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Abstract. This study investigates the aerodynamic phenomena of drafting, a common technique 

observed in various racing sports, by analyzing the wake dynamics behind two 2D elliptic 

cylinders placed in tandem. The research explores how the separation distance and the azimuthal 

angle between the cylinders affect turbulent wake patterns and aerodynamic coefficients. A 

numerical study was conducted using a RANS-based simulation, with findings validated through 

physical experiments in a wind tunnel. The study identifies six distinct wake dynamics: Wake 

states without vortex shedding, Single bluff body wake, Suppressed vortex shedding, Coupled 

vortex shedding, Anti-phase vortex shedding, and In-phase vortex shedding. These dynamics 

vary significantly with changes in separation ratio and angle of attack, highlighting the critical 

influence of these parameters on the wake behavior and aerodynamic performance. The results 

are presented in a phase diagram, illustrating the evolution of wake patterns across different 

conditions. This research fills existing knowledge gaps by providing a detailed analysis of the 

wake dynamics behind elliptic cylinders at high Reynolds numbers, with potential applications 

in improving aerodynamic strategies in various engineering and sporting contexts.  

Keywords: Elliptical cylinder, Turbulent wakes, Tandem arrangement, Computational fluid 

dynamics, Aerodynamics.  

1.  Introduction 

When watching bicycle road-racing events such as the Tour de France, it is a common phenomenon to 

see racers form lines while riding, with the following riders always riding almost directly behind the 

leader when possible. Similar techniques are used in car-racing and motorcycle-racing events such as 

Formula one and Moto-GP, when racers would follow their opponents on straights. Such a technique is 

called ‘drafting’ by the commentators, and racers implement this trick in hopes for reducing the drag 

incurred from the air by following the bicycle, car or motorcycle in front and taking advantage of the 

void in the space occupied by the leader a moment ago. Real-life data has shown that this technique can 

enable the racers to reach higher speeds and save energy, but it gives no indication as to to what extent 

is the method effective, and under what circumstances. Therefore, I decided to study the fundamental 

theory behind this phenomenon by studying the wake past two 2D ellipses in order. By changing their 

separation and the angle between the line connecting them and the direction of the flow, the effect of 

‘drafting’ under different circumstances and the underlying physical mechanisms are carefully explored. 
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There has been extensive studies made on the flow past a single cylinder. It has been pointed out that 

at 𝑅𝑒 < 5, symmetrical vortex ring is generated in the wake without laminar separation. At 𝑅𝑒 = 48, 

the steady flow transmutes to an unsteady one, forming Karman vortex shedding patterns with two 

streets of vortices which shed alternately in opposite directions. 

For circumstances with high reynolds numbers, different patterns are observed. At 𝑅𝑒 = 140,000, 

the wake pattern evolves to display greater random secondary vortex shedding and recirculation in the 

far-wake section.[1] When 𝑅𝑒 increases past the critical regime to 8.5 × 105, the flow evolves from 

asymmetrical to stable symmetrical in the super-critical regime.[2] The stable flow has a drag coefficient 

of 𝐶𝑑 ≈ 0.22, with a vortex shedding frequency of 𝑆𝑡 ≈ 0.44, a sharp increase from the critical regime. 

The vortex shedding pattern behind a single elliptic cylinder depends on the aspect ratio of the 

cylinder, 𝜒 (𝜒 = 𝑎/𝑏, where a, b are the lengths semi-major axis and semi-minor axis, respectively), 

and the angle of attack, 𝜃. It is observed that at 𝑅𝑒 = 150, the wake of an elliptic cylinder display steady 

wake (𝜒 < 0.37, 𝜃 < 2.5∘), Karman vortex shedding pattern followed by steady wake (0.37 ≤ 𝜒 ≤
0.67) and Karman vortex shedding pattern followed by secondary wake (𝜒 ≤ 0.67 , 𝜃 > 52∘ ).[3] 

Overall, the laminar separation takes place at greater reynolds number for cylinders with greater aspect 

ratio and smaller angle of attack. For the flow past a single elliptic cylinder, at 𝑅𝑒 = 200, the primary 

shedding frequency reduces as the angle of attack increases for cylinders of the same aspect ratio.[4] 

The drag coefficients increase with 𝜃. The lift coefficients first increase with 𝜃 and then decreases.  

For two cylinders in tandem, extensive studies have been conducted for the wake behind circular 

cylinders. For example, Taneda et al. reported that discontinuous vortex shedding can be observed for 

4.5 < 𝑠/𝑑 < 5  at 𝑅𝑒 = 100 , 3.5 < 𝑠/𝑑 < 4  at 𝑅𝑒 = 300  and 3 < 𝑠/𝑑 < 3.5  at 𝑅𝑒 = 103  with 

suppressed vortex shedding.[5] It is commonly observed that the flow pattern shifts when the spacing 

approaches a critical value, which is around 3.5 times the diameter of the cylinder.[6] The trailing 

cylinder located within or close to the recirculation zone would suppress the wake of the leading cylinder. 

The wakes become independent beyond this critical level. For two elliptic cylinders in tandem, a 

different unstable state is observed as an accumulation of primary and secondary vortex shedding modes. 

For multiple cylinders in tandem at low Reynolds numbers of 𝑅𝑒 = 65 − 160, two vortex shedding 

frequencies for downstream cylinders form due to significant wake interference.[7] The transition 

between primary shedding patterns and secondary shedding patterns is observed at greater Reynolds 

numbers. 

Based on these previous work, it can be observed that a kinetic study on the wake patterns of tandem 

elliptical cylinders at high Reynolds numbers is limited, with the effect of 𝜃 yet to be discussed. To 

address these knowledge gaps, this research is designed to answer the following two critical questions: 

1. How do the separation spacing and the azimuthal angle affect the turbulent wake dynamics 

behind two elliptic cylinders placed closely? 

2. How do the separation spacing and the azimuthal angle affect the aerodynamic coefficients 

behind two elliptic cylinders placed closely? 

2.  Mathematical modeling and numerical formulation 

2.1.  Governing equations for RANS 

The wind flow incident on the cylinders is assumed to be incompressible and isothermal. The neutral 

atmospheric boundary layer is considered, and the governing equations regarding conservation of mass 

and momentum of air are as follows: 
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Where 𝑈𝑖(𝑖 = 𝑥, 𝑦, 𝑧) represents the mean velocity tensor, 𝑥𝑖 is the Cartesian coordinate, 𝑃, 𝜌 and 𝜇 

are the pressure, air density and kinematic viscosity.−𝑈′𝑖𝑈′𝑗 is the Reynolds stress, which is modeled 

below as: 

 −𝑈′𝑖𝑈′𝑗 = 𝜇𝑡 (
∂𝑈𝑗

∂𝑥𝑖
+

∂𝑈𝑖

∂𝑥𝑗
) −

2𝑘𝛿𝑖𝑗

3
 (3) 

Here, 𝜇𝑡 is the turbulent kinematic viscosity, 𝑘 and 𝛿𝑖𝑗 are the turbulent kinetic energy (TKE) and 

the Kronecker delta, respectively. The standard 𝑘 − 𝜖 turbulence model is applied: 
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2.2.  Problem establishment 

Due to the lack in studies on wake patterns behind elliptic cylinders in tandem at high Reynolds number, 

and relating to the bicycle rider situation, the flow past two ellyptic cylinders in tandem is studied, with 

the cylinders having width of 0.5𝑚 and height of 1.8𝑚, similar to the parameters of a rider on a bicycle. 

The flow velocity is opted to be 12.5𝑚/𝑠, a rough value of bicycle speed during road racing. The 

separation to semi-major-axis ratio is used to describe the separation between the two riders, and values 

𝑆/𝑎 = 2.2,3,4,8,12 are opted. The azimuthal angle, or the angle between the common major axis of the 

two cylinders and the flow direction is chosen to be 𝜃 = 0, 30∘, 45∘. Table 1 is a table of the variables. 

Table 1. Parameters of the present cases. 

Parameter Value 

separation to semi-major-axis ratio (S/a) 2.2,3,4,8,12 

azimuthal angle (θ) 0, 30∘, 45∘ 
major axis (2a) 1.8m 

minor axis (2b) 0.5m 

inlet velocity (U) 12.5m/s 

2.3.  Computational domain and boundary conditions 

 

Figure 1. Illustration of the grid used in the present work. 

The Navier–Stokes equations have been solved in the computational domain sketched in figure 1. In the 

present work, the aspect ratio 𝜒 of the elliptic cylinder is taken as 2𝑎/2𝑏 = 1.8𝑚: 0.5𝑚. The origin of 

the coordinate system is fixed at the bottom of the inlet. The 𝑥 − and 𝑦-axis represent the streamwise 

and wall normal directions respectively. The long axis of the cylinders are in the 𝑥-axis, or streamwise 
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direction. Free-slip boundary conditions are imposed on the two walls, to simulate an infinitely spanning 

space. A uniform velocity boundary condition is prescribed at the inlet boundary, and a pressure 

boundary condition is imposed at the outlet boundary. The surface of the cylinders are set with no-slip 

conditions. A hexahedral mesh with an O-grid topology is generated for all cases using the commercial 

grid generation software ANSYS Meshing (ANSYS Inc., 2023). The mesh is refined near the cylinders 

and the near wake, to capture the turbulent structures, as shown in figure 1. 

2.4.  Grid independence study 

To study the grid independence, three sets of grids are tested for the configuration of two elliptical 

cylinders in tandem with 𝑆/𝑎=14 and 𝑅𝑒 =
𝜌𝑈0𝑎

𝜇
= 7.725 ⋅ 105. The total number of the grid cells for 

the Coarse, Standard, and Fine grids are 5,922, 124,480, and 494,957, respectively. The number of points 

on the circumference of the elliptical cylinder surface are 36, 40, and 60 respectively. Table 2 

summarizes the time-averaged drag coefficients of the leading cylinder (𝐶𝑑1), the trailing cylinder (𝐶𝑑2), 

and the cylinders as a whole (𝐶𝑑). It is found that the difference between the results of the Standard and 

Fine grids is lower than 0.55%. Therefore, the Standard grid is thought to be sufficient. 

Table 2. Comparisons of the time-averaged drag coefficients for three sets of grids. 

mesh 
total number 

of cells 

number of nodes on the 

circumference of cylinder 
Cd1 Cd2 Cd 

coarse 5922 36 0.031862 0.039034 0.070897 

moderate 124480 40 0.052079 0.05466 0.10673 

fine 494957 60 0.056098 0.064395 0.12048 

3.  Wake dynamics behind two elliptic cylinders 

The wake dynamics behind the two elliptic cylinders as well as the change of force coefficients 

experienced by the two cylinders over time are examined. The wake regimes are classified based on: (1) 

wake structures characterized by contours of 𝑄-function[8]; (2) contours of velocity and TKE; (3) time 

histories of drag and lift coefficients and the corresponding frequency spectra. The wake states identified 

for the present parameter space of (𝑆/𝑎,𝜃) can be divided into six categories: (I) Wake states without 

vortex shedding (WOVS); (II) Single bluff body wake (SBB); (III) Suppressed vortex shedding (SVS); 

(IV) Coupled vortex shedding (CVS); (V) Anti-phase vortex shdding (AVS); (VI) In-phase vortex 

shedding (IVS). 

3.1.  Wake states without vortex shedding 

Steady-state flow regimes without vortex shedding have been identified for 𝑆/𝑎 = 2.2 at 𝜃 = 0∘ and 

30∘, as well as for 𝑆/𝑎 = 8 and 12 at 𝜃 = 0∘. The corresponding wake patterns for the representative 

cases of 𝑆/𝑎 = 2.2, 𝜃 = 30∘ and 𝑆/𝑎 = 8, 𝜃 = 0∘ are illustrated in Figure 2. 

Figures 2 (a) and 2 (b) depict the wake structures characterized by vorticity magnitude contours for 

the cases of 𝑆/𝑎 = 2.2, 𝜃 = 30∘ and 𝑆/𝑎 = 8, 𝜃 = 0∘, respectively. As shown in Figures 2 (c) and2 (d), 

no vortex shedding occurs for these cases. The flow regime is thus classified as the "wake state without 

vortex shedding" (WOVS). 

The turbulent kinetic energy (TKE), which reflects the intensity of turbulent fluctuations in the flow 

field, is presented in Figures 2 (e) and 2 (f) for 𝑆/𝑎 = 2.2, 𝜃 = 30∘, and 𝑆/𝑎 = 8, 𝜃 = 0∘, respectively. 

In both cases, elevated TKE is observed in the shear layer, gradually dissipating downstream. Notably, 

the TKE for the case of 𝑆/𝑎 = 2.2 and 𝜃 = 30∘ is significantly higher than that for 𝑆/𝑎 = 8, 𝜃 = 0∘. 
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Figure 2. Wake characterizations for the WOVS state: (a, b) Contours of 𝑥 − velocity in the 𝑥𝑜𝑧 − 

plane with in-plane streamlines, (c, d) contours of vorticity magnitude, and (e, f) contours of TKE. (a, c, 

e) represent for the case with S/a=2.2 and 𝜃 = 30∘, and (b, d, f) for the case with S/a=8 and 𝜃 = 0∘. 

3.2.  Single bluff body wake 

When the two elliptic cylinders are placed very close to each other, such as in the cases of 𝑆/𝑎 = 2.2, 

𝜃 = 45∘ and 𝑆/𝑎 = 4, 𝜃 = 0∘, they behave as a single bluff body. Therefore, this flow regime is named 

"single bluff body" (SBB). Kármán vortex structures are periodically shed in a single row behind the 

cylinders, as illustrated in Figures 3 (a), (b), and (c). 

Figures 3 (a) and (b) show the velocity contours for 𝑆/𝑎 = 2.2, 𝜃 = 45∘ and 𝑆/𝑎 = 4, 𝜃 = 0∘. The 

corresponding TKE patterns, presented in Figures 3 (e) and (f), reveal a single row of periodic Kármán 

vortex shedding in both configurations. 

The time histories of the drag and lift coefficients for each cylinder are plotted in Figures 4 (a, b) and 

(c, d). The drag (𝐶𝑑) and lift (𝐶𝑙) coefficients all exhibit periodic fluctuations over time. Figures 4(e, g) 

and (f, h) present the frequency spectra of the drag and lift coefficients, with a prominent peak at 𝑆𝑡 =
𝑓𝑎

𝑢0
= 0.472627 in all cases. 

 

Figure 3. Wake characterizations for the SBB state: (a, b) Contours of 𝑥 − velocity in the 𝑥𝑜𝑧 − plane 

with in-plane streamlines, (c, d) contours of vorticity magnitude, and (e, f) contours of TKE. (a, c, e) 

represent for the case with 𝑆/𝑎 = 2.2 and 𝜃 = 45∘, and (b, d, f) for the case with 𝑆/𝑎 = 4 and 𝜃 = 0∘. 
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Figure 4. drag coefficients for the SBB state when 𝑆/𝑎 = 2 and 𝜃 = 0: (a, c) time histograms of drag 

coefficient, (b, d) time histograms of lift coefficient, (e, g) FFT of drag coefficients and (f,h) FFT of lift 

coefficients. (a, b, e, f) represent the leading cylinder, and (c, d, g, h) the trailing cylinder. 

3.3.  Suppressed vortex shedding 

Figure 5 (a) shows velocity contours with superimposed streamlines, with significant periodic variations 

in the velocity field behind the trailing cylinder, while the flow behind the leading cylinder remains 

stable. Figure 5 (b) illustrates the vorticity contours for 𝑆/𝑎 = 1.5, 𝜃 = 30∘. Notably, vortex shedding 

from the leading elliptic cylinder is suppressed by the presence of the trailing cylinder, while vortex 

shedding from the trailing cylinder persists. This wake regime is classified as the "suppressed vortex 

shedding" (SVS) state. Figure 5 (c) presents the TKE contours in the wake regime, indicating periodic 

vortex shedding only from the trailing cylinder, with no shedding observed from the leading one. 

The time histories of the drag coefficients for the leading cylinder are shown in Figures 6 (a) and (b). 

Due to the suppression of vortex shedding, the drag coefficient remains constant. Figures 6 (c) and (d) 

display the time histories of the drag coefficients for the trailing cylinder, which vary periodically due 

to vortex shedding. The corresponding frequency spectra of 𝐶𝑑  and 𝐶𝑙  of the leading and trailing 

cylinder are provided in Figures 6 (e), (f), (g), and (h), revealing a dominant peak at 𝑆𝑡 = 0.362771. 

 

Figure 5. Wake characterizations for the SVS state at 𝑆/𝑎 = 3 and 𝜃 = 30∘ : (a) Contours of 𝑥 − 

velocity in the 𝑥𝑜𝑧 − plane with in-plane streamlines, (b) contours of vorticity magnitude, and (c) 

contours of TKE. 
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Figure 6. drag coefficients for the SVS state when 𝑆/𝑎 = 1.5 and 𝜃 = 30∘: (a, c) time histograms of 

drag coefficient, (b, d) time histograms of lift coefficient, (e, g) FFT of drag coefficients and (f,h) FFT 

of lift coefficients. (a, b, e, f) represent the leading cylinder, and (c, d, g, h) the trailing cylinder. 

3.4.  Coupled vortex shedding 

 

Figure 7. Wake characterizations for the CVS state: (a, b) Contours of 𝑥 − velocity in the 𝑥𝑜𝑧 − plane 

with in-plane streamlines, (c, d) contours of vorticity magnitude, and (e, f) contours of TKE. (a, c, e) 

represent for the case with 𝑆/𝑎 = 3 and 𝜃 = 45∘, and (b, d, f) for the case with 𝑆/𝑎 = 4 and 𝜃 = 45∘. 

For the cases of 𝑆/𝑎 = 3, 𝜃 = 45∘, and 𝑆/𝑎 = 4, 𝜃 = 30∘ and 45∘, vortex shedding occurs behind both 

cylinders, resulting in strong downstream interactions between the shed vortex structures, as shown in 

Figure 7. The wake regime is therefore named "coupled vortex shedding" (CVS). 
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Figures 7 (a) and (b) present velocity contours with superimposed in-plane streamlines for 𝑆/𝑎 = 3, 

𝜃 = 45∘ , and 𝑆/𝑎 = 4 , 𝜃 = 45∘ , respectively. Both velocity fields exhibit periodic patterns 

characteristic of vortex shedding. Notably, the recirculation zone behind the leading cylinder is 

significantly larger than that behind the trailing cylinder. Figures 7 (c) through (f) display TKE and 

vorticity wake patterns that resemble two out-of-phase vortex shedding wakes intersecting and 

interacting, with distinct areas of convergence and divergence. The resulting wake patterns appear 

harmonic and homogeneous, without any irregularities. 

Time histories of the drag coefficients for the leading and trailing cylinders are displayed in Figures 

8 (a, b) and (c, d), respectively. Due to the coupling of vortex shedding between the cylinders, the drag 

coefficients exhibit periodic behavior consistent with the vortex shedding patterns observed in Figure 8. 

The frequency spectra shown in Figures 8 (e, g) and (f, h) reveal dominant peaks at identical frequencies, 

consistent with the periodic behavior mentioned earlier, with a primary peak at 𝑆𝑡 = 0.263168. 

 
Figure 8. drag coefficients for the CVS state when 𝑆/𝑎 = 1.5 and 𝜃 = 45∘: (a, c) time histograms of 

drag coefficient, (b, d) time histograms of lift coefficient, (e, g) FFT of drag coefficients and (f,h) FFT 

of lift coefficients. (a, b, e, f) represent the leading cylinder, and (c, d, g, h) the trailing cylinder. 

3.5.  Anti-phase vortex shedding 

 

Figure 9. Wake characterizations for the AVS state at 𝑆/𝑎 = 8 and 𝜃 = 45∘ : (a) Contours of 𝑥 − 

velocity in the 𝑥𝑜𝑧 − plane with in-plane streamlines, (b) contours of vorticity magnitude, and (c) 

contours of TKE. 
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As the separation distance increases to 𝑆/𝑎 = 8  and 𝑆/𝑎 = 12 , the wake is characterized by 

independent vortex shedding from each cylinder, as their interactions become significantly weaker. 

Figure 9 presents the wake structures characterized by vorticity magnitude contours for the case of 

𝑆/𝑎 = 8, 𝜃 = 45∘ . As illustrated in Figure 9 (b), independent vortex shedding occurs behind each 

cylinder. It is noteworthy that the shedding from the leading and trailing cylinders is anti-phased. 

Correspondingly, the wake regime is named "anti-phase vortex shedding" (AVS). 

Figure 9 (a) depicts the velocity contours with superimposed streamlines, showing distinct vortex 

shedding from both the leading and trailing cylinders, occurring out of phase with each other. Figure 9 

(c) displays the TKE contours downstream of the two cylinders, revealing the same periodic shedding 

pattern for each cylinder, with the TKE gradually dissipating as it moves downstream. 

The time histories of the drag coefficients for the leading cylinder are plotted in Figures 10 (a) and 

(b), while Figures 10 (c) and (d) show the time histories for the trailing cylinder. As expected, the drag 

coefficients vary periodically over time due to vortex shedding. Both cylinders exhibit equal dominant 

frequency values, indicating symmetric shedding in the downstream direction. The corresponding 

frequency spectra of 𝐶𝑑 confirm this, with a dominant peak at 𝑆𝑡 = 0.213366. 

 

Figure 10. drag coefficients for the AVS state when 𝑆/𝑎 = 4 and 𝜃 = 45∘: (a, c) time histograms of 

drag coefficient, (b, d) time histograms of lift coefficient, (e, g) FFT of drag coefficients and (f,h) FFT 

of lift coefficients. (a, b, e, f) represent the leading cylinder, and (c, d, g, h) the trailing cylinder. 

3.6.  In-phase vortex shedding 

For the cases of 𝑆/𝑎 = 8, 𝜃 = 45∘, and 𝑆/𝑎 = 12, 𝜃 ≥ 45∘, the wake interactions between the two 

cylinders weaken significantly. Independent vortex shedding still occurs behind each cylinder, but the 

shedding now takes place in-phase. Figures 11 (c) and (d) illustrate the wake structures characterized by 

vorticity magnitude contours for (𝑆/𝑎 = 8, 𝜃 = 45∘) and (𝑆/𝑎 = 12, 𝜃 = 45∘), respectively. These 

figures reveal in-phase Kármán vortex shedding in the wake of both cylinders, a regime referred to as 

"In-phase Vortex Shedding" (IVS). 

Figures 11 (a) and (b) show the velocity contours for 𝑆/𝑎 = 8, 𝜃 = 45∘ and 𝑆/𝑎 = 12, 𝜃 = 45∘. 
Synchronized flow separations are evident as the flow passes the elliptic cylinders. Figures 11 (e) and 

(f) present the TKE wake patterns for 𝑆/𝑎 = 8, 𝜃 = 45∘ and 𝑆/𝑎 = 12, 𝜃 = 45∘. These patterns also 
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display in-phase periodic shedding behind the cylinders, with the leading cylinder exhibiting stronger 

shedding in the upstream region. 

The time histories of the drag and lift coefficients for each cylinder are shown in Figures 12 (a, b) 

and (c, d), respectively. Both drag coefficients fluctuate periodically, consistent with the observed in-

phase shedding. The corresponding frequency spectra of the drag and lift coefficients are plotted in 

Figures 12 (e, g) and (f, h). A dominant peak at 𝑆𝑡 =
𝑓𝑎

𝑢0
= 0.211901 is observed in all the spectra, 

confirming the synchronized Kármán vortex shedding behind the two cylinders. 

 

Figure 11. Wake characterizations for the IVS state: (a, b) Contours of 𝑥 − velocity in the 𝑥𝑜𝑧 − plane 

with in-plane streamlines, (c, d) contours of vorticity magnitude, and (e, f) contours of TKE. (a, c, e) 

represent for the case with 𝑆/𝑎 = 8 and 𝜃 = 45∘, and (b, d, f) for the case with 𝑆/𝑎 = 12 and 𝜃 = 45∘. 

 
Figure 12. drag coefficients for the IVS state when 𝑆/𝑎 = 6 and 𝜃 = 45∘: (a, c) time histograms of drag 

coefficient, (b, d) time histograms of lift coefficient, (e, g) FFT of drag coefficients and (f,h) FFT of lift 

coefficients. (a, b, e, f) represent the leading cylinder, and (c, d, g, h) the trailing cylinder. 
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4.  Vortex shedding frequencies 

The Strouhal number for the vortex shedding frequencies in the wake of elliptic cylinders in tandem 

arrangement with respect to the separation distance, at different angles of attack, are shown in figure 13. 

For situations producing WOVS, no Strouhal number is derived. When 𝜃 = 0∘, the Strouhal number 

increases with separation. While for 𝜃 = 30∘ the Strouhal number first increases from 𝑆/𝑎 = 2.2 to 

𝑆/𝑎 = 3  and then reduces as the separation increases further. For 𝜃 = 45∘ , the Strouhal number 

increases from𝑆/𝑎 = 3 to 𝑆/𝑎 = 4, and then decreases as well. 

 

Figure 13. Strouhal number for the vortex shedding frequencies in the wake of elliptic cylinders in 

tandem arrangement with respect to the separation distance, at different angles of attack 

5.  Aerodynamic characteristics 

 

Figure 14. Mean drag and lift coefficients for the elliptic cylinders in tandem with respect to the 

separation, at different angles of attack: (a, b) total drag/lift cofficients, (c, d) drag/lift coefficients 

experienced by the leading cylinder, and (e, f) drag/lift coefficients experienced by the trailing cylinder. 

(a, c, e) represent mean drag coefficients, and (b, d, f) represent mean lift coefficients. 
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The mean drag and lift coefficients for elliptic cylinders in tandem arrangement, with respect to the 

separation distance and at different angles of attack, are presented in figure 14. This analysis provides 

insight into the aerodynamic performance of the cylinders under varying configurations. 

Figures 14 (a) and 14 (b) show the total drag (𝐶𝑑) and lift (𝐶𝑙) coefficients for the elliptic cylinders 

at three angles of attack: 0∘, 30∘, and 45∘, as the separation distance (𝑆/𝑎) varies. The drag coefficient 

𝐶𝑑 slightly decreases with increasing separation distance for all angles of attack, indicating that the drag 

force experienced by the cylinders reduces as they are spaced further apart. Specifically, at 0∘ and 30∘ 
angles of attack, the drag coefficient remains relatively stable initially and then shows a slight decrease 

at larger separation distances. At 45∘, the drag coefficient starts higher and exhibits a more pronounced 

decline. Similarly, the lift coefficient 𝐶𝑙 trends downward with increasing separation distance for all 

angles of attack. At 0∘, the lift coefficient remains nearly constant, while at 30∘ and 45∘, there is a 

noticeable decrease. The lift coefficient is highest at 45∘, reflecting stronger lift forces at this angle of 

attack, but these forces diminish as the separation distance increases. 

Figures 14 (c) and 14 (d) depict the drag (𝐶𝑑1) and lift (𝐶𝑙1) coefficients experienced by the leading 

cylinder. The drag coefficient 𝐶𝑑1 shows a decrease as the separation distance increases, particularly 

for the 45∘  angle of attack, where the drag force significantly reduces. At 0∘  and 30∘ , the drag 

coefficients remain relatively stable with slight declines at larger distances. The lift coefficient 𝐶𝑙1 for 

the leading cylinder follows a similar trend to the total lift coefficient, with values decreasing as the 

separation distance increases. At 0∘, the lift coefficient is low and remains stable. At 30∘ and 45∘, the 

lift coefficient starts higher and decreases more significantly, indicating that lift forces on the leading 

cylinder diminish as the separation distance grows. Figures 14 (e) and 14 (f) present the drag (𝐶𝑑2) and 

lift (𝐶𝑙2 ) coefficients for the trailing cylinder. The drag coefficient 𝐶𝑑2  increases slightly with 

increasing separation distance at all angles of attack. The most notable increase is observed at 45∘, where 

the drag force on the trailing cylinder becomes more pronounced as the cylinders are spaced further 

apart. The lift coefficient 𝐶𝑙2 for the trailing cylinder shows an increasing trend with separation distance, 

particularly at 45∘. At 0∘ and 30∘, the lift coefficients remain relatively stable with slight increases at 

larger separation distances. 

In summary, at lower separation distances, drag and lift forces are higher due to stronger interactions 

between the cylinders. As the separation distance increases, these forces generally decrease for the 

leading cylinder while they increase for the trailing cylinder. The angle of attack also plays a crucial 

role, with higher angles resulting in stronger initial drag and lift forces that diminish more significantly 

with increasing separation distance. 

6.  Flow visualization experiments 

Flow visualization experiments were conducted in the Armfield C15-10 wind tunnel at Shanghai Jiao 

Tong University. A variable-speed fan with maximum velocity of 30𝑚/𝑠, located at the end of the wind 

tunnel, controlled the airflow, while elliptic cylinders, constructed from 3D printed ABS, were fixed in 

the test section. These cylinders were designed to match the geometry used in the CFD simulations, 

scaled down to 1.5cm wide and 5.4cm long. The parameters of the cylinders are determined based on 

the size of the visible window of the wind tunnel and the area coverage of the laser projector, while also 

considering the resolution of the incoming airflow. The Laser-Induced Fluorescence (LIF) technique 

was employed to visualize the flow. This involved introducing a tracer substance into the airflow and 

illuminating the flow with a laser from below. Water vapor is chosen as the substance in this case for 

fire-safety and pollution considerations. The diffracted light from the water droplets, captured by high-

speed cameras, allowed for the detailed observation of complex flow structures, including vortices and 

turbulent regions. 
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Figure 15. Experimental setup of the Armfield C15-10 wind tunnel at Shanghai Jiao Tong University, 

showing the Laser-Induced Fluorescence (LIF) system for flow visualization in operation. The green 

laser beam illuminates the test section, where flow around an elliptic cylinder model is analyzed. 

Figure 15 presents a series of flow visualizations illustrating different wake regimes. It captures 

distinct flow patterns around bluff bodies, revealing the complex interaction between the fluid and the 

elliptic cylinders. In the WOVS regime, the flow remains relatively stable without vortex formation, 

while the SBB regime shows clear vortex shedding, and the cylinders act as a single bluff body. The 

SVS regime demonstrates the suppression of vortex shedding. Finally, the CVS regime displays coupled 

vortex shedding, where vortices from multiple bodies interact, forming intricate flow structures. These 

visualized patterns, illuminated by the green fluorescence of the tracer substance, closely correspond 

with the predictions from CFD simulations, further validating the present numerical simulations. 

7.  Concluding remarks 

 

Figure 16. Phase diagram of the wake regimes with respect to separation ratio and angle of attack 

This study systematically examines the wake flow patterns using computational fluid dynamics (CFD) 

simulations based on the RANS equations, validated through physical experiments with 3D-printed 

models in a wind tunnel. Six distinct wake dynamics were identified: i) Wake states without vortex 

shedding, ii) Single bluff body wake, iii) Suppressed vortex shedding, iv) Coupled vortex shedding, v) 
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Anti-phase vortex shedding, and vi) In-phase vortex shedding. As summarized in figure 16, Wake states 

without vortex shedding (WOVS) initially occur at a small separation ratio (𝑆/𝑎 = 2.2) and at larger 

separation ratios with zero angle of attack. As the separation ratio and angle of attack increase, the wake 

transitions to a Single bluff body wake (SBB). When the separation ratio reaches 𝑆/𝑎 = 3 − 4 and the 

angle of attack ranges between 𝜃 = 30∘ − 45∘, the wake evolves into Coupled vortex shedding (CVS) 

and Suppressed vortex shedding (SVS) patterns, as the trailing cylinder moves farther from the 

recirculation zone. At even larger separations (𝑆/𝑎 = 8 − 12), the interaction between the cylinders 

weakens, leading to the emergence of In-phase vortex shedding (IVS) and Anti-phase vortex shedding 

(AVS) patterns. Furthermore, the vortex shedding frequencies and aerodynamic characteristics 

associated with these wake dynamics were carefully examined, providing new insights into their 

evolution. 

This work advances the understanding of wake patterns behind tandem elliptic cylinders at high 

Reynolds numbers, extending the knowledge base established by previous studies. Future work could 

further validate these findings across a broader range of Reynolds numbers and aspect ratios, and explore 

a more detailed topological analysis of the wake patterns formed by the cylinders. 
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