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2. A Brief introduction to Atmospheric Turbulence
* Whatis turbulence?
e Laminar vs. turbulent flow
 The Reynolds number
 The turbulence syndrome

* Viscosity
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TURBULENCE

 dominant property of the PBL
* opposite states: turbulent < laminar

e flow characteristic of fluids

» working definitions:
— laminar flow = orderly flow
— turbulent flow = irregular, ‘chaotic’, individual

0 un ive I'Sltat Boundary-Layer Meteorology
[ |nnsbruck vana Stiperski (ivana.stiperski [at] uibk.ac.at)



LAMINAR VS TURBULENT
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LAMINAR VS TURBULENT

...in the atmosphere
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TURBULENCE

Measure: Reynolds number
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OSBORNE REYNOLDS (1842-1912)
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OSBORNE REYNOLDS (1883)

Figure | Artist’y concept of Reynolds' low-vissalization experiment
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84 My, ), Hn}‘mlth. Ei\‘[ur. L5,

III. * An Experimental Investigation of the Circumstances which
Determine whether the Motion of Water ghall be Direct or
Sinuous, and of the Law of Besistance in Parallel Chan-
nele,” By O3RoRNE REyWorps, FLR.S,  Beceived March 7,
1883,

{ Abstraet.)

1. Ofects and Besulfs of fhe Devestigofion.—The mesults of this
investigation have both a practical and » philesophical aspect.

In their practical aspect they relate to the lows of resistonce fo fhe
wwlivn of wader @ pipes, which appesrs in o new form, the low for
all velovities and all dismeters being represented by an equation of
two berms,

:ﬁ&

Any incresse in the velocity cansed ths point of breakdown to
approach the frnmpet, but with no velociiies that were tricd did it
reach this.

On viewing the tnbe by the light of an clecteie spark, the mase of
polonrs rezalved ibsalf info a mass of more or less distinet curls
showing eddies, as in fig. 5.
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REYNOLDS NUMBER

|Osborne Reynolds, 1883]
Experiments with flow in a tube

o ifu<u,:laminarflow
e ifu>u,,: turbulent flow
different tube, different fluid P IR
— general result s
d
Re = U*L* 1 ﬁtreyaeksxx
v
U, characteristic velocity
L characteristic length
v molecular viscosity lanfinar tusbiilant
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OSBORNE REYNOLDS (1883)

Figure | Artist’s concept of Reynolds' flow-visualization experiment
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(5.) Did the eddies come in at a certain value of

peU o
Iz

characteristic velocity
radius of the tube
density of air
dynamic viscosity
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REYNOLDS NUMBER

Re is a measure for turbulence

Re > 2000: turbulent | | |
Re < 2000: laminar experience, approximation

Re describes ratio external/inner forces

drag force: 7| ~ uau |
(external forces) 0x
molecular friction: |13 | N 0-u .
(inner forces) X
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REYNOLDS NUMBER

. ‘ﬁD‘ dominant: flow becomes ‘unstable’
(disturbances can grow) — turbulent

. ‘ﬁmf‘dominant: strong inner bondings
(disturbances wiped out) — laminar

Fp| UL,
— Def: Re = = —
‘me‘ v

e turbulence is a property especially of the flow (U,
L.) and of the fluid (v)
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Re FOR A WATER PIPE

viscosity of water: vy, = 107®m? s’

length scale: L, =10"%m
velocity scale: U, <02mst
——3 Re < 2000 laminar for
4 universitét Boundary-Layer Meteorology
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Re IN THE PBL

viscosity of air: v, = 1.5 107> m2 s
length scale: L, =1000 m
velocity scale: U, =1—-10m s?

UL, 2
éRepBL = y = §10 > 2000

even for small-scale phenomena:
— e.g., flow in a street canyon

— U. small, L. small

- Re >> 2000
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UL,
vV

Re =
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TURBULENCE IN THE PBL

The ABL is that part of the atmosphere that is
dominated by turbulence
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TURBULENCE IN THE PBL

Re >20007?
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MOLECULAR VS. TURBULENT DIFFUSION

\—2\;/ /\if
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A /g\

Laminar: molecular Turbulent: turbulent
diffusion 106 diffusion

times more effective!
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TURBULENCE SYNDROME

Flow Turbulence is a property of the flow not the fluid andhence no property of
thé raterial-{elillLthe latter_nlave a role-in-wow €asily a fluid comes in a
turbulent state} Also, turbulence is not possible without any movement.

B un ive rsitat Boundary-Layer Meteorology
= |nnsbruck Ivana Stiperski (ivana.stiperski [at] uibk.ac.at)



TURBULENCE SYNDROME

Dissipation Without_ continuocus energy input rbulence quickly decays through

of turbulent kinetic energy into heat.

Waves are r'n:-t dissipative and therefore not turbulent,

Lonnguraton Ine twroulence state o a fnow Is enurely dependent on s environmen
Problems in turbulence_are-preblems of the botrdary-eenditiens
. unlver5|tat Boundary-Layer Meteorology
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HOW DOES TURBULENCE EVOLVE?

e small irregularities exist in any flow
— molecular: Brownian motion
— density differences
— boundaries

e if they can grow:
—> unstable
—> turbulent

e when can disturbances grow?
— suitable conditions....
i.e., large gradients (wind shear due to friction)
i.e., stratification
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HOW DOES TURBULENCE EVOLVE?

small disturbance... —

— small velocity
— small gradients
— relatively insensitive

small disturbance...

— large velocity
— large gradients
— ‘unstable’
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HOW DOES TURBULENCE EVOLVE?

Conditions for the ‘production’ of turbulence
* J|arge gradients
 ‘'houndary layer’

* friction: gradient in flow speed = mechanical
turbulence

 exchange of heat at the surface: large density
gradient of medium through which radiation
propagates =2 thermally produced turbulence

B universitat Boundary-Layer Meteorology
(B |nns ruc vana Stiperski (ivana.stiperski [at] uibk.ac.at)



VISCOSITY

A property of the fluid in Re
General derivation
— first: Toolbox...
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TOOLS

1) Coordinate system
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Cartesian, right handed: (x, vy, z) or (X, X,, X3)
Wind components: (u, v, w) or (uy, uU,, Us)
u: longitudinal (flow) direction

v: lateral direction
WwW: vertical direction
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TOOLS

2) Einstein Summation (convention)

Oty _ 9w | Oup , Ous . .
a): a@— ™ T o, T ™ Index i appears twice
b): If an index appears only once in a term, it is not a
summation index for any term of the equation - 3

equations %
= Fg v+ F only one i per term

gt reut rep Y P
ouy _ Fo'i+F
at — 16,1 P,1
auz

o Fr Fgo + Fpo
Ouz _ Fro+F
o 163 P3
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TOOLS

3) Incompressibility
N aui(f,t) .
? oxs 0 (summed!)

— special form of the mass conservation equation

— atmospheric BL: ‘always and everywhere’ fulfilled

y Three possibilities:
3 1.air exits towards the top
Xy A 2.flow accelerates
3.density in A increases
X1 . .
1 & 2:incompressible flow
0 _UﬂiVEI'Sitét Boundary-Layer Meteorology
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TOOLS

4) Newtonian fluid

Shear stress proportional to deformation rate
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Oui

gjj = pvSij = pv (5 + ——

J
shear stress tensor

deformation rate

kinematic viscosity

proportionality factor

Bxl-

)
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TOOLS

4) Newtonian fluid

Shear stress proportional to deformation rate

S du; 6u]
VS;;i = pv
TPV =P ax axl
S Z
E, t
—
i ]
> S I
t_/
F b _
frtu —_ U
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VISCOSITY

Consider the momentum conservation equation
ou; Gui 1 6p 1 aO'l'j
Y T %“?*‘a .
J pox; p 0X;
Simplest case:
— no density differences (neutral)

— stationary shear flow
— between 2 parallel plates in xz- plane
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VISCOSITY

4 u,(X,)

/x3 Z//// c—> U(X,t) y (u/1,0,0)

stationary!
ul ou, 1dp 100
—_——— _|_ —
/_ /({ pox; p 0x;
6u1 aul ou,
= 1: u = u = U —— =
1 axl 2 axZ 3 ax:;
[ = 2,3: Uz—u3=0
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VISCOSITY

ou; 0 i 1 ap 160l-j
%é+u,-/1= —059g ——— +—
t X; pox; p 0x;

0 004 i

9 _ 7% forcing in x, direction

dx;  0x;

Newtonian fluid: oy = pv [ 24 4 9%
ewtonian fluid: g;; = pv 5%, ox,

2 definition and simplest

ap 60-12 d Uuq . | |
dx, 0x, _@:>0_x§ mstruc?tlo'n to.determlne
dynamic viscosity
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DYNAMIC VISCOSITY

‘Resistance’, with which the fluid responds to

n=pv .
external force with shear stress
- %) |
— — large
— d0x4
u1 — 0
P
—— small
0x4
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DYNAMIC VISCOSITY

=
1

pV

V:air > water

n: water > air

* vV isthe material constant

* 7 determines how the
dynamic system responds
to external forcing
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VISCOSITY

- . /k T
From statistical mechanics: v = A %

free path length [air: A = 6.5X108m]

free Boltzmann constant [kg =1.38Xx1023J K]

absolute temperature
particle mass [air: m, = 5X107?°kg]

Vgir = 1.5X10° m? st

property of fluid, weakly T dependent

B universitat

¥ innsbruck

Boundary-Layer Meteorology
vana Stiperski (ivana.stiperski [at] uibk.ac.at)



FREE PATH LENGTH

How far does a fluid element with property A travel into
domain with property B before mixing becomes effective

%{///// EOE;Eircc))r\;\;nian
Lt Ay
x < o

v = 1 kgT |2 large & v large [vice versa]
NI
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TURBULENT VS. LAMINAR

— Channel flow: laminar

S
R r »4\/ VOC(RZ-I'Z)

>/ : _
>y Laminar flow:
__?/ Velocity profile parabolic

— parabolic velocity profile
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CHANNEL FLOW — PARABOLIC PROFILE

. d d%u

From above, simplest case: — = py —2
0x1 0x5

\ J | & __J

filx1)  fo(xz)

only possible if f;(x1) = f,(x,) = const

azul 2
pv—— =const — U (x2) X x3
x5
ANRANRNRARRRRANRNAS
R ; 2.2
. .. y S L— v x (R2-1))
‘no slip condition” @ surface: _f e BY o s o
s ——
s Laminar flow:
7 Velocit fil boli
___/)/_? elocity profile parabolic
777777777777777777777777
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TURBULENT VS. LAMINAR

— Channel flow: turbulent

.
* trajectories cross

* |nstantaneous
picture not equal

% to mean
e flat velocity profile
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TURBULENT VS. LAMINAR

Difference:

e ratio of forces

e up to now: influence of shear stress (inner forces)

e turbulent flow: external force, which makes the flow
more unstable
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TURBULENT VS. LAMINAR

‘laminar’
5 km/h

— small mixing length
— little mixing

— molecular diffusion
— viscosity (material)
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Analogy

‘turbulent’
150 km/h

X‘«;/m

////////

Mixing Length

— large mixing length
— strong mixing

— turbulent diffusion
— ‘eddy viscosity’ (flow)
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TURBULENT VS. LAMINAR

Laminar flow
e mixing length proportional to the free path length
® ViScCosity

Turbulent flow
 mixing length proportional to R (domain)
* viscosity — eddy viscosity...
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EDDY VISCOSITY

Newtonian fluid: a5 = pv [ 24t 4 24
ewtonian fluid: g;; = pv ax] axl
7\

shear stress

dynamic viscosity
as proportionality factor

deformation rate

o ou; , 0u;
Turbulent flow (analogy): Tij = Kjj (ax] t axi>

‘Reynolds stress’ \ mean

(turbulent shear stress) deformation rate
‘Eddy Viscosity’
= turbulent viscosity’

a un iversitat Boundary-Layer Meteorology
| ’ |n nSbruCk vana Stiperski (ivana.stiperski [at] uibk.ac.at)



TURBULENT VS. LAMINAR

Laminar Turbulent

Mixing length ~ Free path length [O(lO'8 m)] ~ Dimension of domain (e.g. R of
pipe, distance from surface in the

Dependent on density and temperature amosphere)
— statistical state of fluid — Dependent on flow
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TURBULENCE IN THE ATMOSPHERE

* Especially within PBL
e Cuclouds

e ‘clear air turbulence’

e Within the PBL:
— conditions favorable to instabilities
— friction! 2 mechanical turbulence
— change of density at the ground (heating / cooling)

-
b’
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