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Flow past cylinders and spheres 

Low Re = 
𝑈𝑑

𝜈
< 1 

No slip ⇒ vorticity ⇒ diffusion (w/o convection) away from surface as 

per Stokes results with fore/aft symmetry 

Oseen: linearized convection results in fore/aft asymmetry but only 

marginal improvement 𝐶𝐷 =
24

𝑅𝑒
(1 +

3

16
𝑅𝑒) 

 

𝑅𝑒 >  1  Oseen breaks down and vorticity increasingly confined 

behind cylinder/sphere 

 

𝑅𝑒 >  4 two eddies form, closed separation behind cylinder; laminar 

wake 

 

Moderate 𝑅𝑒 >  40  

Wake unstable and when reaches 102  wake oscillates with 𝑢 

periodic in time and downstream distance, i.e., Kármán vortex street: 

staggered rows of vortices with opposite rotation. von Kármán studied 

as superposition irrotational vortices and showed staggered vs. non-

staggered stable only if the ratio of the distance between the vortices is 
Δ𝑦

Δ𝑥
= 0.28. Vortices move downstream at speed less than free stream, 

which means slowly follow cylinder. 

 

40 <  𝑅𝑒 <  80 separation bubble and vortex sheet do not interact 

𝐿𝑆𝐵 increases. 
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𝑅𝑒 >  80 𝐿𝑆𝐵 increases ~ 2D and becomes unstable and oscillates as 

vortex street moves closer to cylinder. Attached eddies shed 

periodically from each side of cylinder alternately, resulting in 

alternating circulation and side force ⊥  flow direction 𝑈∞  at 

Strouhal number 𝑆𝑡 =
Ω𝑑

𝑈∞
.  𝐶𝐿,𝑚𝑖𝑛 = 0,  𝐶𝐿,rms ≠ 0 

 

 

For small d and moderate 𝑈∞  St in acoustic range: 𝑈∞ = 10 m/s 

𝑑 = 2 mm St = 0.2 ⇒  𝑓 =  1000 cycles/s ⇒ singing. 

 

𝑅𝑒 <  200 wake vortices laminar for long distances 

 

𝑅𝑒 >  200 vortex street unstable, irregular and chaotic flow between 

the vortices 

 

At 𝑅𝑒 >  3000 St only evident near cylinder and wake fully turbulent 

for 𝑥 >  3𝐷 
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High Re 

𝑅𝑒 < 3 × 105  = 300,000: laminar BL, θ𝑠 ≈ 82∘ , base pressure ≈ 

constant < forebody pressure 

𝐶𝐷 due 𝐶𝐷𝑝 ≫ 𝐶𝐷𝑓 and since θ𝑠 ≈ constant. 𝐶𝐷 ≈ constant up to 

𝑅𝑒𝑐𝑟 ≈ 3 × 105 = f(freestream TKE and roughness) 
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3 × 105 < 𝑅𝑒 < 3 × 106  laminar BL transitions to turbulent BL, 

which is resistant separation such that θ𝑠 ≈ 125∘  ⇒ thinner wake, 

reduced 𝐶𝐷 , i.e., drag crisis with 𝐶𝑝 closer potential flow. 𝐶𝐷 drops 

from 1.2 to 0.33 at 𝑅𝑒𝑐𝑟𝑖𝑡 

𝑅𝑒 > 3 × 106 θ𝑠 reduces somewhat and 𝐶𝐷 increases 

`  
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Counter intuitive features: 

1. 𝑅𝑒 =
𝑈𝑑

ν
 

 

 

 

Ideal vs viscous flow, i.e., even very small viscosity ≠ 0 has 

profound effects on flow due no-slip, BL, and separation, 

which induces asymmetry and 𝐶𝐷  vs. slip, symmetry, and 

d’Alembert paradox 𝐶𝐷 = 0 

 

2. Symmetric geometry and BC can have asymmetric solutions 

 

3. For range of Re, roughness, freestream TKE, etc., can reduce 

𝐶𝐷  due separation control, i.e., 𝜃𝑠  increases and narrower 

wake for smooth surface separation, e.g., cylinder and sphere. 
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