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A Air in the boundary layer near a surface can display many flow structures.

Image credit: YXohama
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A Turbulent boundary layers exhibit
higher skin friction and mixing,
causing increased vehicle drag and
heating.

A About50% of dragopn commercial
aircraft comes from skin frictioA
controlling transition on the wings
alone couldreduce vehicle drag
15%

Fig. 8. STS-119 Mach 8.4 Fig. 9. STS-125 Mach 14.3 Fig. 10. STS-128 Mach 14.7

Slant Range ~ 28 nautical miles Slant Range ~ 38 nautical miles Slant Range ~ 43 nautical miles
Alt. ~ 161 kft Alt. ~ 189 kft Alt. ~ 191 kft
Body Flap Deflection = 1.86 deg Body Flap Deflection = 1.9 deg Body Flap Deflection = 7.54 deg

Image credits: NASA, Lockheed Mar8aricet al; Horvathet al. AIAA
2010-241.
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The transition roadmap

Increasing Disturbance Amplitud@=———
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A Disturbances enter the boundary layer througdteptivity then grow by
one or more mechanisms before causing breakdown and turbulence.

A These disturbances includieeestreamturbulence or acoustic noise,
surface roughness, curvature discontinuities, surface vibration, etc.

Image credit: YXohama Transition map adapted fromdorkovinet al. (1994).
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The transition roadmap

Increasing Disturbance Amplitud@=———
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A Path A includes traditiondihear stability analysiand eigenvaluesolutions
of the OrrSommerfelddisturbance equations.

Image credit: YXohama Transition map adapted fromdorkovinet al. (1994).
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The transition roadmap

Increasing Disturbance Amplitud@=———

External Disturbances

|

Receptivity

|

Transient Growth
C
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Breakdown

|

Turbulence

A Path C involves disturbance growth without unstadiigenmodeghat lead
to exponential growth.

Image credit: YXohama Transition map adapted fromdorkovinet al. (1994).
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Transient growth: mathematically

A To see how we might get disturbance
growth without unstable modes, we retur
to the stability equations:

nafg aL,, 0@ 9§

m%@z% 58

coupling
parameter

Adapted fromReshotkg E.,Phys. Fluidsl3:5, 2001.
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Transient growth: mathematically

A To see how we might get disturbance
growth without unstable modes, we retur
to the stability equationS'

nara_ aLos
“@Q Y F%B

A Instead of solving, replace the
operators with theireigenvalues

Loslf)=-1 7 | F0)=F
Fly)=- +ey {y(0)=yo

decaylng solutions

Adapted fromReshotkg E.,Phys. Fluidsl3:5, 2001.
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A To see how we might get disturbance
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growth without unstable modes, we retur

to the stability equations
ua’a aLOS

“@8 Y F%B

A Instead of solving, replace the
operators with theireigenvalues

where <|:

Ls(F)=-1 F
Fsly)=- (/+e)y y(0)=y,
decaylng solutions

Gazft dziA2yé

f=fe"

y=gfe"+ye”

coupling term

A ¢KS

Adapted fromReshotkg E.,Phys. Fluidsl3:5, 2001
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Transient growth 2-eqn model for p; =05, 4, =001, 4=0.7, n=07,y=15
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growth without unstable modes, we retur

to the stability equations
ua’a aLOS

uF F%B

A Instead of solving, replace the
operators with theireigenvalues

where <|:

decaylng solutions

Gazft dziA2yé

f=fe"
y=gfe’+ye”

coupling term

Los(F)=-1 f
y(0)=y,

Foly ) =- (/+e)y

A ¢KS

Adapted fromReshotkg E.,Phys. Fluidsl3:5, 2001

Transient growth 2-eqn model for p; =05, 4, =001, 4=0.7, n=07,y=15
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Transient growth: physically

A Transient growth of high and low
speed streaks can form as a result of
the lift-up mechanism.

A Transient growth is particularly

effective forstreamwisevortices! such Oil flow visualization of spherical roughness
element in Mach 5.5 flow from Whitehe&d.
as those produced downstream of
roughness.
low-speed hightspeed low-speed
streak streak streak
/TN /N E
\ / g streak
’( J X )‘
\—/ v — vortex
Spanwiseview of a Superpose atreamwise The vortex pair lifts up low Streak growth is fed by the lift
boundary layer vortex pair onto the momentum fluid on the up mechanism, and the streak
with contours of uniform boundary layer outside and pulls down high decays as the vortex weakens.
constant velocity. flow. momentum fluid in between.

1. Tumin A., andReshotko E.,Phys. FluidsL3:7, 2001.
2. Whitehead, A. H., NASA ThoB54, 1969.
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Lowspeed transient growth experiments

A Subsonic experiments WBrginand Whité (and colleagues) have measured
transient growth in the wake of an array of isolated roughness elements.

A In doing so, they showed experimentatBalized transient growth is
suboptimal meaning receptivity does not produce a set of initial
disturbances that will achieve maximum growth downstream.
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: : : Steady velocity andorticity contours from Streamwiseevolution of disturbance
Experimental setip of Erginand White! . : : :
P P g Erginand Whitel energyE,,, from Erginand White!

1. Erginand White AIAA Journal44:11, 2006.



