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Fluid dynamics




Environmental	Fluid	Dynamics	
Mixing Dynamics Between Water and Biofuels 




Biological Fluid	Dynamics	

Understanding interactions between fish and turbulence 

-> explains reductions in swimming ability, habitat choices, 
increased performance.


Stream and shoreline restoration, fishway and culvert 
design, fish swimming




Concentrated volcanic 

activity. 

Chemistry of erupted 

lavas is significantly 

different than Mid 

Ocean Ridges for 

example





Geophysical	Fluid	Dynamics	



SchemaGc	drawing	of	processes	that	contribute	to	variability	in	the	ocean	
surface	boundary	layer.	
[R.	Weller,	WHOI]	



Outline	

1.  Diffusion	versus	turbulence	
	
2.  Laminar	and	turbulent	flows	
	
3.  Turbulent	flows	properGes	and	

characterisGcs	



en.wikipedia.org	

Diffusivity	is	measured	in	terms	of	area	per	unit	Gme	(m2/s)	

Molecular	diffusion		



Molecular	Diffusion		

•  DefiniGon	-	Brownian	moGon,	i.e.	random	
movement	of	the	diffusing	parGcles	

		
•  Diffusion	versus	sGrring		
	
•  Diffusive	Gme	scale?	
Cream	in	coffee	cup	versus	dye	
in	beaker	
	
	



Assume	that	the	diffusivity	coefficient	for	the	dye	
in	water	is	10-9m2/s	and	the	beaker	diameter	is	15	
cm.		
	
How	long	does	it	take	for	the	dye	to	diffuse	thru	
the	beaker	under	pure	molecular	diffusion?	



NASA	ScienGfic	visualizaGon	studio:	
	
The	perpetual	ocean	–	currents	and	eddies	near	South	Africa	



EDDIES	IN	THE	OYASHIO	CURRENT	
G.	K.	Vallis		
Princeton	University	
The	photograph	from	NASA	shows	eddies	in	the	Oyashio	Current,	off	the	
Kamchatka	Peninsula	in	the	Bering	Sea,	in	March,	1992.	The	current,	part	
of	the	the	western	boundary	current	of	the	North	Pacific	subpolar	gyre,	is	
baroclinically	unstable	and	sea-ice	provides	flow	visualizaGon.		

SeparaGon	off	DecepGon	Pass,	WA	





Laminar	and	Turbulent	flows	

•  Example	below	–	velocity	profile	in	a	straight	
pipe.	Which	one	is	the	turbulent	case?	

•  Determined	by	the	value/range	of	the	
Reynolds	number	



Reynolds	number	
	

•  U	is	the	flow	velocity	(m/s),	L	the	relevant	length	scale	(m)	
and	ν	the	kinemaGc	viscosity	(m2/s).	ν=μ/ρ,	where	μ	is	the	
dynamics	viscosity	and	ρ	the	density.	

	
•  Determines	the	transiGon	from	laminar	to	turbulent	flows,	

approx.	2000	to	3000	for	pipe	flows	for	example.		
	
•  Important	in	determining	turbulent	eddy	spectrum	in	terms	

of	size,	velocity	and	rotaGon	period.	Important	in	predicGng	
mixing	in	industrial	and	environmental	flows.	

Re =UL
ν



Laminar	

TransiGonal	

Turbulent	

Fully	turbulent	

Reynolds’	experiment	

Re		



Understanding	turbulent	flows	
•  At	least	2	ways:	

1.  Through	its	physical	properGes	–	using	dimensional	
analysis,	flow	visualizaGon	and	intuiGon	

2.  MathemaGcal	definiGon	–	Necessary	for	theory	and	
numerical	modeling	

	

Isotropic	turbulence	–	Sc=25	Jet	in	ambient	fluid,	V=2cm/s,	15cm	horizontal		
field	of	view	



ProperGes	of	turbulence	

•  Flows	are	described	by	the	Navier-Stokes	equaGons	
and	corresponding	boundary	condiGons.	ConGnuum	
approximaGon	and	Newtonian	fluid.	

•  One	of	the	last	unresolved	problems	of	classical	
physics.	

•  Describe	all	the	complexity	of	fluid	flows.		
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Gravity:	pressure	gradient	and	buoyancy	
FricGon:	wind	stress	
Coriolis	Force	



Millennium	Prize	

Win	a	million	dollars	with	maths,	No.	3:	The	Navier-Stokes	
equaGons!!!		
	
These	equaGons	were	developed	simultaneously	in	the	early	
1800s	by	George	Stokes	in	England	and	Claude-Louis	Navier	in	
France.	But	if	they	have	been	around	so	long,	what's	the	
million-dollar	prize	for?		
The	problem	is	that	for	most	situaGons	the	Navier-	Stokes	
equaGons	are	too	hard	to	solve;	they	tend	to	result	in	parGal	
differenGal	equaGons	that	are	simply	too	complicated.	For	the	
most	part,	mathemaGcians	have	developed	numerical	
workarounds	to	squeeze	out	soluGons	to	the	equaGons,	but	
it's	a	dark	art.		

hpp://www.guardian.co.uk/science/blog/2010/dec/14/million-dollars-maths-navier-stokes/	

12/21/10 4:58 PMWin a million dollars with maths, No. 3: The Navier-Stokes equations | Matt Parker | Science | guardian.co.uk
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Win a million dollars with maths, No. 3:
The Navier-Stokes equations
Fluids move in mysterious ways. Mathematicians aren't even sure
the equations that describe them will work in every situation

The Navier-Stokes equations attempt to describe the fiendishly complex movement of fluids. Photograph: Matt
Parker

A million dollars in cash (£640,000) awaits anyone who can develop a rigorous
mathematical model for how fluids flow – this week's Millennium Prize Problem.

Fluids are extremely difficult to analyse because they can flow in such complicated
ways. The next time you're bored in the kitchen, take a glass of water and let it stand
until it's completely still (which takes longer than you might expect). Then use a straw
to release a drop of food colouring from a height into the glass and watch how it
disperses. Even better: try imagining how you think it would look.

Most people imagine the dye forming a cloud of colour that gradually disperses. In
reality, the colouring will spread out, apparently without mixing, into surprisingly
aesthetically pleasing but random patterns. More often than not, the drop will
magically form a ring and travel down to the bottom of the glass without spreading
out.

That a drop of liquid could form a ring and move undiluted through water goes against
all our intuition. But it shouldn't come as a surprise: fluids are always doing this. The
same process lies behind the formation of smoke rings.



Other	characterisGcs	of	turbulent	flows	

•  Turbulent	flows	are	highly	irregular.	ChaoGc,	
random	but	not	completely.	Expected	to	have	
some	structures:	eddies!	

	
•  Turbulent	flows	are	unstable.	They	are	the	results	
of	flow	instabiliGes.	Remember	Reynolds’	
experiment.	

	
•  Strong	sensiGvity	to	iniGal	and	boundary	
condiGons.		



Admiralty	inlet,	WA	–	shear	layer	

Jupiter	

Shear	layers	in	the	atmosphere	



•  Turbulent	flows	are	strongly	non	linear	making	it	
hard	to	solve	the	Navier-Stokes	equaGons.	

•  Turbulent	flows	are	highly	vorGcal,	i.e.		
	characterized	by	a	large	amount	of		
	vorGcity	(similar	to	angular	velocity).	

Large	eddies	in	a	turbulent	boundary	layer	

Other	characterisGcs	of	turbulent	flows	



CharacterisGcs	cont’d	

•  Turbulent	flows	are	3-dimensional.		
•  Vortex	tube	stretching	is	a	key	process	->	it	increases	
vorGcity	in	the	stretching	direcGon	(because	of	the	
conservaGon	of	angular	momentum).		

hpp://www.smithsonianchannel.com/videos/mesmerizing-pufferfish-
twirling-in-bubble-lassos/37447	

•  Turbulent	flows	are	highly	dissipaGve.	Mechanical	
energy	is	transformed	into	internal	energy.	Need	a	
supply	of	energy	to	sustain	it.		

•  For	the	ocean,	the	source	of	energy	can	be	
mechanical	and/or	convecGve.		

	

		
		



Kolmogorov’s	energy	cascade	theory	(1941)	

RelaGonship	between		
the	largest	eddies	in	the	flow		
and	the	smallest	ones	where	
diffusion	becomes	dominant	

	
This	relaGonship	is		

a	funcGon	of	Re	
	

Important	for	the	esGmaGon		
of	spaGal	and	temporal		

resoluGons	of		
ocean	instruments	



SchemaGc	drawing	of	processes	that	contribute	to	variability	in	the	ocean	
surface	boundary	layer.	
[R.	Weller,	WHOI]	



General	CirculaGon	

Temporal	and	spaGal	scales	of	various	physical	ocean	processes		
Te
m
po

ra
l	(
Ti
m
e)
	S
ca
le
		

Horizontal	SpaGal	Scale	

Image credit: Exploring the World Ocean, inside cover 



Physical	approach	-	using	
dimensionless	parameters	

•  Reynolds	number:		
	
•  Richardson	number:		

•  Rossby	number:	
	
where	f	is	the	Coriolis	frequency,	
Ω:	planet	rotaGon	
Θ:	laGtude	
		

Ro = U
Lf

f = 2Ωsinθ

Re =UL
ν

Ri = (Δρ ρ)gL
U 2



The	entrainment	and	mixing	can	be	modeled	based	on	dimensionless		
parameters	such	as	Re	and	Ri.		

No	straGficaGon	 	With	straGficaGon	



Summary	

•  Explored	the	concept	of	diffusion	
		

•  Compared	it	to	turbulence	
	
•  Looked	into	the	properGes	and	characterisGcs	of	
turbulent	flows	

•  Will	apply	these	ideas/concepts	in	Thursday’s	lab.		



What’s	the	most	efficient	configuraGon?	

•  Mixing	2	fluids	thru	injecGon.		
•  Choice	of	configuraGon:		
– OpGon	1	:	(a)	is	beper		
– OpGon	2:	(b)	is	beper	
– OpGon	3:	There	is	no	difference	

(a)	 (b)	

InjecGon	point	

Pipe	cross	secGon	
InjecGon	point	

InjecGon	point	

Pipe	cross	secGon	


