5 Space and Time Scales of Turbulence
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« largest time scale = the time interval for statistical decorrelation

« stop fluctuating (signals become smooth) until the smallest time
scale ~ Tn is reached

« self-similar: fluctuates if examined at successively magnifications
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smallest time scale ~ Ty = (V/S)l/z

largest length scale ~ L= T (X't)u (X i r’t)>
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smallest length scale ~ n=1\v /8

Turbulence contains a continuum of scales ranging from the
large ones (~ T,L) to small ones (~ t,,n).

largest time scale ~ T =
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The viscous dissipation grows as the scale decreases.

Energy Cascade: As stretched and folded by convection, large
eddies progressively develop small eddies through their evolution
during a time of L/q (energy is cascaded from large scales to small
scales).
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Energy Cascade

& Energy is cascaded from large scales to small scales through
through stretching and folding by convection.

& Evolution of large eddies controls the rate at which energy is fed
through to be dissipated.

& Turbulence decides its own smallest scales according to the
viscosity and the energy cascade rate.

& When steady, the small eddies dissipate energy at a rate equal
to the cascade rate.

& The instabilities of the mean flow replenish the large scales of
turbulence.
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Taylor Microscale
assume isotropic homogeneous turbulence
two-point-one-time velocity correlation coefficient:
pij (F.1) = < uj (X, (X +F,1) > /q?

g =+/<uju; > = J<usuy > = J<ujuj >

p11(F,1),p0o (T, 1), p33(T,t) : even functions

p1(r=0)=1
pr(n=r.rp=r3=0) pra(fy =) =0

p11(r) significantly less than one when

r-L= fpll(rl)drl
0
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Taylor Microscale A
p11(F,1) = < Ui (X,)uf (X + €, 1) >/q

2
pn(rl)=l+0+1(a qu] o400+
ort ).,
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Taylor’s series about r = 0:  P11(f) =1——5+-

P11
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When Re is sufficiently high, n<<i<<L
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Reynolds number

one-point-two-time correlation coefficients
T qL - o steady:  pyj(X,7) = <uf (XU (Xt +1) >/ g
Re, =—— ~ a measure of the significance of viscosity
V. for the large scales of turbulence p11(r=0)=1
pra(t ) =0
qA p11(1) significantly less than one when
Re, =—— ~ Taylor Reynolds number P
v ©~T = [py(x)de~L/q
0
~ a measure of Eulerian time scales
L
& ~ Lﬂ ~ Re::{4
n v L

2
Energy contained in large eddies ~ 0" is cascaded down to

smaller eddies in a time ~ L/q. Therefore the energy cascade rate
(=dissipation rate since steady) is

e~q®/L or L-q%fe
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6. Mean Motion

~ one-point-one-time statistics
~ ~essential and important but not complete

Eddy lifetime v.s. Eulerian time scale

velocity difference across a distance ¢ = Au, =< Uu’(X + £) —u’(x)

§ Reynolds (1894) Averaged Velocity
. : Uj = U; +Uu{ =mean + turbulent velocit
eddy lifetime of size ¢ = K/Au[ I ik Y

mean kinetic energy per unit mass = Ju;u; = 00 +2ujuj =K +K
Eulerian time scale is dominated by the sweeping of mean flow/large
eddies past a fixed point

= f/q (if the frame moves with the mean flow)
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6. Mean Motion

§ Reynolds (1894) Averaged Navier-Stokes Equations (RANS)

(b) Momentum: %+6(Uiuj):gi _1op wlmi 2
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7Gx T ax | stress tensor

6. Mean Motion

r}j =-pujuj =Reynolds (turbulent )stress tensor

~ the average momentum flux due to turbulent velocity fluctuations
~ the interaction (coupling) of turbulence with the mean flow
~ arising from the nonlinear (convection) term of Navier-Stokes equations

~ cause the closure problem

. ou. -

~ much larger than viscous stress except near very walls where ——L is not small
OX
j

for generally large-Reynolds-number turbulent flows

6. Mean Motion
Turbulent momentum equations: total momentum — mean momentum
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(c) Energy of mean motion = K = UiUi/Z
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Opu;u’s
~ homogeneous turbulence has no effect on the mean flow, P 0
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6. Mean Motion
Energy of mean motion
v pressure work turbulent transport
~ t !
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Dt ' OX; OX; ox; X
v
body force work viscous diffusion
il negative
—2uS;S; mostly

molecular dissipation
always negative
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turbulent cascade




6. Mean Motion

Energy of mean motion (no body force)

DK - ——- 00,
Ppp = 2MSiSy + o puilj '

I ox.
OX

+i —U; P+ ut; aﬂ_'_au; —U:.puiu’s
an ! - BXJ 6Xi iPHit

~ diffusion due to inhomogeneities
~ vanish when integrate over the whole flow domain

~ vanish in homogeneous turbulence

DK - ——- Ol
piDt :*2]48”5”' - puiujanJ
viscous- energy cascade rate
dissipation (reversible)

(irreversible)

6. Mean Motion

Turbulent Kinetic Energy K = ui’ui’/2 = 3q2/2

i (d) Turbulent Kinetic Energy:
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convection by mean motion . 1fou ouj
f turbulent transport il = E{ax]— i ]
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diffusion due to inhomogeneities turbulent
production/destruction
strong in regions with
large mean shear
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energy dissipation rate per unit mass

. . — = _ ou: oo
mean flow dissipation rate: £ =2vS;S; , S; = %{Cu' ? J]

mean turbulent dissipation rate: &
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total dissipation rate: A=3+% = 2V(§ij §ij + Si'jSi'j)
~ intermittent € and A (local/one ensemble turbulent and total dissipation rate)
~ At high Reynolds numbers, usually € >> 3 (dissipation dominated by

small scales)

(The characteristic scales for a not-small variation of mean quantity is
usually comparable or larger than the largest scales of turbulence, except
near the walls.)

6. Mean Motion
energy dissipation rate per unit mass

mean turbulent dissipation rate:




6. Mean Motion

Turbulent decay

" Without no mean velocity gradients, there is no turbulent production.

U
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= Turbulent energy decays continuously.

Njw
o
N
N

time scale for turbulent decay ~
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6. Mean Motion

Reynolds stress tensor equations
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6. Mean Motion

Reynolds stress tensor equations

Duju} dujuj  ouju] . .
= + U ~ mean motion Lagrangian

Dt ot X

if o' . op i i
—» - ——|u; = 4+uj = | ~ pressure effects (nonlocal, linear, and nonlinear)

pl ox ox;
=
% a2ulu oul ou'
o L o= 1|~ viscous diffusion/dissipation effect
a Xm0y OXpy OXpy
(o)
5 nonlocal
[72]
3 o~ i, o % |~ production and reorientation by the
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6. Mean Motion

Reynolds stress tensor equations for homogeneous turbulence

Dui’u’j 1 Eu’j au! ou! 6u’j ——0U; 0y
=-Zp|—+—| -2v———| ujup Fufuy —
Dt poLOx X OXpy Xy m
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* isotropic turbulence: uju; :gu{(u{(Sij

* Anisotropy arises from pressure-strain correlations,

viscous effect, and mean-flow gradients,

* Pressure fluctuations redistribute turbulent energy only in
different directions.




6. Effect of Pressure .
conservative
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~ Poisson equation for pressure
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~ Poisson equations for mean pressure and pressure fluctucation

6. Effect of Pressure  unbounded (infinite) flows
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one-point pressure-velocity correlation in terms of
double and triple velocity correlations at two points

= closure+nonlocalness

6. Effect of Pressure

Vz{p’(L) + p’(N")}:f {pui’Uj +pliU +pui fpui’u’j}

linear nonlinear

apu; .
=— =0 the pressure fluctuations
J

O assuming homogeneous turbulence, ~

redistribute turbulent energy only among different directions

on[ L N5 isotropi i
a P =0 inisotropic turbulence in the absence of
X ;

boundaries, because p'™- does not depend on the mean flow and the

flow is incompressible.




6. Examples channel flow in between two parallel solid walls
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Assumptions: steady, fully developed, 2D (mean motion)

X ax3
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2D

X2

Expect: symmetry about x;= 0 plane = ujuj; =usu; =0

l1op 1 0 ouy dp, _ d du
St =——|p—=—puu =—|pu=—L—pujus
+ (H Plzj dx, dx pujU;
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6. Examples Turbulent energy
PDK -~ 0 {_ pu — pururur +p oK H(?U{Uj pu'u' ou; —2|J.S S/
_a Pt Ay j iYidj A~ j Ji ij2ij
QBB X ox; X

s ——, oK ouju; —— 0U; e
uy - Lpujuiuy +p67+p'72}—pu,u 8T—Zus,ls
2

0Xj
ut

8 8 1=
0=-21_pu —(K+u’ ) 2185 S}
axz{ P @ Hox, ? -

turbulent energy transfer rate of turbulence
across the channel by the x,- production
component of turbulent

velocity

o

nonzero due to inhomogeneity
in x, direction

i=diO= s .
poXy poXy | 0xy dx;
o 1-6p 16 7 = 7 _
i=2: Oz*ga paxz( Puz) = Plxg,%p) = —pus (%5) + Py (¥1)
. 16p 16
=3 0=-———+———|-pysu;
p OX3 Paxz(ng)
Z [ — dp
= T(X,)=p—"—pujul = total stress = —%x, +
T(x,) dez pu Uz dx, 2+ Tw
_n do . dp, = T(X2) _ X7
Atx,=D, B _ im0 @ 0= W =——=1-—
i, puiuy =0 - 0 i, D+7y, = D
6. Examples

2D -
o
@ E[ {07 0%y

{,

Z

pu

2D 5’171 2D -
— [ pujuy —tdx, =2u [SfSfidx, = [zdx,
0 0%, 0 0

; e 2 2 ouy
2*%PUiUiU2 +H8T(K +Uzz)} PU1U2 - 2pS;Sj }dxz
2

g

2D

) Dissipation

\‘ Pressure
‘;/_\,_d.m.mn
—_—— —_— T—. e
e
B ——= — T T2
S Diffusion
I"'
-
-
£




6. Examples

steady, infinite mean flow with uniform shear 6. Examples  steady, infinite mean flow with uniform shear
Uy =Xy, Uy =U3=0 Uy =Xy, Uy =U3=0
% asolution with constant mean pressure ) %, Reynolds stresses
%+uj@:,l@+l 0 u 0t; | oY; —puju’ uju3 =usus =0 due to symmetry
a o pax pog| lox; ax
- ) . Duju, 1 ,(éuj éup ouj auy 7
& Initially homogeneous turbulence will remain so. ——f = p | =+ 5| - 2v——5—suj
Dt p (0Xp 0% OXyy OXp
Dui _ouj ouj , OU; lop’ 0 oui —— .,
27+Uj +Ujﬁ =—— +—V +Uin*Uin
bt ot OX; Xj pOoXi  Oxj j % turbulent pressure
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2] (L 7(NL 0 1= — "ot ’
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6. Examples

steady, infinite mean flow with uniform shear
U =SX,, Upy=03=0

% isotropic turbulence

ufuy = g%

% a measure of anisotropy

Duju) > S _[0du ou; 1 ou;  ouj ou; dus
1U2 :75%277H L, M2 | 2N M ! 2| _p 4 s
Dt V Xy 0% P Xy 0% OXpm OXp

effects of mean shear on turbulence

tend to resist the growth of ujuy against —s@




