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Transition, Pressure Gradient, and BL Separation 

Laminar BL theory altered when transition occurs to turbulent flow or 

BL separates both of which are affected by 𝑝𝑥 , especially BL 

separation. However, turbulent BL may resist separation due to adverse 

𝑝𝑥. 

Transition is f(Re) complicated process not fully understood or 

predictable based on current understanding of physics or modeling. 

𝑅𝑒 > 𝑅𝑒𝑐𝑟𝑖𝑡 transition occurs depending on many factors: free stream 

turbulence, roughness, 𝑝𝑥, vibrations, etc. 

 

𝑅𝑒𝑐𝑟𝑖𝑡  ↓  when < 𝑢2 > free stream or roughness ↑ 

𝜏𝑤 𝑡𝑢𝑟𝑏 > 𝜏𝑤 laminar 

< 𝑢𝑣 >𝑦 increased diffusion vs. 𝜈𝑢𝑦𝑦 alone 

𝑝𝑥 = 0 

Laminar BL:   𝛿 ∝ 𝑥1/2,             𝜏𝑤 ∝ 𝑥
−1/2,       (𝑈3/2) 

Turbulent BL: 𝛿 ∝ 𝑥6/7⏟    
𝑛𝑒𝑎𝑟𝑙𝑦 𝑙𝑖𝑛𝑒𝑎𝑟

,  𝜏𝑤 ∝ 𝑥
−1/7⏟      ,

 𝑑𝑒𝑐𝑟𝑒𝑎𝑠𝑒𝑠 𝑚𝑜𝑟𝑒 𝑠𝑙𝑜𝑤𝑙𝑦

 (𝑈13/9)⏟    
𝑛𝑒𝑎𝑟𝑙𝑦 𝑞𝑢𝑎𝑑𝑟𝑎𝑡𝑖𝑐
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The role of 𝑝𝑥  in inducing separation is revealed via the BL equations 

at 𝑦 =  0 

𝜇𝑢𝑦𝑦 = 𝑝𝑥 

1. Accelerating BL 𝑝𝑥 < 0 ⇒ 𝑢𝑦𝑦|𝑤𝑎𝑙𝑙 < 0  

Since 𝑢𝑦 max at wall and decrease to 0 at 𝛿 to merge with 𝑈 

∴ 𝑢𝑦𝑦 < 0 across whole δ ∴ no PI 

2. Decelerating BL 𝑝𝑥 > 0 ⇒ 𝑢𝑦𝑦|𝑤𝑎𝑙𝑙 > 0  

Since 𝑢𝑦𝑦 < 0 at 𝛿 𝑢(𝑦) must have PI within 𝛿, which has 

important implications stability and transition 

Note: Blasius 𝑢𝑦𝑦 = 0 at wall. 

Transition 𝑅𝑒𝐿 =

5 × 105 and fully 

turbulent 𝑅𝑒 > 107 
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Decelerating outer flow 𝑈𝑥 < 0 and 𝑝𝑥 > 0 tends to increase 𝛿, as 

per FS 𝑣: 

𝑈𝑒(𝑥) = 𝑎𝑥
𝑛  𝑅𝑒𝑥=

𝑎𝑥𝑛+1

𝜈
   −

𝑝𝑥

𝜌
= 𝑈𝑒𝑈𝑒𝑥 = 𝑛𝑎

2𝑥2𝑛−1    

   

𝜓(𝑥, 𝑦) = [𝜈𝑥𝑈𝑒(𝑥)]
1/2𝑓(𝜂)  𝑢 = 𝑈𝑒𝑓

′(𝜂) 

𝜂 =
𝑦

𝛿(𝑥)
=
𝑦

𝑥
√𝑅𝑒𝑥 = √

𝑎

𝜈
 𝑥
𝑛−1
2  

𝛿(𝑥) = [
𝜈𝑥

𝑈𝑒
]
1/2

= [
𝜈𝑥1−𝑛

𝑎
]
1/2

 𝛿 ↑ 𝑛 <  1  𝛿 ↓ 𝑛 >  1 as x increases 

                        𝑛 =  1  𝛿 = constant 

𝑓′′′ +
𝑛+1

2
𝑓𝑓′′ − 𝑛𝑓′2 +  𝑛 = 0  

𝑣 = −𝜓𝑥 = −
𝜕

𝜕𝑥
[[𝜈𝑎𝑥𝑛+1]1/2f(√

𝑎𝑥𝑛−1

𝜈
 )] = 

− [
𝑛 + 1

2
(𝜈𝑎𝑥𝑛−1)1/2𝑓 + (𝜈𝑎𝑥𝑛−1)1/2

𝑛 − 1

2
𝜂𝑓′] 
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Divide by 𝑈𝑒(𝑥) = 𝑎𝑥
𝑛  

𝑣

𝑎𝑥𝑛
=

𝑣

𝑈𝑒(𝑥)
= −

1

𝑅𝑒1/2
[
𝑛 + 1

2
𝑓 +

𝑛 − 1

2
𝜂𝑓′] 

 

 

Velocity profiles show that 𝜂, 𝑓, 𝑓′ > 0 for all n in range of interest. 

 

Thus n > 0 accelerating 𝑈𝑒 and 𝑣 <  0 such that outer flow driven 

towards wall thinning BL and prevents separation. 

 

However, when n < 0 decelerating 𝑈𝑒 and 𝑣 >  0, e.g., 𝑓 < 𝜂𝑓′ for 

n = 0 (Blasius); thus, outer flow displaced from wall, which may lead 

to separation. 
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Also, 𝑣(𝑦) = −∫ 𝑢𝑥
𝑦

0
 𝑑𝑦 

𝑝𝑥 = −𝜌𝑈𝑈𝑥 𝑈𝑥 < 0 𝑝𝑥 > 0 ⇒ −𝑢𝑥  in BL also larger ∴  also, 

larger deceleration 𝑢(𝑦) for 𝑦 <  𝛿 ⇒ 𝑣 >  0 larger 𝛿 ↑ not only 

𝜈𝑢𝑦𝑦 but also advection away from surface. 

 

For 𝑝𝑥 > 0 BL flow decelerates, 𝛿 ↑ and PI within BL. When 𝑝𝑥 

strong enough and acts over sufficient distance, the flow separates, and 

a region of reverse flow develops near the wall. The point S at which 

forward flow meets reverse flow is a local stagnation point = the 

separation point. Fluid elements approach S from either side; thus, a 

separation 𝜓  emerges from the surface at S. Furthermore, 𝜏𝑤 

changes sign at S since surface flow changes direction. 

 

∴ 𝑢𝑦|wall = 0 at S 

 

Note BL assumptions and equations no longer valid; therefore, 

viscous/inviscid interaction and streamwise diffusion important 
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Separation is a complex process that is usually 3D and depending on 

𝑅𝑒 unsteady. 

External flow geometry: bluff, slender, sharp edge vs. smooth surface; 

form/pressure vs. friction 𝐶𝐷. 

Internal flow geometry: convergent/divergent; bends; and other minor 

losses 

 

Bluff-body: higher p forebody and low 𝑝 ~ constant afterbody called 

base pressure in separation region. At higher 𝑅𝑒  size of the wake 

depends laminar vs. turbulent flow. Slender body: LE & TE separations. 

Low Re even bluff body wake can be steady, e.g., circular cylinder. 

0.4 <  𝑅𝑒 <  40 steady vortex in wake. At higher Re, BL on cylinder 

and smooth surface separation 𝑓(𝑅𝑒),  e.g., drag crisis 𝑆 =

82∘vs. 125∘ 

 
S laminar less sensitive Re. Turbulent BL more resistant separation due 

fuller profile higher momentum flow near wall. 


