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Part I: elementary 1deas
— A role for mechanical ideas
— Brief picture tour: small to large lengths scales;
fast and slow flows; gases and liquids

Continuum hypothesis: material and
transport properties
Newtonian fluids (and a brief word about rheology)

stress versus rate of strain; pressure and density
variations;

Reynolds number; Navier-Stokes eqns, additional

body forces; interfacial tension: statics, interface
deformation, gradients

Part II: Prototypical flows: pressure and shear
driven flows; instabilities; oscillatory flows

Part III: Lubrication and thin film flows
Part IV: Suspension flows - sedimentation,

effective viscosities, an application to
biological membranes
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e ['rom atoms to atmospheres:
& mechanics in the physical sciences

 classical mechanics
— particle and rigid body dynamics

e celestial mechanics

— motion of stars, planets,
comets, ...

* quantum mechanics
— atoms and clusters of atoms

Isaac Newton

e statistical mechanics et 1907
— properties of large numbers

Continuum mechanics:
(materials viewed as continua)

electrodynamics solid mechanics
thermodynamics fluid mechanics

Applied Physics 298r A fluid dynamics tour 3 5 April 2004



A fluid dynamicist’s view of
the world*

%k

Snow avalanche

Glxies
, Mathematics
Astrophysics , ,
Engineering
aecronautical
Geophysics biomedical
Fluid chemical
dynamicist environmental
mechanical
Biology Chemistry Physics

* after theme of H.K. Moffatt
** http://zebu.uoregon.edu/messier.html
*#% Courtesy of H. Huppert
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Fluid motions occur in many
forms around us:

Here 1s a short tour

L (Wate)
Waves Waves B _wes

WINTER 54
Will It Happen Again?

_ How to Bounce Bac

Ref.: An Album of Fluid Motion,
M. Van Dyke
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Flow and design 1n sports

Cycles and cycling Yacht design and the
" CRE America’s Cup

(importance of the keel)

Bicycling Feb. 1996

Applied Physics 298r A fluid dynamics tour 6 5 April 2004



Swimming (large and small)

Four successive positions of the flagellum
of a sea urchin sperm ( Lytechinus pictus),
captured by firing four flashes while the

camera Shll[tL‘l' was open.

Rowing

Speed vs. # of rowers?
T.A. McMahon, Science (1971)

# Micro-organisms:
. flagella, cilia

Basilisk or Jesus lizard

Ref: McMahon & Bonner,On Size and
Life; Alexander Exploring Biomechanics
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Small fluid drops

Water issuing from a
millimeter-sized nozzle

(3 images on right: different oscillation

frequencies given to liquid; ref: Van
Dyke, An Album of Fluid Motion)

Bubble ink jet prlnter
(Olivetti) *

(Prof. E. Sachs &
colleagues)

Hagia Sophia (‘original”
in Istanbul Turkey)

+also: deliver

(surface tension 1s important)

§

—
m————

P o0 @t D-{ - ~0—C=—=

' reagents to DNA
(bio-chip) arrays !
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.... and a pretty picture ....

A dolphin blowing a toroidal bubble
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Elementary Ideas I

e A brief tour of basic elements
leading through the governing
partial differential equations

e Physical ideas, dimensionless
parameters
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Elementary Ideas II

2. CONTINUUM HYPOTHESIS:

(a) Variables such as pressure, density, tem-

perature, velocity are continuous functions
of position.

X
P:-"Pressure w)‘/ P(ﬁ'%)

p= densify A_?fcﬁlﬂ

U=

(b) cube 1pum on a side: averaging of large
numbers

e 3 x 10" water (¢) molecules;
10'Y benzene molecules
¢ 10" gas molecules at STP
e 10% smaller for ¢ = 0.1um (10°4) on a

side.
(¢) local thermodynamics equilibrium assumed

= p=p(pT)
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Elementary Ideas III

3., MOLECULAR DYNAMICS

(OALESCENCE
OF DRoPS

: DUE TD
SHEAR FLOW
TYPICAL
ONCLUSIoN:
- . CALCULATIONS
o oo | [ WM 03
NPT e il i
AR gﬁ% (1o 1de of culvc')
,;?"“gi:.- :?.":3‘-':"{-;5 W" n .
: AGREE WITH
(ONTINUUM
Z DESCRIPTIONS
f g
e M iR,
!}‘f: L" \'.‘Jq' T .'\.'a'.} ‘C‘;\A ""?«;f'
|

Figure3 Coalescence of two LJ liquid drops in Couette flow. (4) Static atomic configuration
of the drops and walls after equilibration at time 20z. The (immiscible) background fluid is
not shown. (b-g) Drop configurations under flow at times 75, 96, 98, 100, 102, and 140t.
(Koplik & Banavar 1992)

Reference: Koplik & Banavar 1995 Ann. Rev. Fluid Mech. 27
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Elementary Ideas IV

THIN FILMS

Experiments on shearing between two molec-
ularly smooth (mica) surfaces separated

by thin films of organic liquids.

e Films > 10 molecular diameters can be
described in terms of bulk properties.

e Thinner films: molecular ordering, quan-
tization of some properties, “effective”
viscosities > 10° bulk value.

e Film with thickness less than 5 molecu-
lar diameters: “solid-like” response.

REFERENCE
GEE, MCQUIGAN,

ISRAELACHVIL)
& tomoLA
1. CHEM  PHYS.

(1990)

‘ -
s L = Constant @
; @2 ;’J f*
L] i F
ok
¢ Port S0 Swn &/, |y |v
BI|F o X Increasing Velocity
o faF ——
g X Solid-like Sliding
Stress
-] Crvarshoot Stop
u.: L, v, n Constant —L
8 ] i
td Liquid-like Solic-lik |
% Pure Liquid | Liguid-hke ;-
,,,,, (Y
z f o \Eﬂﬂr 1= 0 e s
t=0 e T

FIG. 5. Frictional forces associated with the different types of sliding modes
of Fig. 5. "Pure liquid™ sliding occurs with surfaces farther apart than 5-10
o. “Liquidlike™ sliding occurs with configurations as in Figs, 5(d) and
5(e). while "solidlike" sliding is associated with Figs. $(a), 5(c), and 5(f).
With certain liquids the sliding starts by being liquidlike and becomes pro-
gressively more solidlike during sliding; this is generally accompanied by a
decrease in the film thickness and a “stress overshoot.™ An example of this
given in the inset which shows measured data during an expeniment with
tetradecane. Note that a single stick-slip occurs over many microns and
should not be confused with atomic scale stick-slip (Ref. 38) which may
also be occurning but is beyond our resolution.
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Elementary Ideas V

4. Viscosity and Newtonian fluids

VISCOSITY

T =SHEAR STRESS ( FORCE/AREA)
-

U

r—:r.—-:-
r—‘
1
F
e

tSHEAR VISCOSITY

Table 1: VISCOSITY OF COMMON LIQUIDS

liquid temperature 0 v=u/p
°C | gm/(cm.sec) = Poise | (cm?/sec)
water | 10 0.0131 0.0131
water 20 0.01 0.01
water 50 0.0055 0.0056
water 90 0.0031 0.0032
glycerine 20 | 17.6 14.0
mercury 0 | 0.014 | 0.001
lubricating oil 20 | 4
lubricating oil 40 1
lubricating oil 60 0.3

NOTE: At 20°C, gases have a typical viscosity ¢ & 107 gm/(cm.sec), but have a kinematic
viscosity ¥ = pufp = 0.1 em?/sec.
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Elementary Ideas VI

5. On to the equations of motion
(a) stress versus rate-of-strain

. NoRML ?
. A 4 stress
5/ N 4
i SHEAL
e e 5
A 7 THICKENING
f
o= = = U
2y

(b) Navier-Stokes equations:
Assume that the material properties p and
i are constant (generally an excellent ap-
proximation).

c U=
MASS BALANCE (contwurty) V-u= 0 NAVIER-SToKES

LINEAR du _ EQUATIONS

MOMENTUM p (a +u- Vu) = —Vp+ uVu+ pg

BALANCE bv,—/ 1 BODY FORCES
ACCELERATION SURFACE FODRCES

2> EACH TERmM FORCE/yoLume

(c) pressure changes accompanying flow U = typical velorf'ly
e inertially dominated: Ap = O(pU?) L = characteristic

length

e viscously dominated: Ap = O(uU/?)
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Elementary Ideas VII

(d) incompressibility (V-u=0)

variation of density accompanying motion should
be small (Ap < p)

o -
ap)

e inertially dominated flows: U/c < 1

e viscously dominated flows: (U/c)* < pUl/p

AIO%—AP: (32:[

(e) Reynolds number
_ pUe  T¥
=

REYNOLDS NUMBER : R

Low-Reynolds-number motions: lubrication, film coating,
) . 2
suspensions, MEMS, ... = 0= —V]J 4k ,UJV u

(f) additional body forces:

e magnetic: ferrofluids

R.E Rosensweig 1982 Magnetic luids. Seientific American

R.E. Rosensweig Ferrohydrodynamies (Cambridge University Press).

e clectric: electric fields and dielectric mate-
rials, electrokinetic flows, electrophoresis

Applied Physics 298r A fluid dynamics tour 16 5 April 2004
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vy Elementary Ideas VIII

The Reynolds number

 Newton’s second law: (1842-1912)
mass.acceleration =a forces

\,

Forces (pressure) Friction from surrounding
acting on fluid to fluid which resists motion:
cause motion viscosity (W)

High Reynolds number ﬂow\A

Low Reynolds number flow

Emphasi
ratio of inertial F UL .mp a31z§s
. — inter-relation of
effects to viscous cC =

: size, speed,
the f1 i i
effects in the flow m viscosity
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Elementary Ideas IX

5. Interfacial tension  § L force / Qen3+l1 or energy [ area

(a) statics
1

3
capillary length: bogp = (7]
PY
contact angle ©,

Z E\ ' ¥, 056, = ¥)3-Yo3

3
capillary rise on vertical planes and fibers:
i T- 7 -{-
Y 2:-_ h air L ai k
fo) () 4 9 oM, h
b 1 . ﬂiﬂUra F ﬂ\ \Ilu 2; E ¥ l[z 2)
(b) dynamics o [,:(Fg) }[(O"L’?}

e drop deformation, formation of emulsions
—_
EXTENSIONAL / \

6m)
R ) DEFORMATION 7[ (}l 3
@= shear rate

\ / a= drop radivs
e drop spreading (lecture II)
(c) interfacial tension gradients: Maragoni motions
7(T) 7(¢)
Remark: tangential gradients of ¢ or T give
rise to tangential stresses that produce motion.
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VE/BR! .
Quiz 1

e Consider the rise height of a
liquid on a plane.

e Use dimensional arguments to
show that the rise height 1s
proportional to the capillary
length.

Applied Physics 298r A fluid dynamics tour 19 5 April 2004



PART II: Prototypical Flows I

Steady pressure-driven flow

CHANNEL & PIPE _FLOWS

NO-SLIP ON BOUNDARIES

2 2
H A - O > = ._R'_. A = r/i?.l
u(y) Er{[t O] o = B (1 - ]
2

AYe VELOCITY <U) = _F'_ fﬂ’

r.; 1L

4
MASS FLOWRATE: @ =T p R Bp
~. |PARABOLIC (POISEVILLE) VELOCITY PROFILE 5F 1

APPLICATIONS * BLOOD FLOW
PIPE FLOW
MEmMs

FlLm FLOWS

INCLINED
Flum
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Prototypical Flows II

Additional effects when the mean free path of the
fluid 1s comparable to the geometric dimensions

GAS FLOW IN A MICROCHANNEL: COMPRESSIBLE

FLOW WITH SLIP
gHE SLIP
* data
45r_ slip—model ¥ = 0.165, full accomodation :|z
4}~ ~ no—slip model K=0 *

Mass Flow (kg/s)
o bt
n o wn

- R

e
in

0

1 l‘.2 lf-'i 156 1‘.8 ,;. 2i2 214 2‘6

Pressure Ratio
Figure 10: Helium mass flow for 1.33 micron channel, compared with Equation 23. The solid curve is the
solution to Fquation 23, assuming full tangential momentum accommodation and the dashed curve is the
solution to Equation 23 setting K = 0 (no-slip solution).

REF: ARKILIC, SCHMIDT & BREUER
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Prototypical Flows III

Even simple flows suffer dynamical instabilities!

O shorne
Reynolds and the K g
wlabily o pre — R=< “i,“"e*“)
£low.
LAMNINAR N
- INCREASING
L —— REYNOLDS
TURBULENT - i &
_,_E_ O )

Fig. 9.2. Reynolds’s drawings of the flow in his dye experiment.

Under "Jc\{p'\ca,\, condihions
pipe £low becomes unstable
when R = I_JF\BP 7, 2.000.

IfF (9rea’c) care IS taken, The
Clow can be stable af (much) larger
tho‘ds nmber (750009, Ref. D. Acheson

Applied Physics 298r A fluid dynamics tour 22 5 April 2004



Prototypical Flows IV

OSCILLATORY FLOWS

FLU\D y1SCOUS BOUNDARY LAYER
"< 72?7?77 27 7 Frf 717 OSC'LLA’T“‘)('J
U cos wt BOUNDARY

BOUNDARY LAYER &  OUTSIDE OF WHICH

THERE IS ALMOST NO MOTION,

b
Y s KINEMATIC
§ = ( /‘*)3 V7 Viscosimy

e AS 91 WE VISCOUS coupLING INCREASES.

. AS 1 THE BULK KNOWS LESS AND LESS
ABOUT THE BOUNDARY moTion.
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Lubrication Flows I

THEME @ FLUID MOoTIONS (HARACTERIZED BY
L.oNcq, NARROW GEOMETRIES,

S TYPICAL CONFIGURATIONS CHANGE OF REPSRENCE
0—bm—
v H Prdp
T oy
Fl C ; LA v
BLOCK
R

® FIXED ;gm
L R e Housi

t ﬁ
Lup) .

Fvs L7

o
CHARACTERISTIC FEATURES

(i) PRESSURE DROP ALONG THE FLOW DIRECTION

(i) VARGEST NELOCITY GRADIENTS ACROSS THE FLOW
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Lubrication Flows I1

LUBRICATION FLOWS : PRESSURE DROP VS VELOCITY

L —
P HJ;L'\/HIP"' AP

> —»
U
NAVIER-STOKES EQNS: |NERTIA IS NEGLIGIBLE
] N = 1
_,P( 5-{,"""1:‘-'-2%) = Tap ¢ PV u [NEGLECT Booy Foress)
NEA
ONE - DIMENSIONAL = = Pk =
FLOW % 2y
A LARGE PRESSURE
'r' . YAR(ATIDNS IN
TP =0 ( pY ) NARROW GAps!
L N
" g
ey ;ﬁ:ﬁ:’.‘. — “small ffnj‘l"l scale”

APPLICATIONS OF THIS IDEA EXPLAIN A

WIDE RANGE OF LUBR|CATION PHENOMENA,
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Lubrication Flows III

EXAMPLE:  CYLINDRICAL PLUG SEDIMENTING
IN A CLOSED TUBE

€« |

ORDER-OF-NAaGNITUDE FOR THE FALL SPEED:

U= FALL speep u=TYPICAL FLUID VELOCITY

IN THE @AP
MASS  (ONSERVATION UTR* = y 2TRIRE)
LUBR\CATION * ap = pul
[ pressure Drop) (RE€) X
B 3
FORCE ° me < F = AP-TIR w—p- U < €

[SHEAR STRESSES ON THE SIDES ARE NEGLIGIBLE]
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VE/BR! .
Quiz 2

e Consider pressure-driven flow 1n
a rectangular channel of height &
and width w with h<< w.

* Find an approximate expression
for the flow rate through the
channel.

o If the permeability 1s the ratio of

the uu/(Ap/L), find the
permeability of such a rectangular
channel.
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Lubrication Flows IV

FILM COATING:  LANDAU-LEVICH -DERJAGUIN PROBLEM

p H i @ ovyNamics: F:tx
lﬂ ¥ Q @ statics: ¥.9

FAR AWAY FRom THE PLATE THE FLUID 1S NEARLY STATIC,
h

REGION T :

1
DEFORMED STATIC INTERFACE y, y
CHARACTERIZED  BY ¢ cap ®(Z

S

CAPILLARY

LENGTH

REGION L* SLOWLY VARYING FLOW
)
C\Viscous ENTRAINMENT > VS CAPILLARY SUCTION

tj—y- = _A._P.. /\ APa X_H SLOWLY.

H* 1 7 e

o . H -l
« gVERLAP” : CURYATURES OF REGIONS T & TT AGREE ?zgfw
( U ) DETE%MJGS

b H =~ gfﬂ)"zx'/b
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Lubrication Flows V

FILM COATING DRINEN BY SURFACE TENSION GRAPIENTS

-
anan o [ s 50302
coLD—
— H le—
ZA X‘LW‘ ‘9
HOT —
Paf

FLOW DRIVEN BY SURFACE SHEAR STReESS T

. @) 4
dT dz
i j

MATERIAL APPLIED

GRAPIENT

A u
LUBRICATION  APPROXIMATION op . BV . T
£ ht h
DYNAMIC REAGION C(ONNECTED O A STATIC MEN/SCUS
A

T (dT
H = 4 Fiia ckness o« (Jp
/ - -
D,u,_ (fg)s , [ FANTON CAZABAT% QUERE 1998 ]
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[Lubrication Flows VI

Time-dependent geometries

SQUEEZE FLOW BETWEEN TWO DISKS

TWO CIRCULAR TDISKS ARE SQUEEZED TOGETHER
WI\T™H A CONSTANT FORCE.

SEPARATION DISTANCE VS TImg ©

bt f
H@? é E—rr o) UCrE k)
_UR
MASS CONSERVATION UTet 2 u 2TRH Sl
UR
. AP~ pM = P —
LUBR\CATION 2 PH?‘ HB
¥
_ 2 ~ wpUR
FORCE F= (4p) TR® = FT«"
3

W % for Larje +himes
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Lubrication Flows VII

DWWAMICS OF LIGUIDS SPREADING ON SOLID (0R LIGUID) SUBSTRATES

MODEL PROBLEMS

SoJrce

GRAVTATIoNALLY
PRIVEN SPREAPING

¢ ‘
e I i

SURFACE TENWNSIoN GRADIENTS
DR\VE SPIZEAPING

COATING ©OF A spwNWNa DISK

S URFACTANS

sURFAcE-TenSion (CAPIL LARY)
DRIVEN  SPREADING

EACH SPREAPING CONFIGURATION IS CHARACTERIZED

BN A LONG, NARROW REGION OF FLOW.

)

LUBRICATION
APPRrROXIMATION
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[Lubrication Flows VIII

SPREADING RATES

/m\\ k

L&)

SOME IMPORTANT IDEAS

® DeTERMINE L(¥) , h(xt)

dL L@
e o LY
TYPICAL VELOCITIES U T .

@  CcomBINE MOMENTUM BALANCE [ A_f = P;‘_if

WITH A GLOBAL MASS BALANCE

h-L & ConsTanT AXISYamETRIC) b~ =consraT
i
SIS
@B DPrRIVING FORCES
@QRAVITY bpx P9h
1 %\
CENTRIFVGAL Af ~ 1 (L
OT_DRWEN BY
SURFACE TENSION bp = ¥ h/C_ FP}‘W,,;&
COEFFICIENT
de Gemes 1985
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Lubrication Flows IX

SCALING __LAWS

THE EVOLUTION OF THE FILM SHAPE CAN BE PREDICTED
BN SOLVING A NONLINEARR PDE,

SPREADING OF "9_}‘.1 _ P92 (ﬁ% ) = hixt)
A 2D GRAVITY CURENT 2+ ’371 2% 2X
& 3'0 bal ma.SS_
conservahon
A
L= T
DRIVING SPREADING
FORCE RATE
1
A = -g 2D
GEA\“TY = Jé AXISYmmETRIC
ROTATION * = JL-} AXISYAMETRIC
(AN COATING)
a = & 2D
SURFACE +
TensIoN < IJE) AXISYMIETRIC
(TANNERS LAW)
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Suspension Flows I

SEDIMENTATION

¢ DEFINITION OF YISCOSITY
S _ U
sHT%E% = L= % 2) I)l %
(FoRcE/ARER) >

® SEDIMENTING SPHERE

3
yna
Fexfernﬁlzfp —3"2
41 ; g Fus
= a - ~MDEo
(ARCHUNEDES ) 4 = 2 ..
orfgr F ~ SHEAR . AREA ’X"HQ lm'az ~ -"/ﬂ/lflp
sl L uNDRo STRESS a
. = U
STOKES Tuysro ~ ol oo 2
. ZQZCE -3 < q depend@h(z
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Suspension Flows II

SEDIMENTATION: SLENDER PARTICLES

.\( .%4( i
2L arZa
& U,

l.s,

Force = Torce —
Iei;_c,-rh
. DIMENSIONAL
= o(pv r2t)  (Niement)
INDEPENDENT OF a °| = Tg‘% P'l;OBLEm
U PUEELY,@;;
LOW REYNOLDS NUMBERS:  [Re= _\_;} ?J?g:ﬁiw l_!
-1
" An (E/aj
-1
() 1 &« - E = 2mpULl
a _L_._.__')
Lo (Re

APPL\CATION TO THE PROPULSION OF

[ BERG % PURCELL)
swimmiNG MICROORGANISMS -
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Suspension Flows III

SEDIMENTATION VELOCITY OF SMALL DROPS

Ltye—

3
Ferzo = — Hfia M Y ( & E/\) RYBCZYASKI (140)

L+A HADAMARD (1912)
U = fa-flatg (L+A) Yeo o
- W o Em
( z) A=00

CLEAN INTERFACES

NOTE: SURFACTANTS (AN HAYE A SIGNIFICANT INFLUENCE.
FREQUENTLY , SMALL DROPS RISE L\KE RIGID SPHERES,

SURFACTANTS PRODUCE
SEDIMENTS SURFACE TENSION CGIRADIENTS
T‘QZ? SL‘:‘_E WHICH PRODUCE & NEARLY
i RIGID INTER FACE.
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Suspension Flows IV

EFFECTIVE NISCOSITY OF A SUSPENS|ON

Y

o © o ? o o ']
6 %,0% " 5§ e® 999"
o o (] 00 ] a o o D oo o

o ° o' o ° o /] ) o

0.9 0 o 0 0 9% 0 o

P 00, oo . 7 o0

] 1] Qo g9 ©

e i i i i i i o i i i i TI7 77 777 7T 77

o DI 2 = YoLImE
PILUTE SUSPENSION Pl b= aacnon

OF PARTICLES
ON AVERAGE EXPECT A RESISTANCE AS IF THE

MED (UM WERE HOmMoGENEOUS WITH AN EFFECTNE VISCOSITY

= é INSTE! Q)
Peg }J [ i + = 4;] (Emstem 1906

IF THE SUSPENDED PARTICLES ARE DROPLETS (swewca)
OF WISCOSITY A | THEWN

Peft = P[ L e b ()] e

| +A ")
2 —
® SLENDER RODPS ¢ 3
2 SIGNIFICANT
“errecnve wiscosit X ¢ (La) EV"’L’;"‘
(BATCHELOR 1970) ey 55 F
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Suspension Flows IV

Brownian motion and diffusion:
The Stokes-Einstein equation

e A typical diffusive displacement
in time Tare linked by
(distance)* D.T. < >

Translation diffusion of spherical particles

Einstein: related thermal fluctuations to mean
square displacement; with resistivity: £ = force/velocity

— where = F/U

 Stokes: { = 6mua

U=fluid viscosity

Stokes-Einstein equation FU
* Typical magnitudes (small molecules in Water)l

... can also investigate other shapes, rotational diffusion
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Suspension Flows VI

s | FUSIoN
MEMBRANE DR 25?»11’?&&5
? ‘ _|gmw IN MEMBRANES
THE PHYSICAL \r
SYSTEM

SUPPORTED MEMBRANES
[ SACKMANN 199k, SCIENCE]

h surface film U P‘“

THE HYDRODYNAAMIC MmODEL
( SAFFmAN-DELBRUCK | 19%5,6 )

TRANSLATIONAL T
DIFFUSION D = h‘

COEFFICIENT T (F/u)
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Suspension Flows VII

PARTICLE MOTIoN IN_MEMBRANES

PREDICTED TRANSLATIONAL DIFFUSION COEFFICIENTS
FOLLOW FROM T
B

= (F/u)

HYDRODYNAMIC mODEL ACCOUNTING FOR SURROUNDING
FLOID AND A NEARBY RIGID BOUNDARY  SUGGEST

(Aegmm) = 47T puRU (H>=) X = 0.5%
[ In 1/JL\ ﬂ

SToNE P8 = i i (Fiire RIk)

{Cu AL G

/@ = FR MATERIAL PARAMETER
CHARACTERIZING VIScous RESISTANEE

[SEE ALSO EVANS} SAckman (189 o

th R o
3 1_-' MEMBRANE

jgm
1\4 ,J ( USUALLY waTeR)

RIGID  SUBSTRATE

Ref. Stone & Ajdari 1996
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Marangoni Flows:
Surface-driven motions

THERMOPHORESIS

SMALL BUBBLES (OR DROPS) IN A LIQUID
ARE OBSERVED TO TRANSLATE IN A TEMPERATURE GRADIENT,

surrace Tension ¥ (T)

Yoo
\6'H|au’ \ vy
(oLD U HOT
"t
coLD —> HoT.
—
T
Typicall
U 20 (1) 9T i 4‘2
T (248) (243)) p ar
.=
conduiy Bl

[ Youne, BLock & GOLDSTEN
< MAY DOMINATE BUOYANCY ~DRIVEN aca
MOTIoNS  FOR @ < (0O pm.

NOTE: AN “EXPLANATION’ BASED UPoN BROWNIAN MOTiON
AND THERMALLY ENHANCED COLLIS|ONS WOULD PREOICT
THAT THE DROP TRANSLATES IN THE DIRECTION HOT-¥ COLD,
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More on thermally-driven flows

TWO DROPS AT DIFFERENT TEMPERATURES
MAINTMNED IN NEAR CONTACT
WITHOUT COALESCING

1 SILVCONE OIL
' (HoT)

SILICONE OIL
(coLD)

THERMALLY DRIVEN LUBRICATION
FLOW WHICH MAINTAINS
SEPARATION OF THE INTERFACES

-n REFERENCE © DELL'AVERSANA K& NEITEEL
PHYSICS TODAY | TANUARY 1998
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mwm  (Gradients 1n surface tension:
- Marangoni stresses

e Local value of surface tension 1s altered by
change of temperature or surfactant

concentration
: 1 . .
air tzr\:;ion tngh Fluid dragged
el chsion from low to
liquid s high tension
_>

» Contaminants typically lower surface tension
« Example: alcohol and water

surfactants: amphiphilic molecules

Hydrocarbon tail —»| | | | air
L L1
=*%  water
Polar head
group

Courtesy of Professor Maria Teresa
Aristodemo, Florence, and Dr. Raffacle
Savino, Naples
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mwm  (Gradients 1n surface tension:
- Marangoni stresses

e Local value of surface tension 1s altered by
change of temperature or surfactant

concentration
: 1 . .
air tzr\:;ion tngh Fluid dragged
el chsion from low to
liquid s high tension
_>

» Contaminants typically lower surface tension
« Example: alcohol and water

surfactants: amphiphilic molecules (soap)

Hydrocarbon tail —» air

Courtesy of Professor Maria Teresa
Aristodemo, Florence, and Dr. Raffacle
Savino, Naples
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Wine tears

An example of
the Marangoni effect

Evaporation from thin film

i

<«— high surface tension

low surface tension

4
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Wine tears

An example of
the Marangoni effect

Evaporation from thin film

i

<«— high surface tension
Marangoni stress
low surface tension

4
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In fact: an improved history

e Fluid motions due to gradients
in surface were first properly

described by James Thomson in
1855

On certain curious motions
observable at the surfaces of wine
and other alcoholic liquors

e James Thomson was the older
brother of William Thomson

(who will appear later in the
talk)
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Conclusions

Continuum descriptions of fluid-like
systems begin with momentum
statement involving stress (Cauchy
equation)

For Newtonian fluids the starting
point 1s the Navier-Stokes equations
which 1s commonly studied assuming
the density and viscosity are constant

Common geometric configurations,
including thin films, are well studied
and ammenable to analysis

Many common features among areas
of complex fluids, suspensions,
lubricating films, etc.
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TIME - DEPENDENT EVOLUTION OF FLOWS

n

O FLUID RESPONDS ON A "DIFFUSIVE

TIME SCALE WHEN A NEARRY BOUNDARY

IS MOVED. |
ulyo=Uf (ﬁ)

FLVID [NITIALLY

AT ReST i
IMPULSIVELY f
OYE PLATE U
DIFFUSION TIME < N -
* 1,
DIFFUSION  DISTANCE o« (NT) | ——

T
A

@ ENTRANCE LENGTH : DISTANCE ALONG A PIPE

To ESTABLISH A PARABOLIC
VELOCITY PROFILE

— L —

Y
2 j S = IR REYNOLDS g
4’1 ”"L l_ U
RN(\)'flme)x(\lL/U) - _R_
R N
E XPERIMENT L = O-/(ReJ R
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HIGH REYNOLDS NUMBER FLOWS

() CHANGE IN PRESSURE ACc omPANYING
wey speep fLow L K= U4 5> 1]

y 4
pp « pU

2 ra

FORCE ON 0BJECT & /U/

( flow Sepa,ra,ﬁo;:)

FLYING SEE THE
T FO f/ B )
o - GREAT FLIGHT DIAGRAM

B VISCOUS BOUNDARY ~ LAYER:

2
= U
= = e % 5
: 3 —" -7 ,§ g(x)
: ’I:Nauz TR T T 7T {’_;lx
/ \JUZ:]
Va .
AGALID
I’)odnd&vy = S‘(x) o \1_7‘_ 3 L
\0&\160’ U
Hickness
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" THE GREAT FLIGHT DIAGRAN" o

104

10°

10?

weight W (newtons)
=)

10°

10"

102

10

108

wing loading WI'S (newtans per meter squared)

10

10?

10° 104

human-powered airplane e

I
Suegg 747
-10
Concorde @
Boaing 767
Boeing 757'e

Boeing 727 ®

Bosing 737 &
e F-14

® Mig-23
® F-16

Beech King Air
Besch Baron

M= mass
\ = 5peed
L= body
dimension
Vit m
g

L M

oteranodon e

mute swan
wandering albalross o
whits pelican &
golden eagle @

brown pefican &

~crownaed kinglet &
European goiccrest o
privet hawk o
biue underwing ®

@ cock chaler
® dung beetle
o littie siag beetla
® common swallowlal @ summer chafer
@ bumblebes

® homet |

@ honeybea
& meat fly

L1l | ) [ L I [

3" s 7 10 20 30 50 70 100 200

cruising speed V (meters per second)

Figure 2 The Great Flight Diagram. The scale for cruising speed (horizontal axis) is based on
equation 2. The vertical line represents 10 meters per second (22 miles per hour).

REFERENCE: H.TENNEKES

Applied Physics 298r

"“THE SIMpLE scm;lce
OF FLIGHT"
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AMERICAN

~ ASSOCIATION FOR THE
ADVANCEMENT OF
SCIENCE

8 JuLy 1994 $6.00
VOL. 265 ® PAGES 157-288
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FIG. 7. A drop of a glycerol and water mixture, 100 times as
viscous as water, falling from a nozzle 1.5 mm in diameter. As
opposed to the case of water, a long neck is produced (Shi,
Brenner. and Nagel. 1994). Reprinted with permission. ©
American Association for the Advancement of Science.

FIG. 6. A sequence of pictures of a water drop falling from a
circular plate 1.25 cm in diameter (Shi. Brenner. and Nagel.
1994). The total time elapsed during the whole sequence is
about 0.1 s. Reprinted with permission. © American Associa-
tion for the Advancement of Science.
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