PHY 711 Classical Mechanics and
Mathematical Methods
10-10:50 AM  MWF Olin 103
Plan for Lecture 25:
Introduction to hydrodynamics
(Chap.9inF & W)
1. Incompressible fluids

2. Isentropic fluids

10/30/2015

10/28/2015 >HY 711 Fall 2015 - Lecture 25
11 |Fri, 9/18/2015  |Chap. 3 &6 Hamiltonian formalism #11
12|Mon, 9/21/2015 [Chap. 3 & 6 Hamiltonian formalism #12
13 |Wed, 9/23/2015 [Chap. 3 &6 Hamiltonian Jacobi transformations  [#13
14 |Fri, 9/25/2015  Chap. 4 Small oscillations #14
15 |Mon, 9/28/2015 Chap. 4 Normal modes of motion #15
16 \Wed, 9/30/2015 Chap. 7 \Wave motion #16
17 |Fri, 10/02/2015 Chap. 7 & App. A [Contour Integration #17
18 |Mon, 10/05/2015 Chap. 7 Fourier transforms #18
19 |Wed, 10/07/2015 Chap. 7 Laplace transforms #19
|20 Fri, 10/09/2015 |Chap. 7 Green's functions Start exam
Mon, 10/12/2015 No class |Take home exam
|Wed, 10/14/2015 No class [Exam due before 10/19/2015
Fri, 10/16/2015 Fall break -- no class
121 |Mon, 10/19/2015 Chap. 5 Motion of Rigid Bodies #20
122 |Wed, 10/21/2015 Chap. 5 Motion of Rigid Bodies \@
123 |Fri, 10/23/2015 Chap. 8 Motion of Elastic membranes \ﬁ
124 Mon, 10/26/2015 Chap. 9 Hydrodynamics \ﬁ
125 Wed, 10/28/2015 Chap. 9 Hydrodynamics #24
\Wed, 12/02/2015 Student presentations |
Fri, 12/04/2015 Student presentations Il
Mon, 12/07/2015 Begin Take-home final
10/28/2 PHY 711 Fall 2015 - Le 2

Events

Mon. Oct. 26, 2015
Career Advising Event
Careers in Finance
Olin 106 at 3:00 PM

Thonhauser grou
ublishes spin extension

to van der Waals DFT

in Phys. Rev. Lett,

Prof. Kimmer, IUS
(WFU alum)

Congratulations to Dr.
Nicholas Lepley, recent
Ph.D. Recipient

Research Labs Tour Part|

PHY 711 Fall 2015 — Lecture 25

Thermal Transport Models
Olin 101, 4:00 PM
Refreshments at 3:30 PM
Qlig Lobby




WFU Physics Colloquium

TITLE: Effect of interfacial adhesive layers on thermal transport in
model systems

SPEAKER: Christopher J. Kimmer, (WFU alum)

School of Natural Sciences,
Indiana University Southeast

TIME: Wednesday October 28, 2015 at 4:00 PM
PLACE: Room 101 Olin Physical Laboratory

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

ABSTRACT

‘The thermal properties of nanoscale systems often critically depend on phonon scattering
at internal interfaces. The Kapitza conductance of an Interface provides an overall measure
of this scattering, and the ability to design systems with a prescribed or maximal
conductance requires a deeper understanding of how Interfacial properties effect this
quantity. Experimental challenges with measurements of thermal properties at the
nanoscale along with the need for predictive models to aid in systems design invites
computer simulation to play a prominent role n the study of phonon-mediated thermal
transport in these systems. One proposed approach to enhancing thermal transport across
an interface is to include so-called adhesive layers with vibrational properties intermediate
to those on either side of the Interface. We focus on the effects of achesion layers by
considering model bicrystalline systems on diamond lattices interacting via the
Stillnger-Weber interatomic potential. We vary the thickness, atomic mass, and Interfacial
bonding to conduct a study of the effect of these parameters on the interfacial conductance.
The systems are characterized using the "direct method”, a non-equilibrium molecular
dynamics approach. We find the strongest enhancement in transport at weak Interfacial
bonding and discuss the implications of this resut
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Newton’s equations for fluids
Use Euler formulation; properties described in terms of
stationary spatial grid

Variables:  Density p(x,y,z,t)
Pressure p(x,y,z,t)
Velocity v(x,y,zt)

Particleat?: r,t
Particleat?': r+vor,t'
t'=t+ot
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Euler analysis -- continued

Particleat?: r,¢

Particleat¢': r+vot,t' where o =t'—t

For f(r,?):

af .. (S, t)=fx,0)  fx+vo,t) - f(r0)
—=lim +

dt iS50 ot ot

gq_F (.
dt at+(v v)f
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Some details on the velocity potential
Continuity equation :

op
FLivy. =0
o (pv)

Z—f+p(V-v)+(Vp)~v =0

Forincompressible fluid: p = (constant)

=V-v=0
Irrotational flow: Vxv=0 =>v=-VO
=>V0O=0

10/30/2015

Example — uniform flow

b
a
z
Vd =0
’d  0’D  9*D
T T 0
Possible solution :
O=—vz
v=-Vb=v1

Example — flow around a long cylinder (oriented in
the Y direction)

A
n X
Vo Z =a y 2
j— ’! A 0
— 4 f—
— —
—_—
V®=0
ob
— =0
6}’ r=a
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Laplace equation in cylindrical coordinates
(r,0,defined in x-z plane; y representing cylinder axis)
Vo =0 :lirangLzade) + 62?
ror or r°060° Oy
In our case, there is no motion in the y dimension
= @(r,0,y)=(r,0)
From boundary condition : v_(r — )= v,
oD

- (r > x)=—v, = ®(r — ©,8)=—v,rcos 6
z

2
Note that : 0 cost =—cosf

00

10/28

Guess form: ®(r,0)= f{r)cos

PHY 711 Fall 2015  Lectu
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Necessary equation for radial function

10 o 1

A ||

ror or /

f(ry=Ar+ B where 4, B are constants
r

Boundary condition on cylinder surface :

ool _ 0

6}’ r=a

df B

—(r=a)=0=4-—
dr( ) a*

= B=Aad’
Boundary condition atco: = 4 =-v,
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2
o(r,0)= —vo(r + a]cos@
r

2
v, :—laq):vo(l—az]cos@
0 r

-

1 0D a’
=———=—y,| I +— |sind
Yo r o6 VO( rzj

For 3-dimensional system, consider a spherical obstruction
Laplacian in spherical polar coordinates:

vio—g-L2 (rzai)} L (sine@]+ LA
2or\" or) rsin6 00 00 ) r*sin’0 0’
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Spherical system continued:
Laplacian in spherical polar coordinates:
2
Voo0-d O(pR0),_10(y,00), 1_go
r Brk or ) r'sinf 060 06 ) rsin” @ O
In terms of spherical harmonic functions:
1 2 2 1 &
—|sinf0— |+ ———= |, (6,¢)=—1(+1)Y,, (6,
[ﬂn@@&[ aaj smzaa¢2]’”( #)=-1(+ D1, (60.9)

In our case:

3
Y, (0.¢) = Ecos@

@(r,0,4) = f(r)Y,,(0.9)
1d rlﬁ _l(l+1)f:O (Continue analysis for
P dr\ dr r? homework)
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Solution of Euler’s equation for fluids

%+v(%v2)—vx(Vx V)= L— e

Consider the following restrictions :
1. (Vxv)=0 ‘irrotational flow"
=>v=-Vod

2. {1 =—VU conservative applied force
3. p=(constant) incompressible fluid
w+v(%v2): vu_YP
ot
= V[p+U+;v2 _a@) =0
P ot

Bernoulli’s integral of Euler’s equation for constant p

V[”+U+;v2—a®]=0
P ot

Integrating over space:

Piysiy )

P ot

where v =-Vd(r,t) = -V(D(r,) + C(£))

=24y +1v7 - o _ C, Bernoulli's theorem

P o . o
For incompressible fluid
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Solution of Euler’s equation for fluids -- isentropic
ov \%
6—+V(§v2)—vx(VxV):f P

t

applied
Consider the following restrictions :
1. (Vxv)=0 ‘irrotational flow"
=>v=-Vod
2. {1 =—VU conservative applied force
3. p#(constant) isentropic fluid
A little thermodynamics
First law of thermodynamics: dE,, =dQ—-dW
For isentropic conditions : dQ =0
dE, =—dW =—pdV

11/03/2014 PHY 711 Fall 2014 — Lecture 29
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Solution of Euler’s equation for fluids — isentropic (continued)
dE,, =—-dW = pdV

In terms of mass density : p = %
. M
For fixed M and variable V': dp=—-—dV
14
M
dVv = —?dp

In terms in intensive variables : Let E, =Ms¢

dE,, = Mds =—dW =—pdV =M %dp

de = %dp (85) = %
o’ % ig, P,

1

Solution of Euler’s equation for fluids — isentropic (continued)

(58] P
8 )0 P

Consider: Ve= [68} Vp= %Vp
P J a0 P
Rearranging : V(a + p] = vp
P P




Solution of Euler’s equation for fluids — isentropic (continued)

ov Vp
5-'— V(%Vz)_ VX (V x V): fappli@d T
@ = V(g+p]
P P
Vxv=0 v=-VO fupp/ied =-VU

aGV@ﬁ+VQvﬂ_—VU—V[g+pJ
ot P

3V(a+p+U+‘2v2—6q)J—0
2, ot
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Summary of Bernoulli’s results

For incompressible fluid

V(p+U+;vz—a¢)j:0
P ot

For isentropic fluid with internal energy density ¢

V[g+p+U+;v2—aq)j:0
Yol ot
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Application of fluid equations to the case of air in
equilibrium plus small perturbation

Newton - Euler equation of motion :

ov Vp
o + (V : V)V =L e — 7
Continuity equation : %0+ v (pv) =0
t
Near equilibrium :
P=py+6p
pP=p,+p
v=0+0v
fapplicd = 0
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Equations to lowest order in perturbation :
Vv, 9 _ ¥y

applied -

Z—:+(V~V)v:f

ot Po
op o%p
+V. =0 = —+p,V-ov=0
o Vo) Y

In terms of the velocity potential :

v=-VO

v e _ e @),
ot Po o p,
o%p

odp 2
—+pV-ov=0 = —-pVDO=0
o Po o Po
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Expressing pressure in terms of the density :
p=p(s,p)=p,+p where s denotes the (constant) entropy
Py =p(s,0)

op= (Z—p] Sp=cop
P,

V{_&D+ép]_o = —aa%+c25—p:(constant)

ot p, Po
2 2
=- 0 ? + ¢ o% =0
ot p, Ot
2
@—povch —0 =2 ? -’V =0
ot ot
Wave equation for air :
220 Note that, we also have :
——c*'VD =0 2%6p
ot L V=0
5 ap ot
Here, ¢ =| — 625]7
p), — —’V2p =0
V=-V !

Boundary values :

Impenetrab le surface with normal fi moving at velocity V :
n-V=n-6v=—n-Vo
Free surface :

p=0 = py—=0




Analysis of wave velocity in an ideal gas:

o[
op ),

Equation of state for ideal gas :

pV = NkT n=M
0
pM Kk kg
vV M, M,

k=1.38x10"7J/k

M, = average mass of each molecule
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Internal energy for ideal gas :

E:iNkT:Mg g:ii]":ig
2 2 M, 2 p
. . c
In terms of specific heat ratio: y = C—"
Vv

dE =dQ —dW

6 -(42) (%) -Lam
"\ar ), \or), 2 M,

C = [dgj = [aij +p[alj =£M7k+M7k
¥ \dar), \or), “\or), 2M, M,
_Co 4 1

4 C, L 2 y-1
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Internal energy for ideal gas :
Eel MiT=-Me e-_ L ko 1P
7 -1 y-1M, y-lp

Internal energy for ideal gas under isentropic conditions :

p p
ds=—Lav-P_q4
M o’ r

[68) zpza(lpj :(@vj L p
op), P ap\r-1p) \op) (r-1)p (y-1)p°
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Alternative derivation:

Isentropicor adiabaticequation of state:

V4
dv_ dp :“D:m
p P Po Po
(f’Pj _»py
a») P

Linearized speed of sound

ot [617] _ Py
0
ap §.P0sPo po

o2 L5 1.013%10° Pa
0 1.3kg /m’
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¢, 340 m/s
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Density dependence of speed of sound for ideal gas :

Cz_[apj _pr

o), p
/4

P _| P

Py (Po)

Cz_Wp/po_Cz[P]/l

=l 2
Po PPy Po
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