
6 Life in a Fluid Medium�

assignment for Wednesday, read 
Going Deeper 6.1 p. 100



Drag

Drag proportional to difference of pressure upstream and 
downstream of object



Cd=drag coefficient
Fd=force of drag
A=x sectional area
v = velocity
ρ = fluid density

DRAG



1952 Alfa Romeo Disco Volante
Cd = 0.26 (GM EV1, Cd = 0.21)



Volkswagen XL1 Cd = 0.19



Norman Bel Geddes design, 1932

Queen Mary II, 2004, L=345m



Dolphin Cd = 0.004



 female boxfish, Ostracion meleagris Cd = 0.2 
http://naturalhistorymag.com/biomechanics/172090/boxed-up-to-go 

Bionic car optimizes maneuverability, strength and mass, Cd = 0.19

Dorsal fin

Anal fin



Two important properties of fluids

Density:         units of g  cm-3

Dynamic viscosity: μ molecular stickiness, 
units of  (force x time)/area



Properties of Some Common Fluids
Fluid Density (kg m-3) Dynamic Viscosity

AIR 1.2 1.8 X 10-6

SEA WATER 1.0 X 103 1.1 X 10-3

GLYCERINE 0.8 X 103 0.2



Reynolds Number, Re: measure of relative importance
of inertial and viscous forces in fluid, dimensionless number

If Seawater is used, then density and dynamic
viscosity are held constant:
 Re increases with increasing velocity and size

l = size scale
V=velocity



Estimating the value of l (size) and V (velocity)



ANIMAL AND VELOCITY Re

 Large whale swimming at 10 m/s 300,000,000

Tuna swimming at 10 m/s 30,000,000

Copepod swimming at 20 cm/s 30,000

Sea urchin sperm at 0.2 mm/s 0.03

Reynolds numbers for a range of swimming
organisms and sperm

Vogel, S., 1981. Life in Moving Fluids. 



Reynolds number implications

•  Re > 1000 : inertial forces predominate
•  Re < 1 : viscous forces predominate

Two Thresholds:



Reynolds number implications

•  Re > 1000 : inertial forces predominate
•  Re < 1 : viscous forces predominate

Re = 0.2



Copepod feeding low Re ~ 0.5

https://www.youtube.com/watch?v=zOZcf5KZS00



Re ~ 10,000,000



Re = 300,000,000



What about the water movement?�
Laminar versus turbulent flow

•  Laminar flow - streamlines are all parallel, 
flow is very regular

•  Turbulent flow - streamlines irregular to 
chaotic

•  In a pipe, laminar flow changes to turbulent 
flow when pipe diameter increases, velocity 
increases, or fluid density increases beyond 
a certain point, i.e., when Re increases



Laminar versus turbulent flow



Reynolds Number, Re: measure of relative importance
of viscous and inertial forces in fluid, dimensionless

Re < 1 viscous forces dominate

Re > 1000 inertial forces dominate



Water Moving Over a Surface

•  Well above the surface the water will flow 
at a “mainstream” velocity

•  But, at the surface, the velocity will be 
zero. This is known as the no-slip 
condition



In boundary layer, water velocity is <99% of mainstream 
velocity.

Mainstream velocity

No slip



What is Re at surface of bottom?



What is Re at surface of bottom?

Zero!



So far:
•  Re: measure of importance of viscous vs. 

inertial forces, cutoffs of <1, >1000
•  Laminar flow versus turbulent flow
•  No-slip condition, boundary layer with 

change of velocity (Re)
•  Drag: difference of pressure up and 

downstream; minimize drag by 
streamlining, changing orientation (e.g., of 
fan shape); sometimes tradeoff of function 
and drag



Hydrodynamic hell
•  Larvae of herring Clupea harengus
•  Live from NY to Gulf of Maine
•  Re is ca 20-500
•  Temperature goes down (15-5C) – viscosity goes 

up 2x
•  Cost of locomotion is higher at lower temperature 

because of viscosity effect
•  Fish respond to artifically increased viscosity by 

reducing transverse tail beat response to viscosity
•  Warmer water, lower viscosity, so fish larvae can 

rely more on inertia

10 mm



Drag
•  Water moving past an object creates drag: pressure 

difference up and downstream of object
•  At high Reynolds number, the pressure difference up and 

downstream explains the pressure drag. Placing the long 
axis of a structure parallel to the flow will reduce pressure 
drag

•  At low Reynolds number, the interaction of the surface 
with the flow creates skin friction.

•  PROBLEM: MOVING FISH HAS BOTH PRESSURE 
AND SKIN FRICTION DRAG



PRESSURE DRAG



Drag and fish form. The streamlined fish
creates relatively little pressure drag while swimming.
The more disk shaped fish has high drag, and vortices are
created behind the fish, which creates a pressure difference
and, therefore, increased pressure drag. This disk shape,
however, allows the fish to rapidly turn.



Sessile Forms - how to reduce 
drag?

Problem: You are attached to the bottom and sticking into the 
current, you can get food and oxygen BUT…….

Drag tends to push you down stream - you might snap!

Examples : Seaweeds, corals

Solutions:

1.  Flexibility - bend over in current

3.  Grow into current – long axis parallel to current direction

3.   Strengthen body (some seaweeds have crossweaving)



Reducing drag by pointing branches into current



Urcitinopsis sp. Antarctica, photo by Rich Aronson



How the anemone Metridium
senile reduces drag in a current

Increasing current velocity



Blue crab: Callinectes sapidus



Blue crab: Callinectes sapidus



BUT BUT…�
sometimes there is an advantage 

to risk drag



No-slip and skin friction
No-slip condition means that a fish surface
has zero velocity. Creates a friction with more
surface area.

Separation of viscous boundary layer at surface
results in interaction with water, creating drag.



Anderson, W.R. et al. 2001, Journal of Experimental Biology 204:81=102

scup Stenotomus chrysops

Particles closer to fish are 
moving more slowly



Solutions to friction drag
Mucus layer of fish

Riblets or denticles in sharks – break up small 
vortices

Flabby skin of dolphins – reduces vortices and 
skin friction, controversial

Shape: sphere reduces skin friction. Cylinder 
reduces pressure drag. Fish shape is compromise 
for skin friction and pressure drag



Blacktip shark Carcharhinus limbatus, scales anterior to first dorsal fin

Lang et al. 2008, Bioinspiration and Biomimetics doi:10.1088/1748-3182/3/4/046005



Minimize total drag: L/W ~ 4.5

3.6



Recap

-Reynolds number Re  
-domination of viscous vs inertial forces
-drag
-no-slip condition, different conditions near bottom, 
surface of moving organism
-minimizing pressure drag, skin friction



Principle of Continuity 4
•  Assume fluid is incompressible and moving 

through a pipe
•  What comes in must go out!
•  Velocity of fluid through pipe is inversely 

proportional to cross section of pipe.
•  Example: If x-sectional area of pipe is doubled, 

velocity of fluid will be reduced by half



Principle of continuity



Principle of Continuity 5
•  Principle applies to a single pipe, but it also applies to 

the case where a pipe splits into several equal 
subsections. Product of velocity and cross sectional area 
= sum of products of all the velocity and sum of cross-
sectional areas of smaller pipes.



Continuity, Applied to Sponge Pumping

•  Sponges consist of networks of chambers, lined with cells 
called choanocytes

•  Velocity of exit current can be 1-2 cm/s (10,000-20,000 
µm per sec)

•  But, velocity generated by choanocytes is 50 µm per sec. 
How do they generate such a high exit velocity?

•  Ratio of velocity at exit to choanocytes ~ 200-400
•  Answer is in cross-sectional area of choanocytes, whose 

total cross-sectional area are 1000s of times greater than 
the cross section of the exit current areas.



The low velocity of the water from flagellated choanocyte cells
in flagellated chambers is compensated by the far greater total
cross-sectional area of the flagellated chambers, relative to the
exit current opening of the sponge



Bernoulli’s Principle
•  Pressure varies inversely with the velocity of the fluid
•  Means that pressure gradients can be generated by 

different velocities in different areas on a surface



Bernoulli’s Principle



Bernoulli’s Principle: Top: Difference below and above flatfish
creates lift. Bottom: Raised burrow entrance on right places it in
faster flow, which creates pressure gradient and flow through 
burrow.

Perforate sand dollar



The End



Quiz
The velocity of water flowing through a pipe with a 100 
cm2 cross section is 10 cm/second. What will the velocity 
equal if the cross section changes to 20 cm2?

What is theoretically the velocity at the surface of a sea bed 
over which water is moving? What major feature of a fluid 
changes rapidly as you approach the exact location of the 
sea bed? 

The burrowing worm is a clever architect, designing a U-
shaped burrow that sucks in water carrying food to its 
mouth and puffs out water removing wastes from the other 
end.  According to what principle does this worm base its 
tube design? 


