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Part: II planet formation
L7: Aerodynamics

L8: pre-planetesimal
growth

L9: Gravitational instability

L10: Two and three body systems L11: Runaway &
Oligarchic growth;
Pebble accretion

L12: giant and terrestrial
planet formation

L13: planet migration &
resonant trapping
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Read the lecture notes!
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L7: Particle aerodynamics
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Lecture 7: Particle Aerodynamics

● Intro particle sizes
● Disk review

MMSN, disk “headwind”

● Aerodynamics
– gas drag laws, Reynolds numbers, stopping time, radial and 

azimuthal drift, orbital decay, meter-size problem, Brownian 
motion, random vs. systematic motions.

● Turbulence-induced velocities
– Kolmogorov fully developed turbulence theory, large/small 

eddies

● Relative velocities
– Turbulence, total
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Review: the (idealized) gas disk

● properties PPD:
– thin, hgas/r << 1, and flared

– scaleheight: hgas = cs/ΩK

– isothermal & pressure-supported in z
– partly pressure-supported in r

→ gas rotates sub Keplerian: ugas ≈ vK -ηvK

hgas

midplane

ρgas(z )=
Σgas(r )

√2πhgas

exp [−1
2 ( z

hgas
)

2

]

ghs=
1

ρgas

dP
dr
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Minimum-mass solar nebula
(Weidenschilling 1977, Hayashi et al. 1985) 

[Weidenschilling 1977]

Assume power-laws:

MMSN choices (Hayashi et al. 1985): 
p = 1.5, q = 0.5, 
T1 = 300 K; Σ1 = 1700 g cm-2

Q: Criticism of MMSN model:
1. ….
2. ….

Other choices for Σ(r), T(r) possible 
and arguably physically (or 
observationally) more plausible!
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Minimum-mass solar nebula
(Weidenschilling 1977, Hayashi et al. 1985) 

[Weidenschilling 1977]

Assume power-laws:

MMSN choices (Hayashi et al. 1985): 
p = 1.5, q = 0.5, 
T1 = 300 K; Σ1 = 1700 g cm-2

Q: Criticism of MMSN model:
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2. ….
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and arguably physically (or 
observationally) more plausible!
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– gas drag low & (dimensionless) stopping time,
particle Reynolds number
Epstein/Stokes regimes

– headwind derivation ηvK; 
formal derivation for drift velocities
orbital decay timescale

– Brownian motion
systematic vs. random motions

Blackboard
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Drag regimes

Epstein drag
(s < 9lmfp/4)

Stokes drag
(Rep < 1)

Quadratic drag
(Rep > 800)

increas ing part icle size

t stop=
ρo s

ρgas v th

t stop∝s2

t stop∝ρgas s v2
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Gas drag/ Flow past sphere/cylinder
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Dimensionless stopping time τp = tstopΩK

Aerodynamical definition:

– pebble (τp <1)
– planetesimal (τp>>1)

MMSN profile

log10
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Dimensionless stopping time τp = tstopΩK

Aerodynamical definition:

– pebble (τp <1)
– planetesimal (τp>>1)

MMSN profile

log10

Q: why these inflections?
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Dimensionless stopping time τp = tstopΩK

Aerodynamical definition:

– pebble (τp <1)
– planetesimal (τp>>1)

MMSN profile

log10

Q: why these inflections?

Q: what happens to tstop when 
the gas disappears?
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Turbulence
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Eddies...

[MIT]
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Fully developed turbulence
(Kolmogorov 1941)

lKol L

energy dissipation
ε = vl

2/tl = cnst

Driving scale: L, vL, tL
LvL = νturb

Dissipation scale:
vKol lKol = νmol Re 

scale 
(eddy size)
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Fully developed turbulence
(Kolmogorov 1941)

lKol L

energy dissipation
ε = vl

2/tl = cnst

Driving scale: L, vL, tL
LvL = νturb

Dissipation scale:
vKol lKol = νmol

vl = (εl)1/3

tl = (l2/ε)1/3

Re 

scale 
(eddy size)
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Fully developed turbulence

tKol tL

vl = (εtl)
1/2

eddy turnover
 time 

eddy velocity v l

ve
lo

ci
ty
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Fully developed turbulence

tKol tL

vl = (εtl)
1/2

eddy turnover
 time tstop

eddy velocity v l

ve
lo

ci
ty
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Fully developed turbulence

tKol tL

vl = (εtl)
1/2

eddy turnover
 time tstop

eddy velocity v l

small eddies
(random)

large eddies
(systematic)

ve
lo

ci
ty
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Fully developed turbulence

tKol tL

vl = (εtl)
1/2

eddy turnover
 time tstop

eddy velocity v l

small eddies
(random)

large eddies
(systematic)

 wrt eddy

ve
lo

ci
ty
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Small eddies: Random kicks

Small eddies: tl < tstop

Eddy kicks a particle by 
v1~vl tl/tstop in a random 
direction

The particle “remembers” 
N=tstop/tl of these kicks

→ vran = N1/2 v1 = (tl/tstop)
1/2vltKol tLtstop

v l
∝t l

1 /2
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Large eddies: drift

Large eddies: tl > tstop

Particles obtain eddy 
velocity vl

Experience pressure forces 
gl ~ vl/tl [Weidenschilling 1984]

→ drift velocity: vsys ~gl tstop

with respect to eddy
tKol tLtstop

 wrt eddy

v l
∝t l

1 /2
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Relative velocity

tKol tLtstop,2

v l∝
t l
1 /2

tstop,1

Large eddies (systematic):
 → subtract velocities
 (vanish equal tstop)

Small eddies (random):
 → add velocities
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Relative velocities:
(Brownian motion, rad+azi drift, turbulence)
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Relative velocities:
(Brownian motion, rad+azi drift, turbulence)

BM

RD

AD
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Relative velocities:
(Brownian motion, rad+azi drift, turbulence)
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Exercise 1.2 (HW)

“random walk”; 
distance = rms 
average

midplane

tdiff
tsettl hp
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Exercise 1.3

Warning:
vr, vφ are here defined relative to 
the gas velocity (!) and are 
therefore small w.r.t. to vK and ugas.
vK = Keplerian velocity
ugas = (1-η) = sub-Keplerian vel. gas

This is not necessary; plain 
substitution is easier

1. Force balance
2. Angular momentum loss
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Exercise 1.4 (HW)

Give order-of-magnitude expressions! 
(no numerical prefactors)

tKol tL

v l
∝t l

1 /2
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