Turbulence —
and related problems

Lecture 1: Transition: Coherent structures
Lecture 2: Transition: Transient turbulence
Lecture 3: Global transport
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Reynolds numbers for pipe flow
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Pipe flow
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Mean profiles: Blasius
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Mean profiles: Prandtl-von Karman
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Law of the wall

U =llny*+B
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Rayleigh- Taylor-
Couette

Obs: External forcing induces transverse velocity fluctuations
Q: what can one say about the global scaling?

The Rayleigh-Bénard problem

Input: | Temp. Rayleigh number Ra
Diff.

Material Prandtl number  Pr

Output: | ,Wind* Reynolds number Re

Heat flux | Nusselt number Nu

Wanted:
the response of the fluid

Re(Ra,Pr)= Ra” Pr”
Nu(Ra,Pr) = Ra’ Pr°

Nu(Ra)

data:

cryogenic helium
approximate

power laws only
B= 2/7 ~ (0.286 (Castaing et al., JFM 204, 1 (1989), Siggia, ARFM. 26, 137 (1994))

B & 0.309 (Niemea et al., Nature 404, 837 (2000))
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The Taylor-Couette problem
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Wanted:

(Outer cylinder at rest)

rotating cylinders

Fluid between indendently

Input: Rotation rates | Reynolds numbers
Reinner' Reouter

Geometry LPrandtl number* Pr
Output: | ,Wind* Reynolds number Re,,

Angular Nusselt number  Nu

momentum flux

% B
Re w (Re inner ° Pr) = Re inner Pr
Nu (Re, ,Pr)=Re, 7Pr’
w inner inner

Local exponents a(R,) in G ~ R®
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Pipe flow

Pressure driven flow
down a circular pipe

Input: Mean flux

Re

Wanted:

Output: | ,Wind*

Reynolds number Re,,

Momentum flux

Re, (Re)
Nu_(Re)

Nusselt number  Nu,

Rayleigh-Bénard

Heat transport enhanced by flow
Transport measured by Nusselt number:

Nu= <u29> . —v62<9>

Xt

Energy dissipation in velocity field
e =Pr? Ra(Nu-1)

Pr=v/k




Taylor-Couette

Transport of angular velocity

Dimensionless Nusselt number

Nu, =r*({u,0)-vd (o) )

wn

Energy dissipation in excess of
laminar dissipation:

2
&= gtm‘ _glam =0 Ta(Nuu) _1)

U=(M] ,Prandtl number*
"

Analogies
Transport Dissipation
RB Nu=(w.0)  -v9.(0),,, &=Pr’Ra(Nu-1)
TC  Nu, =r*(u,w)-vd, (o)) &=0"Ta(Nu,-1)

Pipe Nu, =r"' (<u,uz> —Vaz<uz>) e =Re*(Nu, - 1)

Pipe flow
Transport of momentum

Nu, = r'l( <uruz>—"az<”z> )

" Dimensionless Nusselt number

Energy dissipation in excess of
laminar dissipation:

&= gtot - Elam = Rez (Nuw _1)

Rayleigh-Bénard ()

Two equations:

e=Pr? Ra(Nu-1) Ax1/Nu thermalBL
Nu = <uz9>x,y,; - Kaz<6>x,y,t O x 1/4/Re velocity BL
Two models:

e=Pr?RaNu =c,Re’+c Re’?

Nu=c,RePr f(A/6)+c;4/RePr f(A/0)
f(A/O) switches between | A>0

and A/(Sfor A<




Rayleigh-Bénard (II)
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log,, Pr

log,, Ra
Grossmann and Lohse, JFM 407, 27 (2000) and later papers

Rayleigh-Bénard (lI1)
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" Pr=4.0

10%°<Ra<1010
-0.75

Ig (Nu/Ra”")

-0.80
7

Ig Ra

G. Ahlers, SGn, D. Lohse

Physik Journal 1 (2002) Nr 2, 31-37

Taylor-Couette

Two equations: TC RB

£ =Pr? Ra(Nu-1)
Nu, =r*( (u,0)-vo (0) ) Nu=(u.6) -vd.(0)

e=0"Ta(Nu,-1)

X,¥, Xt
Two models: ,Prandtl number:*
_(em/N2)
e =c¢,Re’+¢Re,” o )
Nu,/o = c,Re, g(s)+cyyfRe, g(s) .21 JRe
8 2a Nu,
Predictions

Modelling transport and excess
dissipation
All quantities determined by
transverse velocity field: ,wind*
Reynolds number Re,,

Energy dissipation
£ =c, Rew3 +¢ ReWS/2

Momentum transport

Nu,/o=c,Re, g(s)+c;4/Re, g(s) S=§=Lﬁ

Fit coefficients and compare ....
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Pipe flow

Two equations: Pipe
¢ =Re’(Nu, -1)

Nu_ = r! ((u,uz> —vaz<uz>)

Two models:

3 5/2
e =c,Re +cRe,

Nuw = C4 Rew g(s)+c3 Rew g(s)

Predictions .....
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Paoletti + Lathrop,
PRL 2011

Van Gils et al
PRL 2011
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Conclusions:

Analogy between RB, TC and pipe
clarified

Corresponding currents and
wind dissipation identified

Analogous modelling assumptions
successfully tested

To do: Analysis of most recent data




