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MOLECULAR TRANSPORT:

* Linear flux laws

* Coefficients are material parameters determined by
microscopic interactions and thermodynamic state

Example

1. Heat transport

T’top
g (L
h “ thermal conduction K |
VO
Tbot
. Tbo?“Ttop
Vertical heat current: J = K[ e




Example

2. Momentum transport

LIS AT I IIIIIIIYY,

&~ Ubot

Vertical momentum current:

_E _ Ubor.""Utog
T=a™H . xo




TURBULENT TRANSPORT:

* Enhanced transport due to fluid motion.

* Determined (in principle—we hope!) by macroscopic
equations of motion.

May hope for universal features in turbulent flows.

MATHEMATICAL QUESTIONS:

* What can be deduced rigorously from analysis of the
equations of motion?

* How do such results compare with theoretical expectations
and/or experimental observations?

NOT DISCUSSED HERE:

* History of analysis and interesting technical issues ...




MOMENTUM TRANSPORT:

U—-
B
fluid viscosity U

T

Bl

5

L L L A

bottom at rest

® Navier-Stokes equations for u(x,t), p(x,t):

vAu

+ no-slip boundary conditions

K
0

* Kinematic viscosity: v =
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TURBULENCE

Uriel F'risch




S
Two experimental laws of fully developed
turbulence

7Expcrimcntal data will now be presented to illustrate two basic empirical
laws of fully developed turbulence.

(i) Two-thirds law. In a turbulent flow ar very high Revnolds number.
the mean square velocity increment ((dv(£))*) between two points
separated by a distance ¢ behaves approximately as the two-thirds
power of the distance.!
= (ji) Law of finite energy dissipation. If, in an experiment on turbulent

flow. all the control parameters are kept the same. except for the
viscosity. which is lowered as much as possible. the energy dissipation
ffrﬂumt mass dE 4dr behaves ina, wav consistent.with.a finite positive.
limit.

These laws seem to hold. at least approximately, for almost any tur-
bulent flow. Let us now examine examples of such data.
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VISION OF THE "TURBULENT CASCADE":

high v, low Uh/v
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IN THE LIMIT OF VERY LOW VISCOSITY:

(OR VERY HIGH Uh/V)

log E(k)

; | | " Energy flu'x..e -~> :
‘ - log k

O(1/h). < "inertial range"—> o(1/n)

If inertial rang_e spectrum does not depend on v, then

E(.k) £2/3 |53

. Kolmogorov, dissipation (small) scale: 1.~ (/e

(1/m)
Total kinetic energy ~ U® CT E(k) dk ~ €23 h2/3
O(1/h)

=> 'residual dissipation” € ~ U%/h

19




ENERGY DISSIPATION RATE PER UNIT MASS:

|
& + hA dIVu|2 d3x> <— space-time average

TRANSPORT ENHANCEMENT FACTOR:

T E
N = pvUlh vU?2/h?




"KOLMOGOROV" SCALING

g, T become independent of vas R —

8~%3~ & T~ plP & N~R

THEOREM: (Howard 1963 with statistical hypotheses
P.C. & C.R.D. 1992 without)

N < ¢R

AXPERIMENTS:

R
N~ logRy’

(Prandtl-von Karman log friction law, circa 1935)




IDEA OF THE ANALYSIS:

gasy A qustile

u(x,t) =?.B(y) + v(x,t)

B(1)-B(0)=U & v(x,t)=0 on boundaries

(HoprF 1941)

ROREP O
THEN: @lq saf“"‘ {°

e

1% _.
e = pa{vuf d%) o

i B = d (Ve - BORm} )
}

l’f 2
= hOB'()’)dy

IF the quadratic form is non-negative; that depends on B(y).
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Turbulent Flow between Concentric Rotating Cylinders at Large Reynolds Number

Daniel P. Lathrop, Jay Fineberg, and Harry L. Swinney

Center for Nonlinear Dynamics and Department of Physics, Umnmry of Texas, Austin, Texas 78712
(Received 13 September 1991)

Turbulent Taylor vortex flow is studied in experiments for Reynolds numbers 10° < R < 10°. Simple
scaling of the torque with Reynolds number is nor observed for any range of R, although the characteris-
tic time scales and the transport of passive scalars are found to scale with the global torque measure-
ments. Above a monhysteretic transition observed at R =1.3x 10, the torque has a Reynolds number
dependence similar to the drag obscrved in wall-bounded shear flows such as pipe flow and flow over a

flat plate.
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FIG. 11. A comparison of the measured nondimensional
\ ;{ torque for eight vortices with the marginal stability pre-
™~ diction [Eq. (3)] [19,20], Couette flow torque [2],
g~ Uk G =4mq[(1+7)(1—7)*]" 'R, and the Kolmogorov-type predic-
N = tion [Eq. (5)).
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TRANSITION TO SHEAR-DRIVEN TURBULENCE IN

FIG. 5. Photographs of flow states at (a) R =6000, (b) R =24 000, (c) R =48000, and (¢) R =122 000, obtained using Kalliroscope
flow visualization. Eight vortices are visible in (a) and (b) and possibly (c}, but not in (d).




VARIATION ON THE THEME: Shear & suction

Y
0 4 u=iU-jVv
—— W\‘\ o —— — s =< TTTC —
S
u=-jVv

1 —e-W/v

ux('))) - U 1 — e-Rtan6
,uy ,: 7_ V

u, = 0.
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Streamlines for the steady exact solution at Reynolds number R = 100 and
various angles: (a) 8 = 0, planar Couette flow; (b) 8 = .9° with Sigminar = .64h;
(c) 6= 9° with Siaminar = .064h.
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FACTS:

* For steady laminar flow,
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PHYSICAL REVIEW E VOLUME 56, NUMBER 1 JULY 1997

Energy injection in closed turbulent flows:
Stirring through boundary layers versus inertial stirring

O. Cadot,” Y. Couder, A. Daerr, S. Douady, and A. Tsinober'
Laboratoire Physique Statistique, Ecole Normaie Superieure, 24 rue Lhomond, 75231 Paris, France
(Received 26 September 1996)

- FIG. 4. Schemes of experiment B: (a) the Couette-Taylor cell
with smooth surfaces and (b) the section of the system perpendicu-
lar 1o the axis of rotation and showing the ribs which make the

walls rough.

a) Z add ®
“f'Dlﬂ’dMsS

i

In the following we will use a nondimensional rate of
energy dissipation,

L
Bp=¢p 7k

where U and L will be associated with the large scale motion
of the turbulent flow.

- 0'1 ‘

A " M
B “ygu J{“ ~R
A
r“‘fmﬁe“a‘q"nxm‘x
0.01 S FIG. 5. Couette-Taylor cxperiments. Logarithmic plots of th
e nondimensional rates of energy dissipation 8p as a function of th
X ; Reynolds number. The black triangles (A) are the resuits obtaine
A A, ; with smooth cylinders. and the open ones (A) correspond to thos
X % f‘x adaa At obtained with the ribbed ones. The crosses (X) show for compar:
0.001 - : 2 Rt ~—--'5~—~9-1+.g1—-——- son the rates of energy injection 8, deduced from the data obtaine
i —— X x Iy . ; : ;
1 a1 e with smooth cylinders by Lathrop. Finenberg, and Swinney [8].
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experimental data on the triction tactor. ['his was used by Stanton® (1914) and consists
of a logarithmic plot of friction tactor against Reynolds number, with surface roughness
the parameter as in Fig. 9.9. From such a plot. complete data on the friction factor can
be obtained for laminar and turbulent flow of any fluid in smooth or rough pipes.
The results of the previously cited systematic tests by Nikuradse’ on turbulent flow
in smooth and rough pines de nonstrate perfectly the reiationship «mong f, R, and
relative roughness. In these tests geometric similarity of the roughness pattern was
obtained by fixing a coating of uniform sand grains to a smooth pipe wall; thus the
diameter of the sand grain e became the easily measurable index for the roughness.
Although the sand-grain roughness of Nikuradse is quite different from that of commer-
cial pipes (see Fig. 9.7), the former is an easily measured, definite quantity which
provides a reliable basis for quantitative measurement of roughness effects; Nikuradse's
results are generally accepted today as the basic standard for this measurement. The test
results when plotted loganthmlcally in Fig. 9.9 illustrate the following important
_fundamentals:* o R

1. The physical difference between the laminar and turbulent flow regimes is indi-
cated by the change in the relationship of f to R near the critical Reynolds number

of 2 100.
?g‘,oe /aa.nuc/[ %&U.‘
0l o , ] . «
00— T ey T
0.08— 'L EA91 , . ' olly |
007. | - Laminar Eq 0;‘ P s r;):r?: £q. 931!
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Fig. 9.9 Stanton diagram.

*It is generally known as a Stanton diagram.

7J. Nikuradse, “Stromungsgesetze in rauhen Rohren,” VDI-Forschungsheft, 361, 1933. Transiation avail-
able in N.A.C.A., Tech. Mem. 1291.

*Figure 9.9 is a summary of Nikuradse’s test results. Curves drawn through the points have the equations
indicated.
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HEAT TRANSPORT:

T - Ttop

® Boussinesq equations for u, p, & T(x,t):

ot

& tuVu+Vp = vAu + kgaT

at +u'VT = kAT

+ Temperature & no-slip boundary
conditions

10



RAYLEIGH NUMBER:
_ 8UTou—Tip)h’

Ra

VK

Pr = K (material parameter)

VERTICAL HEAT FLUX:

1o
J =k 4 d(uT-—- KVT) d°x)

" TRANSPORT ENHANCEMENT ¢> NUSSELT #:

B J _ ehd
Nu s K(Tbot“"TtOP)/h - Pr Ra

u




"KOLMOGOROV" SCALING:

J becomes independent of v, K

12

Nu~(Pr R a)
(Spiegel; Kraichnan 1962: Pr-4 Ra'? with log corrections)

AR

THEOREM:

, o 1/2

Nu < cRa

(Howard 1963 with statistical hypotheses
P.C. & C.R.D. 1996 without)

T r

s S
Ra for t < mid 1980s
217

Nu~17  Re” mid 80s < ¢ < mid 90s

: .309 — .57 . :
\Ra late 1990s < t < present




VARIATIONS ON THE THEME I:

* 2.d with free-slip boundary conditions

0
5;1‘ + u'Vu + Vp = vAu + jgoT

W=v—uy = wtuVo=vAo+gal,
oT f
L
5 T u VT = kAT
+ Temperature & no-stress/zero-vorticity

boundary conditions

EXPECTATION:

'CONJECTURE: (Otero & C.R.D. 2001)

: 417 = 5/12
Nu < cRa

13




VARIATIONS ON THE THEME II:

* Infinite Prandtl number convection

Pr - o = uslavedto T

+ Temperature & no-slip boundary
conditions

THEOREM; [P.C. & C.R.D. 1999 using L* bound on T(x,?)]

]2/ 3

: 3,
Nu < cRa (1+logRa




VARIATIONS ON THE THEME III:

®* Porous medium convection

Darcy's law & Temperature evolution

u + Vp ..__ k RaT A/"Dﬂ‘j
V-u=0

or
Py + u'VT :,KAT
+ Temperature & no-flow boundary

conditions at walls

EXPECTATION FROM "KOLMOGOROV" SCALING:

J becomes independent of k & Nu ~ Ra

THEOREM: (P.C. & C.R.D. 1998)
Nu < cRa

15




J. Fluid Mech. (1980). vol. 214. pp. 287-320. 287
Printed in Greatl Britain
An explanation for the multivalued heat

transport found experimentally for convection in
a porous medium

By C.R.B. LISTER
School of Oceanography, WB-10, University of Washington, Seattle, WA 98195, USA

(Received 18 April 1988 and in revised form 17 October 1989)

T Ty

N 10

10 100 1000 10000
o

.~ FIQURE. 2.0 A . mpteununve .compilation . of -published .heat . transport - data,. .rescaled
where ‘necessary to show onset close to the  theoretical critical Ravleigh number of 4x*

(Lapwood 1948). This value for the onset has been confirmed by a sensitive experiment in a Hele-
Shaw cell (Hartline & Lister 1977); some published results differ owing to problems in measuring
the physical properties of heterogeneous media. ——- A theoretical upper bound to the heat
transport obtained with a variational method by Busse & Joseph (1972): their two-wavenumber
solution takes off more steeply at a Rayleigh number of 280. —~——. Hele-Shaw cell. thickness
4.75 mm, oil; 3, 5. 8 mm glass beads: 6 mm plasti¢ balls: heights and configurations not given.
except that the last, high-Rayleigh-number experiment was like an overgrown coffee percolator
filled with foam plastic beads and water (Elder 1963). =-=-~. | = "granular material : 2 = 8 mm
glass spheres: 3 = 18 mm glass spheres. no other data. A Hele-Shaw cell. height 2 cm. width 30 cm
and thickness 6 mm. kerosene fill, followed curve 1 up to a Rayleigh number of 800 (Elder 1967).
----- ,1 = 1.9 mm quartz sand. water; 2 = 2.25 mm quartz sand. water and 4 mm lead balls. water:
3 = 1.9 mm quartz sand. oil; 4 = 1.7, 3.0, 4.0 mm glass beads. water; 5 = 0.9. 2.0 mm glass beads,
oil and 4 mm polypropylene spheres. waters. all depths 5.35 cm (Combarnous 1970). ooo. 3.25.
5.25 mm glass beads, water and 5.25 mm glass beads. silicone oil. no other data (Bories 1970).
smm. | =l mm to 7 mm glass beads. water: 2 = 10 mm glass beads. water: 3 = 10 mm glass
beads. turpentine: 4 = |15 mm steel balls. turpentine: height 4 cm (Schneider 1963). aaa. | =
3 mm glass beads. water. depth 4.3 cm and 6 mm glass beads. depth 8.6 cm: 2 = 14.3 mm glass
beads. water. depth 8.8 cm (Buretta & Berman 1976). In these last three cases. the symbols are used
only to make curves visibly separate : they are not data points.
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ConcLusions & OUTLOOK:

In some cases . . . Kolmogorov scaling

* Finite transport in limit of vanishing material
coefficients.

-':MICI‘GSCOPIC transport processes '?renormahzed"__away

’ Turbulence tends to saturate r1gorous mathematlcal
limits (perhaps modulo logarithms). .

However, turbulent convection

*  is experimentally difficult.

* ... shows good agreement between analysis and
observation only in some limiting cases.

* ... remains a challenge for mathematics, theory and

Other challenges:

* Other boundaries and boundary conditions.
* Effects of rotation.

* Open flows
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‘Chapter6 6-3 The Drag Force and Terminal Speed / 109

' 6-3 The Drag Force and
Terminal Speed*

If a body moves through a fluid such as air or water, a
frictionlike drag force will act on it. tending to retard its
motion. We may be dealing with a cannon ball sinkingin

_the ocean, a power boat crossing a lake. a truck driving
along a highway, a bumblebee or a jet plane in flight, a
baseball rising in the air, or a parachutist drifting down
toward the earth. A typical small dust particle 1s so
stowed down as it falls that it may take an hourto fall 1 ft.
Since the air in our houses 1s never still. much dust never
settles.

We limit ourselves to the case of bodies falling
through air and moving at speeds high enough so that the
flow of the air behind the falling body is turbulent. A
falling baseball. sky diver. or parachutist meets these
conditions. In these circumstances. the drag force acting
on the body 1s given by

Here A is the effective cross-sectional area of the falling
body. pisthe density of air, and vis the speed of fall. Cisa
dimensionless drag coefficient that depends on the shape
of the moving object and whose value generally lies in

the range 0.5-1.0.

Yowevr = Fovce x vg\oci{'j ~ rAU3

¢ |
) l‘/ g . . | ) . Aoes ‘“ﬂé a ghd
Enevay dtsu\m‘hm "de - ok uif»wsi{:! 7




Fic. 3.14 Wake production: schematic velocity profiles upstream and down-
stream of an obstacle.

This anticipates ideas to be introduced in Chapter 7. It is plausible ahead

of that discussion that, since the Reynolds number is being used to

~ specify the conditions, results for D should be presented non-

" dimensionally; Cp is non-dimensional. This procedure does in fact enable

all conditions to be covered by a single curve, shown in Fig. 3.15. The

curve is based primarily on experimental measurements, t00 numerous to

show individual points. At the low Re end the experiments can be
matched to theory.

The corresponding plot between Reynolds number and drag coefficient
can also be given for a sphere, although with less precision because of the
experimental problem of supporting the sphere. The curve, although
different in detail, shows all the same principal features as the one for the
cylinder.

A few features of the curves merit comment, some of these being

- points to which we shall return in later chapters.

o-'ll 1 . | 1 L 1 L 1 _
10°' 1 10 10° 10° 10* 10° 10° 10’
' Re

Fic. 3.15 Variation of drag coefficient with Reynolds number for circular
cylinder. Curve is experimental, based on data in Refs. (139, 159, 325, 370, 386,
410]. See also Refs. [204, 211].

Rest pnaouroo.f- estinate (2002) {5 £ O(e &) /
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