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;Today’ S lecture: Re, Stokes” law and swimming.
Drag, the balance of forces and how to move in
different regimes
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O5teEREYNOIdS and his experiment:

\_;‘\_:_, — -
Fig. 9.1. Sketch of Reynolds’s dye experiment, taken from his 1883
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@did Reynolds find?

Movie

Movie

When viewed with flash:

(c)
Fig. 9.2. Reynolds’s drawings of the flow in his dye experiment.
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http://www.youtube.com/watch?v=KqqtOb30jWs&feature=related
http://www.youtube.com/watch?v=NplrDarMDF8
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- \/\jfla'r clfe eynolds find? -b—'
i velocities S the streak of dye extended in a
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2 velocity increased, at some point in the

3 : 1€ color band would all at once mix up with
Urroundmg waters. When viewing the tube
:;»‘;" -an electric spark, this mixed fluid actually

———

««,’Io’oked like a bunch of coherent eddies.

—
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e Flows with similar Re exhibited similar behaviors.
Flow-object interaction
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SRioNgUantify his result Reynolds used the
dJmen,J number:

= fob’gﬁ d/!vl

. gc Hf/wd S gensity, dis the diameter of
he tube, (‘flow speed (u the dynamic
wsc05|ty of the fluid
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SRilighsand low Re flows
WS around a (blunt)reylinder:

=

Flow separation points

Figure 4.3 Flow patterns around circular cylinders normal to
the flow, for Reynolds numbers from less than six to
about 10%, -
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"Streamiinmng:

Separated

(a) Blunt body

==

Relative drag
force

—

A

(b) Streamlined body

Code
B Skin friction drag
[[] Pressure drag

From: www.aerospaceweb.org
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hlighRe turbulence vs Low Re
idiinar flow

Relative drag

N = [ ==

Separated

-~ d

L=

(a) Blunt body

d Separated flow ﬂ

\_/_

(b) Streamlined body Code
B Skin friction drag
[] Pressure drag
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low Re

Pressure Distribution
Shear Stress Distribution B

5 LW COSH

Dg on a Sphere at

Drag is 1/3
from pressure,
2/3 from shear.

pP=-
o Iy

180°
Convention: 0° is downstream

SMS 204: Integrative marine

2/22/2016 sciences

Recall that a
sphere has

more area near
its equator, than
at the poles.
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SPHE?

Drag crisis

103
102 10! l 10 102 103 1 108 106 107
Re
Figure 7.13 Log-log plot of drag coefficient Cp, as a function of Reynolds
Number Ae for spheres, transverse cylinders, and face-on discs. The broken

straight line represents Stokes’s law.
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~°High and low Reflows

BASIRENGrOWS, the relativelimportance offskintfriction (shear
SUESS)NEECHEases While the impoertance of pressure drag

R

F, = pAU%2 x Re?
Cp = Re? > F = Cp pAU?/2



Aturbulent*flow is:
b Aflow trapr.oper ofithe flui
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3. VJJ,@J omentum and solutes much faster than
Lm ___,pws (stirs the fluid. Mixing happens on
f olﬂf ar scales).
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= (:Iénnot be described simply by a steady velocity
'fI6|C|

5. A threshold phenomena. Does not occur below a
threshold Re.
SMS 204: Integrative marine
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o/ and high Re flows

turbulent (||) velocity profiles in a
pipe for (a) the same mean
velocity and (b) the same driving
force (pressure difference).

Why does the turbulent flow have
smaller average kinetic energy
and momentum when the same
driving force is applied?
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Wov g reuggg—ﬂuid)"

SESEITIE principles and formulas apply to
0o J‘—\r'rc*“ moving through a fluid instead of
dl fJJ d Iowmg by an object

.____.-_g-y through water
',Slnklng down through fluid

—-'A‘

S
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Forces accelerating and
decelerating must be equal
when the sphere reaches

constant velocity.

« When drag forces, Fy, are integrated over
the sphere, Fy = 6mprou;,s and v, = w,

e So if we set Fy=F,-F,

25 (Ps— P g
g7

e Stokes’ law results: w.=
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A few points

» Stokes’ law leaves out nothing relevant.

» Theory and observation match; in fact a falling
ball can be used to measure dynamic viscosity.

—

e
T —

~ ¢+ The fluid properties are not idealized, but

=
— =
—
-

——

—— | inertial forces simply don’t matter sufficiently to
= be important to the calculation for Re < 0.05.
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Percentage change in
velocity
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force (Fy):

no slip conc

‘f"ﬁ'érgy per unit length (or work done to stop
2r unit length )

;{., -

-

e

Scaling iaased on dimensions. Can be multiplied by a non-

‘5"""‘

er bﬁal quantity:

— —:.r-—'

-.v‘ ——
e ST —
—
—CHI
- s
e

o St =
-~
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éDrag F, = pAU%2 X Re?

Drag coefficient (Cp): Cp = Re? > F = CpAU?/2
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What Re applies to flow generated around

typical organisms based on swimmin
sinking speeds, u, and length, d)?

¢ v=1.0x10°m?s!at20°C (1.8 at0 °C, 0.66 at 40 °C
[both x 10© m?2 s71]).

e Bacterium, d=2pm =2 x10°%m

® Swimming speed, 10 body lengths s!, v =20 pm s’

== e Re={2x10°m) (20 x 10°ms'}/10°m?2s' =4 x 107

- | eTuna,d=0.5m

® Swimming speed, t=5ms

= e Re ={(0.5mM)(5Lms!/10om2s! =2.5 x 100

¢ \Will experience very different hydrodynamic
environments (therefore have different swimming
strategies and shapes!)

1
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Affects differently different
stages in the life of an
organism.

2/22/2016
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1.5 2.0
Body length (log ; cmy)
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® Jet propulsion
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HighReynoldsMovie.avi
HighReynoldsMovie.avi

ﬁ‘

How to build a fish in
three easy pieces

Structure: BDdy Connector Wing

.——»

Make Provide Use

Function: ) . i
Vortices 5pa cing Vortices

Top View

Fishes swim forward by throwing water backward
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http://www.youtube.com/watch?v=7XCb4ypZhew&feature=channel

‘ ———
Axial undulaﬁ" ropu S|on

SENhe a |aI structures are used (vertebral
(“JLI n and' associated musculature)

SV Stly primary swimmers (evolved from
'.;’5:%-?"' guatic ancestors).

_-..(
F el -

= illse undulations of the body (pass them
from anterior to posterior along the
body) to generate thrust
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-r.W|k|ped|a Thrust is a reaction force described
- quantitatively by Newton's Second and Third Laws. When a
system expels or accelerates mass in one direction the
accelerated mass will cause a proportional but opposite force
on that system.
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NOWAS thrust generated2+

Propulsive segment

Thrust of tail
against water

Lateral
thrust

Propulsive segment

Similar motion in the vertical (e.g. dolphin) generates lift as well as forward thrust.
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Appendage-based propulsion ..
Undulato ;ger}weJ propulsion ';I -
SNiaveling waves are generated that sweep down the

Fif) | . |
SRS | generated in the Same way as for axial
Linjel JJ Jr‘e propulsion

rr-'),JJeJ PIOPUISIEN
p‘endages operate like an oar or paddle
""5 : WO phases to the fin beat cycle

- — Power stroke — the appendage is pulled backward
—_— '_ through the water.

— Recovery stroke — the appendage is pulled
forward through the water.

—

*,\\ ‘H;’.
\
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-
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APPENDAGE PROPULSORS T

LNDULATO@ |_ OSCILLATORY

DRAG LIFT
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Jeirpropulsion;

)

hdantle Head

Fim _ _hi__:’,___—— ATImE
- Mantle cavity @

4 ‘_/
E Approzimare
- = jet orifice
—i= o or - '\. changes

Water

Anderson & Grosenbaugh 2005
J- Exp. Biol. 208: |125-1146

Movie
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http://www.youtube.com/watch?v=HSTJVnf5nyA&feature=related

- Low Re number swimming
yersible. Can swim only using.non- -
=-Symmetric motions

e

The flexible oar

" —

-
-

~ Pushmepullyou

Movie
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HighReynoldsMovie.avi
LowReynoldsMovie.avi

& FLAGELLAR FILAMENT

<:::__:;i;.....”$:]3252:ANE

PEPTIDOGLYCAN
LAYER

]xuNERunAsuA)
MEMBRANE

e

ST
—— “ROTOR™

“STATOR™

— -
ﬁf’eme,m many numbers and arrangements

~ Made of millions parts of one protein-flagellin, which self assembles.
Rotary motor, acts like a propeller

Angular momentum conservation requires a ‘tumble’ aftera ‘run’.
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SWerr ple¥lp! oW Re

A does ot co Is that true’?
Tris JJJCJJIJC a ,
’ U/dt Fdrag—?)TCHDu

Il

(1)
s

m, u~10-3Nsm,

Tlme scale to stop:
- T~u/du/dt = M/3ruD
How far will it glide?
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] i Flagellates
Speeds:

20->200um/s

Ciliates
; Speeds:
YhYLS 400>2000pm/s
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Swimming appendages

—— I

YO elIS. B —

rms connect one set of circumferential microtubules to the adjacent set.

microtubule
doublet

: flagellum
AL logitudinal

flagellum cros§ sectlop
G (b) () ' m
AL microtubules

Iriplets
1’\

YL (1)
\ |“

|

c . X . || P, el A ﬁ'é",:" a5
When mi¢ rotubule pairs : W, I S basal
try to slide past each

(c) body cross section
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mming by Eukaryotes

A cilium moves in a pattern similar to an
(a) arm of a swimmer doing the breaststroke.

Flagella are much
longer than cilia. A
flagellum moves in
an undulating,
whiplike pattern.

Same structure but different stroke.
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Sperm

Attractant ) X Bacterium
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