Chapter 2 Describing Turbulence: Averages, Correlations and

Spectra
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Recall viscous diffusion layers:

Viscous layers:

Sudden acceleration flat plate: u, =vu,, u(y,0)=0
u(0,t)=U
5 =3.64vt
u(o,t) =0
Layer grows in time due viscous diffusion
Oscillating flat plate: u, =ovu
S =65V m u(0,t) =U, cos ot
M(OO, t) = O

Layer confined constant thickness

Stagnation point flow: s=2.4+v/B layer not a function
of x since convection balances diffusion

Flat plate boundary layer: u +v =0
uu, +vi, =ou,

0=49Nvx/U  u(x,0)=0

u(x,0)=U
Layer grows with x due convection

Ekman Layer on Free Surface: effects due to wind shear
U(x)
2
0= \/; = Ekman layer thickness
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Coriolis force =2QxV = — fvi+ fu j—2QcosOu k [ =2Qsin O
= planetary vorticity = 2*vertical component €2

—fv =V, Ju = VVzz

A\ A\

. =t atz=0 2=7i =.002p,,(v,,, —u(0))i
Vv = 0 atz=0
(M,V) = O at z =-o00

The Ekman layer thickness is constant in time and space
since vortex diffusion balances the Coriolis force.



Averages:

]fﬂr turbulent flow V (x, 4), p(x, #) are random wnctions of
time and must be evaluated statistically using averaging
techniques: time, ensemble, phase, or conditional.

Time Averaging

For stationary flow, the mean is not a function of time and
We can use time averaging.

- fa# i s =

u= T Jultydt T>any significant period of w'=1 -
0

(e.g. 1 sec. for wind tunnel and 20 min. for ocean)

E eraginy

For non-stationary flow, the mean is a function of time
and ensemble averaging is used

= N .
u(t) = }:{ 21;4’(!) N is large enough that » independent
[

)= collection of experiments performed under
identical conditions (also can be phase aligned

N

®— -
®
e

Fig. 6.1 Schematic representation of the triple
3 T 3

— signal;
===, conditionally averaged; , mean.
The numerals in circles characterize the phase
Tor later reference.

for same t=o). \6/ oA S A
5 . A
Statistically stationary process = the statistical properties, such as ; + e
~ mean, variance and autocorrelation, do not change over time.
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Fig. 122 Stationary uad noastationary time series.
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Fig. 123 An ensemble of functioas uf1).
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Phase and Conditional Averaging

Similar to ensemble averaging, but for flows with
dominant frequency content or other condition, which is
used to align time series for some phase/condition. In this
case triple velocity decomposition is used: u=u+u"+u'

where u’° is called organized oscillation.
Phase/conditional  averaging  extracts all  three
components.
Averaging Rules:
I=r+r g=g+¢ s=xort
f=0 I=7 fz=7g  fg=0
7re=F+z LZ  R=Te+T%
[Fds=[7 ds
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FIGURE 6-3
Hot-wire measurements showing turbulent velocity fluctuations: (a) typical trace of a single velocity compo-
nent in a turbulent flow; (b) trace showing intermittent turbulence at the edge of a jet.
\ \ 0 s .
Q K\\J“' M“J \«_‘k S LJI- Xa- e X = eX3 “ e \'W‘*wv‘\_‘“_\ Gl
\ q
e 2o AT s
— o
¢o

WEB AT @“:&h’ﬁ&é«s_ ﬂﬂ«m:ﬂw%.af DY "

m‘ = O e et e ————————tt ettt
2T 4.7
e e e
=
. 1
+o to
S~ N~
VAL A, 33\‘(\,‘6\[{ A

S = s MRS EENT L Ea  a

$B¢§A MMrV\ = é;;_‘»%%&&}.,,&" iv WJL{’_"*‘_—;“,&'\; Sl e LI S SR T

f’% \r-l’a“——'\éw&-n-r wy‘)‘ize...:ﬁ%ﬂféij %u 2 . Qh“%-\sxbﬁw%sw $¥t\k«;«nv*»§_~




e A0 N O W

Bl DU ST WP SEICPPEL I ﬁ“‘ Sl L v
P A)\ Qj\,\_‘,\ N-]ﬁ‘/l_r,,_d,}\"‘édq__ ﬂg \‘,WLQ,L_Q ,gﬁ—

= iC 0 \ § O !
41 = (::3_ b Pt W - Q:”»\ Ly 0 S \v" £ 2o AR
e N
S
= —
o =R s
AT =T U = A A e =T
o S el : A =0 A 5

o o S /Z-—
S\ B, ) e 29
A S 2o, WA e \{ué A A, 0N \ﬁ\
\ i
N \iﬁ\_\;,kw L o £ A A < o4 AL
pes. g
\
M “IA = it o Uy A Vit et Cang ‘k&
= e
NG/
. wl A’ N -
A Csv O T N ,L_4,,@47L~J$-w_/-_,_— ) e. fc\j, i d\& W“yw“ /

&“/\"“ "f&—"* S E“”“' *%)\..9.}« S E‘:WM ‘:36/\ W T
Yer, A D ton ‘\ “-\(MNS\ il \(qukﬂ#*

T—% W= = —‘/—\’:L B\-ﬁ—— ’g"‘* v XV‘\L,Q_,_O»,M SR - 2T “—4—-4 ‘gg. D amw‘._‘;ﬁ 7{&;/(..—/[

bf\..M b AN S %&fw\_»w‘e.j\‘gv\q( ':»';}' + ’::: L "-* :;L' < \

1 \ ¢
b 7 A Na 2 &8 \
‘}k}‘" \ «'A;\é_;wﬁ,,p%«ﬁ., Ve Vs g Ve

Homogeneous turbulence: the time-averaged properties of the flow are uniform and independent of position.

For example, whereas u vih we may differ from each other, each must be constant throughout the system.

Isotropic turbulence: Turbulence in which the products and squares of the velocity components and their
derivatives are independent of direction, or, more precisely, invariant with respect to rotation and reflection of
the coordinate axes in a coordinate system moving with the mean motion of the fluid. Then all the normal
stresses are equal, and the tangential stresses are zero.

=4 vi=iwh, tv=uaw=vw=0

Isotropy implies homogeneity, but not vice versa.
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- Figure 2.1 (a) Longitudinal and (b) transverse velocities w °
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Figure 2.2 Definition of the microscale
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Calculate the surface area of a sphere with a radius of R:

ds = Cdl

where dl = RdB; C is the perimeter
(circumference) of the red circle, and
C = 2mx = 2nRsin(8)

dS(R) = 2nRsin(6)RAO

T

;dS(k) = [ 2mksin(0)kdo
0

=-2mwk%cos ()|
=2mk? — (—2mk?) = Ank?

$ds(k) = ank?

(6.194)
Alternately, the area element can be written as dS(k) = k%sinpd@dy according to the
following figure.

? rSil\CfJ Je
1

ring =

T 2T T
f dsk) = f f k?sinpdepdf = [ 2mk?singde = —2mk?cos@|f = 4mk?
o Jo 0
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