× 103 LES (2D and 3D) – – upwind – CD and CL 

Koumoutsakos and 
Leonard (1995) 

400 ∼ 9.5× 103 – – – – Biot-Savart law CD 

Breuer (1998) 3.9× 103 LES (2D and 3D) O-type – – – CD, CL, CP, and Cpb 

Fröhlich et al. (1998) 350 ∼ 2.0× 105 LES – 0.2 ∼ 25 LUST Dynamic, SMAG CD, Cpb, St, Θ, Lr and 〈u〉/U∞ 

Breuer (1999) 1.4× 105 LES (3D) O-type 0.336 ∼
0.654 

– – CD, Cpb, St, and Θ 

Kravchenko and Moin 
(2000) 

3.9× 103 LES O-type grids – – Dynamic, SMAG CD, Cpb, St, Θ, 〈u〉/U∞ and Reynolds 
stresses 

Ma et al. (2000) 500 ∼ 5.0× 103 LES and DNS cartesian 
grid 

– – SMAG CD, CL, and St 

Travin et al. (2000) 5.0× 104, 
1.4× 105, 3.0× 106 

DES (3D) cartesian 
grid 

– upwind – CD, CP and St 

Fröhlich et al. (2001) 3.9× 103, 1.4× 105 LES (3D) O-grid 8 upwind SMAG Correlation length, wall shear 
stress, Reynolds stress 

Salvatici and Salvetti 
(2003) 

2.0× 104 LES – 3 – Dynamic CD, CL, Cpb, St, and Θ 

Kim and Choi (2005) ≤ 40 – – 3 ∼ 12 – – CP, CDF, and CLF 

Dong et al. (2006) 3.9× 103, 4.0× 103, 
1.0× 104 

DNS (3D) cartesian 
grid 

8.78 upwind – CD, CL, Cpb, St and Shear layer 
length, power spectral density 

Perrin et al. (2007) 1.4× 105 DES – 4.8 hybrid – CD and CL 

Xu et al. (2007) 3.9× 103 LES and DES O-type grid – – Dynamic, Spalart- 
Allmaras, SST 

CD, CL, and CP 

Parnaudeau et al. 
(2008) 

3.9× 103 LES cartesian 
grid 

20 upwind biased – St, Lr , and 〈u〉/U∞ 

Wissink and Rodi (2008) 3.3× 103 DNS O-grid 4 ∼ 8 – – St, Θ and 〈u〉/U∞ 

Mani et al. (2009) 3.9× 103, 1.0× 104 LES staggered – Runge–Kutta Dynamic CD, Cpb, St, Θ, and 〈u〉/U∞ 

Afgan et al. (2011) 3.9× 103 LES cartesian 
grid  

upwind Dynamic, SMAG CD, CL, Cpb, St, and Θ 

Lysenko et al. (2014) 2.0× 104 LES O-grid π – SMAG, k-equation CL, Cpb, St and Lr 

Rodríguez et al. (2015) 2.5× 105 ∼ 8.5× 105 LES cartesian 
grid 

0 ∼ 0.5π – WALE CD, CP, CL, Lr , and LF 

D’Alessandro et al. 
(2016) 

3.9× 103 DES O–H type 
grid 

– – SMAG CP and CD 

Guo et al. (2016) 3.9× 103 LES – – – – CP and 〈u〉/U∞ 

Lloyd and James (2016) 1.26× 105, 6.13× 104 ∼

5.06× 105 
LES (3D) – – – – CD, CL, CP, and St 

Yeon et al. (2016) 6.31× 104, 7.57× 105 3D curvilinear 
grid 

2 ∼ 8 QUICK WENO – CD, Cpb, CL, St, and Θ 

Cheng et al. (2017) 3.9× 103 ∼ 8.5× 105 LES O-grid π ∼ 2 π – Stretched vortex CL, CP, CDF and 〈u〉/U∞ 

Qiu et al. (2017) 6.31× 104, 7.57× 105 2D/3D URANS, 
DES and LES 

H-type grid 2, π, 12 upwind, hybrid, 
QUICK 

SST k-ω, Dynamic, k- 
ε 

CD, CL, and St 

Wen and Qiu (2017) 6.31× 104, 7.57× 105 2-D/3-D H-type 6 upwind k-ε, SST k-ω, SST- 
LCM 

CD, CL, and St 

Ye and Wan (2017) 6.31× 104, 7.57× 105 RANS overset grid – upwind SST k-ω CD, CL, CL, RMS, and St 
Wang et al. (2018a) 1.07× 103, 

2.0× 104, 
3.0× 105 

RANS (2D) and 
LES (3D) 

H-type grid – – k-ω, SMAG CD and 〈u〉/U∞ 

Garcia et al. (2019) 1.0× 104 2D and 3D cartesian 
grid 

0.1–1, π 
and 10 

QUICK Dynamic CD and CL 

Sarwar and Mellibovsky 
(2020) 

2.0× 103 DNS H-type grid 2.5 – – CD, Cpb, Lr and Θ 

Tian and Xiao (2020) 3.9× 103 LES H-type grid – – SMAG, k-equation, 
WALE 

〈u〉/U∞, Cpb, and Lr 

Jiang and Cheng (2021) 400 ∼ 3.9× 103 LES O-type – – SMAG CD, CL, RMS, and Lr 

Note: Reynolds number (Re), the method used, type of grid, LZ/D is spanwise length ratio, Convection term, and Turbulence model. CD, CL, and CP represent drag, lift, 
and pressure coefficients, respectively. CDP and CDF are coefficients of drag due to pressure and friction, respectively. θ and St are separation angle and Strouhal 
number. Lr is recirculation length. 〈u〉/U∞= streamwise velocity.  
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downstream as shown in Fig. 6. Lysenko et al. (2012) used an O-type 
curvilinear grid to study the effect of Smagorinsky (SMAG) and dynamic 
k-equation (TKE) sub-grid-scale (SGS) models at Re = 3.9 × 103 on flow 
features behind the cylinder. They reported the existence of flow 
bifurcation in U and V-shaped profiles for TKE and SMAG SGS models, 
respectively, at x/D = 1.06 behind the cylinder. For mean streamwise 
velocity profiles (〈u〉/U∞), Lysenko et al. (2012) observed a strong ve-
locity deficit in the recirculation zone for LES-dynamic k-equation 
(TKE), which agreed well with Parnaudeau et al. (2008) and Kravchenko 
and Moin (2000). The velocity profile obtained using LES-TKE showed a 
U-shaped profile close to the cylinder (x/D = 1.06), which evolved as a V 
shape further downstream (x/D = 2.02) as shown in Fig. 6, while the 
LES-Smagorinsky (SMAG) model showed a V-shaped profile at x/D =
1.06. The velocity profiles obtained from Lysenko et al. (2012) using 
LES-SMAG agreed well with experiments by Lourenco and Shih (1994) 
and numerical simulations by Ma et al. (2000). The abnormal behaviour 
of mean transverse velocity profiles (〈v〉/U∞) observed by Lourenco and 
Shih (1994) shown in Fig. 6 (right) can be attributed to the disturbances 
from the experimental setup. The 〈v〉/U∞ profiles by Lysenko et al. 
(2012) using SMAG and TKE agreed well with Lourenco and Shih (1994) 
and Parnaudeau et al. (2008). Lysenko et al. (2012) concluded that SMG 
and TKE SGS models led to V- and U-shaped velocity profiles. 

Mittal and Balachandar (1997) and Kravchenko and Moin (2000) 
performed LES and predicted U-shaped velocity profile near the wake of 
the cylinder, whereas Lourenco and Shih (1993) measured V-shaped 
velocity profile at the same location. Ma et al. (2000) performed DNS 
and LES with spectral FEM and reported two converged states based on 
the shear layers and spanwise length (LZ) in the wake of flow field. They 
have observed the U-shaped mean velocity at LZ/D = π and the V-shaped 
mean velocity at LZ/D = 2π. At Re = 3.9× 103, Dong et al. (2006) 
observed U-shaped and V-shaped velocity profiles for LZ/ D =

π and 1.5π, respectively. The U-shaped wake is 11–16% longer than the 
V-shaped wake for Re = 3.9× 103. Beaudan and Moin (1994), Krav-
chenko and Moin (2000), and Mahesh et al. (2004) observed that 
doubling the domain size in the spanwise direction does not significantly 
impact the results. This observation is contrary to that reported in Ma 

et al. (2000). 
Lysenko et al. (2012) observed the influence of shear-layer resolution 

on the bifurcation of the flow near the wake of the cylinder. This means 
that the SGS model has a significant effect on the flow bifurcation. The 
process of formation of free shear layers for TKE and SMAG SGS models 
are presented in Fig. 7. Don et al. (2006) reported that the flow at Re =

1.0 × 104 has a 30% shorter shear layer when compared to the shear 
layer at Re = 3.9× 103. D’Alessandro et al. (2016) employed Open-
FOAM to simulate the flow near the wake of a cylinder using Direct 
Numerical Simulation (DNS) and have demonstrated that U-shaped and 
V-shaped streamwise velocity profiles were observed at x/D = 1.0 
depending upon the meshing technique and discretization schemes. In 
contrast, Khan et al. (2019) stated that the coarse and refined grids yield 
V- and U-shaped flow velocity profiles, respectively. They also proved 
that the computational domain size and mesh resolution in the spanwise 
direction significantly affect results from the analysis when compared to 
the spanwise length. Molochnikov et al. (2019) conducted experiments 
for Re = 3.9 × 103 through the Smoke Image Velocimetry (SIV) and 
observed the U-shaped streamwise velocity component profile directly 
behind the cylinder. This profile transforms to a V shape as the distance 
increases downstream of the cylinder: This is in good compliance with 
PIV experimental results by Parnaudeau et al. (2008). A similar study 
was carried out by Sarwar and Mellibovsky (2020) at Re = 2.0 × 103 

and found that the U-shaped streamwise velocity profile evolves at x/
D = 1.0 and this profile transforms to a V-shaped profile near the wake 
of the cylinder at x/D = 2.0. 

The iso-surfaces from the TKE SGS model are long and 2D in nature. 
The free shear layers are extended twice the diameter of the cylinder in a 
streamwise direction. At the same time, for the SMAG model, a transi-
tion of iso-surfaces from 2D to 3D takes place very close to the cylinder 
surface, which increases the drag and lift forces. LES with SMAG was 
used by Prsic et al. (2014) to simulate the flow around the cylinder at 
Re = 1.31 × 104 to investigate the effect of various numerical parame-
ters such as the cylinder spanwise length (LZ), mesh refinement, and 
time step on CD, CL, pressure distributions, St, Lr and Θ. It was found that 
(i) the recirculation length (Lr) decreases as Re is increased, (ii) the high 

Fig. 4. Fully developed wake flow structures of (a) Mode A and (b) Mode B. Dark grey and light-yellow present the positive and negative values of the vortices, 
respectively (Jiang and Cheng, 2017). Mode A and Mode B are defined as small-scale instabilities of vortex dislocations. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the Web version of this article.) 
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mesh refinement in the spanwise direction does not show a substantial 
impact on the results, (iii) the time step does not impact on the results as 
long as a low Courant number is maintained, and (iv) LZ/ D = 4 is suf-
ficient to capture the 3D effects of the flow. Stringer et al. (2014) 
established a high-resolution methodology to evaluate the flow around 
the cylinder for a wide range of Re (40 to 1.0× 106) using the Unsteady 
Reynolds Averaged Navier-Stokes (URANS) model in the open-source 
code (OpenFOAM) and a commercial CFD (ANSYS) package. For Re <

1.0× 103, the predicted results by the two solvers produced highly ac-
curate results to achieve good correlation with experiments. For 
subcritical flow regime (Re < 1.0× 105), the OpenFoam solver pre-
dicted significantly better results than ANSYS when compared with the 
experiment. For the critical flow regime (1.0× 105 < Re < 1.0× 107), 
the prediction from ANSYS achieved good agreement with experimental 
results but failed to capture the realistic wake. It was demonstrated that 
URANS is proficient in predicting the flow characteristics for Re ≤ 1.0 ×

103 and Re > 1.0× 103. The results showed large variations from ex-
periments, including CD and CL. Ong et al. (2009) utilised 2D URANS 
equations with the k − ε turbulence model to solve the flow at high Re =

1.0× 106, 2.0 × 106, and 3.6× 106. Ong et al. (2009) compared the 
results with the experiment and LES analysis where the shedding fre-
quencies showed a good agreement while the shear stress and pressure 
distribution showed divergence. 

The effectiveness of RANS method with k − ω SST turbulence model 

was investigated by Rosetti et al. (2012) and found that the method does 
not deliver an adequate resolution of flow around the cylinder, partic-
ularly at high Re. This was due to the even Reynolds stresses, and 
inherent characteristics of uniform eddy viscosities. To overcome this 
issue, Rosetti et al. (2012) suggested a hybrid approach based on the 
URANS method, which was able to enhance the consistency of predic-
tion of flow properties by numerical analysis at higher Re. Despite the 
observations by Rosetti et al. (2012), Khan et al. (2017) stated that RANS 
with k − ω SST turbulence model at high Re = 1.0 × 104 has the ability 
and precision to predict VIV. DNS has been found to predict accurate VIV 
phenomenon results, superior to the URANS approach, for a fixed and 
oscillating circular cylinder at Re = 3.0 × 103 to 3.0 × 104 (Nguyen and 
Nguyen, 2016). 

An Adaptive Local 2D convolution Method (ALDM) SGS model with 
cartesian grids was used in the implicit LES by Meyer et al. (2010) to 
assess the flow around a circular cylinder at Re = 3.9 × 103 to control 
the truncation error and maintain the discretization accuracy near the 
boundaries. The assessment of four SGS models and dynamics of the 
turbulent kinetic energy in the wake of a circular cylinder at the 
sub-critical Re = 3.9 × 103 was carried out by Tian and Xiao (2020). 
From this study, they found that different SGS models did not show a 
substantial impact on the mean flow and turbulence properties. Chap-
elier et al. (2014) assessed the accuracy of the Discontinuous Galerkin 
(DG) method of DNS flow around a circular cylinder and found that 
higher-order DG simulations predicted accurate results on a coarse 
mesh, leading to the reduction of the computational cost. Wornom et al. 
(2011) used the Variational Multi-Scale Large Eddy Simulations 
(VMS-LES) concept from Hughes et al. (2000) to study the flow around 
the circular cylinder for different Re to investigate the effect of Re on 
flow quantities. 

A hybrid strategy was developed by Moussaed et al. (2014) to blend 
the Reynolds Averaged Navier Stokes and VMS-LES to investigate the 
flow around a circular cylinder. They confirmed that this method is more 
suitable at High Re to the reduced use of exceptionally refined grids and 
led to a reduction in the computation time and cost. de la Llave Plata 
et al. (2018) demonstrated the effectiveness of the DG solver in 
capturing the scale-resolving capabilities based on VMS by conducting 
LES of the flow around a circular cylinder at Re = 2.0× 104 and 1.4×

105. Ahmadi and Yang (2020) investigated the turbulent flow behind 
the circular cylinder at a supercritical Re using LES. They have investi-
gated the flow properties using four different sub-grid scale turbulence 
models. They have addressed the importance of mesh resolution at the 
top and bottom of the shear layers along with the high-resolution mesh 
near the cylinder wall. 

Fig. 5. Probability of occurrence of mode A* and mode B (recreated from Jiang 
et al., 2016). Mode A* is defined as Mode A with large-scale vortex dislocations. 

Fig. 6. Mean streamwise and transverse velocity profiles at three locations in the wake of a circular cylinder at Re = 3.9× 103.  
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2.2. Effect of spanwise length ratio (LZ/D) 

The effect of spanwise length ratio (LZ/D) on the flow around a cir-
cular cylinder at Re = 100 was investigated by Lei et al. (2001) who 
concluded that the results are significantly improved with the 3D anal-
ysis when LZ/D > 2. Ma et al. (2000) investigated the effect of LZ/D by 
increasing LZ/D from π to 2π and observed the 30% decrease in the 
recirculation length (Lr). However, Lehmkuhl et al. (2013) observed 
only 10% and 0.2% changes in Lr when doubling LZ/ D from π to 2π. Lei 
et al. (2001) presented the 3D DNS results based on the Finite difference 
method (FDM) at Re = 1.0 × 103 and LZ/D = 0 to 6.0. They concluded 
that the hydrodynamic force and pressure coefficients over the circular 
cylinder converge for LZ/D ≥ 2.0. Gioria et al. (2011) investigated the 
effects of computation domain size and LZ/D on the flow around a cir-
cular cylinder at Re = 400 based on the spectral element method (SEM). 
They have observed the development of 3D flow features at LZ/D =

0.35, which converge at LZ/D ≥ 6.0. The authors have also recom-
mended that 3D flow characteristics are fairly captured when LZ/D ex-
ceeds 6.0 while Mittal (2013) and Kondo (2012) suggested LZ/D at 4.0 
and 9.6, respectively. The effect of span length (LZ/D) on the flow 
properties was investigated numerically by Zhao and Cheng (2014) at 
Re = 300, m* = 2.0, and uniform flow conditions using 3D 
Navier-Stokes equations. When the cylinder was fixed, the authors 
observed no vortex shedding for LZ/D < 2; however, the vortex shed-
ding was observed at LZ/D = 1 and 2 for the oscillating cylinder. The 
iso-surfaces of the vortex flow and contours of axial vorticity behind the 
stationary cylinder are presented in Figs. 8 and 9, respectively, for 
different LZ/D. It can be observed that, for LZ/D = 1.0 and 2.0, the 
separated shear layers from both sides of the cylinder extended further 
downstream without any interactions between them, as shown in Fig. 9 
(a) and (b). At LZ/D = 5.0, the shear layers bend and form weak vortices 
far from the cylinder, which does not have a strong impact on the lift 
fluctuations, as presented in Fig. 9(c). For LZ/D = 10.0, the vortices are 
formed closer than for LZ/D = 5.0, and for LZ/D = 20.0 the vortices are 
closer than LZ/D = 10.0. It was observed from Figs. 8 and 9 that as the 
LZ/D increases, the vortex shedding moves closer to the cylinder. 

Yeon et al. (2016) found that CD decreased from 1.20 to 0.92 when 
Re increases from the sub-critical regime (Re = 6.31× 104) to the 
critical regime (Re = 2.52× 105). They also observed that the large and 
small LZ/D values produce the best results for sub-critical and super-
critical Re, respectively, whereas the results are less dependent on LZ/D 
for the critical regime. Experiments in a recirculating water channel 
were carried out by Gonçalves et al. (2015) at higher Re ranges between 
1.0 × 104 to 5.0 × 104 to study the low aspect ratio (0.1 ≤ LZ/D ≤ 2.0) 
effect on the flow around a circular cylinder. They found that, as LZ/D 
increases, the drag coefficient decreases from CD ≈ 0.75 for LZ/D = 0.3 
to CD ≈ 1.0 for LZ/D = 2.0. However, CL ≈ 0.06 ± 0.01 remains con-
stant for 0.75 ≤ LZ/D ≤ 2.0. The variation of Strouhal number follows a 

similar trend to that of CD . The vortex shedding disappears as LZ/D 
decreases, and the dominance of von Karman vortex shedding was 
observed at LZ/D = 2.0. Jiang et al. (2017a) used DNS to study the 
effect of spanwise length and the boundary conditions on flow proper-
ties behind the cylinder. They have recommended that LZ/D > 10 is 
sufficient to obtain the hydrodynamic forces and wake structures 
without any effect from the computational domain setup restrictions. 
Jiang and Cheng (2021) recommended LZ/D = 6.0 for Re = 400 to 2.0 ×

103 and LZ/D = 3.0 for Re = 2.5× 103 to 3.9× 103 . Sarwar and 
Mellibovsky (2020) also demonstrated that the length of the computa-
tional domain less than 2.5D in a spanwise direction failed to reproduce 
first and second-order turbulent statistics in the cylinder wake. This is 
possibly due to the presence of unaccounted for large-scale motions 
hindered by the limited domain size in the spanwise direction. The effect 
of span on the turbulence of the flow behind the cylinder was studied by 
Garcia et al. (2019) at Re = 1.0× 104. The authors have summarised 
that the turbulence behind the cylinder is similar for LZ/D = π and 10.0, 
and the Strouhal number converges to St = 0.2. For LZ/D ≥ π, the tur-
bulence kinetic energy and lift force are less affected, meaning that the 
3D turbulence dominates. 

2.3. Effect of rotational rate (α) 

In this section, the effect of rotation rate (α) along with Re on the 
flow characteristics of the circular cylinder is reviewed. The non- 
dimensional rotation rate is defined as the ratio of the surface speed of 
the cylinder and the flow speed. The non-dimensional α with respect to 
flow speed is given as α = rω/U where r is radius, ω is angular velocity of 
the cylinder about its own axis and U is the flow speed. 

A 2D laminar study was carried out by Stojković et al. (2002) to 
investigate the effect of Re (0.01 − 45) and rotational rates (0 ≤ α ≤ 6.0) 
on CD and CL of the cylinder. For low Re, CD was not impacted by α 
while the variation of CL was linearly proportional to α. For higher Re, 
CD decreased with an increase in α, eventually leading to negative 
values, but CL was a linear function of α until α < 2.0 beyond which it 
increased considerably. They proposed a quadratic relation to calculate 
CL (≈ m+n.α2) where m = 1.322 and n = 0.994 for α in the range of 
2.0 to 5.0. Rao et al. (2013b) studied the flow behind the rotating cyl-
inder for α ≤ 2.5 and Re ≤ 400, and they observed the 3D wake for-
mations identical to the non-rotating cylinder for α ≤ 1.0. A 2D and 3D 
numerical simulation to investigate the effect of rotational rates was 
carried out by Bourguet and Jacono (2014) at Re = 100. It was observed 
that the rotating cylinder experiences the flow-induced instability for 
α ≤ 4.0. The maximum amplitude (A/D) stimulated by the oscillations 
experienced by the rotating cylinder was near to 1.9 times the diameter 
of the cylinder. A new wake T + S pattern (a trio of vertices and a single 
vortex shedding for each cycle) was identified during the oscillations of 
a rotating cylinder as shown in Fig. 10. Zhao et al. (2014) examined VIV 

Fig. 7. Iso-surfaces of (a) TKE and (b) SMAG SGS models (Lysenko et al., 2012).  
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of one and two degrees of freedom (DoF) rotating cylinder at Re = 150 
for α = 0.5 and 1.0. For the one DoF case, the frequency and amplitude 
of the oscillating cylinder in CF direction followed a similar trend to that 
of a non-rotating cylinder, at α = 0.5 and 1.0. As α was increased, the 
oscillation A/D of the cylinder increased, and the lock-in range became 
wider. They have noticed a 2S vortex shedding pattern in the lock-in 
range at all rotational rates and reduced velocities. For the two DoF 
case, a P + S vortex shedding pattern was observed for Vr that corre-
sponds to the higher boundaries of the initial branch and a 2S pattern for 
all other Vr in the lock-in range. 

The flow behind the circular cylinder was investigated by Lam 
(2009) using the flow visualisation and PIV experiments for 3.6× 103 ≤

Re ≤ 5.0 × 103 and α ≤ 2.5. It was discovered that as α increases, the 
wake formations become narrow, and vortices formation length di-
minishes, which led to the rise in the Strouhal frequency. Seyed-Agha-
zadeh and Modarres-Sadeghi (2015) investigated VIV of the rotating 
cylinder in a recirculating water tunnel for 350 ≤ Re ≤ 1.0 × 103 and 
0 ≤ α ≤ 2.6. When α < 1.4, the lock-in region turns into a narrow 
regime, and the vibration of the cylinder terminates at α < 2.4. Seye-
d-Aghazadeh and Modarres-Sadeghi (2015) did not observe a substan-
tial increase in the lock-in range, whilst Bourguet and Jacono (2014) and 
Zhao et al. (2014) observed a wider lock-in range. Munir et al. (2018) 
observed a wide lock-in range of rotating cylinders than the non-rotating 
cylinder for 0 ≤ α ≤ 1.0 at Re = 500, reduced velocity (Vr) = 1 to 13 
and m* = 11.5. The vortex shedding of the cylinders is suppressed when 
α = 2.5 for Vr = 5.0 and α > 2.5 for Vr = 6.0 and 7.0. It was found that 
the rotating cylinder’s vortex shedding pattern resembles a stationary 
cylinder for α ≤ 1.0 which agrees with Rao et al. (2013b). The authors 
also observed the hairpin vortices when α is greater than the critical 
value. For 1.1× 103 ≤ Re ≤ 6.3× 103, m* = 7.8 and α = 2.0, the 
maximum oscillation amplitude of the rotating cylinder was increased 
by 76% when compared to the non-rotating cylinder (Wong et al., 
2017). Cheng et al. (2018) used the well-resolved LES with the 
stretched-spiral SGS to investigate the effect of Re and α on the lift crisis 
(defined as a sudden drop in the CL as the designed parameter changes). 
They observed the lift crises when α is ranged from 0.48 to 0.6 for Re =

6.0× 104. 

Chen and Rheem (2019) concluded that the hydrodynamic forces of 
the cylinder are strongly dependent on the rotation rate and Re from the 
experiments investigating the flow with a rotating cylinder at a range of 
1.0× 105 ≤ Re ≤ 1.59× 105, 0 ≤ α ≤ 8. A 2D discrete vortex simulation 
method was used by Chen et al. (2020) to investigate the flow around a 
rotating circular cylinder with Re = 1.0 × 105 and the rotation rate from 
0 to 19. The authors have observed four wake formations for different 
rotational rates, namely: (a) vortex shedding, (b) weak vortex shedding, 
(c) wake formation, and (d) formation of rotating wake. The variation of 
mean hydrodynamic coefficients with the rotation rate is presented in 
Fig. 11. It was concluded that the mean lift increases with α until it 
reached a certain value and then remains steady even though the rota-
tion rate is further increased. In contrast, CD initially decreases, then 
increases and ultimately attains a constant value. These observations 
agree well with experimental work by Chen and Rheem (2019). At 
α ≈ 3.5, the vortex shedding disappeared, and the Strouhal frequency 
was initially stable and then decreased when the rotation rate was 
increased. Aljure et al. (2015) analysed the effect of rotational rates on 
CL, St, and separation point of the flow around a cylinder using DNS at 
Re = 5.0 × 103 and 0 < α < 5.0. The vortex shedding was suppressed at 
α ≤ 2.0. The rotation of the cylinder results in the shear layer shrinking, 
and the wake deflected to the tangential direction is permitted to form 
different shear layer lengths on the sides of the cylinder. Karabelas 
(2010) used LES to investigate the flow at Re = 1.4 × 105 and 
0 < α < 5.0. The author stated that the wake formation patterns are 
strongly affected by the rotational rates: as α is increased, the stagnation 
point and the point of transition to turbulence are shifted towards 
greater the azimuthal angles and upstream, respectively. CD decreases as 
α is increased whereas CL is increased linearly. 

The vortex shedding weakens and disappears in initial and increasing 
areas in Fig. 11. CD attains a minimum value at the boundary line of the 
initial area which represents that the weak vortex shedding area acts as a 
transition zone between the initial and increasing areas. The hydrody-
namic coefficients gradually increase in the wake area and remain 
steady in the equivalent area because the rotating wakes dominate the 
flow. The effect of incoming flow is neutralised, which stabilizes the 
hydrodynamic coefficients in the rotating wake area. 

Fig. 8. The iso-surfaces of vortex formation behind the stationary cylinder for different LZ/D (Zhao and Cheng, 2014).  
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2.4. Relationship between Reynolds number and hydrodynamic 
parameters 

A quantitative analysis was carried out by Qu et al. (2013) to 
investigate the flow around the circular cylinder at low Re (50 − 200) 
using the fractional step method. The authors found that the base CP 
(CPb) and CL, RMS are most sensitive to the domain size, while θ and the 
wake bubble size were not adversely affected by the domain size. The 
effect of grid density is more on CD, followed by CL, RMS and the wake 
bubble size. The CD value was increased by 16% when the time step was 
increased from 0.005 to 0.04 s. The authors have found that the fric-
tional component from the total drag reduces with the increase in Re and 
this may be roughly estimated as C/

̅̅̅̅̅̅
Re

√
, where C = 3.21 and 3.51 for 

Re = 50 and 200, respectively. Similarly, the ratio of the frictional 
CL, RMS to the total CL decreases as Re is increased roughly as 1.3/

̅̅̅̅̅̅
Re

√

(50 ≤ Re ≤ 200). Cao et al. (2010) studied the effects of Re and shear 
parameter (velocity shear flow - β) on St, CD, CL, and wake formations. 
They reported that the Strouhal frequency was constant despite the 
change in the shear parameter at Re = 60 to 1.0× 103; this agrees well 
with Sumner and Akosile (2003). The CD value was nearly unchanged 
with an increase in the shear parameter for Re = 60 to 1.0 × 103 in 
which CL is defined as |CL| = CD × tan (θ0) where θ0 is defined as the 
degree of motion of the stagnation point. 

For 270 ≤ Re ≤ 105, where progressively more disturbed mode B 
turns into the only wake pattern, Jiang (2020) proposed a relationship 
between Re and the time-averaged separation angle (θS) as θS = 78.88+
505Re− 1/2 for 270 ≤ Re ≤ 105. Wu et al. (2004) carried out experiments 
and numerical simulations to study the separation angles for laminar flow 
(Re < 280) and proposed an empirical equation for θS− Re relationship 
θS=95.7+267.1Re− 1/2 − 625.9Re− 1+1046.6Re− 3/2 (7≤ Re≤ 200) and 
an equation for a marginally small range of Re: θS=101.5+155.2Re− 1/2 

(10≤Re≤200). Table 4 lists CD, CPb and St from some of the recent 
experimental and numerical results at Re=3.9×103 . Gerrard (1966a, 
1966b) observed periodic oscillations of the vortex shedding at Re>100, 
which relates to the generation of Karman vortex street. 

Fig. 9. Contours of vorticity in spanwise direction at the top end of the stationary cylinder for different LZ/D (Zhao and Cheng, 2014).  

Fig. 10. Iso-contours of vorticity: (a) P + S pattern and (b) T + S pattern. At 
higher rotational rates, the region of intermediate reduced velocities is domi-
nated by a pattern composed of a pair (P) of vortices couples to a single (S) 
vortex, and this pattern is referred to as the P + S pattern. A fourth vortical 
structure appeared at each shedding cycle for intermediate reduced velocities 
and α > 2.5, and as an extension of the P + S pattern, this pattern is referred to 
as T + S by regrouping the three vortices to form triplet (T) (Bourguet and 
Jacono, 2014). 
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2.5. Formation of separation bubble behind the cylinder 

Lehmkuhl et al. (2014) and Rodríguez et al. (2015) investigated the 
flow in the range of 2.5× 105 ≤ Re ≤ 8.5× 105. Wake asymmetries 
have been discovered in the critical regime, but the wake regains its 
symmetry and alleviates in the supercritical regime. The asymmetries in 
critical regimes were due to the formation of a tiny recirculation bubble 
on one side of the cylinder. As the Re is increased to a sub-critical 
regime, a similar bubble is formed on the second side of the cylinder, 
which regains the symmetric pattern. The latest experimental work by 
Cadot et al. (2015) investigated the dynamics of wake bubble reat-
tachments for the duration of drag crisis (phenomenon in which the CD 
drops off suddenly as the Re increases). The authors have reported four 
highly likely states of the flow around a cylinder in the critical Re 
regime: (i) no Laminar Separation Bubble (LSB) (#0) (ii)LSB on the 
bottom side of the cylinder (#1b) (iii) LSB on the top side of the cylinder 
(#1t) (iv) LSB on the bottom and top sides of the cylinder (#2). #0 
denotes no reattachment, #1b and #1t denote reattachment on the 
bottom and top sides of the cylinder, respectively, and #2 denotes 
reattachment on either side of the cylinder as shown in Fig. 12. The 
existence of these states, either on one side or either side, is highly un-
predictable. In the critical Re regime, Desai et al. (2020) reported that CD 
gradually decreases as Re increases while CL decreases monotonically as 
Re increases. They have also observed a two-state (#2) drag crisis in the 
critical Re regime. The first transition occurs when Re is increased 
beyond 3.79× 105, and the flow alternates between #0 and #1b. At 
Re = 3.89× 105, the flow stabilizes at #1b, and when Re = 4.10× 105, 
the sporadic LSB arises at the top side of the cylinder, and the flow 
fluctuates between #1b and #2. When Re ≥ 4.40× 105, the flow is 
steady at #2 and resultant to a drag crisis completion. The investigations 
by Cadot et al. (2015) and Desai et al. (2020) are in good agreement with 
Lehmkuhl et al. (2014). 

CD has nearly remained constant throughout several orders of Re, but 
at the critical Re, CD drops to almost 1/5th of its earlier value. This 
phenomenon is called a drag crisis due to the boundary layer reattach-
ment past the cylinder. The experiments by Deshpande et al. (2017) 
revealed that the reduction in CD with an increase in Re is not only due to 
a rise in the base pressure coefficient (CPb) but also due to the rise in the 

suction in the upstream shoulder of the cylinder. The incidence of drag 
crisis was categorised into three sub-regimes: (i) gradual reduction on 
CD due to an increase in Re (due to an increase in CPb, and suction), (ii) 
rapid decrease in CD due to an increase in Re (primarily due to a rise in 
CPb), and (iii) CD continuous to decrease with increasing Re (solely due 
to the rise in the suction). Behara and Mittal (2011) observed a 
single-stage drag crisis for smooth cylinders while a two-stage drag crisis 
for a rough cylinder. A positive and negative CL was observed in the first 
and second stages of the drag crisis, respectively, for a rough cylinder. 
The mechanism of CD reduction during the drag crisis was investigated 
by Chopra and Mittal (2017) for flow around a circular cylinder at 1.0×

104 ≤ Re ≤ 4.0× 105. The authors found that the shift of the boundary 
layer from being laminar to turbulent and the development of LSB are 
responsible for the drag crisis. It was found that LSB is missing in the 
sub-critical regime, and as Re increased, the LSB appearance frequency 
increases. They have proposed an equation to estimate CD in terms of the 
intermittency factor (If ) and the mean drag coefficient equivalent to the 
laminar state (CD,Lam) and to the turbulent region (CD,Turb): CD =

If CD,Turb + (1 − If )CD,Lam. 

2.6. Effect of gap ratio (G/D) and boundary layers thickness to diameter 
ratio (δ/D) 

The effect of plane boundary in the proximity of circular cylinders 
has been the topic of intense study. The wall proximity close to the 
cylinder interferes with the flow properties across the cylinder and alters 
the related hydrodynamic forces. Insight into these fundamental char-
acteristics is vital in structural design in offshore industry applications. 
When the cylinder is positioned near the plane boundary, the flow 
properties over the cylinder are governed by parameters such as the gap- 
to-diameter ratio (G/D), and the boundary layers thickness to diameter 
ratio (δ/D), where G is the distance between the plane boundary and 
bottom surface of the cylinder and δ is the boundary layer thickness 
where the cylinder center locates. 

The effects of the bottom wall on the formation of vortex shedding, 
wake patterns, and hydrodynamic coefficients have been studied both 
experimentally and theoretically by many researchers such as Lei et al. 
(1999), Wang and Tan (2008), Ong et al. (2010), Rao et al. (2013a), 

Fig. 11. Variation of mean hydrodynamic coefficients with the rotational rate (Chen et al., 2020).  
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Zhao (2020), and Zhou et al. (2021). 
The flow over a circular cylinder at G/D = 0.005 to infinity was 

numerically investigated by Rao et al. (2013a) for Re ≤ 200. The authors 
found that the shift from steady 2D flow to steady 3D flow takes place at 
G/D ≤ 0.25. While Jiang et al. (2017b) used 3D DNS to study the flow 
transition over a cylinder at G/D ≥ 0.3 for Re up to 325. The authors 
reported that the hydrodynamic coefficients in the 3D wake regime 
decrease more when compared to those in the 2D wake regime. At G/
D = 0.4, for Re ≤ 180, the wake is dominated by mode A which rela-
tively forms a strong three-dimensionality. Wang and Tan (2008) cat-
egorised the G/D into three types based on the vortex shedding patterns: 
(i) wall-effect free region (G/D ≥ 1.0), (ii) intermediate region (0.3 ≤ G/
D < 1.0), and (iii) vortex suppression region (G/D < 0.3). Similar find-
ings were observed by Zhou et al. (2021) for Re = 1.5 × 103 and G/ D =

0 − 2.5. Zhou et al. (2021) also analysed the variation of St dependence 
on G/D. The St decreased from 0.25 to 0.192 when G/ D increased from 
0.369 to 2.5. Ong et al. (2010) carried out numerical studies for flow 
across circular cylinders close to a flat seabed at high Re (3.6× 106) 
using the k − ε model. They have investigated the effects of Re, G/ D, δ 
and flat seabed roughness on flow. CD increases as G/ D increases for a 
small G/D and CD achieving the highest value when G/ D significantly 
increases. The mean friction velocity at the seabed is higher for smaller 
gaps due to velocities being higher when the gap is small and, as a result, 
the sediment conveyance on the seabed is much greater for smaller G/ D. 

A series of experimental investigations in a water channel were 
carried out by Wang et al. (2013) to study VIV of the cylinder near the 
wall with G/D = 0.05 − 2.50, Vr = 1.53 − 6.62 and m* = 1.0. The 
authors found that, when G/D is larger, the vortices are shed from either 
side of the cylinder; when G/D is smaller, vortices are shed from the 
outer side of the cylinder leading to a single side vortex shedding for-
mation. Huang and Sung (2007) and Yoon et al. (2010) found that, when 
Re increases, the critical G/D decreases to lower values. Sarkar and 
Sarkar (2010) used LES to investigate the vortex formations and 
concluded that, for G/D = 0.25, 0.50, and 1.0, vortices are shed from 
either side of the cylinder and the vortex shedding frequency decreases 
as G/D increases. Li et al. (2017) identified four wake modes: (i) W2S(A) 
– in this mode, vortices are shed from either side of the cylinder; (ii) W2S 
(B) – vortices from the inner side of the cylinder are weaker than the 
outer side; (iii) 1S – no vortices from the inner side of the cylinder; (iv) 
NS – no vortices from either side of the cylinder. 

Tham et al. (2015) reported that the width of the lock-in region in-
creases as G/D decreases and the third branch appears between initial 
and lower branches at G/D ≤ 0.6. The wall effects were negligible when 
G/D > 0.6. In contrast, Chung (2016) stated that the width of the lock-in 
region increases as G/D increases even though the maximum amplitude 

of the vibration decreases. Yang et al. (2018) noticed a drag crisis at G/
D ≥ 0.50 for1.90× 105 ≤ Re ≤ 2.7× 105. For G/D ≤ 0.25, CD decreases 
than what was observed for large G/D. Zhang et al. (2021) investigated 
the effect of being near the plane boundary on flow properties around a 
circular cylinder using DNS for Re = 350, G/D = 0.2 − 1.0 and δ/D = 0,
0.7, and 1.6. They demonstrated that G/D and δ/D have a significant 
effect on hydrodynamic coefficients and pressure distribution. The 
vortex shedding patterns corresponding to G/D and δ/D are displayed in 
Fig. 13. As G/D increases from 0.2 to 1.0, the vortex shedding growth 
from being suppressed to fully developed can be observed in Fig. 11. The 
vortex suppression is primarily triggered by the interaction between the 
shear layers formed and the wall (Lin et al., 2009). However, the in-
vestigations by Zhao and Cheng (2011) showed that VIV was excited 
even at the lower G/D = 0.002 even though the vortex shedding was 
totally suppressed. Chen et al. (2019) observed a phase jump between 
hysteresis at the time of initial and lower branch transition and sug-
gested an equation to find the critical G/D as (G/D)CR = 0.158+

0.318(δ /D). It is concluded that the wall effect on the vortex formation 
decreases as G/D increases. Chen et al. (2021) reported that, for a small 
gap ratio (G/D = 0.1), the anticlockwise vortices are suppressed by the 
shear flow and only the topside vortices are shed downstream. At higher 
Vr, the authors have observed a regular shedding of vortices from both 
sides of the cylinder even though the flow was blocked when G/D is 
small. 

3. Flow past elliptic cylinders 

In comparison to the investigations on circular cylinders, numerical 
and experimental studies on elliptic cylinders are relatively rare. The 
geometry of elliptical cylinders is characterised by its aspect ratio (AR), 
which is defined as the ratio of the major axis length (a) to the minor axis 
length (b) as shown in Fig. 14. The geometry of the elliptical cylinder 
includes a circular cylinder when AR = 1.0 and a flat plate when AR =

0. These cylinders are proved to have flow and vorticity alternations 
around the cylinder as studied by Mittal and Balachandar (1996), Badr 
et al. (2001), Johnson et al. (2004), Sen et al. (2012), and Bhattacharya 
and Shahajhan (2016). The physical phenomenon of non-circular cyl-
inders in fluid reveals many complex features in comparison to circular 
cylinders (Sun and Chwang, 1999). The flow characters are substantially 
altered when the circular cylinder becomes an elliptic cylinder, and the 
asymmetry was developed considerably sooner than the circular cylin-
ders (Nair and Sengupta, 1996). A summary of some selected experi-
mental and numerical studies by different researchers is listed in 
Table 5. 

3.1. Effect of aspect ratio (AR), angle of attack (AoA), and Reynolds 
number (Re) 

A parametric study was carried out by Kim and Sengupta (2005) and 
Kim and Park (2006) using a 2D Navier-Stokes flow solver built based on 
the SIMPLER method to study the effects of AR, AoA, and Re on CD, CL 
and vortex shedding frequency. Sen et al. (2012) investigated the flow 
around the elliptical cylinder using the stabilised finite-element method 
for Re ≤ 40, 0.2 ≤ AR ≤ 1.0 and 0o ≤ AoA ≤ 90o. At low AoA, a thin 
cylinder forms a separation bubble near the lagging edge of the cylinder, 
and as the AoA increases, the location of the separation bubble moves in 
the direction of the leading edge non-monotonically. For thick cylinders, 
the effect of AoA is insignificant, and the bubble forms for all AoA, just 
above the cylinder centre. The authors have concluded that, as Re is 
increased, the separation bubble of the symmetric cylinder moves up-
stream whereas, for asymmetric cylinder, the separation bubble moves 
in the direction of the leading edge. 

Faruquee et al. (2007) investigated the effect of AR on the flow 
features around the elliptic cylinder at Re = 40. The wake size was 
increased as AR increased. CD also increased with the increase in AR. 

Table 4 
Literature survey of available numerical results for CD, CPb and St for flow over a 
circular cylinder at Re = 3.9× 103.  

Researcher Methodology CD CPb St 

Dong et al. (2006) DNS — 0.93 0.208 
Parnaudeau et al. (2008) Experiment 1.03 — 0.210 
Meyer et al. (2010) LES 1.05 -0.92 0.210 
Ouvrard et al. (2010) LES 0.94 0.83 0.220 
Wornom et al. (2011) LES 0.99 0.88 0.210 
Lysenko et al. (2012) LES -TKE 0.97 0.91 0.209 

LES - SMAG 1.18 0.80 0.190 
Lehmkuhl et al. (2013) DNS 1.02 -0.93 — 
Jee and Shariff (2014) DES 1.00 0.93 0.214 
Luo et al. (2014) PANS 1.06 0.96 0.201 

DES 1.01 0.89 0.203 
Prsic et al. (2014) LES 0.99 0.88 0.210 
Chen et al. (2016) ILES 0.95 -0.73 — 
Gsell et al. (2018) DNS 0.92 — — 
Jiang and Cheng (2021) LES 1.03 0.95 0.211 

Note: Lysenko et al. (2012) and Luo et al. (2012) adopted two different meth-
odologies in the same paper. 
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CD,P increased drastically whereas CD,V increased slowly when AR was 
increased. The author has defined an equation to measure CD for the 
variable AR as CD = 0.37AR2 + 0.69AR+ 0.465. Radi et al. (2013) 
conducted experiments to analyse the variation of St with Re for flow 
around elliptic cylinders for 100 ≤ Re ≤ 300 and 0.1 ≤ AR ≤ 1.0 where 
AR = 0 and 1.0 refer to the flat plat and circular cylinder, respectively. 
At low Re, Thompson et al. (2014) examined the variation of St for an 
elliptic cylinder for various ARs as shown in Fig. 15 and determined the 
vortex shedding frequencies which agreed well with results in Radi et al. 
(2013). St at the lower ARs values showed different behaviours. The 
AR = 0.75 case has a slightly higher St than the circular cylinder (AR =

1.0). Paul et al. (2014) studied the flow properties such as the laminar 
separation, boundary layer, vortex shedding process, and wake forma-
tion behind the elliptic cylinders for varying AoA and ARs. As AR in-
creases, CL decreases for a given AoA while Re is constant. CD increases 
as AR and Re increase when AoA = 30o but when the AoA is shifted to a 
higher value, CD decreases even though AR and Re are increased. It is 
observed that the vortex shedding frequency increases as Re is increased. 

The effect of AR in the range of 0.1 ≤ AR ≤ 1.0 for Re = 100 on the 
flow over the elliptic cylinder, which was constrained to move in the CF 
direction, was investigated by Vijay et al. (2020) using the high-order 
Spectral/hp element method. The author found that the elliptic cylin-
der response at AR = 0.1 was twice the response exhibited by the cir-
cular cylinder and also attained an earlier lock-in. As AR is decreased, 
the lock-in regimes are found to be gradually moved to smallerVr. The 
vortex shedding 2S mode was observed at the beginning of an initial 
branch where vortices combine near the wake due to the high vibration 
frequency magnifying the lift force and oscillation response for all AR 
cases. Yazdi and Khoshnevis (2020) compared the flow wake patterns 
behind the elliptical cylinder with AR = 2.0 for Re = 3.0 × 104 versus 
the circular cylinder. The authors found that the wake characteristics in 
the near and far wake zones strongly depend upon the axial ratio, and as 

the axial ratio rises, the width of the wake shrinks. Rawat (2021) con-
ducted a parametric study to investigate the 2D flow over an elliptical 
cylinder for 0.5 × 106 ≤ Re ≤ 3.6 × 106 and 0.4 ≤ AR ≤ 1.0 with three 
velocity profiles as parabolic, triangular, and plain shear velocities. The 
authors found that, CD is reduced by 45% at Re = 1.0 × 106 and AR =

0.6 for elliptic cylinder compared to a circular cylinder. The maximum 
CD was observed for the triangular velocity profile at any AR, followed 
by the parabolic velocity profile. The plain shear and uniform velocity 
profiles have almost equal and minimum CD among the velocity profiles. 

Lua et al. (2010) conducted the Digital Particle Image Velocimetry 
(DPIV) measurements on a 2D elliptical cylinder rotating about its own 
axis with α = 0.417, 0.834, 1.67 and 2.5 in a fluid at rest and parallel 
free stream flow at Re = 200 and 1.0× 103. For the cylinder rotating in 
the stationary fluid, the authors have observed two different vortex 
shedding patterns depending on the Re. The shed vortices are either 
disseminated or rotated along with the cylinder, which leads to the 
vortex suction effect. At low Re, vortices are diffused rapidly, while at 
high Re, the shed vortices are stronger and are connected to the tip of the 
cylinder even after a few rotations. As the rotational rate is increased, 
the cylinder stretches the vortices in the upstream direction leading to 
the establishment of a hovering vortex. Ruifeng (2015) used the same 
parameters as Lua et al. (2010) to study the 3D numerical simulations of 
flow behind the rotating elliptical wing using a quasi-steady model. In 
addition to rotational rates, the effects of ARs (0.5, 0.25, and 0.167) on 
the vortex shedding were studied. Ruifeng (2015) observed that at larger 
ARs, the streamwise vortices are as strong as spanwise vortices. How-
ever, at a smaller ARs, the spanwise vortices are attached to the spanwise 
vortices stemming from the formation of a sophisticated wake structure. 
As the rotational speed rises, the high-pressure region on the upper side 
of the cylinder turns into a low-pressure zone at a small ARs. The 
drawback of the quasi-steady model fails to predict the correct aero-
dynamic properties at higher rotation speeds due to the loss of 

Fig. 12. Representation of flow behind the cylinder displaying (i) no bubble (iii) bubble on the bottom (iii) bubble on top (iv) bubble on both sides of the cylinder. 
LS, TS, and TR represent Laminar separation, Turbulent Separation, and Turbulent Reattachment, respectively (Desai et al., 2020). 

Fig. 13. Time history of non-dimensional spanwise vorticity contours for various G/D and δ/D for Re = 350 (Zhang et al., 2021).  
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periodicity in the wake formation. The author attributed that the change 
of vortex shedding process ultimately led to the creation of hovering 
vortices at higher rotational rates, as witnessed by Lua et al. (2010). 
Hargreaves et al. (2014) found that the vortex shedding is easily sub-
sidised at the lower Re = 400 after a few cycles of rotation because of the 
vortex suction effect. Vortices are defined with the two edges at higher 
Re = 1.0× 103 and 2.0× 103. Vortices at higher Re are rotated with the 
body. The flow features are highly dependent on the tip-speed ratio 
(Rossby number-is the ratio between the tangential speed of the tip of a 
cylinder and the actual free stream speed) and less on Re when the 
elliptic cylinder is rotating in a uniform flow stream. When the tip speed 
rises, the vortex shedding pattern converts from a periodic shedding to a 
quasi-shedding pattern and finally to a hovering vortex. 

An experimental investigation was carried out by Lee (2004) to study 
the flow over the elliptic cylinder. The author has limited the orientation 
to 0◦. However, Subburaj et al. (2018) extended the work of Lee (2004) 
to study the effect of AoA and AR proximity to the free surface on flow 
patterns and hydrodynamic forces for Re = 180. At AoA = 45o, the 
authors found the vortices shedding close to the free surface while they 
move away for AoA = − 45o and AoA = 90o. It was stated that the 
elliptic cylinder with AoA = 90o experienced the largest CD while AoA =

45o experience the lowest CD and highest CL. Akbari and Price (2000) 
conducted numerical investigations to study the effect of AoA, frequency 
of oscillation, AR and location of pitch axis. It was found that the fre-
quency of oscillation has a significant effect on the wake formations. At 
higher frequency oscillations (f* = 1.0), the rotational motion of the 
ellipse governs the periodic formation of the leading and trailing edge 
vortices. When the pitch axis is shifted to the quarter chord from the 
middle chord, the establishment of stronger leading- and trailing-edge 
vortices leads to much more complex and unsteady wake formations. 
At the mean AoA (0o), a well-organised vortex street formation was 
observed, whereas for 30o, wide, complex wake formations were 
observed. Numerical investigations of the rotationally oscillating ellip-
tical cylinder have been studied by Alawadhi (2015) at 50 ≤ Re ≤ 150 
with 10o ≤ AoA ≤ 60o. As the AoA increases, CD is increased substan-
tially due to the increased low-pressure region behind the cylinder. 
When the oscillation frequency matches with the vortex shedding fre-
quency (i.e., as a lock-in occurs), CD and CL, RMS attain their maximum 
and minimum values, respectively. They found that as Re is increased, 
CD decreases while CL, RMS increases. The authors have concluded that 
AoA has a significant effect on the formation of vortices behind the 
cylinder. Leontini et al. (2015) observed three modes (modes A, B, and 

QP) as shown in Fig. 16 in the wake of an elliptical cylinder which was 
observed in the wake of a circular cylinder by Blackburn et al. (2005). 
Alongside the three modes, another two new relevant modes were 
found: (i) long-wavelength mode (mode Â) similar to mode A and (ii) 
unstable mode (mode B̂) at AR > 1.75 with similar time-space symme-
tries to mode B. Rao et al. (2017) investigated the wake of elliptic cyl-
inder transitions of 2D and 3D at low AoA (≤ 20o) for Re = 100 − 500 
and AR = 1.0 − 4.0 with the Floquet stability analysis. 

In Fig. 16, the vortex formations of modes A, B, and QP are quite 
comparable and are in accordance with their equivalents observed in the 
wake of a circular cylinder. The first two vortices of mode Â has the 
identical structure to Mode A but has a different structure from the third 
vortex (circled with dashed line) to more downstream. Mode B̂ has a 
different configuration but shares the same time-space equilibriums to 
mode B. The modes QP and QPL are shown at a random stage since they 
have a complex Floquet multiplier (Leontini et al., 2015). 

Fonseca et al. (2013) conducted a series of detailed experiments in a 
vertical hydrodynamic tunnel to determine the Strouhal frequency of 
the flow past elliptical cylinders with Re being varied up to 2.0× 103. 
For Re = 500, the authors have observed that the vortex shedding fre-
quency of the thinner elliptical cylinder is higher than that of the 
elliptical cylinder with AR close to 1.o due to the formation of thinner 
wake downstream of the cylinder. For Re < 500, the vortex shedding 
frequencies of elliptical cylinders followed a linear correlation whereas 
for Re < 500, they did not observe any correlation between the vortex 
shedding frequencies. Experimental work by Zhao et al. (2019) reported 
a lock-in phenomenon that was dominated by VIV oscillations for an 
elliptic cylinder 860 ≤ Re ≤ 8050, 1.5 ≤ Vr ≤ 14.0 and 
0.67 ≤ AR ≤ 1.50. They also found two separated lock-in regimes for 
the cylinder at AR = 0.67 (first lock-in occurred at 4.0 ≤ Vr ≤ 4.4 when 
the Strouhal frequency matched with natural frequency and second 
lock-in occurred at 7.0 ≤ Vr ≤ 11.6 (when the amplitude of the vibra-
tion was discovered to be similar to that observed in the lower branch of 
the circular cylinder) and for AR ≥ 0.80 lock-in happened only at single 
reduced velocity 4.6 ≤ Vr ≤ 12.0. While comparing with the circular 
cylinder, the lock-in occurred substantially at low Vr as AR increased 
above unity. They observed that the vibration responses and on-set 
lock-in were substantially altered when the AR was changed, and the 
FIV responses are controlled by VIV instead of the transverse galloping. 
Based on Hall theory (Hall, 1984), Gallardo et al. (2016) reported that 
flow structures for AR greater than 0.67 resemble circular cylinders 
whereas AR < 0.34 exhibit the flattened flow structures instead of 3D 
flow structures and produced counter-rotating spanwise vortices that 
occur near the tips of the ellipse. 

Raman et al. (2013) have presented the functional relationships 
between critical AR, CD and, St for flow over elliptic cylinders for various 
AR at Re in the range of 50–500. Zhai et al. (2018) established a func-
tional relationship between the separation angle and AR for flow around 
the elliptical cylinder in the laminar flow region. Perumal et al. (2012) 
investigated the influence of blockage ratio, Re and length of the channel 
for steady and unsteady flows using the lattice Boltzmann method in the 
laminar flow regime. Chen and Yen (2011) reported that the axis ratio 
has an insignificant effect on the resonant frequency, but it has a major 
effect on the resonant amplitude. The smaller AR, greater the incidence 
of resonant amplitude. Yoon et al. (2016) studied flow properties such as 
CD, CL, St, and stagnation point as a function of AoA (0o ≤ AoA ≤ 90o) 
for Re (20 ≤ Re ≤ 100) and AR using the direct-forcing/fictitious 
domain (DF/FD) method. As AoA increases, the CD increases and the 
rate at which it increases is higher when Re is increased. The CL attains a 
maximum value for AoA below 45◦ for 20 < Re < 60 and AoA above 45o 

for 70 < Re < 100. The authors found that the stagnation point was 
strongly dependent on AoA and less dependent on Re. The St decreased 
as the AR increased and the rate at which the St decreased was faster for 
higher Re. Yazdi and Khoshnevis (2020) reported larger values of kur-
tosis and skewness factors due to the existence of vortices in the top and 

Fig. 14. Examples of elliptic cylinders based on the aspect ratio (AR) ranging 
from 0.25 to 2.0. Two extremity configurations are flat plate and circular cyl-
inder when AR = 0.001 and 1.0, respectively. 
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Table 5 
Summary of experimental and numerical studies of flow around the elliptical cylinder including Reynolds number (Re), methodology, Aspect Ratio (AR), Angle of Attack (AoA). CD, CL, CF and CP represents drag, lift, 
friction, and pressure coefficients, respectively. CDP, CDF are the coefficient of drag due to pressure and friction, respectively. CCP 

and CP, RMS are time-averaged and RMS pressure coefficients, respectively. Θ and St are 
separation angle and Strouhal number. Lr and LF are recirculation length and formation length of vortex shedding.  

Researchers Re Methodology AR AoA Measurement 

Johnson et al. (2003) 75 ∼ 175 Numerical 0.01, 0.25 and 1.0 0o CD, and St 
Khan et al. (2004) 1.0× 102 ∼ 1.0× 105 Numerical 0.01 ∼ 1.0 0o CD, CDP CDF , Θ and shear stress 
Kocabiyik and D’Alessio (2004) 1.0× 103 Numerical 0.50 30o and 90o CD, and CL 

Kim and Park (2006) 400, 600 Numerical 0.2, 0.4 and 0.6 10o, 20o and 30o CD, CL,RMS, and St 
Faruquee et al. (2007) 40 Numerical 0.3 ∼ 1.0 0o CCP

, CP, RMS , St 
Ibrahim and Gomaa (2009) 5.6× 103 ∼ 4.0× 104 Experimental and Numerical 0.25 ∼ 1.0 0o ∼ 150o CD 

Sarkar and Sarkar (2009) 1440 Numerical 2.0, 3.0, and 4.0 0o CD, CL, 〈u〉/U∞ and 〈v〉/V∞ 

Fonseca et al. (2013) 2.0x103 Experimental 0.33 ∼ 0.67 0o CD, CL, St, and mean velocity 
Radi et al. (2013) 100 ∼ 300 Numerical 0 ∼ 1 0o St 
Paul et al. (2014) 5 ∼ 40 Numerical 0.1 ∼ 1.0 0◦ ∼ 90o St, and critical Re 
Thompson et al. (2014) 50 ∼ 200 Numerical 0 ∼ 1.0 0o CD, and St 
Leontini et al. (2015) 250 ∼ 550 Numerical 1.0 ∼ 2.4 0o LF, and transition of modes 
Griffith et al. (2016) 200 Numerical 1.0 ∼ 6.0 0o CD , CL, St, and amplitude of vibration 
Soumya and Prakash (2017) 50 ∼ 200 Numerical 0.5 ∼ 1.0 0o CD, CL, St, and Lr 

Lua et al. (2018) 200 Numerical 0.0625 ∼ 1.0 0◦ ∼ 90o CD , CL, streamwise and lateral surface pressure distribution 
Sooraj et al. (2018) 240 − 3.4× 104 Experiment – – CD 

Subburaj et al. (2018) 180 Numerical 2.0 and 4.0 -45o, 45o 90o CD , CL, and St 
Wang et al. (2019a) 150 Numerical 1.0 ∼ 2.5 0o ∼ 180o CD, CL, and CM 

Karlson et al. (2020) 10 ∼ 100 Numerical 0.4 ∼ 1.4 0o LF 

Kushwaha et al. (2020) 100 Numerical 1.0, 1.33, and 2.0 0o CD, RMS, CL, RMS , CLP, RMS, and CLV, RMS 

Shi et al. (2020) 150 Numerical 0.2 ∼ 1.0 0◦ ∼ 90o CD, CL,RMS, St, LF , and wake patterns 
Vijay et al. (2020) 100 Numerical 0.10 ∼ 1.0 0o CD, CL, CP and oscillation amplitude 
Durante et al. (2021) 100 ∼ 1.0× 104 Numerical 0.1 ∼ 0.40 0o ∼ 90o CL, St, and flow regimes 
Rawat (2021) 0.5× 106 ∼ 3.6x106 Numerical 0.4 ∼ 1.0 0o CD, CP, and CF 

Wan et al. (2021) 100 Numerical 0.25 ∼ 4.0 0o CD, CL, and vibrational amplitude  
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bottom surfaces of the cylinder. It was concluded that as AR increases, 
the vortices weaken, CD decreases, and St increases. 

Lu et al. (2018) carried out numerical investigation on the 2D 
rotating elliptic cylinder at Re = 200. They stated that the hydrody-
namic and moment coefficients are highly non-linear to the rotational 
rate and ARs. The different wake topologies behind the elliptic cylinder 
were divided into four categories (i) steady, (ii) quasi-steady, (iii) pe-
riodic, and (iv) aperiodic flows. Kumar and Tiwari (2021) distinguished 
the flow wake as four types similar to Lu et al. (2018) for 150 ≤ Re ≤

250 and 0.5 ≤ AR ≤ 2.0. The author has investigated the effect of shear 
parameters on wake formations using the Hilbert Huang transformation 
and recurrence analysis. The negative vorticity termed as “hovering 
vortex” was observed above the elliptic cylinder, which was also found 
from the studies carried out by Ruifeng (2015) and Naik et al. (2018). 
Naik et al. (2017) used the immersed boundary method (IBM) to 
investigate the effects of AoA = 0.1 to 1.0 and α = 0.4, 1.0, and 1.5 at 
Re = 100. It was found that, as the cylinder rotates, the trailing edge 

aids the flow while the leading edge deters the flow, which shows a 
significant effect on the hovering vortex formation. The authors found 
that the Strouhal frequency is a strong function of rotational rate. The 
drag force decreased with increasing AR up to 0.7 and then increased. As 
the rotational rate increased, the drag coefficient/force reduced while 
the lift coefficient/force increased. The CL decreased with an increase in 
AR. Naik et al. (2018) studied the influence of linear shear flow on the 
development of the hovering vortex behind the rotating elliptic cylinder. 
The formation of the hovering vortex is restrained at the modest shear. 
The authors also noticed that the lift coefficient/force linearly increased 
with shear, whereas the vortex shedding frequency behaved indepen-
dently of the shear parameter. 

Franzini et al. (2009) experimentally studied the transverse vibra-
tions of an elliptic cylinder at 2.0 × 103 ≤ Re ≤ 8.0 × 103 and mass ratio 
(m*) of 2.5. The authors have divided the response of the cylinder into 
three branches as a function of reduced velocity and reported that the 
peak amplitude of vibration of the elliptical cylinder experiencing VIV 
was significantly lower than the circular cylinder. A numerical investi-
gation was carried out by Yogeswaran et al. (2014) to study VIV of the 
undamped elliptic cylinder at 60 ≤ Re ≤ 140, m* = 10 and 
0.7 ≤ AR ≤ 1.43. The authors have divided the response of cylinder into 
seven regimes as (i) steady-state (SS), (ii) desynchronisation I (DSI), (iii) 
quasi-periodic initial branch, (iv) periodic initial branch, (v) periodic 
lower branch, (vi) quasi-periodic lower branch, and (vii) desynchroni-
sation II (DSII). In comparison, Wu et al. (2021) used the immersed 
boundary multi-relaxation-time lattice Boltzmann flux solver proposed 
by Shu et al. (2014) to investigate VIV of elliptic cylinders for 0.7 ≤

AR ≤ 1.5 and 4.0 ≤ Vr ≤ 10.0. The authors have divided VIV of the 
elliptic cylinders into a desynchronisation regime, initial and lower 
branches. The vibration in the transverse direction dominates VIV of 
elliptic cylinders (Fang et al., 2009). Hasheminejad and Jarrahi (2015) 
studied the effects of AR (0.5, 1.0, and 2.0) and AoA on vibrational 
characteristics of VIV for two DOF at 60 ≤ Re ≤ 400 and proposed a 
quasi-dynamic vibration control method based on vibration mechanism. 

Johnson et al. (2001) categorised the flow regimes behind the elliptic 
cylinder into six regimes based on Re and AR, namely (i) steady flow 
(Re = 40 and AR = 0.5), (ii) Karman-type vortex (Re = 75 and AR =

0.5), (iii) Symmetric wake (Re = 125 and AR = 0.5), (iv) transitional 
shedding (Re = 150 and AR = 0.5), (v) steady secondary shedding 
(Re = 175 and AR = 0.5), and (vi) unsteady secondary shedding 
(Re = 250 and AR = 0.5). They have observed that the formation of 

Fig. 15. Variation of Strouhal number with Re for different AR with 2D sim-
ulations. AR = 0 results were taken from 3D simulations (recreated from 
Thompson et al., 2014). 

Fig. 16. Contours of vortices for different modes.  
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secondary shedding results in the change of CD and St. Paul et al. (2016) 
categorised the flow behind the elliptic cylinder into seven flow regimes 
based on the relationship between fluid characteristics and AR, AoA and 
Re. Leontini et al. (2018) reported various categories of vortex shedding 
regimes comprising the period-doubling and P + S at different AoA. At 
AoA = 90o, they observed a broad scale of the large oscillation ampli-
tude. The effects of AR and AoA on flow properties were investigated by 
Shi et al. (2020), based on 2D numerical analysis at Re = 150, AR =

0.25 − 1.0 and 0o ≤ AoA ≤ 90o. The authors have observed three 
distinct wake patterns: pattern I: steady wake occurring at AR < 0.37 
and AoA < .2.5o; pattern II: Karman wake followed by steady wake 
observed at AR ≥ 0.35 − 0.67 and for all AoA; and pattern III: Karman 
wake followed by the secondary wake at AR ≤ 0.67 and AoA > 52o as 
shown in Fig. 17. The minimum and maximum values of CD were 
observed for the pattern I and III, respectively, while for pattern II, the 
CD is identical to that of the circular cylinder. Durante et al. (2021) 
divided the flow behind the elliptic cylinder into three regimes (i) steady 
regime as shown in Fig. 18, (ii) periodic regime as shown in Fig. 19, (iii) 
chaotic regime based on the lift force and vortex shedding patterns in the 
wake of the cylinder for 100 ≤ Re ≤ 1.0× 104, 0o ≤ AoA ≤ 90o and 
AR = 0.1 and 0.4. Furthermore, the periodic regime was divided into 
monochromatic, non-monochromatic, quasi-periodic, and sub-harmonic 
regimes based on the formation of vortices behind the cylinder. Fig. 20 
presents the vorticity field generated by thick (AR = 0.4) and thin 
(AR = 0.1) ellipse at Re = 5.0× 103. The authors stated that, when Re is 
increased, the periodic regimes turn into chaotic regimes. 

Sourav and Sen (2017) investigated the effects of damped (in the 
transverse direction) and undamped (in the transverse direction and 
2-DoF) free vibrations of rigid elliptic cylinders for 50 ≤ Re ≤ 180 and 
AR = 1.11. The transverse oscillations are mostly periodic, while the 
damping of 0.044 removes the quasi-periodicity. A secondary hysteresis 
is formed by the flow. Sen and Mittal (2017) investigated the far wake 
topology of an elliptical cylinder for Re = 200, AoA = 0o to 20o, and 
AR = 0.1, 0.5, and 0.8. The associated frequencies along the centreline 
were studied by using the power spectrum analysis at various points of 
the transverse velocity. The authors found that the second frequency 
shows a non-monotonic variation while the primary frequency decays 
with the incidence. Kumar et al. (2018) carried out similar work to 
Sourav and Sen (2017) for Re = 100, AR = 0.5, and 1.0 ≤ Vr ≤ 8.0. The 
lock-in is initiated at Vr = 3.5 and severely shortened at Vr = 4.2 with 

the frequency of oscillation attaining the maximum and minimum value, 
respectively. At the onset of lock-in (at Vr = 3.5), the vortex shedding 
takes place with the maximum strength, thus CL,RMS reaches the 
maximum, and finally, the scale of the maximum transverse displace-
ment becomes the largest (= 0.0653D). On the contrary, at the closure 
of lock-in (Vr = 4.2), the strength of vortex shedding decay weakens 
CL,RMS and the magnitude of the maximum transverse displacement. At 
Vr = 4.3, vortices are suppressed where the free shear layers become 
straight and the steady state regains as shown in Fig. 21. 

3.2. Effect of gap ratio (G/D) and boundary layers thickness to diameter 
ratio (δ/D) 

The elliptic cylinder near the moving wall has several practical ap-
plications such as cells in blood vessels, beads in bioreactors, automation 
industry, oil and gas industry, and others. The walls shear stress, and the 
insignificant quantity of flow between the wall and the cylinder suppress 
the vortex shedding that draws the interest of researchers such as Jin 
et al. (2015) and Zhang and Shi (2016). Yazdi and Khoshnevis (2018) 
experimentally investigated the interference of wake with the boundary 
layer and how this interference affects the wake characteristics using the 
hot-wire anemometry. They found that St increases as G/D increases and 
then stays independent of δ/D. They also stated that the stream-wise 
mean velocity profiles and turbulence intensity were strongly reliant 
on Re and G/D. 

The effect of G/D, AR and Re on the flow around the elliptic cylinder 
in the vicinity of the moving wall on the force coefficient and St was 
analysed by Wang et al. (2018b) for Re = 200 and 400 using LES based 
on LBM. The effects of AR, gap ratio and Re on force coefficients, flow 
filed and Strouhal number were analysed. It was found that decreasing 
G/D and AR suppresses the vortex shedding, while an increase in Re 
effectively eases the complete suppression of vortex shedding as shown 
in Fig. 22. From Fig. 22(ii), for the small G/D = 0.1, the shear layer of the 
cylinder combines with the shear layer of the wall surface, rolling 
altogether. As the flow rate is small in this gap ratio, the time to form 
vortices at the lower side of the cylinder increases. Thus, the vortices 
shed from the upper and lower sides of the cylinder are merged further 
downstream. For Re ≤ 150, Zhu et al. (2020) investigated 2D flow 
across the elliptic cylinder near the bottom moving wall with G/D =

0.1 to 5.0. The authors found a significant effect of near wall on the 

Fig. 17. Instant vorticity contours and time-mean streamlines for (a) and (e) pattern I: Steady wake at AR = 0.25 and AoA = 0o; (b) and (f), (c) and (g) pattern II: 
Karman wake followed by steady wake observed at AR = 0.25 and AoA = 30o, AR = 0.50 and AoA = 75o; and (d) and (h) pattern III: Karman wake followed by the 
secondary wake at AR = 0.25 and AoA = 90o (Shi et al., 2020). 
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wake formations at small G/D. Due to the decay of wall suppression 
effect, CD increases steadily as G/D increases at a given Re. Zhu et al. 
(2021) investigated 3D flow over the elliptic cylinder with AR = 0.5 
near the bottom moving wall with gap ratios G/D = 0.1, 0.2,
0.3 and 0.4 for 100 ≤ Re ≤ 200. The authors have observed distinct 
wake conversion circumstances for each case, as summarised in Table 6. 

4. Flow past a bio-mimetic cylinder 

Numerous researchers have widely studied the flow around the cir-
cular cylinders to investigate the flow characteristics causing VIV. The 
challenging task is to control the vortex shedding. There are two 

different ways to decrease the effect of FIV on the cylinder: (i) control-
ling vortex shedding through adding up objects on/close proximity to 
the cylinder, (ii) altering the geometric shapes of the cylinder. In this 
paper, the authors have emphasised reviewing the investigations of flow 
around cylinders with different geometric shapes. These arrangements 
over the cylinders will increase the complexity of vortex shedding 
around the cylinder, with the aim of reducing the drag and lift forces, 
and hence suppressing VIV (Lam and Lin, 2008a). Biomimetic is the 
scientific method of learning new principles and processes based on a 
systematic study, observation and experimentation with living animals 
and organisms, being a source of inspiration and a guide in the devel-
opment of new techniques to solve engineering problems. 

Fig. 18. Contours of vortices for the steady-state regime at (i) Re = 0.2× 103, AR = 0.4 and AoA = 0o, (ii) Re = 0.1× 103, AR = 0.4 and AoA = 20o, (iii) Re =

3.0× 103, AR = 0.1 and AoA = 0o (iv) Re = 0.2× 103, AR = 0.1 and AoA = 20o (Durante et al., 2021). 

Fig. 19. Contours of vortices for the periodic regime at (i) Re = 2.5× 103, AR = 0.4 and AoA = 0o, (ii) Re = 3.0× 103, AR = 0.4 and AoA = 20o, (iii) Re = 1.4×

103, AR = 0.1 and AoA = 20o (iv) Re = 0.9× 103, AR = 0.1 and AoA = 30o (Durante et al., 2021). 
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The new geometric shapes of the cylinder are generated either by 
twisting the circular/elliptical cylinder or by using biomimetic princi-
ples. The circular or elliptical cylinder, which is twisted along the 
spanwise direction and whose diameter is varied sinusoidally, is called a 
symmetric wavy (SW) cylinder. This SW cylinder can be twisted to 
generate a new shape called Helically Twisted Elliptical Cylinder (HTE), 
as shown in Fig. 23. Some of the researchers who have carried out 
experimental and numerical assessments of the wavy and twisted cyl-
inders are Ahmed and Bays-Muchmore (1992), Bearman and Owen 
(1998), Keser et al. (2001), Lam et al. (2004a), Nguyen and Jee (2004), 
Zhang et al. (2005), Lam and Lin (2008b), and Naudascher and Rockwell 

(2012). The geometric shapes based on biomimetic principles refer to 
the cylindrical shapes developed based on the nature-inspired designs 
evolved over time, e.g., the whiskers (vibrissae) of harbor seal (phocids) 
as these creatures have unique sense and ability to track their prey by 
minute disturbances using vibrissae instead of visual and aural sense, 
see, Renouf and Gaborko (1982), James and Dykes (1978), Dehnhardt 
and Kaminski (1995), Hanke et al. (2010), Choi et al. (2012). The ge-
ometry of Harbor Seal Vibrissae (HSV) is presented in Fig. 24. 

Fig. 20. Effect of AR and AoA on shear layer interaction at Re = 5.0× 103. (i) AR = 0.4 and AoA = 0o, (ii) AR = 0.4 and AoA = 20o, (iii) AR = 0.1 and AoA = 0o (iv) 
AR = 0.1 and AoA = 20o (Durante et al., 2021). 

Fig. 21. Transverse oscillations of the elliptic cylinder for Re = 100, m* = 10 and AR = 0.5. (a, c, e) streamlines for Vr = 3.5, 4.2, and 4.3, respectively, and (b, d, f) 
vorticity for Vr = 3.5, 4.2, and 4.3, respectively (Kumar et al., 2018). 
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4.1. Symmetric wavy (SW) cylinder 

Experimental research to investigate the behaviour of symmetric 
wavy (SW) cylinders at the high Re is fairly limited due to difficulties 
and high costs engaged in executing the experiments. Early in the 1990s, 
Ahmed and Bays-Muchmore (1992) experimented by examining the 
flow patterns and pressure field across the SW cylinder at Re = 2.0 × 104 

based upon the mean diameter (Dm) of the cylinder. Owen et al. (2000) 
used the flow visualisation technique to study the flow behind the SW 
cylinder. They concluded that Karman vortex shedding is well sup-
pressed, and the wake width is varied periodically along the span of the 
cylinder. In addition, Owen et al. (2001) performed experiments over a 
circular cylinder, SW cylinder and hemispherical bumps on the circular 
cylinder to gauge the drag and VIV amplitudes. They found that the 
vortex shedding is suppressed and CD is reduced up to 47% and 25% for 
SW cylinder and bumps on the cylinder, respectively, compared to a 
circular cylinder. The authors have concluded that the sectional CD at 
the node is more significant than the saddle, and 3D flow separation was 
observed due to the spanwise pressure rise. 

Experiments were conducted by Lam et al. (2004a) to investigate the 
effect of surface waviness on CD and CL at Re = 2.0× 104 − 5.0× 104. 
They found that CD in comparison to the circular cylinder is reduced by 
20% depending upon the degree of obliqueness (a2/λD) of the SW cyl-
inder, where a and λ are amplitude and wavelength, respectively. 
However, the St value remains as 0.2, like a circular cylinder. Lam et al. 
(2004b) found that the typical vortex formation length of the SW cyl-
inder is greater than that of circular cylinder, which results in the 
decrease of CD and suppression of VIV. They noticed that the shear layers 
are extended along the spanwise direction at saddle points, whereas they 
are shrunk and accelerated at nodes. Due to the increased turbulent 
intermingling, the wake reveals traits of incomprehensible turbulence. It 
was also observed that the spanwise flow is moved to the nodal plane 

from the saddle plane. 3D flow characteristics of a SW cylinder at Re =

3.0 × 103 were investigated experimentally by Zhang et al. (2005). The 
near-wake structure and streamwise vortices were substantially modi-
fied due to the existence of waviness on the SW cylinder, resulting in the 
formation of spanwise periodicity behind the cylinder. Lee and Nguyen 
(2007) investigated the CD turbulence intensity, mean velocity, and 
profiles of vortices in the wake of the SW cylinder at Re = 2.0× 104 −

5.0× 104. It was discovered that the SW cylinder reduces CD when 
compared to the circular cylinder. This observation agrees well with 
Lam et al. (2004a). 

The effect of wavelength plays a vital role in controlling the vortex 
formations behind the cylinder. Besides the wavelength, the cylinder 
amplitude plays a significant role in regulating the formation of vortices 
near the wake of SW cylinder. Lam and Lin (2008a) conducted numer-
ical simulations using LES at Re = 3.0 × 103 and 1.136 < λ/Dm < 3.333 
to investigate the effect of wavelength ratios. The SW cylinders reduced 
CD by 18% compared to a circular cylinder at λ/Dm = 1.90 and CL was 
nearly suppressed. They have also observed the formation of 3D free 
shear layers due to wavy surfaces, which were more stable than 2D free 
shear layers which rolled up into matured vortices downstream of the 
cylinder. They found that the wave amplitude to wavelength ratio (a/λ) 
plays an important role in defining the 3D vortex formation near the 
wake of the SW cylinder, rendering a considerable impact on sup-
pressing the lift fluctuations and FIV. Fig. 25 compares the free shear 
layer enhancement disparity and vortex formation lengths for circular 
and SW cylinders. The spanwise vortices contours of SW cylinders in the 
saddle and nodal planes are distinctly stretched in the downstream di-
rection compared to the circular cylinder. 

Recently, Lin et al. (2016) extended the work of Lam and Lin (2008a) 
and have taken numerical analysis for large wavelength ratios for the 
very first time. They found an optimal λ/Dm = 6.06 in the subcritical 
regime and a significant decrease in CD and CL by 16% and 93%, 
respectively at λ/Dm = 6.06 for SW cylinder compared with the circular 
cylinder at the subcritical regime. Lin et al. (2016) pinpointed the flow 
regimes into three types based on λ/Dm, namely (i) regime I for 
λ/Dm < 6.06, (ii) regime II for λ/Dm = 6.06, and (iii) regime III for 
λ/Dm > 6.06. Recently, Nam and Yoon (2022) investigated the effect of 
geometry waviness on the elliptic cylinder with 0.5 ≤ AR ≤ 1.0 at Re =

100 for 1.0 ≤ λ/Dm < 8.0. The authors have found that the as AR be-
comes small, the effect of waviness on in CD and CL becomes weak for 
long λ/Dm. They also observed that the St remains smaller than smooth 
circular cylinder regardless λ/Dm. 

Lam and Lin (2008b) investigated the effects of wavelength λ and 
wave amplitudes (a) on the flow close to the wake of the SW cylinder at 
Re = 100 and 150. The authors observed that the 3D free shear layers 
from the SW cylinder are harder to roll into the vortex, resulting in a 
long vortex length formulation than the circular cylinder. 

In continuation to Lam and Lin (2008b), a series of 3D numerical 
simulations with combinations of wave amplitude (a/Dm) and wave-
length (λ/Dm) have been carried out by Lam and Lin (2009) at Re = 100. 

Fig. 22. Instant vorticity fields for (i) Re = 200, AR = 0.7 and G/D = 0.6, (ii) Re = 400, AR = 0.7 and G/D = 0.1 (Wang et al., 2018b).  

Table 6 
Flow regimes patterns for flow over an elliptic cylinder in the vicinity of bottom 
moving wall for 100 ≤ Re ≤ 200, 0.1 ≤ G/D ≤ 0.4 and AR = 0.5. Wake pat-
terns B, C denotes 2D wake patterns for B, and C. Wake pattern D’ denotes 3D 
wake patterns (Zhu et al., 2021).  

Gap ratio Reynolds number Flow regimes 

0.1 Re = 100 3D steady 
Re ≥ 125 Wake pattern D′

0.2 Re ≤ 120 2D steady 
Re = 121 Wake pattern C 
122 ≤ Re ≤ 130 Modified mode C 
Re ≥ 140 Chaotic pattern 

0.3 Re ≤ 145 Wake pattern C 
150 ≤ Re ≤ 155 Travelling Wave mode 
Re ≥ 160 Squiggly Travelling Wave mode 

0.4 Re ≤ 125 Wake pattern B 
135 ≤ Re ≤ 170 Modified mode A 
Re ≥ 180 Near-wake 2D  
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The authors presented the optimal λ/Dm for which the maximum 
reduction in CD and CL occurs, and this λ/Dm depends on Re. Three 
wavelength regimes were identified within a range of 1.0 ≤ λ/ Dm ≤

10.0 based on the wake formations and force properties, as illustrated in 

Fig. 26. For Re = 150, the highest possible CD reduction is about of 
21.5% for a/Dm = 0.175 and λ/Dm = 2.5. Xu et al. (2010) investigated 
the flow behind the SW cylinder with compressible flow conditions 
using LES at Re = 2.0× 105. Their results concluded that, due to the 

Fig. 23. The geometric shape of (a) Symmetric wavy (SW) cylinder, (b) Helically twisted elliptical (HTE) cylinder (Jung and Yoon, 2014).  

Fig. 24. Harbor Seal vibrissae structure (A) front view (B) side view (Hanke et al., 2010).  

Fig. 25. 3D vortex formations and vorticity along the spanwise direction at the saddle and nodal planes are shown for circular and SW cylinders (Lam and 
Lin, 2008a). 
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waviness effect, the hydrodynamic coefficients are reduced when 
compared to a circular cylinder. The waviness effect of the SW cylinder 
on the forced convective heat transfer was investigated by Ahn et al. 
(2009) at Re = 300 with three different wavelengths (π/4, π/3, π/2). The 
authors found that the SW cylinder with λ = π/2 has a larger time- and 
total-surface averaged Nusselt number (〈〈Nu〉〉) than the circular cylin-
der. In contrast, λ = π/4 and π/3 have the smallest Nu number than the 
circular cylinder. They conclude that the heat transfer rate is higher for 
SW cylinder than circular cylinder because of the larger surface area 
exposed to the heat transfer. 

4.2. Helically twisted elliptical cylinder (HTE) 

The Helically Twisted Elliptical cylinder (HTE), as shown in Fig. 23 

(b) is developed by rotating the elliptical cylinder along the spanwise 
direction. The effect of the HTE cylinder on flow characteristics at 
subcritical regime (Re = 3.0× 103) using LES was investigated by Jung 
and Yoon (2014). The free shear layers of the twisted cylinder are 
elongated more than SW and circular cylinders. Subsequently, the 
elongated free shear layers from the body of the cylinder and in the wake 
of vortex shedding form a weak vortical strength that directly reduces CD 
and CL. They found that the HTE cylinder reduces CD by 5% and 13% to 
SW and circular cylinders, respectively, and CL is reduced by 95% when 
compared to the circular cylinder. The authors also investigated the 
effect of aspect ratio (1.25 ≤ AR ≤ 2.25) and stated that the mean CD 
drops to a minimum value at AR = 1.44 and then increases as AR in-
creases. They noted that the HTE cylinder’s vortex formation length 
reduces as Re increases, which is applicable to the circular cylinder as 

Fig. 26. Flow patterns (a) Flow pattern regimes (b) Flow patterns for SW cylinders for different a/Dm and λ/Dm at Re = 100 (Note: Symbol (○) in (a) presents each SW 
cylinder) (Lam and Lin, 2009). 
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well. The comparison of flow behind circular, SW, and HTE cylinders is 
presented in Fig. 27. 

Wei et al. (2016) investigated the HTE in the laminar regime (Re =

100) and confirmed the effectiveness of reducing force coefficients due 
to the twisted shape of the cylinder. They have also observed 
multi-frequency oscillations from the time history of CD, which resulted 
in the harmonic behaviour of power spectra. Interestingly, the HTE 
cylinder produces a longer vortex formation length in laminar and 
subcritical regimes, which support suppressing the force coefficients. 
The flow patterns from these studies agreed well with the findings from 
Zhang et al. (2005). A parametric study for combinations of AR and 
helical spanwise wavelength (λ) was carried out by Kim et al. (2016). It 
was found that at Re = 100, the optimum HTE configuration (AR = 1.3 
and λ = 3.5D) reduces CD by 18%, while at Re = 3.9× 103, the optimum 
configuration (AR = 1.4 and λ = 4.0D) reduces CD by 23% more than a 
circular cylinder. The effect of Re (3.0× 103 ≤ Re ≤ 1.0× 104) on the 
flow properties of HTE was analysed by Yoon et al. (2019). It was found 
that as Re increases, the HTE shows greater efficacy in reducing CD and 
CL. Yoon et al. (2018) examined the forced convection heat transfer 
around HTE and the effect of Re in laminar flow regime (60 ≤ Re ≤ 150) 
and Prandtl number (Pr) = 0.7. In this Re range, the Strouhal number 
(St) of the HTE cylinder is 4%–7% less than the circular cylinder. The 〈 
〈Nu〉〉 of the HTE cylinder decreases from 1.2% to 2.8% in the Re range, 
in comparison with the circular cylinder. 

4.3. Asymmetric wavy (ASW) cylinder 

Yoon et al. (2017) proposed a new geometrical form by imple-
menting an asymmetry to the symmetric wavy cylinder, as demon-
strated in Fig. 28. The flow characteristics of the asymmetric wavy 
(ASW) cylinder were investigated in the subcritical regime. The authors 
identified that the ASW disturbances on the cylinder reduce CD and CL 
more than SW and circular cylinders. The vortex formation length by the 
ASW cylinder was significantly longer than SW and circular cylinder. It 
was asymmetrically distributed along the spanwise direction. The longer 
vortex formation length also demonstrates that the ASW disturbances on 
the cylinder surface also decrease CD and CL more than the SW cylinder. 
The effect of asymmetric waviness on convection heat transfer was 
studied by Moon et al. (2019) at Re = 3.0 × 103 who concluded that the 
ASW cylinder produces the smallest Nu number than SW and circular 
cylinders. 

In extension to Yoon et al. (2017), a new cylinder with double wavy 
(DW) disturbance was proposed by Yoon et al. (2020) with two optimal 
wavelengths λ/Dm = 2.0 and λ/Dm = 6.06 from Lam and Lin (2009) and 
Lin et al. (2016), respectively, for geometry disturbances. The authors 
have noticed a more reduction in CD and CL than SW and circular cyl-
inders. In the near wake region, the circular cylinder forms large Karman 
vortices, as presented in Fig. 29(a). However, the shear layers from SW 
and DW cylinders are significantly elongated towards downstream, as 
shown in Fig. 29(b and c). Consequently, the vortices roll-up of the shear 
layers delayed downstream, which leads to the suppression of vortex 
shedding near the wake and recurs in the distant wake of the down-
stream of SW and DW cylinders. 

4.4. Variable pitch helically twisted elliptical cylinder 

Another geometric form called the variable pitch helically twisted 
elliptical (VPHTE) cylinder as illustrated in Fig. 30 was developed by 
Moon and Yoon (2020) by combining the HTE cylinder proposed by 
Jung and Yoon (2014) and ASW cylinder proposed by Yoon et al. (2017). 
Moon and Yoon (2020) conducted a parametric study by varying the 
variable pitch (VP) of the VPHTE cylinder at Re = 3.0× 103. The vortex 
formation length of the VPHTE cylinder was longer than the HTE and 
circular cylinders, which supported lowering the CD by 4.1% and 16.7% 
when compared to HTE and circular cylinders, respectively. The CL,RMS 

of the VPHTE was reduced by 96.2% than the circular cylinder. As the 
VP of the VPHTE cylinder increases, the difference between the pressure 
at the front and rear of the cylinder decreases, leading to a greater 
reduction in CD. The vortex formation in the wake of circular, HTE, and 
VPHTE cylinders are shown in Fig. 31. Yoon and Moon (2021) assessed 
the performance of VPHTE on the forced convection heat transfer at 
Re = 3.0 × 103 by using LES. The VPHTE cylinders produced smaller 〈 
〈Nu〉〉 than SW and circular cylinders. Based on the temperature con-
tours distribution, the authors have noticed the extended shear layers 
and delay of the vortex shedding process due to the disruptions from the 
geometric shape. 

4.5. Bio-inspired cylinder 

Amongst the flow control methods, the biomimetic principle is 
widely used in different applications and can be found from Bechert 
et al. (2000), Fish and Lauder (2006), Bhushan (2009), Wu (2011), Choi 

Fig. 27. Top view (left column) and side view (right column) of the vortex formations behind the (a) Circular, (b) SW, and (c) HTE cylinders at Re = 3.0 × 103 (Jung 
and Yoon, 2014). 
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et al. (2012), Triantafyllou et al. (2016), and Chu et al. (2021). The 
harbor seals have demonstrated remarkable skill to orient themselves 
and successfully hunt in turbid sea conditions. Harbor seal whiskers with 
their distinctive geometry significantly suppress the drag and lift 

fluctuations. The Harbor seal whiskers morphology can be modelled as 
elliptical cross-section with periodically replicating the chronological 
order of peaks and troughs along the spanwise direction (Fish et al., 
2008). Schulte-Pelkum et al. (2007) stated that as the seal is near the 

Fig. 28. The geometric shape of (a) Symmetric wavy (SW) cylinder, (b) asymmetric wavy (ASW) cylinder (Yoon et al., 2017).  

Fig. 29. Left: top view and right: perspective view of the iso-surface vortex shedding around (a) circular cylinder, (b) SW cylinder, and (c) DW cylinder at Re = 3.0 ×

103 (Yoon et al., 2020). 
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wake furthest in the wake of its upstream predator, the vibrissae reveal 
increased structural vibration. Though the vibrissae are exposed to their 
own VIV, it remains static during the high-speed movement in uniform 
flow. 

Hanke et al. (2010) presented seven parameters to define the un-
dulating 3D form of seal whiskers, as shown in Fig. 32. The peak is 
exemplified by major, minor axes radius, and angle of incidence as a, b,
and α respectively. Likewise, the trough major, minor axes radius, and 
angle of incidence as k, l, and β respectively and λP represents the 
wavelength between two peaks or troughs. Witte et al. (2012) con-
structed a whisker model based on the measurement from 13 adult 
HSW’s and found differences in certain geometric parameters, particu-
larly in the angle of incidence α and β. Rinehart et al. (2017) studied the 
morphology of 27 seal whiskers (Harbor and elephant seals). They stated 
that the length parameters of whiskers agreed well with the statistical 
analysis framework by Hanke et al. (2010). Nevertheless, the angle of 
incidence of elliptical cross-sections falls between -5◦ to +5◦ and follows 
Gaussian distribution with no clear orientation. Asadnia et al. (2015) 
and Beem et al. (2012) developed a sensor motivated by harbor seal 
whiskers to detect oncoming vortex frequency and proved the possibility 
for future use as wake detectors. 

Hans et al. (2013) investigated four different HSV cylinders on their 
force reduction ability and stated that undulation amplitudes on both 
the axes are required to have the highest possible reduction in CD and CL. 
This is because when undulations are being introduced, the vortex 
patterns and braids are broken, resulting in a considerable reduction in 
the hydrodynamic forces. They claimed that the angle of incidence has a 
comparatively weak impact on CD reduction. In a recent study, Liu et al. 
(2019) studied the geometric model that is based upon values for the 
parameters presented in work performed by Rinehart et al. (2017). 
Investigation indicates that the undulations in opposite directions must 
alternate with each other along the spanwise direction to attain the 
maximum CD and CL reduction. Modifying the wavelength and ampli-
tude showed that HSV cylinder morphology suppresses the fluctuating 
lift to a larger extent. However, the authors did not provide any meth-
odology and significant variations in the undulation of morphology, and 
this remains vague on which geometric characteristics or combination of 
characteristics are essential with the hydrodynamic force reduction. 

Hanke et al. (2010) investigated the undulated surface of HSV and 
showed that the structure efficiently changes the vortex shedding 
pattern in the wake of whiskers and decreases the vibrations. The 

authors found that the mean CD is reduced by 40% and the lift fluctu-
ations by 94% when compared to the circular cylinder. Miersch et al. 
(2011) examined the hydrodynamics of the HSV cylinder and discovered 
that the vibrissae could differentiate the vortex shedding frequencies 
produced upstream by its prey. Experimental and numerical analyses 
were carried out by Witte et al. (2012) to investigate the flow properties 
in the wake of the HSV cylinder at Re = 0.3× 103 and 0.5× 103. They 
found that the vortex core of the HSV cylinder is substantially different 
from the circular cylinder as it is developed further downstream, and the 
collapse of the vortex happens quicker than the circular cylinder. Matz 
and Baars (2012) carried out 3D numerical investigations for HSV, 
elliptical and circular cylinders at Re = 0.3× 103 and 0.5× 103. They 
confirmed that no Karman vortex street was observed in the wake of the 
HSV cylinder. Undulations on the minor axis have a considerable impact 
on CD, as it was reduced by 26 %, whereas the major axis has a negligible 
effect on CD. The offset angle between the leading and trailing edges 
affects CD and CL. Wang and Liu (2016) investigated the wake dynamics 
behind HSV, SW, elliptical, and circular cylinders at Re = 1.8× 103. 
Compared to other cylinders, the HSV cylinder has decreased the 
recirculation zone in the nodal plane, the presence of highly stable 
reversed flow, and significant reductions in streamwise and longitudinal 
velocity fluctuations. Kim and Yoon (2017) inspected the forced heat 
transfer around HSV, elliptical and circular cylinders at Re = 0.5 × 103 

and Pr = 0.7. The HSV cylinder provided a steady behaviour of heat 
transfer by inhibiting the instability. 

Murphy et al. (2013) investigated the effects of angle of attack (AoA) 
(0◦, 45◦, and 90◦) on FIV of pinniped vibrissae using a laser vibrometer. 
The analysis shows that AoA has the greatest impact on the FIV rather 
than the surface structure. The authors found that the vortex shedding 
frequency and velocity rangers were the same for circular and undulated 
vibrissae. The vortex shedding frequency is highest at 0◦ and then de-
creases as the vibrissae are rotated to 90◦ with respect to the flow di-
rection. Kim and Yoon (2017) investigated the effect of AoA (0o to 90o) 
on flow properties around the harbor seal vibrissae (HSV) using LES at 
Re = 0.5× 103. As AoA increases, the vortex shedding frequency of HSV 
initially increases (0o ≤ AoA ≤ 20o) and then decreases 
(20o ≤ AoA ≤ 90o). The authors have compared the flow behind the 
elliptical and HSV cylinders at different AoA, and their instantaneous 
vortex formations are presented in Fig. 33. Bunjevac et al. (2018) 
examined the flow properties created by a real elephant seal whisker 
with an undulating surface and a California seal whisker with a circular 
surface in the water channel at Re = 110 and 390. The turbulent in-
tensities are largely suppressed, and the recirculation zone is also 
reduced past the undulating whisker compared to the circular whisker at 
AoA = 0o. At AoA = 90o, the power spectral density is higher than that 
at AoA = 0o. Irrespective of this AoA, the power spectral density is 40% 
lower in the wake of the elephant seal whisker than the California seal 
whisker. 

It was suggested that tubercles on the Humpback whale flipper 
operate as a lift suppression device (Carreira Pedro and Kobayashi, 
2008). Several researchers found that the formation of stream-wise 
vortices is responsible for the improvement in the hydrodynamic per-
formance (Fish et al., 2011; Fish and Lauder, 2006; Wei et al., 2015). 
Miklosovic et al. (2004) conducted experiments in the wind tunnel to 
test the performance of the idealised humpback whale flipper model 
leading-edge tubercles at Re = 5× 105. The authors have found that the 
wing with leading-edge tubercles increases CL by 6% and delays the 
stall-AoA by 40% compared to the wing without tubercles. Murray et al. 
(2005) found that the 3D flipper increases CL by 9% and 4% for 15◦ and 
30◦ respectively. Hansen et al. (2011) experimentally studied the effect 
of leading-edge protrusions on NACA airfoils aerodynamic characteris-
tics. The authors have concluded that the tubercles behave similarly to 
conventional vortex generators. At Re = 5× 105, Pedro and Kobayashi 
(2008) used DES to simulate the flow filed over a flipper model. The 
authors have noticed that the tubercles could reduce the flow separation 

Fig. 30. The geometric shape of (a) HTE and (b) VPHTE, where VP is variable 
pitch, λ is the wavelength, λS and λL wavelength of short and long pitch parts, 
respectively. P and Pv are the lengths of pitch and pitch varied, respectively 
(Moon and Yoon, 2020). 
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near the tip of the flipper. At Re = 1.2× 105, Skillen et al. (2015) 
showed that the spanwise pressure gradient is responsible for the sec-
ondary flow behind the trough region. Experimental studies on the 
swept airfoil wings with tubercle leading edge by Bolzon et al. (2016) 
and Bolzon et al. (2017) showed that, for AoA between 0◦-8◦, CD is 
reduced by 7–9.5% and CL is reduced by 4–6%. The wavy leading edge 
introduces the counter-rotating vortex pairs leading to a downwash ef-
fect, resulting in the separation delay. However, the wavy and twisted 
cylinder produces the transverse vorticity from the 3D separation, sup-
pressing vortex shedding. 

5. Comparison of hydrodynamic properties of cylinders with 
different geometries 

In this section, hydrodynamic coefficients of different geometric 
shapes of cylinders are compared. 

The primary wakes around the circular cylinder are found at Re ≥ 47 
and the secondary wake is observed at Re ≥ 110 which leads to the 
Karman vortex shedding. The transition of wake from 2D to 3D starts at 
Re ≥ 180. As Re increases, CD is decreased due to an increase in CPb and 
upstream suction, leading to a drag crisis. The incidence of drag crisis is 
categorised into three sub-regimes: (i) gradual reduction on CD due to 
the increasing Re (due to an increase in CPb, and suction), (ii) rapid 
decrease in CD due to the increasing Re (primarily due to the increase in 
CPb), and (iii) CD continuous to decrease with an increase in Re (solely 
due to the rise in the suction). 

The wake patterns are strongly affected by rotational rates, and the 
vortex shedding disappeared at α ≈ 3.5. The Strouhal frequency is 
initially stable and then decreased as the rotational rate is increased. As 
the wake moves downstream of the cylinder, the U-shaped streamwise 
velocity turns into the V-shaped streamwise velocity. The vortices are 
shed from either side of the cylinder when G/D is large. As the cylinder 
approaches the wall, the vortices are shed from the top side of the cyl-
inder leading to a single-side vortex formation. The effect of the gap 
ratio is negligible when G/D ≥ 1.0 and the vortex is suppressed for 
G/D < 0.3. The St and width of lock-in decrease as G/D is increased. 

The Reynolds number, AR, and AoA have a significant effect on the 
hydrodynamic coefficients of the elliptical cylinder. CD is increased as 
AR and Re increases for AoA = 30o but when the AoA is shifted to a 
higher value, CD is decreased even the AR and Re are increased. CL is 
decreased as AR is increased and the vortex shedding frequency is 
increased as Re is increased. The St is increased as G/D is increased and 
independent of δ/D in the laminar regime. When both the G/D and AR 
are decreased, and Re is increased, the vortex shedding is completely 
suppressed near the bottom wall. Flow regimes for flow over an elliptical 
cylinder in the vicinity of the bottom moving wall for 100 ≤ Re ≤ 200, 
0.1 ≤ G/D ≤ 0.4 and AR = 0.5 are presented in Table 6. The elliptical 
cylinder response at AR = 0.1 was twice the response exhibited by the 

Fig. 31. Left column: side view and right column: top view of the vortex formations behind the (a) circular, (b) HTE, and (c) VPHTE cylinders at Re = 3.0× 103. 
(Moon and Yoon, 2020). 

Fig. 32. Schematic of Harbor Seal Vibrissae geometry (Kim and Yoon, 2017).  
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circular cylinder and also attained an earlier lock-in. As AR is decreased, 
the lock-in regimes are found to be gradually moved to a smaller Vr. 

Apart from conventional geometric shapes of the cylinders, the flow 
over helically twisted elliptical, symmetric wavy, asymmetric wavy, and 
harbor seal vibrissae cylinders has also reviewed. The waviness on the 
SW cylinder modifies the near-wake structure and streamwise vortices, 
which result in the periodicity formation behind the cylinder. Besides 
the waviness, the cylinder’s wavelength and amplitude play a vital role 
in regulating the vortices. The SW cylinder reduces the CD by 18% 
compared to a circular cylinder at λ/Dm = 1.90, and CL is nearly sup-
pressed for Re = 3.0 × 103 as shown in Table 7 and 8. The HTE cylinder 
reduces CD by 5% and 13% compared to SW and circular cylinders, 
respectively, and CL is reduced by 95% compared to the circular cylinder 
for Re = 3.0× 103. For Re = 3.0× 103, the HTE cylinder reduces CD by 
18% and 23% compared to SW and circular cylinders, respectively, as 
illustrated in Table 7. It can be concluded that as Re increases, CD and CL 
are effectively reduced for HTE cylinder, which also showed a good 
performance in heat transfer than a circular cylinder. 

VPHTE cylinder has a long vortex formation length than HTE and 

circular cylinders. The VPHTE cylinder reduces CD by 4.1% and 16.7% 
compared to HTE and circular cylinders, respectively, as shown in 
Table 7 CL, RMS of the VPHTE cylinder is reduced by 96.2% than the 
circular cylinder at Re = 3.0 × 103 as shown in Table 8. The HSV cyl-
inder reduces the mean CD by 40% and lifted fluctuations by 90% 
compared to the circular cylinder, as presented in Tables 7 and 8. 
Compared to other cylinders, the HSV cylinder has decreased the 
recirculation zone in the nodal plane and significant reductions in 
streamwise and longitudinal velocity fluctuations. The DW cylinder 
significantly reduces CD and CL when compared to the circular cylinder 
and a considerable reduction compared to the SW cylinder as shown in 
Tables 7 and 8. The turbulent kinetic energy of the DW cylinder near the 
wake region is smaller than circular and SW cylinders which signifi-
cantly contributes to the reduction in CD and CL. The variation of 
Strouhal number for various Re for different geometric cylindrical 
shapes is presented in Table 9. 

The general pattern of drag coefficient is summarised as follows for 
Re = 3.0× 103: CD, CC >CD, SW >CD, ASW >CD, DW >CD, HTE >CD, VPHTE >

CD, HSV ; similarly, the lift coefficient can be summarised as 

Fig. 33. Formation of vortex shedding behind the elliptical cylinder (left column) and HSV cylinder (right column) for different AoA (a) and (e) AoA = 0o, (b) and (f) 
AoA = 15o, (c) and (g) AoA = 30o, (d) and (h) AoA = 90o (Kim and Yoon, 2017). 
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Table 7 
Comparison of drag coefficients for different cylinders from various Reynolds numbers (Yoon et al., 2018 & Moon and Yoon, 2020 adopted more than two Re and drag 
coefficients in the same paper).  

Researchers Re Drag Coefficients 

CC SW ASW DW HTE VPHTE HSV 

Lam and Lin (2008) 3.0× 103 1.09 0.980 – – – – – 
Ahn et al. (2009) 0.3× 103 1.30 1.280 – – – – – 
Jung and Yoon (2014) 3.0× 103 0.9934 0.9114 – – 0.8618 – – 
Kim et al. (2016) 3.9× 103 1.05 – – – 0.856 – – 
Lin et al. (2016) 3.0× 103 1.08 0.917 – – – – – 
Wei et al. (2016) 0.1× 103 1.35 – – – 1.285 – – 
Yoon et al. (2017) 3.0× 103 1.0229 0.8926 0.8633 – – – – 
Kim and Yoon (2017) 0.5× 103 1.140 0.801 (EC) – – – – 0.741 
Yoon et al. (2018) 150 1.34 – – – 1.200  – 

60 1.42 – – – 1.420 – – 
Moon et al. (2019) 3.0× 103 0.9755 0.8831 0.869 – – – – 
Yoon et al. (2020) 3.0× 103 1.0318 0.8972 – 0.8592 – – – 
Moon and Yoon (2020) 3.0× 103 0.9936 – – – 0.8628 0.8276 – 

0.5× 103 0.80 (EC) – – – – – 0.741 

Note: Re- Reynolds number, CC- circular cylinder, EC- elliptical cylinder, SW- symmetric wavy cylinder, ASW- asymmetric wavy cylinder, DW- double wavy cylinder, 
HTE-helically twisted elliptical cylinder, VPHTE-variable pitch helically twisted elliptical cylinder, and HSV- harbor seal vibrissae cylinder.  

Table 8 
Comparison of lift coefficients for different cylinders from various Reynolds numbers. 
(Yoon et al., 2018 & Moon and Yoon, 2020 adopted more than two Re and lift coefficients in the same paper).  

Researchers Re Lift Coefficients 

CC SW ASW DW HTE VPHTE HSV 

Lam and Lin (2008) 3.0× 103 0.177 0.043 – – – – – 
Ahn et al. (2009) 0.3× 103 0.46 – – –  – – 
Jung and Yoon (2014) 3.0× 103 0.115 0.0244 – – 0.005 – – 
Kim et al. (2016) 3.9× 103 0.250 – – – 0.0052 – – 
Lin et al. (2016) 3.0× 103 0.456 0.017 – –  – – 
Wei et al. (2016) 0.1× 103 0.300 – – – 0.100 – – 
Yoon et al. (2017) 3.0× 103 0.1648 0.0148 0.0063 –  – – 
Kim and Yoon (2017) 0.5× 103 0.241 0.0160 – –  – 0.016 
Yoon et al. (2018) 150 0.344 – – – 0.0832  – 

60 0.0686 – – – 0.0532 – – 
Moon et al. (2019) 3.0× 103 0.0836 0.0133 0.0094 – – – – 
Yoon et al. (2020) 3.0× 103 0.1293 0.0152 – 0.0035  – – 
Moon and Yoon (2020) 3.0× 103 0.0922 – – – 0.0054 0.0038 – 

0.5× 103 0.160 (EC) – – – – – 0.016 

Note: Re- Reynolds number, CC- circular cylinder, EC- elliptical cylinder, SW- symmetric wavy cylinder, ASW- asymmetric wavy cylinder, DW- double wavy cylinder, 
HTE-helically twisted elliptical cylinder, VPHTE-variable pitch helically twisted elliptical cylinder, and HSV- harbor seal vibrissae.  

Table 9 
Comparison of Strouhal number for different cylinders from various Reynolds numbers.(Yoon et al., 2018 & Moon and Yoon, 2020 adopted more than two Re and 
Strouhal numbers in the same paper).  

Researchers Re Strouhal Number 

CC SW ASW HTE VPHTE HSV 

Lam and Lin (2008) 3.0× 103 0.21 0.21 – – – – 
Ahn et al. (2009) 0.3× 103 – – – – – – 
Jung and Yoon (2014) 3.0× 103 0.2112 0.2101 – 0.1904 – – 
Kim et al. (2016) 3.9× 103 – – – – – – 
Lin et al. (2016) 3.0× 103 – – – – – – 
Wei et al. (2016) 0.1× 103 0.164 – – 0.156 – – 
Yoon et al. (2017) 3.0× 103 0.210 0.180 0.180 – – – 
Kim and Yoon (2017) 0.5× 103 0.210 0.297 – – – 0.220 
Yoon et al. (2018) 150 0.183 – – 0.174 – – 

60 0.138 – – 0.131 – – 
Moon et al. (2019) 3.0× 103 0.210 0.180 – – – – 
Moon and Yoon (2020) 3.0× 103 0.210 – – 0.190 0.186 – 

0.5× 103 0.297 (EC) – – – – 0.220 

Note: Re- Reynolds number, CC- circular cylinder, EC- elliptical cylinder, SW- symmetric wavy cylinder, ASW- asymmetric wavy cylinder, HTE-helically twisted 
elliptical cylinder, VPHTE-variable pitch helically twisted elliptical cylinder, and HSV- harbor seal vibrissae.  
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Fig. 34. Comparison of CD between circular, elliptical, and HSV cylinders for 50 ≤ Re ≤ 500 (Recreated from Kim and Yoon, 2017).  

Fig. 35. Comparison of CL,RMS between circular, elliptical, and HSV cylinders for 50 ≤ Re ≤ 500 (Recreated from Kim and Yoon, 2017).  

Fig. 36. Comparison of St between circular, elliptical, and HSV cylinders for 50 ≤ Re ≤ 500 (Recreated from Kim and Yoon, 2017).  
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CL, CC > CL, SW > CL, ASW > CL, DW > CL, HTE > CL, VPHTE > CL, HSV and 
the vortex formation length of cylinders can be summarised as: LF, CC <

LF , SW < LF , ASW < LF , DW < LF , HTE < LF , VPHTE < LF , HSV . 
From Fig. 34, it can be observed that, at 50 ≤ Re ≤ 500, CD of the 

HSV cylinder is smaller than that of elliptical and circular cylinders. The 
amount of CD reduction by the HSV cylinder compared to the ellipse is 
smaller than the circular cylinder. However, in general, all the three 
cylinders show similar behaviour of CD as Re increases. At Re = 50, CD 
of HSV and elliptical cylinders are larger than the circular cylinder. HSV 
and elliptic cylinders have a much bigger decrease for 50 ≤ Re ≤ 200. 
However, CD of the HSV cylinder is always lower than the elliptic cyl-
inder. The reduction of CD by the HSV cylinder ranges between − 5% and 
36%. CL, RMS of the HSV cylinder is increased as Re increases. However, it 
stays at a lower value than that of circular and elliptical cylinders over 
the considered Re range, as shown in Fig. 35. For Re ≤ 200, the HSV 
cylinder reduces CL, RMS by 100% and, for Re ≥ 200, CL, RMS is reduced 
by 95% compared to a circular cylinder. This means that the flow over 
the HSV cylinder is steady for Re up to 200. It is interesting to note that 
for 50 ≤ Re ≤ 100, CL, RMS of HSV and elliptical cylinders are almost 
zero. Hence, it is necessary to identify the critical Re for elliptical and 
HSV cylinders beyond which the flow becomes unsteady. 

The relation between Re and St for circular, elliptical, and HSV cyl-
inders is presented in Fig. 36. For the circular cylinder, the St gradually 
increases as Re increases up to 200. Even though Re is increased from 
200 to 500, St almost remains constant. For the elliptical cylinder, St 
appears from Re = 200 and gradually increases until Re = 400 and then 
remains constant. For the HSV cylinder, St appears when Re = 300. At 
Re = 300, St of the HSV cylinder is smaller than that of elliptical and 
circular cylinders, but at Re = 500, the St is in between the values of 
elliptical and circular cylinders. 

6. Concluding remarks 

This paper aims to provide a comprehensive review on recent ad-
vances of the wake formations of cylinders such as circular, elliptical, 
helically twisted elliptical, symmetric wavy, asymmetric wavy, and 
harbor seal vibrissae cylinders. Comparisons have been made for the 
hydrodynamic properties and, wake formations for different geometric 
shapes of the cylinders. A wide range of flow regimes including laminar, 
sub-critical, critical, and supercritical Reynolds numbers, are considered 
to investigate the flow characteristics of cylinders. 

The effect of spanwise length, rotational rate, gap ratio, boundary 
layers thickness to diameter ratio, Reynold number are investigated for a 
circular cylinder. The flow behind the circular cylinder is divided into 
different regimes based on the parameters and their effects. The drag 
crisis and formation of separation around the circular cylinder has been 
examined for a higher Reynolds number and gap ratio. In contrast, the 
effect of various regimes of Reynolds number, aspect ratio, angle of 
attack on wake formations, and hydrodynamic coefficients of the ellip-
tical cylinder have been reviewed. 

Helically twisted elliptical, symmetric/asymmetric wavy cylinders, 
and bio-inspired harbor seal vibrissae cylinders have been reviewed in 
terms of natural flow suppression as well as drag and lift fluctuation 
reductions. A comparison has been made between the different cylinders 
at various Reynolds numbers. For example, at Re = 3.0× 103, the HSV 
cylinder has reduced the drag force and lift fluctuations to a larger extent 
when compared to other cylinders. It is expected that bio-inspired cyl-
inders at a high Reynolds number will effectively reduce the hydrody-
namic drag and lift forces. 

Despite a large amount of research in the literature, the complex 
nature of the flow over the cylinder will continue to encourage further 
study. There is limited experimental and numerical work on higher Re 
for helically twisted elliptical, symmetric wavy, asymmetric wavy, and 
harbor seal vibrissae cylinders. Some potential areas for future attention 
can be extended to investigate at high Re along with vortex-, wave and 

wake-induced vibrations. An extensive study of the Re on these types of 
cylinders to study the effects of hydrodynamic forces would be benefi-
cial, similar to what has been conducted to circular cylinders. For all 
cylinders, the effects of subcritical, trans-critical and supercritical Re 
sensitivity study, surface roughness, freestream turbulence, ground 
plane, and plane-wall vicinity need more attention because these con-
ditions are often encountered in engineering problems. More in-
vestigations are required on bioinspired engineering designs on how 
these designs can optimize the performance of the structures. We would 
like to point out that the bioinspired engineering laboratory research 
need to be transferred into the industrial application to design and 
operation of bluff bodies. Finally, in order to reduce the computational 
time and cost, recent advances from the machine learning approach can 
be adopted to predict the flow characteristics and hydrodynamic re-
sponses of the cylinders with different geometries. 
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Akbar, T., Bouchet, G., Dušek, J., 2011. Numerical investigation of the subcritical effects 
at the onset of three-dimensionality in the circular cylinder wake. Phys. Fluids 23 
(9). https://doi.org/10.1063/1.3626582, 094103.  

Akbari, M.H., Price, S.J., 2000. Simulation of the flow over elliptic airfoils oscillating at 
large angles of attack. J. Fluid Struct. 14 (6), 757–777. https://doi.org/10.1006/ 
jfls.2000.0297. 

Alawadhi, E.M., 2015. Numerical simulation of flow past an elliptical cylinder 
undergoing rotationally oscillating motion. J. Fluid Eng. 137 (3) https://doi.org/ 
10.1115/1.4029323. 
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