PHY 711 Classical Mechanics and
Mathematical Methods
11-11:50 AM  MWF Olin 107

Plan for Lecture 32:
Effects of viscosity in fluid motion -
Chap.12 in Fetter & Walecka

1. Navier-Stokes equation

2. Terminal velocity of a sphere
moving with constant applied force
in a viscous medium

3. Stokes’ viscosity relation
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WFU Physics Colloquium

TITLE: Recent Pedagogical Innovations in Teaching Physics to
Students of the Life Sciences

SPEAKER: Professor Donald Smith,,

Department of Physics
Guilford College

TIME: Wednesday November 16, 2016 at 4:00 PM
PLACE: Room 101 Qlin Physical Laboratory

Refreshments will be served at 3:30 PM in the Olin Lounge. All
interested persons are cordially invited to attend.

ABSTRACT

Over the last few years, a wave of innovation has been sweeping across the nations'
physics depariments. The tools of physics education research were brought fo bear on
the way physics faculty have traditionally taught the required introductory physics for
biology and medical students. At the same time, the new MCAT 2015 shifted the
emphasis of that exam away from rote memorization toward a more context-rich
analysis paradigm. Furthermore, the improvement and ubiquity of computers and
software have enabled introductory students to tackle more complicated problems than
ever before. These three trends have created a perfect storm for innovation, which
has led to a set of recommendations for how an IPLS class (Introductory Physics for
the Life Sciences) can be more vital and enjoyable for both students and teachers. In
this presentation, | will share how | came to redesign the "College Physics”
algebra-based sequence at Guilford College into an IPLS course that premiered in the
Fall semester of 2015. | il describe my successes and challenges, and make the
case that not only are these improvements essential for teaching life sciences
students, they can also benefit courses intended for physicists and engineers.
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Brief introduction to viscous effects in incompressible fluids

Stokes' analysis of viscous drag on a sphere of radius R
moving at speed u in medium with viscosity 7 :
F,= —77(67:Ru)

Plan:
1. Consider the general etfects ot viscosity on fluid
equations

2. Consider the solution to the linearized equations
for the case of steady-state flow of a sphere of
radius R

3. Infer the drag force needed to maintain the

steady-state flow
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Newton-Euler equation for incompressible fluid,

modified by viscous contribution (Navier-Stokes equation):

&+(V~V)v:f ALAuS
ot Y2

applied —
pp P
v Kinematic viscosity
Typical kinematic viscosities at 20° C and 1 atm:

| Flid | v(mis) ]

Water 1.00 x 106
Air 14.9 x 10°
Ethyl alcohol 1.52x 10°®
Glycerine 1183 x 10©
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Stokes' analysis of viscous drag on a sphere of radius R
moving at speed u in medium with viscosity 77 :
Fpy= _77(67ZR“)

Effects of drag force on motion of

particle of mass m with constant force F :

F—67rR77u=m% withu(0)=0

767[R771
= u(t) :67;(1—6‘ " j
n
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Effects of drag force on motion of

particle of mass m with constant force F:

F—67rR77u=m% withu(0)=0

767[R”1
Du(t)z&;(l—e m J
n
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Effects of drag force on motion of particle of mass m
with an initial velocity with #(0) =U, and no external force
—67Rnu = m@
dt

_67Rn
=u)=Ue "

t
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Recall: PHY 711 -- Assignment #24  Oct. 28, 2015

Determine the form of the velocity potential for an
incompressible fluid representing uniform velocity in the z
direction at large distances from a spherical obstruction
of radius a. Find the form of the velocity potential and the
velocity field for all r > a. Assume that for r = a, the
velocity in the radial direction is 0 but the velocity in the
azimuthal direction is not necessarily 0.
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Newton-Euler equation for incompressible fluid,
modified by viscous contribution (Navier-Stokes equation):

ov )

—+(V~V V_P+-'1v2y
ot

P
Continuity equation: V-v=0
Assume steady state: = > =0
t

v=f

applied ~—

Assume non-linear effects small
Initially setf, .., =0;

= Vp=nV’v
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Vp =nV’v
Take curl of both sides of equation:
Vx(Vp)=0=nV*(VxV)

Assume (with a little insight from Landau):
V=Vx(fo(r)u)+u

where  f(r)———0

Note that:

Vx(VxA)=V(V-A)-V’A
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Digression
Some comment on assumption: v =V x (V X f(r)u) +u
Vx(VxA)=V(V-A)-V’A
Here A = f(r)u
Vxv=Vx(Vx(VxA))=-Vx(V’A)

Alsonote: Vp=nV’v
=S VxVp=VxpViv or V3(Vxv)=0
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V:Vx(fo(r)u)+u

u=uz
Vx(Vx f(r)z)=V(V- £(r)z)-V*f(r)z
Vxv=0 :>V2(V><v)=0

VHVxf(r)z)=0 =V (V/(x2)=0 =V'f(r)=0

f(r)=C1r2+C2r+C3+Q
»

v, :”COSH(I—EdLJ:uCOSH(I—4q _2G —2763'4)
rdr r r
5,
v, = —usin® l—d—{—lﬂ =—usine(1—4q—2+%]
dr- rdr P
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Some details:

Vi f(r) =0 :[dz 2d

—J f(r)=0

_+_
ar’  radr
2 C4
fr=Cr +Cr+C,+—
-
Vzu(Vx(fo(r)i)-l—i)
:u(V(V~(f(r)2))—sz(r)i-l—i)
Note that: Z = cos 0f — sin 60

V:u[v[gwsaj—(vZ(fm)—l)(cos@f—sineé)]
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v,:ucosﬁ( 7gﬁ):ucose[174cﬁ&72?‘
r ar r r
2
v, =-usind 1—%—lg =—usin9(1—4Cl——2+
dr-  rdr r
To satisfy v(r - ) =u: =C=0

To satisfy v(R) =0
3R

v, :M0059[1*7+
2

r

solve for C,,C,

R3
5

3
v, =—usinf 173—R7R—;
4r 4
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c, C
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3
v, =ucos9(1—3R+RJ

2r 277
. R R
Vo =—using 1—3———3
4r 4r
Determining pressure :

Vp = UVZV = —nV[u Ccos 9(;122)]
r

)
= p=p,—nucosb| —
2r
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P=D,— qucosH(3—Rj
0 27t

Corresponds to:

F,cos60 =(p(R)— p,)47R’

=F, =—nu(67R)
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